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v

 The inspiration behind this volume of  Methods in Molecular Biology: Metabolomics Tools for 
Natural Product Discoveries  is to unite the diverse methodologies and protocols that have 
developed from classical natural product chemistry now transitioning to modern day 
metabolomics to identify bioactive secondary metabolites for the purpose of drug discov-
ery. Natural product chemistry maybe regarded as an older science with the isolation of 
many natural products between the 1970s and 1990s mainly due to the advent of improved, 
highly sensitive separation methods, mass spectrometry, and nuclear magnetic resonance 
spectroscopy. Therefore, it is worthwhile to summarize recent advancements in current 
comprehensive analytical platforms and present how metabolomics is now being integrated 
into this classical fi eld to dereplicate and profi le natural product extracts. 

 The aims of    this book are to discuss and in part review, how natural product chemistry 
is transitioning to metabolomics as a result of the advent of comprehensive analytical plat-
forms. Applications for the extraction of selected natural products (secondary metabolites) 
from less common sources such as bryophytes and hard corals are presented. Various bio-
logical assays including anticancer, anti diabetic, antibacterial, and various metabolomic, 
biomarker, and dereplication strategies are discussed. Comprehensive applications and 
strategies for gas chromatography-mass spectrometry (GC-MS) (polar metabolite profi l-
ing and fatty acid analysis), liquid chromatography-mass spectrometry (LC-MS) (untar-
geted profi ling and lipidomics), and nuclear magnetic resonance (NMR) spectroscopy 
(profi ling) metabolomic-based studies are discussed. Finally, protocols and strategies for 
the structure elucidation of isolated natural products by NMR, determination of absolute 
confi gurations, and the discovery, biosynthesis, and engineering of novel enterocin and 
wailupemycin polyketide analogues and the synthesis of K 1  and K 2  melatonin metabolites 
are presented. 

  Methods in Molecular Biology: Metabolomics Tools for Natural Product Discoveries  is tar-
geted at chemists, biologists, pharmacologists, students, and researchers in related fi elds to 
appreciate the current available methodologies and protocols for natural product isolation, 
biomarker discovery, dereplication, biological assays, and comprehensive metabolomic plat-
forms available for high-throughput analyses.  

    Parkville ,  Victoria ,  Australia       Ute     Roessner   
    Daniel Anthony     Dias      

  Pref ace   
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    Chapter 1   

 Bryophytes: Liverworts, Mosses, and Hornworts: 
Extraction and Isolation Procedures 

                         Yoshinori     Asakawa      and     Agnieszka     Ludwiczuk   

    Abstract 

   There are more than 20,000 species of bryophytes in the world. Among them, almost of liverworts 
(Marchantiophyta) possess beautiful blue, yellow colored or colorless cellular oil bodies from which over 
several hundred new terpenoids, acetogenins, and aromatic compounds including fl avonoids with more 
than 40 new carbon skeletons have been isolated. Some of the isolated compounds from liverworts show 
antimicrobial, antifungal, antiviral, allergenic contact dermatitis, cytotoxicity, insect antifeedant and mor-
tality, antioxidant, nitric oxide (NO) production and plant growth inhibitory, neurotrophic and piscicidal 
activity, tublin polymerization inhibitory, muscle relaxing, and liver X-receptor (LXR)α agonist and (LXR)
β antagonist  activities, among others. The bio- and chemical diversity, chemical analysis of bryophytes 
including extraction, distillation, purifi cation, TLC, GC and GC-MS, and HPLC analysis of oil bodies of 
liverworts are surveyed.  

  Key words     Bryophytes  ,   Liverworts  ,   Bio- and chemical diversity  ,   Extraction  ,   Isolation  ,   Essential oils  , 
  Terpenoids  ,   Bis-bibenzyls  ,   Biological activity  

1      Introduction 

 The bryophytes are found everywhere in the world except in the 
sea. They grow on the tree and soil, in lakes and rivers, even in 
Antarctic island [ 1 ]. The bryophytes are placed taxonomically 
between algae and pteridophytes; there are about 20,000 species in 
the world. They are further divided into three phyla: Bryophyta 
(mosses 14,000 species) (Fig.  1 ), Marchantiophyta (liverworts 
6,000 species) (Fig.  2 ), and Anthocerotophyta (hornworts 300 
species) (Fig.  3 ).

     Liverworts are considered to be the oldest terrestrial green 
plants, although no strong scientifi c evidence for this has appeared 
in the literature. This hypothesis was mainly based on the resem-
blance of the present-day liverworts to the fi rst land plant fossils, 
the spores of which date back almost 500 million years. Among the 
bryophytes almost all liverworts possess beautiful blue, yellow 
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  Fig. 1     Polytrichum  species (Bryophyta)       

  Fig. 2     Radula species  (Marchantiophyta)       

  Fig. 3     Anthocerotae  species (Anthocerotophyta)       

 

 

 

Yoshinori Asakawa and Agnieszka Ludwiczuk



3

 colored or colorless cellular oil bodies (Fig.  4 ) which are peculiar, 
membrane-bound cell organelles that consist of ethereal terpe-
noids and aromatic oils suspended in carbohydrates- or protein- 
rich matrices, while mosses and hornworts do not. These oil bodies 
are very important biological markers for the classifi cation in the 
Marchantiophyta [ 2 – 15 ].

   Phytochemistry of bryophytes has been neglected for a long 
time because they are morphologically very small and diffi cult to 
collect a large amount as pure samples. Their identifi cation is also 
very diffi cult even under the microscope. They are considered to 
be nutritionally useless to human diets. Generally, bryophytes are 
not damaged by bacteria and fungi, insect larvae and adults, snails, 
slugs, and other mammals. Furthermore, some liverworts cause 
intense allergenic contact dermatitis. 

 A number of bryophytes, in particular, mosses have been widely 
used as medicinal plants in China, to cure burns, bruises, external 
wounds, snake bite, pulmonary tuberculosis, neurasthenia, frac-
tures, convulsions, scald, uropathy, pneumonia, neurasthenia, etc. 
[ 16 – 21 ]. Many species of liverworts have characteristic fragrant 
odors and with intense hot and bitter taste. Some  Fissidens  species 
belonging to the Bryophyta produce sweet tasting secondary 
metabolites. We have been interested in these biologically active 
substances found in bryophytes and have studied more than 1,000 
species of bryophytes collected in the world with respect to their 
chemistry, pharmacology, and application as sources of cosmetics, 
and medicinal or agricultural drugs. The biological activities of liv-
erworts are due to terpenoids, aromatic compounds, and aceto-
genins which constitute oil bodies in each species [ 3 ,  4 ,  9 ,  22 – 32 ]. 

  As presented in Fig.  5 , there are 54 endemic genera (black num-
bers) in southern hemispheric countries, such as New Zealand and 
Argentina [ 33 ]. In South-East Asia and Japan, relatively a large 
number of endemic genera has been recorded, however, South 

1.1  Biodiversity 
of Bryophytes

  Fig. 4    Oil bodies of  Frullania vethii  (Frullaniaceae, Marchantiophyta)       
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Africa, Africa, Madagascar, and both North America and Europe 
are very poor regions of endemic genera. The red numbers in 
Fig.  5  illustrates the species numbers of bryophytes [ 34 ].

   The Marchantiophyta (liverworts) includes two subclasses: the 
Jungermanniidae and Marchantiidae, and six orders, 49 families, 
130 genera, and 6,000 species. Still many new species have been 
recorded in the literatures. The richness of endemic genera of bryo-
phytes in the southern hemisphere suggests that the bryophytes 
might originate from the past Antarctic islands since 350–400 mil-
lion years ago and migrated to the northern hemisphere with a long 
range evolutionary process. In the southern hemisphere, New 
Zealand is one of the most charming countries to see many differ-
ent species of the Marchantiophyta which are totally different from 
those found in the northern Asia, including Japan. In Japan, Yaku 
Island which has been protected by UNESCO is the most interest-
ing place to observe many species of the Marchantiophyta. 

 In the tropical regions, such as south-east Asia, Borneo, 
Sumatra and Papua New Guinea and Colombia, Ecuador, and 
Venezuela, there are rainforests where numerous liverworts species 
have been found, but many different species like the Lejeuneaceae 

  Fig. 5    Distribution of endemic genera ( black letters ) and species numbers ( red letters ) of bryophytes (Color 
fi gure online)       
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species intermingle with each other and it is very time consuming 
work to purify all of them. In Columbia and Ecuador, the 
Marchantiophyta species grow in the high mountains, over 
2,000 m where people live, but not in the lower level of their lands.  

  Typical secondary metabolites isolated from liverworts are illus-
trated in Figs.  6 ,  7 ,  8 ,  9 . Among bryophytes, liverworts are charac-
terized by greatest chemical diversity. Almost all of liverworts 
produce a great number of and high amount of terpenoids ( 1 – 12 ), 

1.2  Chemical 
Diversity of 
Bryophytes

  Fig. 6    Sesqui- ( 1 – 4 ) and diterpenoids ( 5 – 12 ) found in liverworts       

  Fig. 7    Bis-bibenzyls found in liverworts       
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aromatic compounds ( 13 – 24 ), and acetogenins ( 25 – 28 ). 
However, the presence of nitrogen, sulfur, or both nitrogen and 
sulfur containing compounds in bryophytes is very rare. The most 
characteristic chemical phenomenon of liverworts is that most of 
sesqui- and diterpenoids are enantiomers of those found in higher 
plants, although there are a few exceptions such as germacrane- 
and guaiane-type sesquiterpenoids. It is noteworthy that the differ-
ent species of the same genera, such as  Frullania dilatata  and 
 F. tamarisci  (Frullaniaceae) each produces different sesquiterpene 
lactone enatiomers with some liverworts, such as  Lepidozia  species 
(Lepidoziaceae), biosynthesize both enantiomers.

      One of the most signifi cant compounds in liverworts is  bis - 
bibenzyl  derivatives ( 13 – 15 ). Among which marchantin A ( 14 ) has 
been isolated from  Marchantia polymorpha  and  M. paleacea  var. 
 diptera  in high yield (30.2 g from 8 kg of the dried  M. polymorpha  
and 79.5 g from 6.67 kg of  M. paleacea  var.  diptera ). Flavonoids 
are ubiquitous components in bryophytes and have been isolated 
from or detected in both the Marchantiophyta and the Bryophyta. 

 Recently several nitrogen-containing compounds ( 16 – 19 ) 
have been isolated from the Mediterranean liverwort,  Corsinia 
coriandrina  belonging to the Corsiniaceae (Marchantiales) [ 35 ], 
two prenyl indole derivatives ( 20 ,  21 ) from the  Riccardia  species 
belonging to the Dilaniaceae [ 4 ], skatole ( 22 ) from the  Asterella  
or  Mannia  belonging to the Aytoniaceae [ 4 ] and the Tahitian 
 Cyathodium foetidissimum  belonging to the Cyathodiaceae [ 13 ], 
and benzyl- and  β -phenethyl  β -methylthioacrylates ( 23 ,  24 ) from 
Isotachidaceae [ 4 ]. 

  Fig. 8    Nitrogen and/or sulfur containing aromatic compounds found in liverworts       

  Fig. 9    Acetogenins (sex pheromones of brown algae) found in liverworts       
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 Typical acetogenins are sex pheromones, dictyotene ( 25 ), 
ectocarpene ( 26 ), multifi dene ( 27 ), and dictyopterene ( 28 ) from 
liverworts, which have been isolated from brown algae [ 12 ]. 
Highly evolved liverworts, belonging to the Marchantiaceae, pro-
duce phytosterols, such as campesterol, stigmasterol, and sitosterol 
which are ubiquitous components in higher plants. Almost all liv-
erworts elaborate α-tocopherol and squalene. The characteristic 
components of the Bryophyta are highly unsaturated fatty acids 
and alkanones, such as 5,8,11,14,17-eicosapentaenoic acid, 
7,10,13,16,19-docosapentaenoic acid, and 10,13,16-nonadecatrien- 
7- yn -2-one; hopane-type triterpenoids; fl avonoids; benzonaphtho-
xanthenones; and some nitrogen-containing substances. The 
neolignan is one of the most important chemical markers of the 
Anthocerotophyta [ 4 ]. The presence of hydrophobic terpenoids is 
very rare in the Marchantiophyta. A few bitter kaurene glycosides 
have been found in the  Jungermannia  species, however a number 
of fl avonoid glycosides have been detected both in Marchantiophyta 
and in Bryophyta [ 2 ,  4 ]. 

 In this chapter, bio- and chemical diversity, chemical analysis of 
secondary metabolites in bryophytes are discussed.   

2    Materials 

  For collecting bryophytes you are necessary the following:

    1.    Paper bags, gardening gloves, pencils, tags.   
   2.    Knife, trowel, or large spatula for prying or scarping up the 

specimen from the substrate.   
   3.    Field notebook to record habitat and location information.      

      1.    Stationary phases: aluminum foils or glass plates covered by 
silica gel Si60 F 254  (0.2 mm thickness of silica gel).   

   2.    Solvents: analytical grade  n -hexane, ethyl acetate, chloroform, 
methanol, and distilled water.   

   3.    Mobile phases: (a)  n -hexane:ethyl acetate, 4:1 ( v / v ); (b) 
 n -hexane:ethyl acetate, 1:1 ( v / v ); (c) chloroform:methanol:water, 
65:35:5 ( v / v / v ) or the same solvent system in different ratios 
of solvents.      

      1.    Godin reagent I: Prepare two solutions: (a) 1 % solution of 
vanillin in ethanol mix in 1:1 ratio with 3 % solution of terchlo-
ric acid in water; (b) 10 % solution of sulfuric acid in ethanol 
( see   Note 1 ) [ 36 ].   

   2.    Godin reagent II: Prepare two solutions: (a) 1 % vanillin in 
ethanol and (b) 5 % sulfuric acid in ethanol ( see   Note 2 ) [ 37 ].   

   3.    30 % sulfuric acid: 30 % solution of sulfuric acid in ethanol.      

2.1  Collecting 
Equipment

2.2  Thin-Layer 
Chromatography

2.3  TLC Spray 
Reagents
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  Capillary columns: The most popular capillary columns used for 
GC and GC-MS analysis of volatiles from bryophytes are

    1.    Capillary column with 100 % dimethyl polysiloxane phase 
composition (e.g., DB-1, HP-1, CPSil-5 CB).   

   2.    Capillary column with 95 % dimethyl/5 % diphenyl polysilox-
ane phase composition (e.g., DB-5, HP-5MS).   

   3.    Capillary column with 50 % dimethyl/50 % diphenyl polysilox-
ane phase composition (e.g., DB-17HT).   

   4.    Capillary column with 14 % cyanopropylphenyl/86 % dimethyl 
polysiloxane phase composition (e.g., DB-1701; CPSil-19 CB).   

   5.    For chiral analysis of essential oils received from bryophytes 
permethylated  β -cyclodextrin capillary column (e.g., 
Cyclodex-B) or fused silica capillaries with octakis(2,6-di- O  - 
methyl-3- O -pentyl)-γ-cylodextrin, heptakis(2,6-di- O -methyl-
3- O -pentyl)-β-cylodextrin, or heptakis(6- O - tert -butyldimethylsilyl-
2,3-di- O -mehyl)-β-cyclodextrin in OV 1701 (50 %,w/w) are 
used.   

   6.    For preparative GC, a stainless steel column (1.85 m × 4.3 mm) 
with 10 % polydimethylsiloxane SE-30 on Chromosorb W-HP 
or with 2.5 % octakis(2,6-di- O -methyl-3- O -pentyl)-γ-
cylodextrin in OV-1701 (50 % w/w) on Chromosorb W-HP 
can be used [ 38 ,  39 ].      

      1.    Columns: glass columns with different length and diameters 
(e.g., 30 cm × 1.5 cm or 46 cm × 5 cm).   

   2.    Sorbents: silica gel 60 (70–230 mesh), Sephadex LH-20.   
   3.    Solvents: analytical grade  n -hexane, ethyl acetate, chloroform, 

dichloromethane, and methanol.      

      1.    Chromatography columns: Cosmosil 5SL-II (10 mm × 250 mm) 
for normal phase HPLC and Cosmosil 5C18-AR 
(10 mm × 250 mm) for reverse phase HPLC.   

   2.    Solvents: HPLC-grade  n -hexane, ethyl acetate, methanol, and 
acetonitrile. Glass-distilled deionized water passed through a 
high-purity organic remover for HPLC.   

   3.    Mobile phases: For normal phase HPLC the mixtures of  n - 
hexane/EtOAc are used as mobile phases, while for RP-HPLC 
mixtures of acetonitrile and water.       

3    Methods 

 Bryophytes, like other plants, are complex matrices, producing a 
range of secondary metabolites with different functional groups 
and polarities. Prior to choosing an extraction method, it is necessary 

2.4  Gas 
Chromatography

2.5  Open Column 
Chromatography

2.6  Preparative 
High-Performance 
Liquid 
Chromatography
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to establish the target of the extraction. The typical extraction pro-
cess should start from proper preparation of plant material. 

      1.    Select specimens in good condition and collect plants by use of 
knife, trowel, or large spatula. If the liverwort is growing on a 
tree, collect it with the bark ( see   Note 3 ).   

   2.    Place all specimens of a single species from one locality into 
one collection bag (paper bag) ( see   Note 4 ).   

   3.    As each specimen is collected, assign a unique collection num-
ber, date of collection, name(s) of collector(s), and location 
information.   

   4.    After returning all collected specimens should be purifi ed. 
Remove soil and other accompanying materials very carefully 
( see   Note 5 ). Don’t be afraid to wash purifi ed material thor-
oughly, even it may take more than one washing. Excess mois-
ture after washing can be removed leaving the plant between 
paper towels.      

      1.    Each collected specimens need to be correctly identifi ed. If 
you have any doubt, send a duplicate specimen to a taxonomic 
expert for confi rmation. A specialized taxonomist should give 
you detailed data concerning collected plant (i.e., classifi cation 
into its species, genus, family, order, and class).   

   2.    After identifi cation, the names of the collected specimens, the 
place and date of collection, condition of collection site, collec-
tor name(s), and one who identifi ed your samples should be 
recorded as part of a voucher deposited in a herbarium for 
future reference.   

   3.    The remaining samples should be gently dried under shade 
and placed in cool place with no exposure to sunlight. Air dried 
plant material should be stored at room temperature ( see   Note 
6 ). On the other hand, instead of drying, purifi ed plant mate-
rial can be deep- frozen (−20 °C) ( see  ref. [ 40 ]).      

         1.    Air-dried plant material should be grinded before extraction. 
In case of small samples (1–2 g of dried plant materials), these 
can be crushed by use of mortar and pestle.   

   2.    Put your plant material to mortar, add 3 mL of solvent, like 
 n -hexane, diethyl ether, or methylene chloride, and homoge-
nize sample by pestle. If necessary add more solvent.   

   3.    Transfer the homogenized sample to a proper fl ask and leave 
for maceration ( see   Note 7 ) for 1 or 2 weeks. After this time, 
solvent should be fi ltered from the plant material and fresh 
solvent should be added. Continue maceration for 1 of 2 weeks. 
Both extracts received from two maceration steps should be 
combined and evaporated at temperature less than 40 °C ( see  
 Note 8 ).   

3.1  Collection 
of Bryophytes 
and Purifi cation 
of Plant Samples

3.2  Voucher 
Specimens 
and Drying Procedure

3.3  Extraction of 
Nonpolar Secondary 
Metabolites with 
Organic Solvents
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   4.    In case of larger samples (more than 2 g) plant materials 
should be mechanically ground ( see   Note 9 ) before extraction. 
This step is especially necessary for mosses and some thallus 
liverworts, e.g.,  Marchantia ,  Conocephalum , and 
 Wiesnerellaceae , which are very hard. In order to obtain large 
amounts of their crude extracts, these samples should be 
mechanically ground before extraction.   

   5.    Mix plant material with organic solvents. Put the fl ask with 
extraction mixture to the ultrasonic bath for a few minutes ( see  
 Note 10 ). After ultrasonic extraction leave the fl ask with plant 
material and solvent for maceration for 1 or 2 weeks. Repeat 
maceration as described in  step 3 .      

  Methanol is often used for the extraction to obtain hydrophilic 
compounds from bryophytes ( see   Note 11 ). There are two ways to 
extract polar secondary metabolites from bryophytes: continuation 
of extraction of the plant material remaining after procedures 
described in Subheading  3.3 , or start new extraction from fresh 
air-dried sample(s).

    1.    If you want to continue procedures described in 
Subheading  3.3 , dry the remaining plant materials, which 
were already extracted by the nonpolar solvent ( see   Note 12 ) 
mix with methanol. Put the fl ask with extraction mixture to 
the ultrasonic bath for 30 min. After ultrasonic extraction 
leave the fl ask with plant material and solvent for maceration 
for 1 or 2 weeks. Repeat maceration as described in 
Subheading  3.3 ,  step 3 .   

   2.    If you are interested in the extraction of only polar secondary 
metabolites from the bryophytes, mix air-dried and mechani-
cally ground plant material with methanol and follows proce-
dure described in  step 3 . After evaporation of the solvent you 
can use crude methanol extract for further studies or redissolve 
this crude extract in water and participate it with diethyl ether, 
ethyl acetate, and  n -butane successively by the use of liquid–
liquid extraction.    

    In order to obtain essential oils from bryophytes, hydrodistillation 
or steam distillation techniques can be used ( see   Note 13 ).

    1.    The essential oil can be isolated from fresh or air-dried plant 
material using Likens-Nickerson- type apparatus. Distill sam-
ples for 3 h with distillation speed 3 mL/min. Use  n -pentane 
(50 mL) as the collection solvent. The oil recovered in  n - 
pentane should be concentrated at room temperature under 
reduced pressure, collected in a vial and fi nally concentrated to 
minimum volume under nitrogen fl ux. Essential oil can be 
stored at −20 °C in the dark until analysis [ 40 ,  41 ].   

   2.    The essential oil from the aqueous homogenates of fresh or 
air-dried plants can be prepared by a 2 h hydrodistillation in 

3.4  Extraction of 
Polar Secondary 
Metabolites with 
Organic Solvents

3.5  Hydro- and 
Steam Distillation of 
Volatile Components
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Clevenger-type apparatus using  n -hexane (1 mL) as collection 
solvent [ 38 ,  39 ].    

    The TLC analysis is the simplest, fastest, and cheapest method and 
is routinely used for fi rst checking of crude extracts. Analytical 
TLC plates can be used to get an idea about the degree of polarity 
of different extract components. They are also widely applied in 
the detection of compounds through several separation steps. 
Moreover, they can be used to predict the separation pattern on 
column chromatography, and thus help in selecting the best col-
umn chromatographic systems.

    1.    For thin-layer chromatography, aluminium foil or glass plates 
covered by silica gel Si60 F 254  (0.2 mm thickness of silica gel) 
can be used.   

   2.    Two solvent systems are used for checking the crude extracts 
received by extraction by nonpolar solvents: (a)  n -hexane + ethyl 
acetate, 4:1 ( v / v ), and (b)  n -hexane + ethyl acetate, 1:1 ( v / v ). 
Mixtures of chloroform, methanol, and water [e.g., 
CHCl 3  + MeOH + H 2 O, 65:35:5 ( v / v / v )] or the same solvent 
system in different ratios are recommended as mobile phases 
for extracts received by use of polar solvents.   

   3.    The presence of the spots is visualized by UV lights (254 or 
365 nm) and by spraying with Godin reagent or 30 % sulfuric 
acid. After spraying, plates should be heating at 105 °C for 
3 min. In Fig.  10a, b , TLC analysis of several ether extracts of 
the New Zealand and Japanese liverworts are shown. Very 
beautiful clear spots have been seen in the plates. A major com-
pound is easily purifi ed on the TLC plate using UV light or 
iodide vapor in the glass vessel.

         The most powerful method to identify the volatile chemical con-
stituents of the crude extracts of the liverworts as well as essential 
oils is GC and GC-MS.

    1.    The sample should be dissolved in a dry solvent with a concen-
tration <1 mg/mL to avoid overloading the mass spectrome-
ter. Received sample should appear clear with no debris. If 
your sample is not clear fi lter the solution because debris can 
clog the injection needle ( see   Note 14 ).   

   2.    Inject 1 µL of sample manually or by use of auto sampler. You 
can use one of the  following conditions for your analysis:
   (a)     GC - FID analysis conditions : Oven temperature pro-

grammed to rise from 45 to 175 °C at 3 °C/min, subse-
quently at 15 °C/min to 300 °C, and then hold isothermal 
for 10 min; injector and detector temperatures 280 and 
300 °C, respectively; carrier gas, hydrogen, adjusted to a 
linear velocity of 30 cm/s. Sample injection by using a 
split sampling technique, ratio 1:50 [ 40 ,  41 ].   

3.6  TLC Analysis 
of Crude Extracts

3.7  GC and GC-MS 
Analysis of Essential 
Oils and Volatiles 
Present in Extracts
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  (b)     GC / MS analysis conditions 1 : Oven temperature 
programmed to rise from 45 °C to 175 °C at 3 °C/min, 
subsequently at 15 °C/min to 280 °C, and then hold iso-
thermal for 10 min; injection temperature: 280 °C. Carrier 
gas: adjusted to a linear velocity of 30 cm/s. Sample injec-
tion by using a split sampling technique, ratio 1:40. Ion 
trap temperature, 220 °C; ionization energy, 70 eV; scan-
range,  m / z  40–300; scan time, 1 s. These conditions were 
used for DB-1 capillary column (30 m × 0.25 mm, 0.25 µm 
fi lm thickness) [ 40 ,  41 ]. 

  GC / MS analysis conditions 2 : Oven temperature: 
50 °C with 3 min initial hold, and then to 50 °C, tempera-
ture programmed at 5 °C/min, and 15 min at 250 °C. 
Injection temperature: 280 °C. Carrier gas: Helium at 
1 mL/min. The detector operated in electron impact 
mode (70 eV with 3 scans/s and mass range  m / z  40–500) 
at 230 °C. These conditions were used for DB-1 and 
HP-5MS capillary columns (30 m × 0.25 mm, 0.25 µm 
fi lm thickness) [ 13 ].   

  Fig. 10    ( a ) TLC of the crude extracts of several New Zealand liverworts (solvent system:  n -hexane/ethyl acetate 
4:1; spraying Godin reagent, heating at 105 °C). ( b ) TLC of the crude extracts of several Japanese liverworts 
(solvent system:  n -hexane/ethyl acetate 4:1; spraying Godin reagent, heating at 105 °C)       
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  (c)     GC / MS conditions for chiral analysis : Oven temperature: 
70 °C with 8 min initial hold, and then to 230 °C tempera-
ture programmed at 10 °C/min, and 18 min at 230 °C. 
Injection temperature: 250 °C. Carrier gas: Helium at 
1 mL/min. The detector is operated in electron impact 
mode (70 eV with 3 scans/s and mass range  m / z  40–500) 
at 230 °C. These conditions were used for Cyclodex-B 
capillary column (30 m × 0.25 mm, 0.25 µm fi lm 
thickness).   

  (d)     Preparative GC / FID : Helium gas as carrier at a fl ow rate 
of 240 mL/min; injector and detector temperatures are 
200 and 250 °C, respectively [ 38 ,  39 ].       

   3.     Analysis of GC / MS data : The retention indices can be calcu-
lated relative to C 8 –C 27   n -alkanes. For identifi cation of com-
pounds computer supported spectral library [ 42 ], mass spectra 
of reference compounds, as well as MS data from references 
[ 43 ] and our own library databases are used. Then the identi-
ties are confi rmed by comparison of their retention indices 
with those of reference compounds and published data ( see  
Fig.  11  and  Note 15 ).

  Fig. 11    GC/MS of essential oil of the liverwort  Plagiochila sciophila        
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         The objectives at this stage are to simplify the extract composition 
by dividing it into groups of compounds sharing similar physico-
chemical characteristics and/or to remove the bulk of unwanted 
materials and thus enrich the extract with respect to the target 
compounds. The most simple and widely used is open column 
chromatography on silica gel 60 (70–230 mesh) and/or on 
Sephadex LH-20 ( see   Note 16 ). 

       1.    Dissolve the sample in a minimum of the mobile phase. Using 
a Pasteur pipette carefully apply the sample solution, taking 
care not to disturb the bed ( see   Note 17 ).   

   2.    Open the outlet valve and allow the sample to fl ow into the 
bed. When the sample has been adsorbed completely, the glass 
column sides can be washed carefully with a minimal amount 
of the mobile phase and then allowed to fl ow again. Care must 
be taken to ensure the bed is not disturbed and is not allowed 
to become dry.   

   3.    Fill the column with the initial mobile phase required for the 
separation and allow the mobile phase to fl ow.   

   4.    Collect the fractions. For complex separations, small fractions 
can be collected (for a 100-mL column, fractions of 5–10 mL 
are ideal). For crude separations, fractions of larger volumes 
can be collected.   

   5.    Repeat as required for solvents of different polarity. For a non-
polar extract, e.g.,  n  - hexane extract, and silica gel column a 
typical step gradient sequence might be as follows: initial com-
position of 100 %  n -hexane, followed by at least 1 column vol-
ume each of 5 % EtOAc in  n -hexane, 10–100 % EtOAc in 
 n -hexane (increment of 10 % in each step), and 5–20 % MeOH 
in EtOAc (increment of 5 % in each step). For Sephadex LH-20 
column the isocratic elution using CH 2 Cl 2 –MeOH (1:1), 
CHCl 3 –MeOH (1:1), or pure MeOH as solvent is usually 
applied. For a MeOH extract, the reverse phase silica gel col-
umn can also be used and a typical step gradient sequence might 
be as follows: 10, 30, 60, 80, and 100 % MeOH in water.      

  For further purifi cation of compounds occurring in fractions 
 preparative HPLC can be employed. Prior to HPLC analysis sam-
ple should be dissolved in the mobile phase, or another suitable 
solvent and fi ltered through a 0.45-mm fi lter. A precolumn is 
essential for protecting the more expensive HPLC column, and the 
precolumn should be changed regularly. 

 In our laboratory, preparative HPLC is usually done by using 
either Cosmosil 5SL-II (10 mm × 250 mm) or Cosmosil 5C18-AR 
(10 mm × 250 mm) columns. For normal phase HPLC the mix-
tures of  n -hexane/EtOAc are used as mobile phases, while for 
RP-HPLC mixtures of acetonitrile and water. Ultraviolet (UV) 

3.8  Purifi cation 
of the Crude Extracts 
by Chromatographic 
Techniques

3.8.1  Sample 
Application, Elution, 
and Fractions Collection

3.8.2  HPLC Analysis
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detection is the preferred detection technique for HPLC analysis 
of natural products because of its ease of use and high sensitivity. 
However, one shortcoming of UV detectors is the inability to 
detect compounds that lack UV chromophores. Moreover, some 
of the solvents used in normal-phase chromatography are them-
selves strong absorbers of UV light, which means that low detector 
wavelength settings are not possible. The refractive index (RI) 
detector was, until recently, the only available alternative to UV 
detection. However, RI detectors are much less sensitive and are 
limited to isocratic elution. Gradient elution involves the mixing of 
solvents of differing RI, thus giving rise to large baseline drifts. 
These drawbacks make the detection of low concentrations of non-
chromophoric metabolite notoriously diffi cult. As illustrated in 
Figs.  12  and  13 , the examples of isolation procedures for methanol 
and diethyl ether extracts are presented.

4          Notes 

     1.    Spray solution A onto previously dried TLC plate, and then 
continue with solution B. This is followed by heating TLC 
plate at 105 °C for 3 min.   

   2.    Spray the TLC plate fi rstly with vanillin (solution A) and then 
with H 2 SO 4  (solution B), or just before derivatization process 
mix solutions A and B in 1:1 ( v / v ) ratio and spray TLC plate 
using this mixture. Stock both solutions separately in dark 
place to avoid vanillin oxygenation.   

  Fig. 12    Isolation procedure of methanol extracts from liverworts  Marchantia 
polymorpha  and  Marchantia paleacea        
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   3.    Thalloid liverworts belonging to the Marchantiales and 
hornworts grow on humid soil, while stem-leafy liverworts 
(Jungermanniales) such as  Frullania ,  Lejeunea ,  Porella , 
 Radula ,  Plagiochila  species are found in rocks covered by 
humid soil or on living or dead trunk of trees (like oak, birch, 
etc.). The species of  Riccardia  (Metzgeriales), and  Chilosyphus  
and  Gymnocolea  (Jungermanniales) grow often inside in river, 
lake, and ponds. On contrary, many of mosses like  Mnium , 
 Fissidens ,  Pogonatum , etc. habitats on concrete walls, dried or 
wet rocks. Most of  Sphagnum  species grow in lakes and ponds, 
and  Funallia  species in the stream of small and narrow rivers. 
The large moss species,  Polytrichum  grow on wet soil.   

   4.    Plastic trays or boxes including plasticizer, phthalate esters (di-
2-ethylhexyl phthalate) will not be recommended to carry liv-
erwort samples.   

   5.    When one collects certain bryophytes species, so many different 
species and/or dead trees’ leaves, twigs, and living roots, even 
small animals intermingle into the species which one wishes 
study chemically. Thus, elimination of all such accompanying 
materials should be very carefully carried out. Such time 
consuming treatment is one of the reasons why bryophytes 

  Fig. 13    Isolation procedure of diethyl ether extract from liverwort  Porella per-
rottetiana  [ 44 ]       
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chemistry has been neglected for one century. Purifi cation of 
bryophyte samples is normally carried out by hands or sharp 
pinsetter; however, even purifi ed samples still include very sim-
ilar species when one treats very miniature species, such as the 
 Lejeunea .   

   6.    The authors recommend to use fresh dried materials directly to 
extract, if not, so many volatile components will evaporate or 
many unstable compounds will oxidize during air exposure.   

   7.    Maceration should be done in room temperature in a dark 
place, to avoid the decomposition of unstable components.   

   8.    Solvent removal should be done immediately after extraction 
to minimize the loss of compounds unstable in solution. The 
evaporation of solvents is also very carefully carried out. Too 
much vacuum in the evaporator and high temperatures in the 
water bath, are so dangerous, since many mono- and sesquiter-
pene hydrocarbons and volatile aromatic compound occurring 
in liverworts will degrade. For organic solvents, the extract is 
concentrated by evaporation under reduced pressure (using a 
rotary evaporator) at a temperature below 40 °C to minimize 
the degradation of thermally labile compounds.   

   9.    The crushing machine is heated sometimes till more than 
100 °C. The authors recommend the machine equipped with 
cool-water circulation system.   

   10.    The cellular oil bodies present in the liverworts are easily 
extracted for a few minutes by using ultrasonic apparatus.   

   11.    Soxhlet apparatus using ethanol are not recommended to 
extract the samples, because they damage many unstable terpe-
noids including dialdehydes, hemiacetals and many highly 
unsaturated fatty acids and aromatic compounds during a long 
extraction period. Ethyl acetate is also not a good extraction 
medium, because it is hydrolyzed by organic acids included in 
the natural products to give acetic acid and ethanol, which react 
with certain compounds in liverwort extracts during a long 
extraction period and many different artifacts are created.   

   12.    Evaporation of the nonpolar solvent from the plant material 
before extraction with the methanol, allow the better penetra-
tion of the plant tissues by this solvent, and better extraction 
effi ciency.   

   13.    High temperature, exposure of air and hot water or hot steam 
during a long distillation time decompose many unstable terpe-
noids, aromatics, or acetogenins to form a number of artifacts. 
Due to small plant samples, which we can usually collect, both 
methods are not so frequently used. So comparison of chemical 
components obtained by both hydrodistillation and steam dis-
tillation and those from solvent extracts is absolutely necessary 
to recognize whether they are natural or nonnatural products.   

Bryophytes: Extraction and Isolation Procedures
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   14.    Because extracts often contain water originating from the plant 
sample, thus, it is necessary to dehydrate the extracts. 
Dehydration is most commonly achieved by using anhydrous 
sodium sulfate or magnesium sulfate. Samples are dehydrated 
by adding the anhydrous sodium or magnesium sulfate directly 
to the extract and then fi ltering the dry solvent solution, or 
passing the samples through a column or funnel packed with 
anhydrous sodium or magnesium sulfate.   

   15.    These GC/MS fi ngerprints are very important tool for identi-
fi cation of each liverwort.   

   16.    Before preparation of a Sephadex LH-20 column, swell gel 
overnight by suspending the stationary phase in mobile phase 
(e.g., methanol). Use a suffi cient mobile phase to get slurry 
with a pourable consistency. Allow enough time to ensure the 
gel is completely swollen.   

   17.    If your extract is not soluble in the initial mobile phase or is 
very viscous, dissolve it with a suitable solvent, and put silica 
gel and mix equally in mortar and pestle. After complete evap-
oration of the solvent, the silica gel impregnated the extract 
put on the bed of the column which was fi lled with silica gel or 
Sephadex LH-20 was fi lled, then power the solvent as indi-
cated in Subheading  3.8.1 ,  step 3 .         
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    Chapter 2   

 Plant Tissue Extraction for Metabolomics 

                         Ute     Roessner      and     Daniel     Anthony     Dias   

    Abstract 

   Plants are not only important producers of foods and energy storages (e.g., sugars, carbohydrates, proteins, 
and fats) in the form of grains, fruits, and vegetables, they also provide many valuable products to human 
existence including wood, fi bers, oils, resins, pigments, antioxidants, and sources of medicine. Most impor-
tantly in light of this book, plants have been a source of therapeutic and health promoting compounds 
throughout history. This chapter describes several essential considerations for the extraction process when 
aiming to study plant metabolism or to characterize the chemical composition of plant originated samples 
using metabolomics technologies.  

  Key words     Plants  ,   Metabolomics  ,   Tissue extraction  ,   Metabolites  ,   GC-MS  ,   LC-MS  

1      Introduction 

 Plants play an important role as the primary producers of food and 
the source of metabolic energy of which all other life forms sustain 
off. Photosynthesis in green plant tissues captures sunlight energy, 
water, and carbon dioxide to build the primary building blocks 
including, sugars, carbohydrates, proteins, and fats. Plants provide 
foods (e.g., grains, fruits, and vegetables) and there are many plant 
products which are fundamental to the sustainability to all life on 
earth. These include wood and wood products, vitamins, antioxi-
dants, fi bers, drugs, oils, latex, pigments, and resins. In addition, 
plants have played an important role in medicinal applications 
throughout generations. Most medicinal drugs (about 80 %) are 
originated from the plant kingdom. However to date, only 2 % of 
all species in the plant kingdom have been explored for their thera-
peutic potential which provides us endless opportunities to dis-
cover novel bioactive compounds with wide medicinal or health 
supporting applications. 
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  The major differences between plants and many other organisms 
are that they contain chlorophyll, are immobile, and have no sensory 
organs or nervous system. Most plant cells contain plastids and 
large vacuoles and most importantly are surrounded by often rigid 
cell walls. Seed-producing plants are divided into three organs: 
leaves, stems, and roots. Leaves are the main photosynthesizing 
organs, therefore critical for the survival of the rest of the plant as 
well as for providing suffi cient energy for reproduction. The roots 
are usually grown underground and have two main functions. 
Firstly, to anchor the plant in the soil and secondly to absorb water 
and essential nutrients (both macro- and micro- nutrients) from the 
soil to be transported to the upper sections of the plant system. 
Roots of some plant species (e.g., legumes) develop symbiotic rela-
tionships with nitrogen fi xating bacteria to enhance their own 
amounts of nitrogen fi xated for protein storage. The main function 
of the stems is to transport water, soluble carbon sources, nutrients, 
and hormones between roots, leaves, and the reproductive organs. 

 Apart from considerations about the complex plant tissue anat-
omy and physiology, there are specifi c challenges to be considered 
when aiming to do conduct a metabolomics or comprehensive 
chemical characterization of any plant tissue. Plant metabolism is 
highly light dependent and many metabolite levels are altered dur-
ing the course of a day depending on photosynthetic or respiratory 
activities. During light conditions many synthesizing and storage 
processes are functional, whereas during dark processes storage 
products may be degraded to provide the plant cells with energy 
through respiration. This consideration has to be refl ected when 
harvesting samples for a metabolomics experiment which needs to 
be at very similar time points of a day ( see   Note 1 ). Another impor-
tant point to consider is the strength of light which leaves are 
exposed to, e.g., leaves in bright light and leaves in the shade will 
have different metabolite profi les ( see   Note 2 ).  

  A prerequisite for an effi cient extraction process of plant tissues is 
that the often rigid cell walls are broken to release the metabolites 
in the extraction solvent. Therefore it is important to investigate an 
appropriate homogenization process. There are many techniques 
of homogenizing plant sections and mechanical shear seems to be 
the most effi cient. This can be achieved via mortar and pestle but 
many laboratories are now using automatic grinders such as ball or 
cryomills. It may be important to observe under a microscope how 
well the material was ground and if all macromolecular structures 
were spatially homogenized to a fi ne powder. Especially important 
if working with fresh and frozen plant tissues is to make sure that 
the homogenization process is carried out under freezing condi-
tions, ideally under liquid nitrogen. Since this is not always achiev-
able, plant material can be freeze-dried prior to homogenization 
and extraction; however the grinding process needs to be carried 
out under very dry conditions ( see   Note 3 ). 

1.1  Plant-Specifi c 
Features to Be 
Considered for 
Metabolomics

1.2  Extraction 
of Plant Metabolites

Ute Roessner and Daniel Anthony Dias
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 The next step is to optimize and validate an appropriate 
extraction method for the plant tissue as well as for the metabo-
lites of interest. If an untargeted metabolomics approach is utilized, 
the extraction process should be as crude and extract as many 
metabolites as possible from the tissues. In our laboratory, we use 
a two- step procedure using methanol in the fi rst instance and 
water in the second since this covers both polar and apolar com-
pounds simultaneously. Both supernatants after removing all 
insoluble components such as protein, starch, cell wall, and other 
high-molecular weight carbohydrates are then combined to allow 
analysis of a large coverage of the metabolome ( see   Note 4 ). 

 When extracting plant metabolites, one has to consider that 
the plant metabolome is very dynamic and concentrations of 
metabolites may range over several magnitudes. Some compounds 
may be found in molar ranges such as sucrose or glucose and oth-
ers, often the ones of interest (secondary metabolites), are found 
only at very low abundances. Therefore, if metabolites of interest 
only exist in low concentrations, specifi c approaches may need to 
be employed removing high abundant compounds therefore 
enriching and concentrating low abundant metabolites. However, 
care has to be taken when removing certain compound classes with 
similar physiochemical properties since it may lead to unwanted 
losses of the metabolite(s) of interest. 

 This chapter aims to emphasize general points of consideration 
when aiming to extract plant metabolites (primary and secondary). 
Methods for crude tissue extractions to capture as many metabo-
lites as possible allowing to analyze a “snap shot” of a large portion 
of the metabolome are presented within. In light of the topic of 
this book, these approaches also allow to detect and particularly 
identify as many metabolites as possible for a discovery strategy for 
novel natural products with a desired activity. For a detailed 
description of the challenges and approaches in plant-based metab-
olomics, the reader is referred to Villas-Boas et al. [ 1 ], Beckles and 
Roessner [ 2 ], and Roessner and Beckles [ 3 ].   

2    Materials 

 There are a wide range of methodologies published for plant tis-
sue extractions. It is important that for every tissue type, multiple 
extraction procedures should be optimized and validated before 
settling on the most appropriate method would then be carried 
out throughout an experiment. Important parameters for consid-
eration for instance are how easy is it to obtain/harvest the tissue? 
(e.g., in glass house or on the fi eld or if tissue of interest requires 
dissection from surrounding tissue types); sample size (is there 
suffi cient material available or are samples sizes minimal?); tissue 
homogenization (availability of appropriate instrumentation?); 

Plant Tissue Extraction for Metabolomics
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storage of frozen tissue or freeze dry tissue for ease of storage; 
solvent extraction (availability of clean solvents and incubators?); 
removal of insoluble material from the metabolite extract (availability 
of appropriate centrifuges); reproducibility of extraction, the stability 
of metabolites of interest throughout the extraction procedure; 
recoveries of metabolites throughout extraction process and how 
to best store extract prior to analysis are several factors to consider. 
This chapter describes two extraction procedure methods commonly 
used in our laboratory for untargeted profi ling of plant metabolites 
using GC-MS (modifi ed from ref. [ 4 ]) and LC-MS (modifi ed from 
ref. [ 5 ]). The methods are applicable to all plant tissues for untar-
geted profi ling since they are aimed to obtain a crude extract of the 
tissue without minimal losses of metabolites. It is important to 
mention that for any targeted approach for selected classes of 
metabolites, a specifi c extraction procedure may need to be 
employed to enhance enrichment of low abundant secondary 
metabolites. 

      1.    Reaction tubes (e.g., 2 mL safe lock Eppendorf tubes) labeled 
with identifi able names for each sample to be harvested.   

   2.    Liquid nitrogen in an appropriate storage container.      

      1.    −80 °C freezer if frozen.   
   2.    Freeze drier.   
   3.    Dark, dry, and cool storage if material is freeze dried.      

      1.    Mortar and pestle.   
   2.    Automatic grinders such as ball mills, ultra turrax, or 

cryomills.      

      1.    New labeled reaction tubes (e.g., 2 mL safe lock Eppendorf 
tubes).   

   2.    Analytical balance (to at least four decimal places).   
   3.    Liquid nitrogen if working with frozen fresh tissue.   
   4.    Spatula.      

      1.    Solvents: 100 % (v/v) methanol and distilled water.   
   2.    Internal standards (e.g.,  13 C 6 -Sorbitol and  13 C 15 N-Valine).   
   3.    Vortexer.   
   4.    Thermoshaker for reaction tubes (e.g., Eppendorf).   
   5.    Bench top centrifuge for reaction tubes (up to 11, 337 ×  g ).   
   6.    Speed vacuum.   
   7.    Silica beads.      

2.1  Tissue 
Harvesting 
and Quenching 
of Metabolism

2.2  Storage 
of Samples

2.3  Homogenization 
of Tissue Using Mortar 
and Pestle or 
Automatic Grinders

2.4  Weighing 
of Tissue

2.5  Metabolite 
Extraction for GC-MS 
Profi ling

Ute Roessner and Daniel Anthony Dias
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      1.    Solvents: 2:3:3 (v/v/v) mixture of water:acetonitrile:
isopropanol.   

   2.    Internal standards (e.g.,  13 C 6 -Sorbitol and  13 C 15 N-Valine).   
   3.    Vortexer.   
   4.    Sonicator.   
   5.    Bench top centrifuge for reaction tubes (up to 11, 337 ×  g ).       

3    Methods 

  Since metabolic reactions are extremely fast it is crucial to harvest 
tissue and quench metabolism as quickly as possible. This has to be 
considered when aiming to determine a “snap shot” of the steady- 
state level of the metabolome. Equally important is to avoid meta-
bolic changes due to wounding of the tissue. Ideally, samples are 
frozen in liquid nitrogen as quickly as possible which is relatively 
easy when working with whole leaves or other easily accessible 
plant tissue types. However, if a particular tissue of interest requires 
to be dissected from surrounding tissues prior to freezing, it is 
important to keep the time frame for this process as similar as pos-
sible for all samples harvested. Below the protocols are described 
when working with easily accessible tissues such as leaves or roots.

    1.    Prepare liquid nitrogen in appropriate storage container.   
   2.    Harvest leaves or roots, put in reaction tube.   
   3.    Freeze in liquid nitrogen ( see   Note 5 ).      

      1.    Place reaction tubes with frozen tissue in −80 °C freezer.   
   2.    If no freezer available, dry tissue in freeze drier under freezing 

conditions.   
   3.    Store freeze dried samples in a dark, dry, and cool environment 

( see   Note 6 ).      

      1.    If working with frozen tissue, homogenize tissue using mortar 
and pestle under freezing conditions ( see   Note 5 ), if tissue is 
freeze dried, there is no need for freezing conditions as long 
the process is kept under dry conditions.   

   2.    If automatic grinder devices are available such as ball or cryo 
mills, use as instructed by the manufacturer.      

      1.    If working with frozen tissue, prepare liquid nitrogen in appro-
priate storage containers.   

   2.    Prepare new labeled reaction tubes.   
   3.    Pre-cool reaction tubes in liquid nitrogen.   
   4.    Place tubes on balance and set balance to zero (tare).   

2.6  Metabolite 
Extraction for LC-MS 
Profi ling

3.1  Tissue 
Harvesting 
and Quenching 
of Metabolism

3.2  Storage 
of Samples

3.3  Homogenization 
of Tissue

3.4  Weighing 
of Tissue
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   5.    Place tissue powder in cooled tubes using a pre-cooled spatula 
or spoon ( see   Note 5 ).   

   6.    Read weigh and record ( see   Note 7 ).   
   7.    Place tube with weighed tissue back into liquid nitrogen.   
   8.    Proceed with extraction or store weighed tissue at −80 °C.   
   9.    If working with freeze dried tissue the need of pre-cooling and 

keeping tissue frozen is not required.      

      1.    Weigh approximately 30 mg homogenized tissue powder in a 
2 mL Eppendorf tube (round bottom-shaped).   

   2.    Add 500 µL 100 % (v/v) methanol, vortex (Enzymatic activity 
stops here).   

   3.    Add 20 µL stock  13 C 6 -Sorbitol and  13 C 15 N-Valine (1 mg/mL 
stock solution) as an internal quantitative standard for the 
polar phase ( see   Note 8 ).   

   4.    Vortex.   
   5.    Shake 15 min at 70 °C in a Thermoshaker.   
   6.    Centrifuge for 15 min at 11, 337 ×  g .   
   7.    Transfer supernatant to a new reaction tube.   
   8.    Add 500 µL H 2 O to the pellet.   
   9.    Vortex.   
   10.    Centrifuge for 15 min at 11, 337 ×  g .   
   11.    Combine both supernatants.   
   12.    Vortex.   
   13.    Take aliquots for derivatization into an insert for the instru-

ment autosampler vial ( see   Notes 9  and  10 ).   
   14.    Dry aliquots under  vacuo  without heating by placing the insert 

with the extract into a reaction tube. Once dry, it can be placed 
into the autosampler vial prior to analysis. If these need to be 
stored then store in bag with Silica gel at room temperature 
( see   Note 11 ).      

      1.    Weigh approximately 50 mg of ground tissue into 2 mL reac-
tion tubes (e.g., Eppendorf).   

   2.    Add 500 µL of a 2:3:3 (v/v/v) mixture of 
 water:acetonitrile:isopropanol.      

   3.    Sonicate for 15 min at room temperature.   
   4.    Centrifuge at 11, 337 ×  g .   
   5.    Transfer supernatant to a new reaction tube.   
   6.    Re-extract pellet with the addition of another 500 µL of a 

2:3:3 v/v/v mixture of water:acetonitrile:isopropanol.   

3.5  Sample 
Preparation for GC-MS

3.6  Sample 
Preparation for LC-MS

Ute Roessner and Daniel Anthony Dias



27

   7.    Sonicate for 15 min at room temperature.   
   8.    Centrifuge at 11, 337 ×  g .   
   9.    Combine both supernatants.   
   10.    Transfer to autosampler vial for analysis. If these need to be 

stored, freeze extract at −20 °C ( see   Note 12 ).       

4    Notes 

     1.    To avoid any position or time of harvest effects on the variabil-
ity of the data set always randomize samples when harvesting.   

   2.    Always select a leaf at the same position (e.g., always the upper 
or a lower leaf), if not use randomized positions of leaves to be 
harvest.   

   3.    If working with freeze-dried material avoid any water and 
moisture. As soon as tissue is in contact with moisture enzymes 
will become active.   

   4.    For many separation and detection techniques the pigments 
contained in plant tissues, such as chlorophyll and carotenoids, 
disturb the analysis and may be removed from the extract.   

   5.    It is important to ensure that tissue is  always frozen  throughout 
any processes such as weighing or transfer between reaction 
tubes. At warmer temperatures, enzymatic activity can occur 
and cause spurious changes in metabolites that are unrelated to 
the treatment. If larger tissue pieces are to be harvested (e.g., 
fruits), cut into smaller pieces prior to shock freezing so the 
freezing process is continuous and quick throughout the tissue 
and any enzymatic reactions are avoided in the middle of the 
tissue piece.   

   6.    Some metabolites are sensitive and may alter their structure 
under light exposure. Any water and moisture, as mentioned in 
 Note 3 , will activate enzymes.   

   7.    In order to relate metabolite levels between samples, the 
weight of each sample has to be exactly recorded. These 
weights (either frozen or freeze-dried samples) are then used 
for subsequent normalization of metabolite levels per gram of 
fresh or dry weight.   

   8.    Internal standards are ideally compounds not present in the 
biological extract and are included prior to or during metabo-
lite extraction. They encounter for any analytical error during 
extraction, derivatization, separation, and detection processes. 
For instance, stable isotope-labeled internal standards having 
identical chemical properties as the metabolites under analysis 
are ideal.   

Plant Tissue Extraction for Metabolomics
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   9.    The volume for each aliquot of extract depends on the tissue 
type, the amount of tissue extracted and volume of extraction 
solvents used. This needs to be optimized for every tissue type 
under analysis to have best separation and detection within the 
linear range of the instrument of choice.   

   10.    It is suggested to always prepare more than one aliquot of each 
sample for backup. Once the samples have been derivatized for 
GC-MS, they cannot be stored. Therefore, if there is equip-
ment failure during a run; the experiment can be saved if iden-
tical samples are available.   

   11.    If long-term storage of dried extracts is required, they need to 
be kept under argon to avoid oxidation and degradation of 
metabolites. Dried extracts need to be kept in the dark and 
under dry conditions for the same reasons as mentioned in 
 Note 6 .   

   12.    Liquid extracts for LC-MS analysis are ideally analyzed straight 
away; however if necessary can be stored at −20 °C or lower. 
However this should be avoided since there may be metabolite 
alterations during the thawing process.         
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    Chapter 3   

 Detection of Polar Metabolites Through the Use 
of Gas Chromatography–Mass Spectrometry 

                         David     P.     De     Souza    

    Abstract 

   Gas chromatography–mass spectrometry (GC–MS) is a highly reproducible and sensitive analytical technique 
that has had signifi cant use in the area of metabolite profi ling. GC–MS is able to detect a wide variety of 
metabolites, with highly differing chemistries. In general, extracted biological samples are volatilized prior 
to separation on a capillary column with a stationary phase suited to the analysis of the compounds of 
interest. Separated compounds are eluted into a mass spectrometer equipped with an electron impact ion-
ization source, thereby generating a quantifi able mass spectral fi ngerprint. This chapter describes a method 
for the trimethylsilyl derivatization of polar metabolites, followed by detection and relative quantifi cation 
using a gas chromatograph coupled to a single quadrupole mass spectrometer. Using this method will 
enable the profi ling of the greatest range of polar metabolites.  

  Key words     Gas chromatography  ,   Mass spectrometry  ,   Methoximation  ,   Trimethylsilylation  , 
  Quadrupole  ,   Polar metabolites  

1       Introduction 

 Gas chromatography–mass spectrometry (GC–MS) is one of the 
principal analytical platforms used in the fi eld of metabolomics. 
With the advent of capillary columns and improved computing 
allowing faster data acquisition rates, GC–MS has emerged as a 
robust technology for the effi cient separation and quantifi cation of 
a few hundred metabolites from a single sample extract [ 1 ]. 

 A typical metabolomics workfl ow is composed of three major 
steps: (1) sample harvest and metabolic quenching, (2) metabolite 
extraction, and (3) instrument analysis. Individual differences of 
varied sample types will determine the techniques used at each of 
these steps. For sample harvest and metabolic quenching, many 
methods have been published in the literature for various biologi-
cal systems [ 2 – 5 ]. Many of these publications also contain sample 
extraction methods, which can be tailored to specifi c metabolites, 
i.e., polar vs. lipidic metabolites. Highly reproducible sample 
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preparation is critical for metabolite profi ling, but well-optimized 
instrument analysis parameters are equally important to extract the 
most information out of these samples. 

 The GC–MS method described here aims to detect as many 
polar metabolites as possible. While there is no one method suited 
to all sample types and metabolite analyses, the method described 
is a general purpose method that balances productivity (i.e., rela-
tively short run time) with good separation of compounds (Fig.  1 ). 
Once this method has been used and understood, analysts would 
be able to optimize conditions to suit the requirements of their 
particular sample. The chromatography here uses a fairly nonpolar 
stationary phase that is suitable to the wide range of chemical types 
that can be seen in polar metabolite extracts from biological sam-
ples. For more lipidic molecules, such as fatty acids, a more polar 
stationary phase would be much more suitable.   

   Similar GC–MS methodologies have been applied to the study 
of small molecule natural products in plants and fungi. These stud-
ies have used GC–MS to identify compounds that could be utilized 
as bioactive compounds for the treatment of bacterial infections [ 6 ,  7 ]. 

  Fig. 1    Chromatographic profi le of a metabolite mix containing 45 metabolites spanning the major polar metabolite 
classes. The profi le was captured using the GC–MS described in this chapter. Regions in which certain metab-
olite classes elute are annotated       
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Alternatively, these studies have also identifi ed mycotoxins that can 
effect crop quality [ 8 ] and also have an impact on health. Together 
these fi ndings show the utility of GC–MS as an analytical tech-
nique for the study of small molecule natural products.  

2     Materials 

      1.    100 % methanol (GC grade).   
   2.    Methoxyamine reagent: Methoxyamine hydrochloride in pyri-

dine (30 mg/mL) ( see   Note 1 ).   
   3.    Trimethylsilane (TMS) reagent:  Bis -(trimethylsilyl)trifl uoro-

acetamide (BSTFA) + 1 % trimethylchlorosilane (TMCS).      

      1.    2 mL Autosampler vials.   
   2.    250 µL pulled point vial inserts (Agilent Part Number: 

5183-2085).   
   3.    Methanol (GC or HPLC grade).   
   4.    1:1 (v/v) ethyl acetate:acetone.   
   5.    Hexane (Analytical grade).   
   6.    Christ Alpha RVC 2-33 Vacuum concentrator.   
   7.    Eppendorf Thermomixer Comfort.   
   8.    GC Chemstation Instrument analysis software (E.02.01.1177), 

Gerstel Maestro software (Version 1.3.20.3/3.5).   
   9.    General purpose split/splitless liner with glass wool, tapered 

and deactivated (Agilent Part Number: 5183-4711).   
   10.    Merlin microseal (Agilent: 5182-3442).   
   11.    Agilent gold seal (Agilent: 5188-5367).   
   12.    Agilent Factor Four 5 ms column (30 m × 0.25 mm internal 

diameter × 0.25 µm fi lm thickness, with 10 m integrated 
Eziguard—Part no. CP9013).   

   13.    Ultra high purity helium (BOC 220G, Coregas Helium 5.0).       

3     Methods 

      1.    Transfer 75 µL of aqueous phase (top layer—containing polar 
metabolites) ( see   Note 2 ) into a 200 µL pulled point insert.   

   2.    Dry sample in a cleaned speed vacuum (35 °C).   
   3.    Continuously add 50 µL of aqueous phase (approximately 

every 20 min) and repeat  step 2  until all has been transferred.   
   4.    Add 10 µL of GC–MS grade methanol ( see   Note 3 ).   
   5.    Dry sample in speed vacuum (35 °C).   

2.1  Trimethylsilyl 
Derivatization

2.2   GC–MS Analysis

3.1  Metabolic 
Derivatization
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   6.    Transfer insert into 2 mL autosampler vial.   
   7.    Add 20 µL of methoxyamine reagent, then cap the vial 

( see   Note 4 ).   
   8.    Incubate for 2 h on shaker (400 rpm) at 37 °C.   
   9.    Add 20 µL of TMS reagent.   
   10.    Incubate for 1 h at 37 °C in shaker, then at room temp for 1 h.   
   11.    Inject 1 µL of derivatized sample following steps in 

Subheading  3.2  below.      

   The following conditions are suitable for polar metabolite profi ling 
of biological samples. While this is a good general method, it is 
always advisable to perform comprehensive method development 
to ensure the best analytical conditions possible. Use these condi-
tions as a starting point, and pay close attention to  see   Notes 5 – 11  
as they contain essential tips for suitable alterations to the method. 
Take note that the GC conditions are strongly linked to the MS 
conditions, and if you change one, then there should be relative 
changes in the other. 

  The parameters described here ( see   Note 5 ) are solely for the injec-
tion of sample and pre/postinjection washing steps. If using an online 
derivatization robot (Gerstel MPS2, CTC Combipal), then washing 
steps before and after addition of reagent will also be required.   

      1.    One syringe wash with  n -hexane.   
   2.    Four plunges of sample.   
   3.    0 s pre-inject delay.   
   4.    1 µL ( see   Note 6 ) injected Splitless ( see   Note 7 ).   
   5.    0 s post-inject delay.   
   6.    Three syringe washes with  n -hexane.   
   7.    Five syringe washes with 1:1 ethyl acetate/acetone.     

      1.    Ensure the following parameters ( see   Note 8 ) and components 
are installed, enter the settings within Chemstation under “GC 
Edit Parameters.” For installation of components refer to 
Agilent 7890A GC manual.      

      1.    General purpose split/splitless liner with glass wool, tapered 
and deactivated (Agilent Part Number: 5183-4711).   

   2.    Split/splitless inlet fi tted with Merlin microseal (Agilent: 
5182-3442).   

   3.    Agilent gold seal (Agilent: 5188-5367).   
   4.    Purged at 50 mL/min after 60 s with UHP Helium.   
   5.    Gas saver at 20 mL/min after 120 s with UHP Helium.      

3.2   GC–MS Analysis

3.2.1  Autosampler 
Conditions

3.3  Injection 
Parameters

3.3.1  Inlet and Carrier 
Gas Conditions (Agilent 
7890A GC)

3.3.2    Inlet
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      1.    Ultra high purity helium.   
   2.    Constant column fl ow rate of 1 mL/min.   
   3.    Inlet purged at 20 mL/min for 60 s.   
   4.    Gas saver 15 mL/min after 60 s.       

  Apply the following oven program settings within Chemstation 
method. As mentioned earlier, these settings are a good starting 
point, but can be changed to suit the respective sample. Faster 
oven ramps will result in sharper, narrower peaks, but may result in 
a loss of baseline resolution. In comparison, a slower oven ramp 
may improve baseline resolution, but at the cost of signal intensity, 
where broadening of peaks results in lower signal to noise ratios. 

      1.    Length = 10 m Eziguard + 30 m VF-5 ms column ( see   Note 9 ).   
   2.    Internal diameter = 250 µM.   
   3.    Film thickness = 0.25 µM.      

      1.    35 °C—2 min hold.   
   2.    15 °C/min ramp to 325 °C.   
   3.    Hold for 3 min ( see   Note 10 ).       

  Apply the following parameters within Chemstation’s “MS SIM/
Scan Parameters.” These parameters are extremely dependent on 
the speed of chromatography, with particular reference to eluted 
peak width. These parameters are suited to the oven ramp described 
previously.  See   Note 11  for further details regarding changing 
mass spectrometer parameters. 

      1.    Transfer line = 280 °C.   
   2.    Ionization Chamber = 250 °C.   
   3.    Quadrupole temperature = 150 °C.   
   4.    EM gain factor = 1 V.   
   5.    Detector threshold = 150.   
   6.    Detector  m / z  range = 50–600  m / z .   
   7.    Detector sampling rate = 2 1  (5.02 scans/s under above condi-

tions) ( see   Note 11 ).       

  All mass spectrometry vendors will have software that is capable of 
dealing with metabolite profi ling data. These software packages are 
very comprehensive, but can also be quite costly. The alternative is 
to investigate freely available software to peak fi nd and deconvo-
lute your data. These include PyMS [ 9 ], which is primarily used for 
untargeted data analysis. For a more targeted approach, Metab 
[ 10 ] is appropriate, while for Agilent-specifi c data, CompExtractor 

3.3.3   Carrier Gas

3.4  Gas 
Chromatographic 
Conditions (Agilent 
7890A GC)

3.4.1   Column

3.4.2   Oven Program

3.5  Mass 
Spectrometer (MS) 
Conditions (Agilent 
5975C Inert EI/CI MSD)

3.5.1  Mass Spectrometer 
Conditions

3.6   Data Analysis
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can be used [ 11 ]. Data extraction is only part of the process of 
metabolomics data analysis, as techniques need to be applied to 
make sense of the data. Typically, multivariate statistics is used to 
make sense of the many variables measured, for which a good over-
view on techniques can be read in Want et al. [ 12 ].   

4     Notes 

     1.    Methoxyamine hydrochloride is a very hygroscopic material, 
which is best stored in a desiccator. Prepare the methoxyamine 
solution freshly, rather than making up a large batch and stor-
ing aliquots. Make sure the pyridine you use is fresh and has 
not oxidized (should be colorless, not a yellow color). If pos-
sible purchase pyridine with molecular sieves in the container, 
which will remove any dissolved water from the pyridine.   

   2.    Quite often extraction methods will include a biphasic parti-
tion to isolate polar metabolites. This is not an absolutely nec-
essary step, but is preferable. References in the introduction 
contain excellent metabolite extraction methods for a wide 
variety of biological samples.   

   3.    Methoxyamine hydrochloride is added as the fi rst derivatiza-
tion step to enable linearization of sugar molecules. This results 
in a simplifi ed chromatogram. Without methoximation a hex-
ose sugar, such as glucose, will give four chromatographic 
peaks after TMS derivatization, whereas after methoximation 
and TMS derivatization only two peaks would be observed. 
The methoximation step is not absolutely mandatory, but does 
signifi cantly simplify the chromatogram. If methoximation is 
not performed, then the equivalent volume of TMS reagent 
should be substituted instead.   

   4.    The fi nal evaporation of samples with methanol is absolutely 
mandatory.  Do not skip this step . The derivatizing agents used, 
especially the TMS reagent, are very hygroscopic. This means 
that the reagents will absorb any water that is present, and 
subsequently will drop out of solution. This will result in a 
wasted sample, which cannot be recovered.   

   5.    The type of autosampler on your GC–MS will determine how 
you perform the derivatization of your samples. If only a sam-
ple injector is available, then all samples will have to be “batch” 
derivatized. This means that all the samples will be derivatized 
at once, but will be incubating for different periods of time due 
to run order when analyzed by GC–MS. This can result in 
sample variation, as some metabolites derivatize and/or 
degrade at different rates. It is preferable to have a GC–MS set 
up with an autosampler robot of some description, i.e., Gerstel 
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MPS2, CTC Combipal. These robots allow online  derivatization 
of samples and “in time” injection of the sample. This means 
that samples are derivatized for exactly the same period of time 
prior to analysis, therefore reducing the amount of unwanted 
variation. Good practice is to randomize the sample analysis 
sequence so that no one group of samples is located at the start 
or the fi nish of the analysis sequence. This practice is observed 
irrespective of “batch” or “in time” derivatization.   

   6.    1 µL of sample is the maximum that can be injected into the 
GC inlet for this method. Conversion of 1 µL sample in pyri-
dine solvent into the gas phase will equate to a gaseous volume 
of approximately 880 µL. The capacity of the inlet liner speci-
fi ed in Subheading 3.3.2,  step 1  is a maximum of 900 µL. 
Loading more than 1 µL of liquid sample will result in over-
loading of the inlet liner, and subsequent contamination of the 
inlet itself.   

   7.    This method recommends that samples be injected “splitless,” 
which involves the entire amount of sample to be transferred 
onto the column. Samples can be reinjected in “split” mode if 
some peaks are chromatographically overloaded. Split ratios 
are determined by the analyst, and can range from 10:1 to 
100:1 split, which would equate to loading 1/10th–1/100th 
of the sample.   

   8.    All conditions described in the following sections are based on 
the use of an Agilent 7890A GC coupled to a 5975C MSD. All 
these conditions are directly applicable to other GC–MSDs.   

   9.    The column specifi ed here is an Agilent column, with a 5 ms 
stationary phase. This phase is relatively nonpolar and well 
suited to the broad range of chemical classes observed when 
analyzing polar metabolites. There are many other equivalent 
columns manufactured by other vendors, that are equally 
 suitable—just make sure to use the 5 ms phase. The integrated 
guard column is also important as it allows cutting of the GC–
MS column with very little change to retention time. This is 
important as regular maintenance requires the cutting of the 
GC column to remove any contaminants that have coated the 
beginning and end of the column.   

   10.    The oven ramp described is a relatively mid-range oven ramp, 
neither slow nor fast. The chromatographic peaks obtained will 
tend to be 3–3.5 s wide providing all other conditions are set 
as described. The type of chromatography used is very sample 
dependent, where those in the area of plant metabolomics gen-
erally prefer a slower oven ramp in order to give better separa-
tion of sugar metabolites. Where this is not an issue, faster 
oven ramps can be used to give sharper peaks, better sensitivity 
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and reduce analysis time. The oven ramp described can be easily 
adjusted as required.   

   11.    As stated in  Note 8 , the settings described are specifi cally for 
an Agilent GC–MSD. The scan rate stated should be able to 
be achieved on any other vendor’s instrument. The important 
factor is to aim to have at least 10–20 scans across each chro-
matographic peak. This ensures enough sensitivity and the 
ability to deconvolute where there may be co-eluting peaks 
(Fig.  2 ).

  Fig. 2    A peak that shows a classical co-elution of metabolites. Panel ( a ) illustrates what appears to be a single 
peak in the total ion chromatogram. Panel ( b ) illustrates clear co-elution of the metabolites ornithine and 
citrate, when unique ions for each compound are extracted. This is only achievable if enough scans have been 
collected across the TIC peak to enable deconvolution       
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    Chapter 4   

 A Robust GC-MS Method for the Quantitation of Fatty Acids 
in Biological Systems 

                         Nirupama     Samanmalie     Jayasinghe      and     Daniel     Anthony     Dias   

    Abstract 

   Fatty acids (FAs) are involved in a wide range of functions in biological systems. It is important to measure 
the exact amount of fatty acids in biological matrices in order to determine the level of fatty acids and 
understand the role they play. The ability to quantify fatty acids in various systems, especially plant species 
and microbes has recently paved the way to the mass production of pharmaceuticals and energy substitutes 
including biodiesel. This chapter describes an effi cient method to quantify the total fatty acids (TFAs) in 
biological systems using gas chromatography-mass spectrometry (GC-MS) and a commercially available 
standard mix of fatty acid methyl esters (FAMEs) using a  step - by - step  methodology to setup a quantitation 
method using the Agilent Chemstation software.  

  Key words     Total fatty acids  ,   Trans-esterifi cation  ,   FAMEs  ,   GC-MS  ,   Quantitation  

1      Introduction 

 Fatty acids can simply be described as straight chain saturated or 
unsaturated carboxylic acids and are the main constituents of 
highly abundant lipids (i.e., glycerolipids) [ 1 ,  2 ]. Fatty acids are 
available as either unbound called free fatty acids (FFAs) or bound 
fatty acids. Bound fatty acids are mainly found in glycerolipids, 
glycerophospholipids, and sphingolipids. Please  see  Chapter   6     for a 
further description into lipidomics. Total fatty acids (TFAs) can be 
defi ned as a combination of bound and unbound fatty acids in a 
given biological system. GC-MS is a highly sensitive, effi cient, and 
reproducible analytical technique which can be used to quantitate 
fatty acids and has been routinely used for decades [ 3 ]. However, 
with respect to metabolomics or the biosynthesis of primary and 
secondary metabolites, a combination of several analytical plat-
forms must be utilized to understand the metabolome of a particu-
lar system. For example, liquid chromatography coupled with mass 
spectrometry (LC-MS) can be used to analyze lipid classes. 
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Whereas high performance liquid chromatography can be used to 
fractionate lipid classes and these lipid fractions can subsequently 
be analyzed using GC-MS to measure TFAs. There are two main 
factors to consider when quantitating TFAs; the extraction of sam-
ples and the correct preparation of calibration curves which will be 
described in this chapter.  

2    Materials 

 In order to analyze TFAs, free and bound fatty acids (lipids) must 
be extracted from the biological matrix of interest. There are 
numerous methodologies which describe the quantitative extrac-
tion of lipids and fatty acids in the literature; however, the choice 
of extraction method depends on the tissue type and fatty acids/
lipids of interest [ 2 ]. Multiple extraction methods must be tested 
and fatty acid recoveries must be carried out in order to obtain an 
optimized extraction protocol. Precautions must be taken to mini-
mize degradation and auto-oxidation of fatty acids. Unsaturated 
fatty acids are susceptible to rapidly oxidize which could give mis-
leading quantitation results of TFAs ( see   Note 1 ). 

 Preparation of calibration standards can be tedious and time 
consuming given the number of fatty acids present in biological 
systems for example the individual preparation of standards, that is, 
C 4 –C 28  fatty acids is time consuming. Furthermore evaporation of 
solvents becomes a major issue during the preparation of fatty acid 
standards as the majority of fatty acids are only soluble in nonpolar 
solvents such as chloroform,  n -hexane, or dichloromethane. In 
order to overcome these issues and minimize technical errors a 
commercially available quantitative standard mix of fatty acid 
methyl esters (FAMEs) could be used. 

      1.    Supelco 37 Component FAME (1 mL) (Sigma Aldrich, Part 
No. 47885-U).   

   2.    Internal standard (INSTD) (i.e., Myristic acid-1- 13 C).   
   3.    Chloroform (HPLC grade).   
   4.    Methanol (HPLC grade).   
   5.    Clear screw top 2 mL glass vials and screw caps.   
   6.    Butylated hydroxytoluene (BHT).      

      1.    Mortar and pestle or automated grinder.   
   2.    Liquid nitrogen.   
   3.    2 mL Eppendorf tubes.   
   4.    Analytical balance.   

2.1  Preparation 
of the Calibration 
Solution and 
Extraction Solvents 
for GC-MS Analysis

2.2  Extraction of 
Lipids and Fatty Acids
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   5.    Spatula.   
   6.    Calibrated pipettes and pipette tips 5–1,000 µL.   
   7.    Centrifuge.      

      1.    0.2 N Methanolic solution of  m -trifl uoromethylphenyl 
trimethylammonium hydroxide (Meth Prep II reagent) 
(GRACE, Part No.18007).   

   2.    Thermomixer.   
   3.    350 µL glass vial inserts.      

  Please  see  Chapters   2     and   3     for a general GC-MS instrument setup.   

3    Methods 

      1.    Prepare a 2:1 chloroform:methanol solution (10 mL) contain-
ing 60 µM INSTD for samples.   

   2.    Prepare a 2:1 chloroform:methanol solution (10 mL) contain-
ing 120 µM INSTD for calibration standards.      

      1.    Prepare methanol containing 0.1 % (v/v) BHT.      

  It is extremely important to quench metabolism immediately after 
harvesting tissue to ensure that lipolytic and other enzymatic reac-
tions are terminated to obtain a “snap-shot” of steady-state levels 
of fatty acids and lipids. Keep the tissues frozen until enzymatic 
activity has quenched by heating with methanol. Below is an exam-
ple for a TFA extraction using a modifi ed and optimized “Folch” 
method [ 4 ].

    1.    Homogenize tissue with liquid nitrogen using prechilled mor-
tar and pestle. Do not defrost tissue.   

   2.    In availability of automated grinders follow manufactures 
instructions.   

   3.    Weigh approximately 10 mg of homogenized tissue into a 
2 mL Eppendorf tube. Make sure sample tissues do not defrost 
during the weighing process.   

   4.    Add 200 µL of 100 % (v/v) methanol and vortex for about 
30 s.   

   5.    Incubate at 70 °C for 15 min at 750 rpm using a 
thermomixer.   

2.3  Derivatization

2.4  GC-MS 
Requirements 
and Specifi cations

3.1  Preparation 
of the Internal 
Standard (INSTD)

3.2  Preparation of 
Extraction Solvent

3.3  Extraction of 
Lipids and Fatty Acids

Quantitation of Fatty Acids in Biological Systems

http://dx.doi.org/10.1007/978-1-62703-577-4_2
http://dx.doi.org/10.1007/978-1-62703-577-4_3


42

   6.    Cool down the sample to room temperature and spin down 
shortly in a centrifuge.   

   7.    Add 400 µL of chloroform containing 0.1 % v/v BHT in the 
fume cupboard, vortex.   

   8.    Centrifuge for 15 min at 15,900 ×  g .   
   9.    Transfer the supernatant into a new 2 mL Eppendorf tube.   
   10.    Aliquot 200 µL of the supernatant into a glass vial insert.   
   11.    Evaporate to dryness under a stream of N 2  or under vacuum 

without heating ( see   Note 2 ).   
   12.    Seal and store dried samples in a −20 °C freezer until further 

analysis.   
   13.    Reconstitute the dried pellet in 25 µL of 2:1 (v/v) 

chloroform:methanol containing 60 µM INSTD (Myristic 
acid-1- 13 C) prior to GC-MS analysis.    

    It is a requirement of the software that the concentration of INSTD 
must be kept constant across all the samples and calibration 
standards as relative responses are used to create calibration curves. 
The responses of the FAME standards are normalized to the 
response of INSTD (relative response).

    1.    As presented in Table  1  below prepare calibration standards 
of FAMEs containing the INSTD ranging from 5 to 200 µM 
based on the Supelco FAME mix ( see   Notes 3 – 5 ).

       2.    Store these stock calibrations for future use at −20 °C 
( see   Note 6 ).      

3.4  Preparation of 
Calibration Standards 
for GC-MS Analysis

     Table 1  
  Reagent volumes needed for preparation of calibration standards stock   

 FAME mix 
volume (µL) 

 2:1 Chloroform:
methanol (µL) 

 2:1 Chloroform:
methanol containing INSTD (µL) 

 Final 
volume (µL) 

 10  490  500  1,000 

 20  480  500  1,000 

 30  470  500  1,000 

 50  450  500  1,000 

 75  425  500  1,000 

 100  400  500  1,000 

 125  375  500  1,000 

 150  350  500  1,000 
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  GC-MS is only capable of analyzing volatile compounds or that 
are readily derivatizable. Therefore lipids must be hydrolyzed to 
obtain fatty acids which are bound to a glycerol backbone (e.g., 
Triglycerides) followed by derivatization to their corresponding 
methyl esters. The commercially available Meth Prep II reagent is 
capable of a one step  trans -esterifi cation of glycerolipids, glycero-
phospholipids, and sphingolipids and methylation of FFAs in 
which the reaction takes place in the inlet of the GC-MS [ 5 ]. It is 
important to mention that precautions must be taken to minimize 
impurities due to the high sensitivity of mass spectrophotometer 
( see   Note 7 ).

    1.    Add a 5 µL aliquot of Meth Prep II reagent into a glass vial 
containing a glass insert and then add 25 µL of a calibration 
stock. Seal immediately.   

   2.    Add a 5 µL aliquot of Meth Prep II into sample inserts from of 
Lipids and FFA extraction. Seal immediately.   

   3.    The concentration of INSTD in both calibration mix and sam-
ple is 50 µM after the addition of Meth Prep II reagent.   

   4.    Mix the samples and calibration standards containing Meth 
Prep II reagent at 37 °C for 30 min at 750 rpm using a ther-
momixer ( see   Note 8 ).   

   5.    Inject 1 µL into GC-MS using a 30 m VF-5 ms column, 0.2 µm 
fi lm thickness with a 10 m Integra guard column using the fol-
lowing temperature program as shown Table  2 .

       6.    A drawback associated with using this column is co-eluting  cis  
and  trans  FAMEs which are unable to be resolved. This can be 
overcome by using specifi c columns such as the Omegawax 
250, PAG, SP-2380, and/or SP2560 which either improve or 
completely resolve these isomers.   

   7.    Eluting FAMEs are transferred to the mass spectrometer 
through the transfer liner which is set at 280 °C.   

   8.    Mass spectrometer temperature is set to 230 °C.   
   9.    Eluting compounds are ionized and fragmented using electron 

impact (EI) ionization of 70 eV.   

3.5  Derivatization 
and GC-MS Analysis

   Table 2  
  Temperature program used to separate FAMES   

 Rate (°C/min)  Value (°C)  Hold time (min)  Run time (min) 

 Initial  50  1  1 

 Ramp 1  15  230  3  16 

 Ramp 2  10  325  3  28.5 
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   10.    Resulting ions are fi ltered through the quadrupole and mass 
spectra are recorded at 2 scan/s 1  with an  m / z  50–600 scan-
ning range (Fig.  1 ).

       11.    Inject three hexane blanks between every sample and calibra-
tion standards ( see   Note 9 )   .    

4       Post Data Analysis 

  MSD Chemstation Data Analysis software (Version E.02.01.1177) 
is used to set up calibration curves and also quantitate fatty acids. 
There are several approaches which should be considered when 
setting up a quantitation method and quantitating fatty acids (i.e., 
Automated or Manual setup). For the purposes of this chapter, 
manual setup will be summarized. When setting up a quantitation 
method manually, using Chemstation the following workfl ow 
should be considered.

    1.    Optimize integration parameters (integration parameter fi le).   
   2.    Create quantitation database.   
   3.    Specify calibration level(s).   
   4.    Update retention times in quantitation data base using  Easy 

ID tool .   
   5.    Update responses.   

4.1  Using Agilent 
Chemstation to 
Quantify FAMEs

  Fig. 1    Total ion chromatogram of a selected calibration Supelco 37 FAMEs mix       
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   6.    Review and edit quantitation results using  QEdit tool .   
   7.    Edit compounds.   
   8.    Report results.     

       1.    Select and load the actual data acquisition method from the 
 Method  menu bar in Chemstation.   

   2.    Go to the  Chromatogram  menu bar and click on  select integra-
tor . This will prompt you to a  Temporarily Select Integrator  
dialog box.   

   3.    Choose  RTE integrator .   
   4.    Then select  MS Signal Integration Parameters  from 

 Chromatogram  menu bar to edit and optimize the integration 
parameters (Fig.  2 ) ( see   Note 10 ).

       5.    Click on  Load  to load the existing “.P” fi le which has integration 
parameters particular to the data acquisition method or if you 
want to custom setup integration parameters, change the 
parameters manually by following the guidelines displayed as 
illustrated below in (Fig.  2 ).   

   6.    Make sure the settings are saved before going to the next step.      

4.1.1  Optimize 
Integration Parameters

  Fig. 2    RTE integrator parameter dialog box and  circled  are an example for guidelines (i.e., guidelines for data 
point sampling parameter)       
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  The compound database contains the details about the compounds 
of interest. Mainly these include, compound name, retention time, 
target ion, qualifi er ion(s), data points, and identifi cation selection 
criteria.

    1.    To create a QDB go to the  Calibrate  menu bar in Chemstation 
and select  Set Up Quantitation . This will open the 
 Quantitation Database Globals  dialog box (Fig.  3 ). This is 
the fundamental point in supplying basic information to cre-
ate the QDB.

       2.    Enter  Calibration Title .   
   3.    Keep the default values for  Locating Peaks  ( see   Note 11 ).   
   4.    Specify  New Compound Info  (Fig.  3 ).   
   5.    Browse and upload the optimized integration parameter fi le 

(Subheading  4.1.1 ). This will be located in the data acquisition 
method folder. Make sure use  RTEINT  is ticked (Fig.  3 ).   

4.1.2  Create Quantitation 
Data Base (QDB)

  Fig. 3    Quantitation database globals dialog box       
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   6.    Click  OK .   
   7.     Edit compounds  dialog box will be automatically displayed 

(Fig.  4 ).
       8.    Click  insert above  on Edit Compounds dialog box to add a new 

target compound (Fig.  4 ) ( see   Note 12 ).   
   9.    This will open up  Quant setup  dialog box (Fig.  5 ).
       10.    Navigate through the TIC and locate the target FAME. Then 

 double right click  on compound peak to add to the list. Make 
sure that INSTD is added fi rst.   

   11.     Double right click  on the peak, this will record the retention 
time in the  Quant Setup  dialog box.   

   12.    Type a name for the target FAME.   
   13.    Select a specifi c ion from the spectrum and  click both mouse 

buttons  together on the ion to insert target ion. Area under 
target ion will represent the amount of the particular FAME 
( see   Note 13 ).   

   14.    Then select at least one qualifi er ion from the spectrum and 
repeat  step 12  to insert the ion (Fig.  5 ) ( see   Note 14 ).   

   15.    Presence of qualifi er ions in the correct amounts relative to 
the target ion gives evidence of the correct target compound 
identifi cation. Target ion: qualifi er ion response ratio will be 
automatically calculated. For example, C18:0, Retention 
Time (RT): 12.44, Target 298.3, Q1 255.2, Target ion: 
qualifi er ion response ratio 108.7, etc. Please refer to Table  3  
which lists selected specifi c target ions and qualifi ers for 
Supelco FAMEs mix.

       16.    Press  Save  after completing an entry and repeat above- 
mentioned steps to continue adding more compounds (Fig.  4 ).   

  Fig. 4    Edit compounds dialog box (before and after the addition of compounds)       
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   17.    Make sure all the compounds are added after the INSTD as all 
compounds followed by the INSTD are analyzed relative to 
INSTD.   

   18.    Press  exit  on  Edit compounds  dialog box to go to next step.   
   19.     Update Calibration  dialog box will appear (Fig.  6 ).

         A  calibration level  is a data point on the calibration curve which is 
defi ned by the concentration and the corresponding area of the 
selected target ion ( see   Note 15 ).

    1.    Select  Add Level  in the  Update Calibration  dialog box (Fig.  6 ).   
   2.    Leave compound concentration at 0.000 as each level contains 

a mix of FAMEs with varying concentrations. These concen-
trations can be specifi ed later.   

   3.    Input the INSTD concentration which is 50 µM.   
   4.    A  Level ID  can be a name or a number which represents each 

calibration level. For example FAME mix volumes of Table  1  
which are 10, 20…75…, 150 µL can be used as level IDs 
where  10  represents lowest,  75  mid, and  150  represents the 
highest level of the calibration.   

4.1.3  Specifi cation 
of Calibration Levels

  Fig. 5    Quant setup dialog box and adding C18:0 to compound list       
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    Table 3  
  List of target ions and qualifi er ions   

 Compound  Target  Qualifi er 1  Qualifi er 2  Qualifi er 3 

 C10:0  186.2  155.2  143.1  87.1 

 C11:0  200.2  169.2  157.1  143.1 

 C12:0  214.2  183.2  171.2  143.1 

 C13:0  228.2  197.2  185.2  143.1 

 C14:1  240.2  208.2  166.2  124.1 

 C14:0  242.3  211.2  199.2  143.1 

 C15:1  254.2  222.2  180.2  110.1 

 C15:0  256.3  225.2  213.2  143.1 

 C16:1  268.3  236.3  194.2  152.2 

 C16:0  270.3  239.3  227.2  143.1 

 C17:1  282.3  250.3  208.2  166.2 

 C17:0  284.3  253.3  241.2  199.2 

 C18:3n3  292.1  194.1  150.1  107.1 

 C18:2n6c  294.3  263.1  150.1  123.1 

 C18:1n9c  296.3  264.0  –  – 

 C18:2n6t  294.3  266.2  –  – 

 C18:3n6  292.3  222.4  –  – 

 C18:1n9t  235.2  123.1  166.2  111.1 

 C18:0  298.3  255.3  199.2  143.1 

 C20:4n6  203.2  150.2  133.1  119.1 

 C20:5n3  201.2  180.1  133.1  119.1 

 C20:3n3  320.3  289.3  222.2  177.2 

 C20:2  322.2  391.3  150.1  123.1 

 C20:1  324.3  292.3  250.3  208.2 

 C20:3n6  320.3  289.3  264.1  149.1 

 C20:0  326.4  283.3  199.2  143.1 

 C21:0  340.4  297.3  199.2  143.1 

 C22:6n3  159.1  145.1  131.1  119.1 

 C22:2  350.4  319.3  109.1  95.1 

 C22:1n9  320.4  352.4  278.3  236.3 

 C22:0  354.4  311.3  255.3  143.1 

 C23:0  368.4  325.4  269.3  143.1 

 C24:1  348.4  380.4  306.3  264.3 

 C24:0  382.5  339.4  283.3  143.1 
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   5.    In order to add a  Level ID , specify a  level ID  in  New Level ID  
box. Note that you will have a FAMEs calibration data fi le 
opened in the background and make sure that you have entered 
the corresponding level ID.   

   6.    Click  Do Update . You will be prompted whether to  quantitate 
the data fi le .   

   7.    Press  No .   
   8.    The new level is now added to the existing level ID.   
   9.     Edit compounds  dialog box will be prompted. Click  OK  to save 

the new level ID.   
   10.    Open the next calibration level data fi le.   
   11.    Select  Update  on the  Calibration  menu bar.   
   12.    Select  update one level  and repeat the above steps to add next 

level ID.   
   13.    Repeat these steps until all the levels are added.    

    The  Easy ID  tool is located under the  View  menu bar which is used 
to update retention times of the individual FAMEs on a compound 
by compound basis. The “start and end” retention time of each 
peak can be specifi ed using this tool. Therefore signals are only 
extracted from the user specifi ed window.

4.1.4  Update Retention 
Times in the Quantitation 
Data Base Using 
the Easy ID Tool

  Fig. 6    Specifi cation of levels dialog box       
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    1.    Open a FAME mix calibration data fi le. Ideally a data fi le of 
mid-range concentration. For example  Level 75 .   

   2.    Select  Easy ID  under the  View  menu bar in Chemstation. This 
will direct the user to Easy ID view from data analysis view 
(Fig.  7 ). Each compound will be represented by specifi ed 
Target ions and Qualifi er ions (selected ion chromatogram).

       3.     Right double click  on the fi rst compound in the  Quick EasyID  
dialog box.   

   4.    Hold the  shift  key and  left double click  at the start of the peak 
followed by a  right double click  at the end of the peak to update 
retention times (Fig.  7 ).   

   5.     Right double click  on the selected ion chromatogram to navi-
gate to the next peak. Repeat the  step 4 . Apply this same 
approach for rest of the peaks. Press  exit .   

   6.    Be aware that this step will only change the retention time 
window for each compound. Therefore integration has to be 
performed for every level to update responses of all the FAMEs.    

         1.    Open the lowest level calibration data fi le (i.e., Level 10).   
   2.    To update each calibration level with corresponding responses, 

qualifi er ion response ratios and mass assignments select 
 Update  on the  Calibration  menu bar.   

   3.    Select  update one level .   
   4.    You will be asked whether to quantitate data fi le. Press  Yes .   
   5.     Update Calibration  dialog box will be prompted.   
   6.    Select  Update Level  on the dialog box (Fig.  6 ).   

4.1.5  Update Responses

  Fig. 7    Quick EasyID window and start and end of C14:0 peak       
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   7.    Select the corresponding  Existing Level ID  (i.e., 10) for the 
data fi le.   

   8.    Select  replace Responses  and  Average Retention Times . Click  Do 
Update .   

   9.    The  Edit compounds  dialog box will appear every time a level is 
updated (Fig.  8 ). This also means that new corresponding 
responses are added for each FAME. Press  OK .

       10.    Go to  Method  menu bar and select  save  to save changes.   
   11.    Repeat these steps for all levels.      

   The  QEdit tool  which is located under the  View  menu bar of 
Chemstation is used to review and modify integration. Low inten-
sity signals and overlapping compounds result in poor integration. 
This can be reviewed and edited using the QEdit tool (Fig.  9 ).

     1.    Select  QEdit Quant Results  under the  View  menu bar. This will 
direct the user to the QEdit display.   

   2.     Left double click  on the fi rst compound in the QEdit dialog 
box. Review the integration. If poor integration was performed 
click and drag the right mouse button to draw an integration 
line under the peak.   

4.1.6  Review and Edit 
Quantitation Results 
Using the QEdit Tool

  Fig. 8    Edit compounds dialog box with responses       
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   3.    Follow this same approach for the rest of the FAMEs. A cross 
in front of each compound in the QEdit dialog box indicates 
that the peak is located and integrated.   

   4.    Save QEdit results.  Do not automatically re-quantitate  if sig-
nals are manually integrated using QEdit the responses will be 
restored back to the original by re-quantitation.   

   5.    Repeat this for all the levels.   
   6.    After reviewing and editing the quantifi ed results, update the 

responses with the new quantifi ed results. To do this follow 
steps under  Update Responses  (Subheading  4.1.5 ). Click “NO” 
when asked whether to re-quantitate data fi le.   

   7.    After updating the last level, do not close the  Edit compounds  
dialog box which contains updated responses for all FAMEs 
(Fig.  8 ). Go to the next step below,  Edit compounds .    

    The  Edit Compounds  dialog box can be defi ned as  Quantitation 
Database  or as the summary of all the steps followed so far (Fig.  8 ). 
Here you can edit parameters of individual FAMEs if required.

    1.    To add the concentration of individual FAMEs at each calibra-
tion level, go to  Calibration  in  Edit compounds  dialog box 
(Fig.  10 ). Then type in the calculated concentrations for each 
relevant calibration level. These concentrations can be calcu-
lated based on % w/v of each fatty acid specifi ed by the manu-
facturer and reagent volumes used in Table  1 . Addition of 
concentrations will create calibration points.

       2.    Additional parameters can be changed under  Identifi cation  in 
 Edit Compounds  dialog box, e.g., Quant signal (i.e., target ion 
and TIC), Curve fi t, and weight.   

4.1.7  Edit Compounds

  Fig. 9    Poor integration of the C17:0 FAME ( left ) and corrected integration after editing ( right )       
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   3.    Setting up of the quantitation method is now complete. Make 
sure the method is saved. This quantitation method will be 
automatically saved under the actual data acquisition method.   

   4.    This will be the template for all sample batches to be run under 
the same data acquisition method ( see   Note 16 ).   

   5.    Make sure that you run the calibration standard mix with every 
sample batch.   

   6.    Follow  steps 1 – 8  under  Update responses  every time you are 
analyzing a new batch.   

   7.    Use QEdit to review quantifi ed results and update the responses 
again to apply any changes made to the integration.    

        1.    Open the actual data acquisition method from  Method  menu 
bar of chemstation. This method will contain the quantitation 
method you created.   

   2.    Open a sample data fi le.   
   3.    Select  Calculate  under  Quantitate  menu bar in Chemstation.   
   4.    This will produce a quantitation report. Consider this report as 

a raw report and review the integrations using  QEdit tool . 
Reintegrate as necessary by following steps of  Review and edit 
quantitation results using the QEdit tool  (Subheading  4.1.6 ).   

4.1.8  Report Results

  Fig. 10    Quantitation database with updated concentrations and responses       
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   5.    Then click on  Generate report  under  Quantitate  menu bar on 
Chemstation. These results can be exported as different 
formats under  Export reports  menu bar (i.e., fi le.csv).   

   6.    These concentrations can be directly back calculated to obtain 
mass of individual FAs and expressed as ratio to the  initial mass 
of materials used ( see   Note 17 ).        

5    Notes 

     1.    Antioxidants can be used to minimize oxidation of unsaturated 
fatty acids. For example, 1 % (v/v) of Butylatedhydroxytoluene 
(BHT).   

   2.    Heating can cause modifi cation of fatty acids and oxidation of 
unsaturated fatty acids.   

   3.    Chloroform is a toxic chemical, always work in the fume 
cupboard.   

   4.    Chloroform is extremely volatile so care must be taken when 
preparing stock solutions as evaporation can lead to increased 
concentration of compounds which will give misleading quan-
titation and nonlinear calibration curves.   

   5.    The response factors of each FAME is different and therefore 
the linear range is not constant. However, a linear range of 
5–200 µM range covers the lowest and highest detection limits 
for all FAMEs (C 10 –C 24 ).   

   6.    The FAME standard calibration stock must be stored in a 
sealed glass vial in the dark at −20 °C for future usage. Long- 
term storage durations can alter the composition of the stock. 
Perform an initial quality check by acquiring a GC-MS of the 
stock standard prior to preparation of the calibration assay.   

   7.    Use only high purity MS grade chemicals and carry out regular 
maintenance of your GC-MS.   

   8.    This can be either carried out “offl ine” using a thermomixer or 
“online” using an auto-sampler depending on your instrumen-
tal setup.   

   9.    FAMES tend to stick onto the column and may result in carry 
over. It is suggested to acquire several  n -hexane washes 
between sample injections to minimize over quantitation.   

   10.    Use mid-range loadings to set up parameters and fi ne tune 
parameters using lower loading.   

   11.    Global settings are not selective enough for compound identi-
fi cation. Most of the parameters need to be adjusted for indi-
vidual compounds (i.e., FAME peak widths vary from one to 
another). Therefore most of the parameters need to be opti-
mized at a later stage.   
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   12.    When you are adding compounds make sure that you know 
the elution order of the FAMEs. The most convenient way of 
identifying a FAME is by looking for the molecular ion in the 
mass spectrum. Also note that the elution is also column 
 specifi c. For example the column specifi ed in this chapter; 
unsaturated FAMEs are eluted before the saturated FAMEs 
with the same chain-length.   

   13.    Use the molecular ion as the target ion for co-eluting peaks in 
most cases. For example co-eluting FAMEs which are 
C18:1n9c, C18:2n6t, and C18:3n6 can be resolved by using 
the molecular ions specifi ed in Table  3 .   

   14.    For most of the FAMEs, molecular ions can be assigned as 
target ions. However it is likely that the abundance of the 
molecular ion is low and therefore a fragment ion would have 
to be selected.   

   15.    User can specify the quant signal (i.e,. Target ion, and TIC). 
These options are available under  Identifi cation  of  Edit com-
pounds  dialog box (Fig.  8 ). For example, if the target ion is 
chosen as the quant signal the response will be the area response 
of the target ion.   

   16.    Make sure Retention Time is Locked (RTL) and prepare cali-
bration standards and samples in the same manner. Keep the 
INSTD concentration constant between samples and calibra-
tion standards and make sure to prepare all the relevant changes 
to quantitation method if any additional parameters have been 
altered, e.g., the INSTD concentration.   

   17.    Reagent volumes, extraction solvent volumes, and dilutions 
must be taken into account when calculating the actual con-
centration of each FAME in the original sample.         
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    Chapter 5   

 A Workfl ow from Untargeted LC-MS Profi ling to Targeted 
Natural Product Isolation 

                         Damien     L.     Callahan      and     Candace     E.     Elliott   

    Abstract 

   Liquid chromatography-mass spectrometry (LC-MS or HPLC-MS) is an extremely sensitive analytical 
technique that enables the detection of metabolites with a vast range of chemistries and molecular masses. 
Extracts from any biological starting material are fi rst fractionated chromatographically on a stationary 
phase suitable for the retention of the target molecules. The eluent is then transferred directly to the 
ionization source for MS detection. There is a vast range of chromatographic separation methods and MS 
confi gurations. This chapter describes a method for the detection of a broad range of metabolites using 
reversed phase (C18) LC-MS as well as a method for the isolation of targeted metabolites of interest.  

  Key words     Liquid chromatography  ,   Ultra-high pressure-liquid chromatography  ,   Preparative chroma-
tography  ,   Reversed phase  ,   Mass spectrometry  ,   Metabolomics  

1      Introduction 

 The advancements in chromatographic stationary phases, ultra- high 
pressure LC systems, and high mass resolution MS instrumenta-
tion [ 1 ,  2 ] have resulted in an analytical technique that can rou-
tinely detect thousands of metabolites from complex biological 
extracts (Fig.  1 ). Due to the complexity of these extracts, identifi -
cation of metabolites is a colossal challenge. However, through the 
use of chromatography, metabolites of interest can be isolated and 
further characterized by scaling up the separation from an analytical 
to a preparative scale [ 3 ]. The interfaces between LC systems and 
the MS instruments are also under continual improvement. 
Electrospray ionization sources (ESI) are now more compatible 
with the higher fl ow rates utilized in ultra-high pressure chroma-
tography (UPLC).   

   There are three crucial phases in this technique: sample extrac-
tion [ 4 ], chromatographic separation, and MS detection [ 5 ]. Each 
step has specifi c considerations, for example, the extraction protocol 
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should be optimized to match the chemistry of the metabolites of 
interest, the chromatographic stationary phase must be able to retain 
the metabolites, and the ionization mode (polarity) and source 
type must be appropriate for the molecules being detected by the 
mass spectrometer. Direct infusion of samples (fi ngerprinting) is 
also an approach taken in metabolomics [ 6 ]. However, chroma-
tography is necessary for resolving the many isomers  present in 

  Fig. 1    Each chromatographic peak represents a metabolite, also known as “mass feature,” which has a 
defi ned retention time, mass and peak area and height. The mass feature does not have to be an identifi ed 
metabolite. ( Top ) Positive ion LC-MS mass feature extracted chromatogram from a leaf extract of  Thlaspi 
caerulescens  with 2,396 metabolites detected; ( bottom ) negative ion LC-MS mass feature extracted chro-
matogram targeting secondary metabolites from an ethyl acetate extract of the fungus  Leptosphaeria macu-
lans . Note that both chromatograms have been zoomed in to show low abundant mass features       

 

Damien L. Callahan and Candace E. Elliott



59

biological extracts. Without pre-separation these metabolites are 
analyzed as one, and subsequent purifi cation of target metabolites 
is not possible. 

 In the discovery phase of metabolite profi ling, the aim is to 
detect as many metabolites as possible [ 7 ]. A compromise must be 
made between high throughput and time-consuming complex 
sample preparation and chromatographic analysis time. The details 
outlined here provide a method with effi cient separation and mini-
mal analysis time. The chromatography is based on the most com-
monly used stationary phase, reversed phase, which separates 
molecules based on hydrophobic interactions. Due to the great 
range of LC and MS specifi cations, the method can be adapted to 
suit most confi gurations and in some cases alternatives have been 
included to suit other systems. For example, there is a trend for LC 
systems to operate with higher maximum pressures which enables 
users to utilize the increased chromatographic effi ciency (Fig.  2 ) 
obtained from using smaller particle sized columns. There are a 
range of other chromatographic options such as hydrophilic inter-
action chromatography for the retention and analysis of polar com-
pounds [ 8 ]. This chapter describes an LC-MS application and 
details on how to isolate a targeted natural product.

2       Materials 

      1.    Due to the sensitivity of mass spectrometry all attempts to 
minimize the presence of chemical contaminants must be taken 
( see   Notes 1 – 3 ). Ideally, glassware such as measuring cylinders 
and mobile phase bottles should be exclusively used for the 
 preparation of mobile phases. If the use of plastic is necessary, 

2.1  Chemicals

  Fig. 2    An annotated chromatogram showing common chromatographic terms: capacity refl ects the interaction 
of compounds with stationary phase, selectivity describes the ability of system to discriminate between com-
pounds, effi ciency relates to peak width, i.e., wider peaks require more separation,  t  0  = elution time of un-
retained peak,  t  R  = retention time—determines sample identity       
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for example pipettes and tubes, they must be solvent compatible. 
Phthalates from plastics and detergents such as polyethylene 
glycol are typical contaminants that can interfere with ioniza-
tion and detection. An extensive list of common ESI contami-
nants can be found in Keller et al. [ 9 ].   

   2.    MS grade mobile phases and additives should be used and 
18 MΩ deionized water must be used throughout the proce-
dure. Organic solvents and acid modifi ers are a health hazard 
and must be handled in a fume cupboard with appropriate per-
sonal protective equipment and medical safety data sheets must 
be read before handling chemicals.   

   3.    Waste must be handled by following all local waste disposal 
regulations. Also, the ESI source must be vented out of the 
laboratory.   

   4.    The following chemicals are required for this method: acetoni-
trile, isopropanol, formic acid, deionized water, and MS 
calibrants.      

       1.    Mobile phase A (1 L):0.1 % formic acid in water: ensure that 
the glass mobile phase bottle has been cleaned and well rinsed. 
Using a graduated measuring cylinder, transfer 1 L of deion-
ized water to the mobile phase bottle and add 1 mL of MS 
grade formic acid. Glass ampoules of MS grade formic acid 
are ideal for this. Mix well before placing on the LC system 
( see   Note 1 ).   

   2.    Mobile phase B (1 L): 0.1 % formic acid in acetonitrile: 
As above, transfer 1 L of MS grade acetonitrile into mobile 
phase container and add 1 mL of MS grade formic acid 
( see   Notes 2  and  3 ).   

   3.    Needle wash: 50 % isopropanol in water.   
   4.    A binary LC system equipped with online degasser, tempera-

ture controlled (optional) autosampler with an operating pres-
sure maximum of ≥600 bar (8,700 psi; ideal system).   

   5.    C18 reversed phase fully end-capped silica stationary phase 
with dimensions 2.1 mm i.d. × 100 mm length and 1.8 µm par-
ticle size silica is required ( see   Note 4 ).   

   6.    For an LC system with a maximum pressure ≤400 bar 
(5,800 psi), the following columns can be used, however, the 
mobile phase gradient (Tables  1  and  2 ) will need modifi cation 
in order to compensate for the lower effi ciency, selectivity, and 
capacity of these columns (e.g., C18 reversed phase fully end-
capped silica stationary phase with dimensions 2.1 mm 
i.d. × 100 mm length and 3 µm silica) or [2.7 µM fused core 
silica columns, e.g., Poroshell (Agilent) or Core-Shell 
(Phenomonex)].

2.2  HPLC 
Requirements 
and Specifi cations
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        7.    Semi-preparative C18 reversed phase LC column 10 cm 
i.d. × 250 cm length with 5 µm particle size silica.   

   8.    A matching guard column or frit fi lter should be attached to all 
LC columns for protection against blockages.   

   9.    A thermostat-controlled column oven is recommended to 
remove retention time shifts due to fl uctuations in ambient 
room temperature.      

      1.    The most appropriate MS for analysis of complex biological 
extracts is a fast scanning (>2 spectra/s), high resolution accu-
rate mass (<2 ppm) instrument that is capable of collision- 
induced dissociation (CID) or MS/MS. Quadrupole Time of 
Flight (QTOF) MS and some Fourier Transform instruments 

2.3  Mass 
Spectrometric System

     Table 1  
  Standard gradient elution timetable for mobile phases 
A (water) and B (acetonitrile) both containing 0.1 % 
formic acid   

 Time (min)  % A  % B 

 0  95  5 

 10  0  100 

 12  0  100 

 12.1  95  5 

 17  95  5 

    Table 2  
  Gradient elution targeting more polar metabolites 
using mobile phases A (water) and B (acetonitrile) 
both containing 0.1 % formic acid   

 Time (min)  % A  % B 

 0  99  1 

 2  99  1 

 5  70  30 

 12  100  100 

 14  100  100 

 14.1  1  1 

 19  1  1 
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have these capabilities. The high mass resolution enables 
detection of compounds with similar molecular masses. The 
fast scanning is required when using small particle size columns. 
These columns should result in peak widths that are typically 
6 s or less. Other low resolution MS hardware such as quadru-
pole or ion-trap instruments can still be applied; however, the 
loss in resolution and scan speed is a signifi cant compromise.   

   2.    Electrospray ionization is the most common ionization source 
used. This soft ionization technique produces a low amount of 
in-source fragmentation of molecules. The ionization source 
used must be matched to the molecules of interest. In some 
cases atmospheric pressure chemical ionization (APCI) may be 
appropriate, for example, when using high fl ow rates or for 
dirty sample matrices as it is less prone to ion-suppression. 
APCI is a harder ionization technique as it produces more 
fragment ions than ESI. ESI sources are continually being 
developed and can now deal with fl ow rates up to 1 mL/min. 
However, sensitivity is still compromised at the higher fl ow 
rates.       

3    Methods 

      1.    Purge LC system with new mobile phases by either running 
pumps individually at maximum fl ow rate for at least 3 min 
(after opening the purge value) or by using the inbuilt purge 
function of the LC pump.   

   2.    Attach column and ensure that the system volume and dead 
volumes are minimized by using the shortest practical tubing 
lengths and correctly seated tubing connections (Fig.  3 ). Dead 
volumes are areas where the remixing of separated compounds 
can occur, such as tubing connections, causing a reduction in 
column selectivity and effi ciency (Fig.  2 ) ( see   Notes 5 – 9 ).

       3.    Check for leaks on all fi ttings, the column pressure is a good 
indicator for poor pump priming (air in pump heads) or leaks 
( see   Note 10 ).   

   4.    Check that the LC system pressure fl uctuation is within instru-
ment specifi cations for example <2 %.   

   5.    The LC column should be fi rst fl ushed with at least 20 column 
volumes of mobile phase B, making sure fl ow through is 
diverted to the waste, then equilibrated with initial mobile 
phase conditions ( see   Note 11 ).   

   6.    Running conditions for a 1.8 µm particle size column are: fl ow 
rate 0.4 mL/min, column temperature 35 °C, initial mobile 
phase composition 5 % B, gradient details in Table  1 . For more 
polar compounds, it may be necessary to use the following 

3.1  Liquid 
Chromatography
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gradient in order to retain and separate these  metabolites: fl ow 
rate 0.4 mL/min, column temperature 20 °C, initial mobile 
phase composition 1 % B, gradient in Table  2 .      

      1.    Check the ESI source chamber is clean.   
   2.    The gas fl ow rates, temperatures, and pressure, lens voltages 

such as the declustering potential or fragmentor voltage and 
capillary or ESI needle voltage should be optimized for each 
system. Manufacturers provide guides for source settings under 
different fl ow rates. The following conditions are for an Agilent 
6520 ESI-QTOF-MS: gas fl ow 10 L/min, gas temperature 
315 °C, nebulizer pressure 45 psi, capillary voltage 4,000 V, 
fragmentor 140 V ( see   Notes 12 – 14 ).   

   3.    Set the correct scan rate and mass range for data acquisition. 
The scan rate should provide at least 13 points across a chro-
matographic peak ( see   Notes 15  and  16 ).      

      1.    Calibrate the mass accuracy and check both the mass accuracy 
and resolution are within the operating specifi cations for the 
MS ( see   Notes 17 – 20 ).   

   2.    Inject blank solvents and note the minimum and maximum 
column pressures throughout the analysis and background 
ions. At least three blank injections may be required to observe 
a stable background trace.   

   3.    Ideally analyze a quality control standard with a known con-
centration. Mixed QC standards can be purchased such as fatty 
acids or amino acids, alternatively an  in -house mixture may be 

3.2  Mass 
Spectrometry

3.3  System 
Suitability

  Fig. 3    Typical port for LC fi tting. The  arrow  points to the area where dead volume 
can occur if tubing is incorrectly seated       
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more appropriate. This will provide information on column 
performance through peak shape and retention time as well as 
MS mass accuracy, resolution, and sensitivity. The test stan-
dards and blanks also provide the user with information on 
chemical noise and system contaminants from previous experi-
ments analyzed on the MS system.   

   4.    Quality control during the entire analysis is very important. 
A standard practice is to use a pooled biological quality control 
(PBQC) samples [ 10 ]. An aliquot from each sample is pooled, 
mixed, and analyzed throughout the run, for example, every 
ten samples. This can be coupled with matrix-free sample and 
blanks. The data from the quality control samples enable the 
user to validate the data being produced throughout the whole 
analysis.   

   5.    Sample injection order should be randomized to remove sys-
tematic variation throughout the analysis ( see   Note 21 ).      

  Most commercial vendors now have metabolite profi ling software 
that allows chromatographic peak deconvolution (Fig.  1 ). This 
provides a list of compounds, also known as mass features, contain-
ing the retention time, mass, and intensity and possible library 
matches. Typically, the next step in the analysis involves retention 
time alignment and data transformation, for example, log transfor-
mation [ 11 ]. These data matrices can then be imported into 
metabolite profi ling or statistical software packages where data can 
be visualized using multivariate statistics or other more rigorous 
tests. A number of LC-MS data analysis packages such as MZmine 
[ 12 ], XCMS [ 13 ], and Metalign [ 14 ] are freely available.  

  Once the metabolite of interest has been identifi ed, isolation may 
be necessary for further characterization. The example described 
below is an isolation of the toxic secondary metabolite sirodesmin, 
an epipolythiodioxopiperazine, produced by the fungus 
 Leptophaeria maculans , which causes “blackleg disease” in canola 
( Brassica napus ) plants [ 15 ]. The metabolite profi le using a stan-
dard gradient elution (Table  1 ) of the ethyl acetate extract of  L . 
 maculans  is illustrated in Fig.  1 . This method was scaled up to a 
semi-preparative LC column to isolate pure sirodesmin (Fig.  4 ). 
One key element is the ability to scale up the sample preparation 
and to access a preparative LC system with a fraction collector. In 
this example sirodesmin was isolated to use as a standard for the 
quantitative analysis of other samples and for bioassays to measure 
toxicity.

     1.    The culture fi ltrate is collected from 12-day-old liquid still cul-
tures of  L .  maculans  and grown in V8 juice by fi ltration 
through Miracloth to remove mycelia.   

3.4  Data Analysis

3.5  Isolation 
of Metabolites 
by Preparative 
Chromatography
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   2.    The culture fi ltrate (800 mL) is then extracted twice with ethyl 
acetate (400 mL) and separated by gravity in a 1 L separation 
funnel.   

   3.    The organic extracts are then combined and dried using a 
rotary evaporator.   

   4.    The crude extract is then resuspended in acetonitrile (3 mL) 
with vigorous shaking for 1 min followed by the addition of 
3 mL of water and further mixing.   

   5.    The precipitate is then removed by centrifugation at 1,430 ×  g  
for 5 min then fi ltration through a 0.2 µm Millex-LG PFTE 
syringe fi lter to remove any remaining particulate matter. This 
crucial step removes compounds that are incompatible with the 
mobile phase and also matches the injection solvent with 
the mobile phase gradient.   

   6.    Fractionation is then carried out using a Phenomonex Luna 
10 × 250 cm 5 µm (ODS) reversed phase semi-preparative col-
umn and an Agilent 1100 HPLC system with a UV/Vis detec-
tor and fraction collector.   

   7.    Use the same mobile phases as detailed in Subheading  2.2 .   
   8.    For separation, a linear gradient from 10 to 100 % B over 

90 min with a 100 % B hold for a further 5 min is used to 
ensure all metabolites are eluted, followed by a 9 min re- 
equilibration (Table  3 ).

       9.    Flow rate is 4 mL/min and 2 mL of fi ltered extract is injected 
via a loop injection.   

   10.    Absorbance is monitored at 220 and 450 nm using an Agilent 
1100 series multi-wavelength detector.   

   11.    Time-based fractions (2.4 mL) are then collected every 0.6 min 
from 20 to 70 min.   

  Fig. 4    Structure of the secondary metabolite Sirodesmin isolated from 
 L .  maculans        
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   12.    The fraction containing sirodesmin (Fig.  4 ) elutes between 
35.6 and 36.2 min as determined by fl ow injection MS of each 
fraction.   

   13.    The fractions from the three separate injections are then pooled 
and freeze-dried.   

   14.    The identity and purity are confi rmed by high resolution 
LC-MS,  1 H-NMR, and  13 C NMR.   

   15.    No evidence of impurities was observed by either technique, 
suggesting the fraction was of high (>90 %) purity.   

   16.    If necessary the isolated fraction could be reinjected for addi-
tional purifi cation.    

4       Notes 

        1.    High-purity (MS grade) solvents and mobile phase additives 
are crucial for reducing chemical noise. Mobile phase additives 
must be volatile.   

   2.    Solvent compatible fi lters should be used to remove particu-
lates from mobile phase solvents after buffer salts have been 
added. It is not necessary to fi lter the solvents described here 
if MS grade solvents and additives are used; in fact fi ltering can 
introduce more chemical contaminants.   

   3.    To produce a consistent solvent background, prepare all the 
mobile phase required for an analysis. This is important when 
carrying out profi le comparisons as the changing chemical 
noise makes it more diffi cult for downstream data processing.   

   4.    Ensure the column dimensions, in particular the internal 
diameter and particle size, are compatible with the LC system: 
nano (nL/min), capillary (µL/min), UPLC (200–5000 µL/min), 
and preparative systems (2–10 mL/min).   

   Table 3  
  Gradient elution timetable for the isolation 
of secondary metabolites using 
a semi-preparative column   

 Time (min)  % A  % B 

 0  90  10 

 90  0  100 

 95  0  100 

 96  90  10 

 105  90  10 
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   5.    Ensure that the total internal system volume ( t  o ) (Fig.  2 ) and 
dead volumes (Fig.  3 ) are minimized. System volume is par-
ticularly important with low fl ow rates. To avoid large dead 
volumes, fi ttings specifi cally designed for the manufacturer’s 
port should be used.   

   6.    Back pressure is the key hurdle to overcome when using col-
umns with small particle sizes. Ensure that your LC system can 
cope with the expected back pressure before purchasing such a 
column.   

   7.    Stainless steel fi ttings are required for system pressures over 
400 bar.   

   8.    The stationary phase chemistry must be matched to the chem-
istry of the molecule(s) of interest. For example, highly polar 
compounds are not retained using reversed phase chemistry 
and therefore will co-elute with many other polar metabolites 
(Fig.  5 ). This can cause ion-suppression and can render pre-
parative isolation of the pure metabolite impossible.

       9.    The sample injection solvent must be compatible with the 
mobile phase gradient. This is particularly important for hydro-
philic interaction chromatography. The injection of samples 

  Fig. 5     Top four panels  are extracted ion chromatograms of creatinine and creatine in urine. The  top two  have 
been analyzed on a reversed phase column where no retention is observed. The  bottom two  chromatograms 
use aqueous normal phase chromatography and show good selectivity and capacity for these polar 
metabolites       
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dissolved in solvents that do not match the initial mobile phase 
condition can result in poor retention and poor peak shape of 
early eluting compounds.   

   10.    Save the column pressure profi les of each sample if possible. 
This is very useful information for trouble shooting. Shifts in 
retention time could be due to a back-pressure problem or a 
slow leak, and pumps may lose prime due to the presence of air 
in the pump. These issues could be diagnosed by overlaying 
pressure profi les.   

   11.    Precondition column with the analysis of at least fi ve injections 
of the pooled biological QC sample. This conditioning ensures 
that retention times are more reproducible for the early ana-
lyzed samples.   

   12.    The electrospray source settings should be optimized in each 
different MS platform by infusion of a standard using a syringe 
attached to a T-piece after the column.   

   13.    Ensure that the ionization source is clean and check for any 
new chemical contaminants that may be present from previous 
users. The system may need a large number of blank runs in 
order to produce a constant background.   

   14.    The fl ow rate must be compatible with the ionization source. 
New sources with heated nebuliser gases can cope with higher 
fl ow rates due to a greater desolvation capacity. For older ESI 
sources fl ow rates of 0.2–0.4 mL/min are recommended.   

   15.    Accurate mass instruments must be properly tuned and cali-
brated. TOF MS instruments in particular, are more prone to 
drifting mass accuracy over time.   

   16.    Check spectral quality by looking at high and low abundant 
peaks in profi le mode. Peaks should be symmetrical with no 
splitting and ringing effects. Poorly tuned MS instruments 
produce noisy data resulting incorrect assignment of mass fea-
tures, e.g., Fig.  6 .

       17.    For large sample sets consider collecting spectral data in cen-
troid mode only as this reduces fi le sizes.   

   18.    Determine if the target metabolites ionize in positive or nega-
tive ionization mode; both may be required. Formation of 
adducts such as Na + , K +  in positive ion or Cl − , HCOO −  in nega-
tive and neutral losses must be considered when analyzing data 
and identifying metabolites.   

   19.    Once LC-MS is set up, allow it to run for at least 1 h before 
calibration, preconditioning, QC checks and initiation of sam-
ple work list.   
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   20.    Sample preparation considerations: how much time is spent 
before injection of sample preparation? Will there be a simple 
single phase extraction, liquid/liquid extraction, or solid phase 
extraction?   

   21.    Be aware of the current accepted practice for reporting on 
metabolomics data, for example, the Metabolomics Standards 
Initiative—MSI [ 16 ].         
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    Chapter 6   

 Lipidomics: Extraction Protocols for Biological Matrices 

                         Thusitha     Wasntha     Thilaka     Rupasinghe    

    Abstract 

   Lipidomics is defi ned as a comprehensive analysis of all lipids in a biological system (lipidome). Lipid profi ling 
is a fast-growing area of research due to the involvements of lipids incorporated with human diseases such 
as obesity, Alzheimer’s diseases, and diabetes as well as in drug discovery. Recently improved liquid chro-
matography and mass spectrometric techniques has provided the rapid expansion of lipidomics research. 
Lipid extraction and sample preparation is an important step in lipidomics and this chapter describes lipid 
extractions from different types of samples such as plasma, tissues, yeast, and cells.  

  Key words     Lipids  ,   Tissue extraction  ,   Cell extraction  ,   Monophasic  ,   Biphasic  ,   LC-MS  

1      Introduction 

 Lipids are the fundamental components of biological membranes 
and have a variety of functions within cells, such as serving as the 
main building blocks of cell membranes, energy storage, cell sig-
naling, membrane anchoring, and protein traffi cking [ 1 ]. In addi-
tion, the physiological importance of lipids are substantiated by 
lipid abnormalities in numerous diseases such as diabetes, obesity, 
atherosclerosis, and Alzheimer’s disease. Lipids also play a vital role 
in pathophysiology, illustrated by a large number of lipid studies 
involved in infection diseases [ 2 ]. 

 Recently, lipidomics has integrated with other “omics,” such as 
genomics, proteomics, and metabolomics, and now contributes to 
discover the function of lipids in biological systems. In addition, 
lipidomics is a powerful tool to illustrate the bioactivity mechanism 
of lipid-based diseases [ 1 ]. It elucidates the functions of all lipids in 
a biological system such as cell signaling, membrane structuring, 
cell–cell and cell–protein interacting and also responses to environ-
mental changes over time [ 1 ]. 
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  Lipids are defi ned as hydrophobic or amphipathic small molecules 
which consist of a number of structurally and functionally distinct 
molecules that span from nonpolar, neutral to polar compounds. 
Due to this large diversity of polarity, lipid analysis in complicated 
biological systems is a huge challenge and different analytical plat-
forms have been utilized [ 3 ]. According to the lipid classifi cation 
and nomenclature scheme introduced by LIPIDMAPS, eight 
categories of lipids are characterized based on their chemical struc-
ture and biosynthetic perspectives [ 4 ]. The eight lipid classes 
include fatty acids (FA), glycerolipids (GL), glycerophospholipids 
(GP), sphingolipids (SP), sterol lipids (ST), prenol lipids (PR), 
saccharolipids (SR), and polyketides (PK). Representatives of basic 
structures for each lipid class are illustrated in Fig.  1 . Fatty acids are 
the most common basic structural element of lipids, having unsat-
urated and saturated straight hydrocarbon chains. Within the FA 
lipid class, arachidonic acid is an important fatty acid, which is the 
precursor of eicosanoids functioning as lipid signaling in infl amma-
tory processes. Glycerolipids (GL) consists of glycerol backbones 
with various numbers of fatty acids such as monoacylglycerides, 
diacylglycerides, and triacylglycerides (Fig.  1 ).

   Glycerophospholipids (GP) are the most abundant lipid class 
reported in biological systems, consisting of glycerol with func-
tional head groups as shown in Table.  1 . GPs are subclassifi ed 
according to their head group as glycerophosphocholines (PC), 
glycerophosphoethanolamine (PE), glycerophosphoserines (PS), 
glycerophosphoglycerol (PG), glycerophosphoinositol (PI), and 
glycerophosphatidic acid (PA). GPs are the major building blocks 
of cell membranes that are involved in cell signaling, membrane 
anchoring, and substrate transporting. Spingolipids (SP) consist of 
amide groups linked with long-chained fatty acids with sphingoid 
backbones as shown in Table.  2 . SPs mainly consist of sphingosine 
(Sph), ceramides (Cer), spingomyelins (SM), glucosylceramide 
(Glc Cer), and lactosylceramide (Lac Cer).

      Phospholipid (PL) analysis is important in cell biology as they are 
the structural building blocks in cell membranes, precursors of 
intercellular signaling molecules, and important participants in 
the regulation and control of cellular function and disease. 
Comprehensive analysis of phospholipid species has been a chal-
lenge due to their diversity, availability of a large number of spe-
cies in biological systems, complicity of identifi cation and 
separation of lipid classes. Even though “shotgun” lipidomics 
provides fast analysis, resolution of isobaric lipid species reported 
is limited [ 1 ]. As lipidomics is an emerging fi eld in biology, liquid 
chromatography- mass spectrometry (LC-MS) is widely and rou-
tinely used for lipid- based analyses. LC is a powerful analytical 
technique which provides online chromatographic separation 
and retention time is adding another dimension of selectivity 
compared to the direct infusion of lipids to the mass spectrometer. 

1.1  Lipid 
Classifi cation

1.2  Lipid Analysis

Thusitha Wasntha Thilaka Rupasinghe
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It has been reported, LC-MS has also been used to analyze com-
plex lipid classes like glycerolipids, glycerophospholipids, and gly-
colipids [ 5 ].  

  Lipid extraction methods from biological samples benefi t the high 
solubility of hydrocarbon chains in organic solvents. One of the 
most common extraction methods for lipids in biological systems 
is the use of chloroform and methanol in a ratio of 2:1 (v/v) 
previously reported by Bligh and Dyer [ 6 ], and Folch [ 7 ]. 
According to the Bligh-Dyer method, the solvent ratio of 
chloroform:methanol:water is 8:4:3 by volume which provides the 

1.3  Extraction 
of Lipids

  Fig. 1    Representative structures of lipid species for each lipid class. ( i ) Fatty acid 
(FA): arachidonic acid, ( ii ) Glycerolipid (GL): ( a ) mono acyl glycerol (MAG), ( b ) di 
acyl glycerol (DAG), ( c ) tri acyl glycerol (TAG), ( iii ) Sterol lipids (SL), ( iv ) Prenol 
lipids (PR), ( v ) Saccharolipids [SL], and ( vi ) Polyketides       
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   Table 1  
  Subclasses of glycerophospholipids (GL): each phospholipid subgroup is decided by the head group (X)   
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   Table 2  
  Subclasses of sphingolipids (SL): each sphingolipid subgroup is decided by the head group (R)   
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most effi cient biphasic partitioning of lipids into the organic phase. 
Due to the solubility and polarity of the different lipid classes, 
modifi cation of the Bligh and Dyer method using the 
chloroform:methanol extraction procedure improves the extrac-
tion effi ciency. In addition to chloroform:methanol as the extrac-
tion solvent, isopropanol–hexane has also been reported for the 
extraction of prostaglandins [ 8 ]. Despite this inexpensive extrac-
tion protocol it provides a minimized toxic working environment 
for sample preparation, however has poor extraction effi ciency for 
gangliosides. In general, lipid extraction must be incorporated 
with organic solvents in lipidomics, but a single standard protocol 
for extracting all lipid classes has not been established.   

2    Materials 

 Lipid extraction in different types of sample matrices has been well 
documented [ 6 ,  8 ]. It is important to validate the extraction pro-
tocol for individual lipid classes of interest in selected sample matri-
ces. In a lipidomics approach, validation of extraction protocols 
involves several steps such as homogenizing, lipid metabolite 
quenching, extracting, reconstituting, and sample loading for 
LC-MS analyses. Effi ciency of the lipid extraction is validated by 
spiking known amounts of lipid standards to the sample matrix. In 
sample preparation for lipid analyses, it is critical to choose the 
relevant organic solvent for the protein precipitation and remove 
insoluble particles by centrifuging, rather than fi ltering. In  addition, 
stability and solubility of lipid species in extraction solvents play a 
crucial role in method development. 

      1.    Reaction tubes (e.g., 2 mL safe lock Eppendorf tubes) labeled 
with identifi able names for each sample to be harvested 
( see   Note 1 ).      

      1.    −20 °C freezer if frozen.      

      1.    Mortar and pestle.   
   2.    Automatic grinders such as ball mills, ultra turrax, or cryo-mills.      

      1.    New labeled reaction tubes (e.g., 1.5 mL safe lock Eppendorf 
tubes).   

   2.    Accurate balance (to at least four decimal places).   

2.1  Sample 
Harvesting and 
Quenching of Lipid 
Metabolism

2.2  Storage 
of Samples

2.3  Homogenization 
of Tissue and Cells 
Using Mortar and 
Pestle or Automatic 
Grinders

2.4  Weighing 
of Tissue Samples

Lipidomics – Extraction Protocols
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   3.    Liquid nitrogen if working with frozen fresh tissue.   
   4.    Spatula.      

      1.    Solvents: HPLC grade 2:1 (v/v) chloroform:methanol.   
   2.    Internal standard (e.g., deuterium-labeled lipid standard, 

Avanti catalog number, 860374P for 16:0 D31–18:1 PE).   
   3.    1 mM Butylated hydroxytoluene (BHT).   
   4.    Cold phosphate-buffered saline (PBS).   
   5.    0.1 N HCl.   
   6.    Vortexer.   
   7.    Thermomixer.   
   8.    Bench top centrifuge (Coulter Microfuge 22R centrifuge) for 

reaction tubes (up to 13,000 rpm).   
   9.    Liquid nitrogen.   
   10.    TurboVap nitrogen evaporator.       

3    Methods 

  Despite most lipid species are stable at room temperature, it is 
important to quench lipid metabolism as soon as possible during 
the extraction process. Lipid species could undergo enzymatic 
reactions which may result in the oxidation and formation of 
 saturated lipids. During homogenizing, the usage of excess force 
by the beads in cryomill or fast mortar action may result in the 
generation of heat and may release acyl fatty acids from lipid spe-
cies leaving  lyso -lipid species. It is important to preserve lipid 
species and avoid any metabolic changes during the lipid extraction 
process. Samples frozen or quenched with cold organic solvents 
are the most common methods of metabolic arrest. However, due 
to the poor solubility of lipids in cold temperature, lipid extractions 
are carried out at room temperature or higher than room tempera-
ture depending on the lipid class of interest. Use of an antioxidant, 
such as butylatedhydroxytoluene (BHT) is recommended in lipid 
extractions to avoid lipid oxidation [ 9 ]. In a lipidomics approach, 
monophasic extraction facilitates to extract both apolar and polar 
lipid species. The following extraction protocol describes the 
phospholipid extraction in plasma [ 10 ], tissue [ 8 ], yeast [ 11 ], and 
cultured cells [ 12 ] for LC-MS analysis in lipidomics.  

       1.    If plasma is frozen, thaw samples and bring to room tempera-
ture before aliquoting.   

   2.    For pre-aliquoted plasma with known volumes, centrifuge 
samples using “short run” function to collect plasma remain-
ing in the lid of Eppendorf tube.      

2.5  Lipid Extraction 
for LC-MS Profi ling

3.1  Lipid Extraction

3.2  Phospholipid 
Extraction from 
Plasma for LC-MS 
Analysis

3.2.1  Sample 
Preparation
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      1.    Pipette out known volume (50 µL) of plasma into 1.5 mL 
Eppendorf tubes.   

   2.    Add 20 times sample volume (1,000 µL) of a 2:1 (v/v) mixture 
of chilled chloroform:methanol with 1 mM BHT.   

   3.    Add 500 nmol of deuterium-labeled internal lipid standard.   
   4.    Vortex for 1 min at room temperature.   
   5.    Shake for 30 min at room temperature.   
   6.    Centrifuge for 10 min at 13,000 rpm.   
   7.    Transfer supernatant to a new Eppendorf tube.   
   8.    Re-extract protein pellet with the addition of another 500 µL 

(ten times the plasma volume) of a 2:1 (v/v) mixture of cold 
chloroform:methanol.   

   9.    Vortex for 1 min at room temperature.   
   10.    Shake for 30 min at room temperature.   
   11.    Centrifuge at 13, 000 rpm.   
   12.    Combine both supernatants.   
   13.    Dry combined supernatant under nitrogen at room 

temperature.   
   14.    Reconstitute dried plasma lipids in 100 µL of suitable organic 

solvent for LC-MS analysis.   
   15.    Transfer to autosampler vial for analysis.   
   16.    If long-term storage is required, store dried extracts (before 

reconstituting) at −20 °C.       

       1.    Prepare liquid nitrogen in appropriate storage containers (e.g., 
stainless steel container).   

   2.    Wash tissue using ice-cold phosphate-buffered saline (PBS) to 
remove contaminants such as blood, then place back into 
reaction tube.   

   3.    Freeze in liquid nitrogen ( see   Note 2 ).       

      1.    Use frozen tissues for weighing ( see   Note 3 ).   
   2.    Prepare new labeled reaction tubes ( see   Note 4 ).   
   3.    Precool reaction tubes (cryomill tubes with ceramic beads) in 

liquid nitrogen.   
   4.    Place tubes on balance and set balance to zero (TARE).   
   5.    Place tissue pieces in cooled tubes using a precooled spatula.   
   6.    Read, weigh, and record.   
   7.    Place tube with weighed tissue back into liquid nitrogen.   
   8.    Proceed with extraction or store weighed tissue in −80 °C.   
   9.    If working with freeze dried tissue, sample procedure applied 

without the need of precooling and keeping tissue frozen.      

3.2.2  Plasma Extraction 
for Phospholipids

3.3  Lipid Extraction 
from Tissue for 
LC-MS Analysis

3.3.1  Tissue Preparation

3.4  Weighing 
of Tissue
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      1.    Homogenize tissue using cryomill (automatic grinder). Operate 
cryomill according to the manufacturer’s instructions.      

       1.    Weigh approximately ~10 mg of tissue into a 2 mL cryomill 
tube with ceramic beads.   

   2.    Add 1,000 µL of a 2:1 (v/v) mixture of ice-cold 
chloroform:methanol with 1 mM BHT.   

   3.    Add 500 nmol of deuterium-labeled internal lipid standard.   
   4.    Homogenize frozen tissue using cryomill grinder ( see   Note 5 ).   
   5.    Sonicate cold samples for 30 min at room temperature 

( see   Note 6 ).   
   6.    Centrifuge at 13,000 rpm for 10 min at 4 °C.   
   7.    Transfer supernatant to a new Eppendorf tube.   
   8.    Re-extract tissue pellet with the addition of another 500 µL of 

a 2:1 (v/v) mixture of chilled chloroform:methanol.   
   9.    Sonicate for 30 min at room temperature.   
   10.    Centrifuge at 13,000 rpm.   
   11.    Combine both supernatants.   
   12.    Dry combined supernatant under nitrogen at room temperature.   
   13.    Reconstitute dried lipids in 100 µL of suitable organic solvent 

for LC-MS analysis.   
   14.    Transfer to autosampler vial for analysis.   
   15.    If need to be stored, store dried extract (before resuspending, 

 step 12 ) in at −20 °C.      

       1.    Prepare liquid nitrogen in appropriate storage container.   
   2.    Add 200 µL of chilled distilled water to 0.2 optical density 

(OD) units of yeast pellets and vortex ( see   Note 1 ).      

      1.    Homogenize yeast using cryomill (automatic grinder).      

      1.    Transfer approximately 0.2 OD units of yeast pellets in 200 µL 
of ice-cold water into 2 mL cryomill tubes with ceramic beads.   

   2.    Follow  steps 2 – 14  in Subheading  3.6  for extraction.       

       1.    Prepare liquid nitrogen in appropriate storage container.   
   2.    Remove culture from incubator.   
   3.    Transfer the required volume of culture to a tube and centri-

fuge the samples at maximum speed for the shortest amount of 
time at 0 °C to remove all supernatant ( see   Note 7 ).   

3.5  Homogenization 
and Extraction 
of Tissue

3.6  Sample 
Preparation for LC-MS

3.7  Lipid Extraction 
from Yeast for LC-MS 
Analysis

3.7.1  Yeast Harvesting 
( See   Note 6 )

3.7.2  Homogenization 
and Extraction of Yeast

3.7.3  Sample 
Preparation for LC-MS

3.8  Lipid Extraction 
from Cells for LC-MS 
Analysis

3.8.1  Cell Harvesting 
( See   Note 6 )
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   4.    Add 200 µL of chilled distilled water to known volume and 
optical density of yeast pellets and vortex, and transfer into 
2.0 mL Eppendorf tube.      

      1.    Transfer approximately 10 6  number of cell pellets in 500 µL of 
PBS into 2 mL Eppendorf tubes.   

   2.    Wash cell pellets twice with 500 µL PBS (chilled).   
   3.    Spin at maximum speed at 0 °C to pellet cells and remove all 

supernatant.      

      1.    Resuspend cell pellets into 500 µL of −40 °C methanol: 0.1 N 
HCl (1:1).   

   2.    Dipping tubes into liquid nitrogen until frozen, then dip them 
into a dry-ice/ethanol bath until thawed.   

   3.    Repeat this freeze-thaw cycle in  step 3 , ten times.   
   4.    Add 750 µL chloroform:methanol (1:2) containing 1 mM BHT.   
   5.    Add 500 nmol of deuterium-labeled internal lipid standard.   
   6.    Extract metabolites by vortexing mix, vigorously at room tem-

perature for 5 min.   
   7.    Sonicate for 30 min at room temperature.   
   8.    Centrifuge samples at 13,000 rpm, at 0 °C for 5 min.   
   9.    Transfer the supernatant into new 1.5 mL tube ( see   Note 8 ).   
   10.    Add 500 µL chloroform:methanol 0.1 N HCl (ratio 1:2:0.8).   
   11.    Sonicate for 30 min at room temperature.   
   12.    Centrifuge at 13,000 rpm for 10 min.   
   13.    Combine both supernatants.   
   14.    Dry combined supernatant under nitrogen.   
   15.    Resuspend dried lipids in 100 µL of suitable organic solvent 

for LC-MS analysis. Transfer to autosampler vial for analysis.   
   16.    If long-term storage is required, store dried extracts (before 

reconstituting) at −20 °C.        

4    Notes 

        1.    Use cold temperatures when quenching the lipid metabolites 
to avoid metabolite degradation.   

   2.    For frozen tissue pieces, cut into smaller pieces which could be 
place in the cryomill tubes and/or Eppendorf tubes.  

    3.    If working with frozen tissue, prepare liquid nitrogen in appro-
priate storage container.  

3.8.2  Metabolic Arrest 
and Cell Washing

3.8.3  Sample 
Preparation for LC-MS
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    4.    Randomize sample when harvesting to reduce the systematic 
technical errors.  

    5.    Homogenization of tissue samples using cryomill must operate 
using ceramic beads under cold temperature (−18 °C).   

   6.    After quenching and homogenizing lipid metabolites, extract 
lipids at room temperature to avoid lipids sticking on the reac-
tion tubes.   

   7.    You need to calculate the amount of culture fl uid required to 
collect the correct number of cells or cell pellet weight. The 
required amount of culture fl uid is then mixed with double the 
amount of 75 % methanol (i.e., 5 mL culture fl uid is added to 
10 mL of 75 % methanol), to reach a fi nal concentration of 
50 % methanol.   

   8.    If a tube size of less than 2 mL can be used, then do so to avoid 
transferring fl uids between tubes. If an ultracentrifuge is avail-
able to centrifuge 15 mL or larger tubes, then do so at increased 
speeds for minimal time. Make sure that the same process is 
used for all conditions at all-time points.         
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    Chapter 7   

 Metabolite Analysis of Biological Fluids and Tissues 
by Proton Nuclear Magnetic Resonance Spectroscopy 

                         John     Robert     Sheedy    

    Abstract 

   NMR-based biochemical profi ling of natural products has become popular due to the development of 
high-resolution instruments (>400 MHz) and cryogenically cooled probes/preamplifi ers, by increasing 
the sensitivity of NMR instruments several fold and reducing instrument noise levels. NMR provides a 
rapid, nondestructive, high-throughput method that requires minimal sample preparation, therefore 
maintaining the biological integrity of the sample. One-dimensional (1D) solution-state  1 H NMR is used 
in untargeted sample screening (metabolomics/metabonomics) to gain insight into spectral pattern 
changes associated with samples of different origins. Metabolomics and metabonomics contextually 
explains the systematic and quantitative measurement of metabolites that are produced from the biochemi-
cal reactions of living systems. This chapter describes some commonly used  1 H NMR experiments for 
identifi cation and quantifi cation of small molecular weight, water soluble metabolites in biological sam-
ples, some considerations for choosing the correct NMR experiment, and sample preparation protocols for 
isolating metabolites from a number of biological sample types.  

  Key words     Nuclear magnetic resonance spectroscopy  ,   Metabolomics  ,   Sample preparation  ,   Liquid–
liquid extraction  ,   Biofl uid  ,   Tissue  

1      Introduction 

  Nuclear Magnetic Resonance Spectroscopy (NMR) is a powerful 
analytical technique that permits the investigation of structure, 
dynamics, and kinetics of a wide range of biological systems. NMR 
utilizes the magnetic properties of atomic nuclei, through exploit-
ing the excited states of nuclei by application of an external 
magnetic fi eld and measurement of the energy state transitions 
(by measurement of emitted relaxation energy) using radiofre-
quency electromagnetic radiation [ 1 ]. 

 Nuclei with an odd mass, isotopes with unpaired electrons, an 
odd number of protons and/or an odd number of neutrons, pos-
sess a nonzero magnetic moment. When these types of nuclei are 
placed in an external magnetic fi eld, the nondegenerate energy 

1.1  Overview of NMR 
Spectroscopy
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states of the nuclei can be utilized to provide chemical and structural 
information of biological molecules [ 2 ]. This externally applied 
magnetic fi eld ( B  0 ) (up to 20 T in “high-fi eld” NMR instruments) 
causes any odd-spin nuclei present in a biological sample to align 
with the external magnetic fi eld, and subsequent irradiation of the 
sample with a radiofrequency (RF) pulse stimulates a transition 
from the ground to excited state. This technique, known as 
“pulsed-NMR,” causes excitation of nuclear spins through a short, 
controlled application of RF energy, with the resulting excited 
states of nuclei producing an oscillating magnetic fi eld that induces 
a current in the receiver coil, where the NMR signal is also detected. 
The RF-induced current can be digitized and measured (as a func-
tion of time) and is termed the free induction decay (FID). The 
FID undergoes Fourier transformation (FT) to produce a spec-
trum expressed in the frequency domain which can be interpreted 
to reveal the physical chemical properties of the sample being ana-
lyzed [ 1 ,  3 ]. 

 The practice of NMR also exploits the relaxation properties of 
molecules, in particular spin–lattice relaxation/ T  1  relaxation (trans-
fer of energy from the excited state to the surroundings, or lattice) 
and spin–spin relaxation/ T  2  relaxation (loss of coherence/de- 
phasing of nuclear magnetic moments) as magnetic moments 
return to a random arrangement parallel to the applied magnetic 
fi eld [ 1 ,  2 ]. Therefore, NMR can be used to selectively observe 
particular chemical classes with characteristic relaxation properties. 
In addition, NMR is a particularly suitable technique for accurate 
quantifi cation of metabolites, because the intensity of the NMR 
signal is directly proportional to the number of nuclei present in 
the sample. 

 NMR spectroscopy is an ideal chemical technique for generat-
ing metabolomics data as it is highly quantitative, highly reproduc-
ible, nonselective, and nondestructive [ 4 ]. The three most 
frequently exploited nuclei in NMR metabolomics are  1 H,  13 C, and 
 31 P, due to their natural abundance in biological compounds 
(Table  1 ). Unlike  31 P, which is present in a limited number of met-
abolically abundant molecules, the proton ( 1 H) is ubiquitous. This 
ubiquity gives rise at one and the same time to enormous analytical 
potential (because most metabolites yield a  1 H NMR spectrum), as 
well as to serious problems of analytical discrimination (because of 
the small chemical shift range of the proton often leads to unman-
ageable overlap of metabolite spectra) [ 5 ]. However, resolution of 
metabolites can be improved due to the increased signal dispersion 
obtained using high-fi eld NMR instruments to circumvent prob-
lems with overlapping signals. Therefore, high- fi eld 1D  1 H NMR 
metabolomics experiments have been used extensively to extract 
highly detailed and unbiased chemical  information from biofl uids. 
Other nuclei exploited for targeted metabolomics applications 
including  13 C,  31 P,  15 N, and  19 F have been successfully used for 
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fl ux analysis and targeted metabolite monitoring, where isotopic 
labelling of samples or substrates prior to NMR analysis, and sub-
sequent heteronuclear NMR experiments are used to enhance the 
visualization of preselected metabolite groups in metabolite and 
metabolic profi le analyses [ 5 – 8 ].

   There are several solution-state NMR-based experiments for 
the chemical analysis of biofl uids or metabolite extracts from tissues 
or cell extracts, in most cases employing a 1D or 2D NMR experi-
mental approach, for the chemical and structural elucidation of 
metabolites in complex mixtures, with  1 H NMR experiments being 
the fi rst pass choice for global metabolite profi ling of biofl uids [ 9 ]. 

 High-fi eld NMR instruments are generally used in metabolo-
mics, as they provide a level of detection appropriate for resolution 
of metabolites below micromolar concentration ranges, suffi cient 
for differentiation of correlated and uncorrelated NMR signals. 
For example, a typical  1 H NMR spectrum of urine contains hun-
dreds of sharp lines from predominantly low molecular weight 
metabolites, whereas blood plasma and serum contain both low 
and high molecular weight components, giving rise to a wide range 
of signal line widths. Broad signals from protein, lipids, and mac-
romolecules contribute strongly to the NMR spectrum, with the 
sharp signals from small molecules superimposed on them. 
Furthermore, the high proton concentration of water present in 
biofl uids, tissue and cell extracts contributes to a large interfering 
signal in the  1 H NMR spectrum [reducing  signal-to-noise  (S/N) 
ratio and resolution of metabolites], necessitating the implementa-
tion of appropriate NMR solvent suppression techniques [ 9 ].  

  To overcome problems in NMR metabolomics studies of biofl uids 
arising from the presence of proteins, lipids, and macromolecules, 
relaxation-edited and diffusion-edited pulse sequences can be 
selectively used to observe molecules based on their diffusion or 

1.2  Routine NMR 
Experiments

   Table 1  
  Natural abundances of some biologically relevant nuclei   

 Isotope  % Natural abundance  Spin number ( I  ) 

  1 H  99.985  ½ 

  13 C  1.108  ½ 

  14 N  99.63  1 

  15 N  0.37  ½ 

  17 O  0.037  5/2 

  31 P  100  ½ 

  33 S  0.76  3/2 

Metabolomics Based Nuclear Magnetic Resonance Spectroscopy
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relaxation properties. Generally, molecules with greater molecular 
weight diffuse more slowly and have relatively short spin-relaxation 
times, whereas small molecules diffuse quickly and have long spin- 
relaxation times. The CPMG pulse sequence (usually combined 
with presaturation for water suppression, commonly denoted as 
cpmgpr) is based upon the spin-echo pulse (or Hahn spin-echo), 
modifi ed to reduce the attenuation effects due to molecular diffu-
sion and to reduce the cumulative error resulting from imperfect 
180° pulses [ 10 ]. 

 Two-dimensional NMR spectroscopy is also necessary in metab-
olomics analysis of complex samples, as it can serve to increase signal 
dispersion (resolution) to elucidate the connectivities in molecular 
bonding networks, assisting in the identifi cation of metabolites. The 
most commonly implemented pulse sequences in 2D NMR metabo-
lomics are the 2D  J -resolved, COSY (COrrelationSpectroscopY), 
and TOCSY (Total COrrelationSpectroscopY) experiments. 2D 
NMR retains many of the benefi ts of 1D NMR, as all observed 
metabolites can in principle be quantifi ed using a single standard, but 
additionally spreads the overlapping resonances into a second dimen-
sion, reducing congestion to improve metabolite identifi cation. 

 COSY is a 2D NMR experiment used to identify pairs of spin–
spin coupled (or  J -coupled) protons. In the COSY experiment, the 
conventional 1D NMR spectrum of chemical shift (in ppm) appears 
along a diagonal ridge running from the lower left to upper right 
corner of the contour plot. The COSY spectrum gives cross-peak 
information arising from protons separated by up to three chemi-
cal bonds (e.g., H–C–C–H) and is the most common form of 2D 
NMR, used for identifying molecules through their spin–spin cou-
plings which manifest as unique cross-peak patterns for different 
metabolites. The TOCSY NMR experiment is analogous to COSY 
in that  J -couplings and cross-peaks are resolved to give informa-
tion about molecular connectivities of the metabolites present in a 
sample. In the TOCSY spectra, cross-peaks are composed of lines 
that are all in positive absorption mode, thus preventing the reduc-
tion in S/N via destructive interference. In addition, the chemical 
shift information of one proton within a metabolite’s spin system is 
relayed to all other protons within the spin system [ 1 ]. This ren-
ders the TOCSY NMR experiment somewhat more robust for 
individual resonance identifi cation compared to COSY, although 
both COSY and TOCSY 2D homonuclear NMR experiments are 
used for structural elucidation of metabolites and serve as tools for 
unequivocal identifi cation of metabolites in complex mixtures.  

  A requirement of NMR analysis of biofl uids employs a water 
 suppression technique to suppress as much of the water resonance 
as possible, so that nearby metabolite signals may be resolved. To 
generate accurate and interpretable data from the NMR spectrum, 
an appropriate NMR pulse sequence including a solvent 

1.3  Water 
Suppression for 
NMR Experiments

John Robert Sheedy



85

suppression technique must be chosen, while maintaining a fl at 
spectral baseline. Water suppression is best achieved when the sam-
ple is well shimmed to achieve a narrow water line width, where 
the RF transmitter is placed directly on the water resonance. 
However, the water frequency is slightly pH and temperature 
dependent, so these factors need to be controlled prior to con-
ducting the NMR experiment [ 10 ]. This is a particularly impor-
tant consideration for complex samples such as urine, where 
spectral distortion around the water and urea signals should be 
minimized [ 11 ]. Three commonly reported water suppression 
techniques used in NMR pulse sequences in metabolomics include 
WET, WATERGATE, and presaturation [ 9 – 12 ].  

  Several sample preparation techniques employ the use of protein 
precipitation mediated by the addition of solvents, followed by 
sample incubation on ice and centrifugation to pellet the precipi-
tated protein. In the case of metabolite extraction from biological 
tissues and cells, a homogenization step is implemented prior to the 
addition of solvents to liberate metabolites from the in-tact tissue. 

 Several solvent-based metabolite extraction systems (liquid–
liquid extraction—LLE) have been evaluated in the literature, 
commonly using methanol:chloroform:water, perchloric acid, ace-
tone, or acetonitrile. However, loss of volatile small molecular 
weight metabolites is a problem with any solvent removal process 
employing drying or lyophilization. For biofl uids such as urine and 
blood, the endogenous protein, lipids, and macromolecular sub-
stances should be removed prior to NMR analysis, as the broad 
signals arising from these large molecules often overshadow the 
sharp signals of metabolites. 

 The power of NMR in metabolomics is due to its unbiased 
identifi cation of diverse chemical species in a single sample, but also 
for its ability for accurately determining the concentration of metab-
olites in a complex sample [ 13 ]. This is achieved by the addition of 
reference compounds during sample preparation, such as 3-trimeth-
ylsilylpropionic acid (TSP), 3-trimethylsilylpropane- 1-sulfonic acid 
(TMS), 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS), formate, 
or imidazole [ 9 ,  14 ]. TSP and DSS are generally modifi ed to con-
tain deuterium for all methylene groups, so that TSP and DSS- d  6  
give rise to only one singlet resonance at 0.00 ppm. TSP and DSS 
can also be used to quantify other metabolites present in the sample 
when accurately added in a known concentration.   

2    Materials 

 All devices requiring fl ushing with water should be prepared using 
18 mΩ deionized water. Analysis of biological samples should 
commence where sample collection storage integrity has been 

1.4  Sample 
Preparation 
Requirements for 
NMR-Based 
Metabolite Analysis
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maintained (e.g., initial quenching of metabolism using liquid 
nitrogen, and sample storage at −80 °C in sealed vials). Deuterated 
sample storage vials should also be fl ushed with nitrogen prior to 
capping. The following sample preparation protocols should be 
undertaken under standard laboratory conditions. All NMR tubes 
referred to in the following protocols are 5 mm diameter glass 
NMR tubes (7- or 8-in. tube height). 

      1.    Preparation of a 500 mL stock of D 2 O containing 1 mM 
imidazole as an internal standard for metabolite recovery for 
methanol- d  4    (CD 3 OD)/chloroform-d (CDCl 3 )-based LLE, 
add 34.0385 mg of anhydrous imidazole to 0.5 L of D 2 O. Use 
magnetic stirrer to ensure imidazole is thoroughly dissolved 
( see   Note 1 ).      

      1.    Preparation of a 500 mL stock of 200 mM trisodium phos-
phate buffer solution, add 16.3940 g of anhydrous Na 3 PO 4  to 
0.5 L of D 2 O. Use magnetic stirrer to ensure Na 3 PO 4  is thor-
oughly dissolved ( see   Note 2 ).   

   2.    Add 0.1 g of sodium azide (NaN 3 ) to 500 mL of 200 mM 
Na 3 PO 4 ⋅D 2 O solution so that NaN 3  concentration is 0.2 % w/v.   

   3.    Adjust pH of solution to 7 by titrating in >2 mL of deuterium 
chloride (DCl). Readjust solution to pH 7 with necessary 
volume of sodium deuteroxide (NaOD) ( see   Note 2 ).      

      1.    Preparation of a 50 mL stock of reference solution of 5 mM 
2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS- d  6 ), add 
56.0625 mg of DSS- d  6  to 0.05 L of D 2 O ( see   Note 3 ).       

3    Methods 

      1.    Collect 1 mL of mid-stream urine into sterile specimen con-
tainer ( see   Note 4 ).   

   2.    Transfer a 1 mL aliquot of urine to a 2 mL o-ring screw cap 
sample vial ( see   Note 5 ).   

   3.    Centrifuge at 4 °C for 15 min at 5,000 ×  g .   
   4.    Transfer a 500 µL aliquot of supernatant to new o-ring vial.   
   5.    Add 300 µL of ice-chilled CDCl 3  and 200 µL of ice-chilled 

CD 3 OD ( see   Note 6 ).   
   6.    Vortex sample for 15 s until an emulsion forms.   
   7.    Rest sample on ice for 15 min.   

2.1  Internal 
Standard Solution 
for Liquid–Liquid 
Extraction

2.2  NMR 
Sample Buffer

2.3  Reference 
Solution for Spectral 
Calibration and 
Chemical 
Quantifi cation

3.1  Preparation of 
Urine for Metabolite 
Identifi cation 
by  1 H NMR
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   8.    Centrifuge at 4 °C for 15 min at 5,000 ×  g  to create a bi-phasic 
mixture.   

   9.    Add 60 µL of 5 mM DSS-D 2 O solution into a 5 mm glass 
NMR tube.   

   10.    Transfer a 270 µL aliquot of upper aqueous phase containing 
urine/CD 3 OD into NMR tube.   

   11.    Add 270 µL of 200 mM trisodium phosphate/sodium azide 
buffer (Na 3 PO 4 ⋅NaN 3 ⋅D 2 O), adjusted to pH 7, to 330 µL 
sample volume in NMR tube ( see   Note 7 ).   

   12.    Collect NMR spectra ( see   Note 8 ).      

      1.    Add 2 mL H 2 O to 1.5 or 3 kDa centrifugal fi ltration devices to 
remove glycerol from fi ltration membrane.   

   2.    Centrifuge fi ltration devices containing H 2 O for 90 min at 
5,000 ×  g  speed.   

   3.    Discard H 2 O from fi ltration membrane well and collection 
tube.   

   4.    Repeat  steps 1  and  2  ( see   Note 9 ).   
   5.    Add 500 µL of preprepared blood aliquot ( see   Note 10 ) to 

fi ltration membrane well and dilute with 500 µL D 2 O/imidaz-
ole ( see   Note 11 ).   

   6.    Secure cap onto tube containing fi ltration membrane and 
centrifuge at 5,000 ×  g  for 1 h at 20 °C (ambient temperature 
required to maintain viscosity of serum sample for effi cient 
elution of protein-free serum).   

   7.    Collect a 500 µL aliquot of eluent (containing serum/D 2 O).   
   8.    In a fresh 2 mL screw cap o-ring tube, transfer 500 µL of 

eluent to tube and add 300 µL CDCl 3  and 200 µL of CD 3 OD 
( see   Note 6 ).   

   9.    Vortex sample for 15 s.   
   10.    Chill samples on ice for 15 min.   
   11.    Centrifuge samples at 4 °C for 15 min at 5,000 ×  g .   
   12.    Add 60 µL of 5 mM DSS-D 2 O solution into a 5 mm glass 

NMR tube.   
   13.    Transfer a 270 µL aliquot of upper aqueous phase containing 

blood/CD 3 OD into NMR tube.   
   14.    Add 270 µL of 200 mM trisodium phosphate/sodium azide 

buffer (Na 3 PO 4 ⋅NaN 3 ⋅D 2 O), adjusted to pH 7, to 330 µL 
sample volume in NMR tube ( see   Note 7 ).   

   15.    Collect NMR spectra ( see   Note 8 ).      

3.2  Preparation of 
Blood for Metabolite 
Identifi cation by 
 1 H-NMR
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      1.    Collect tissue and fl ash freeze in liquid N 2 , store tissue at 
−80 °C ( see   Note 12 ).   

   2.    Weigh out 50–100 mg tissue (proportionately alter recipe 
depending on tissue weight).   

   3.    Using a mortar and pestle, softly pound frozen tissue until fl at 
under liquid N 2 .   

   4.    Transfer tissue to 2.0 mL tube containing 1.4 mm diameter 
ceramic lysis beads.   

   5.    Add 4 mL/g (0.2 mL) of CD 3 OD and 0.85 mL/g 
(0.0425 mL/g) of D 2 O/imidazole ( see   Note 13 ).   

   6.    Homogenize using automated homogenization device (e.g., 
Precellys 24-well tissue homogenizer).   

   7.    Collect homogenized aliquot, then add 4 mL/g (0.2 mL) 
CDCl 3  and 2 mL/g D 2 O (0.1 mL) and vortex for 60 s 
( see   Notes 6  and  13 ).   

   8.    Rest samples on ice for 15 min.   
   9.    Centrifuge sample for 15 min at 5,000 ×  g  at 4 °C.   
   10.    Add 60 µL of 5 mM DSS-D 2 O solution into a 5 mm glass 

NMR tube.   
   11.    Transfer a 270 µL aliquot of upper aqueous phase containing 

homogenate/CD 3 OD into NMR tube.   
   12.    Add 270 µL of 200 mM trisodium phosphate/sodium azide 

buffer (Na 3 PO 4 ⋅NaN 3 ⋅D 2 O), adjusted to pH 7, to 330 µL 
sample volume in NMR tube ( see   Note 7 ).   

   13.    Collect NMR spectra ( see   Note 8  and Table  2 ).

             1.    Collect 1 mL of culture media into an o-ring screw cap vial.   
   2.    Centrifuge at 4 °C for 15 min at 5,000 ×  g .   
   3.    Transfer a 500 µL aliquot of supernatant to new o-ring vial.   
   4.    Add 300 µL of ice-chilled chloroform (CHCl 3 ) and 200 µL of 

ice-chilled methanol (CH 3 OH) ( see   Note 6 ).   
   5.    Vortex sample for 15 s until an emulsion forms.   
   6.    Rest sample on ice for 15 min.   
   7.    Centrifuge at 4 °C for 15 min at 5,000 ×  g  to create a bi-phasic 

mixture.   
   8.    Take a 600 µL aliquot of aqueous phase and transfer to new 

o-ring tube.   
   9.    Puncture 2–3 holes in the tube cap.   
   10.    Lyophilize or speed-vacuum dry sample for 24 h at 45 °C.   
   11.    Reconstitute sample in 300 µL of D 2 O. Vortex briefl y.   
   12.    Add 60 µL of 5 mM DSS-D 2 O solution into a 5 mm glass 

NMR tube.   

3.3  Preparation 
of Biological Tissues 
for Intracellular 
Metabolite 
Identifi cation 
by  1 H NMR

3.4  Preparation 
of Protein- Containing 
Culture Media 
for Metabolite 
Identifi cation 
by  1 H NMR
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   13.    Transfer a 270 µL aliquot of D 2 O-reconstituted sample into 
NMR tube.   

   14.    Add 270 µL of 200 mM trisodium phosphate/sodium azide 
buffer (Na 3 PO 4 ⋅NaN 3 ⋅D 2 O), adjusted to pH 7, to 330 µL 
sample volume in NMR tube ( see   Note 7 ).   

   15.    Collect NMR spectra ( see   Note 8  and Fig.  1 ).

             1.    Weigh out amounts of fecal samples (wet weight) into screw 
cap o-ring lysis tubes, containing 1.4 mm diameter ceramic 
lysis beads. Record wet weights of fecal samples.   

   2.    Add 1 mL D 2 O/imidazole to each lysis tube, containing fecal 
samples ( see   Note 14 ).   

   3.    Homogenize samples (e.g., using Precellys 24-well tissue 
homogenizer) for 5 min (consisting of three repetitions of 
homogenization of 45 s) at room temperature.   

   4.    Take 300 µL volume of fecal fl uid (depending on sample 
volume availability) from underneath the beads (bottom of 
lysis tube) and dilute, respectively, with 600 µL D 2 O.   

3.5  Preparation 
of Fecal Samples 
for Metabolite 
Identifi cation 
by  1 H NMR

  Fig. 1    Comparison of liquid–liquid extraction (LLE)-based techniques for metabolite recovery from embryo 
culture media, analyzed using  1 H-NMR spectroscopy. The following LLE solvent systems were compared—( a ) 
methanol- d  4 :chloroform- d  4 :culture media (1:2:3); ( b ) centrifugal fi ltration of culture media (3 kDa molecular 
weight cut-off ); ( c ) acetonitrile:culture media (1:1); ( d  ) acetonitrile:culture media (2:1); ( e ) methanol:culture 
media (1:1); ( f   ) methanol:culture media (2:1); ( g ) chloroform:methanol:culture media (3:1:1); ( h ) centrifugal 
fi ltration (3 kDa) followed by chloroform:methanol:culture media (3:1:1). The undulating spectral baseline seen 
in two of the LLE protocols ( a  and  e ) denotes residual protein in the sample. DSS–protein interactions cause 
inaccuracies in metabolite quantifi cation using DSS as a reference compound. The absence of the acetate 
signal at 1.91 ppm in two other LLE protocols ( g  and  h ) shows that some metabolites are unrecoverable from 
the sample after some LLE protocols       
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   5.    Centrifuge for 5 min at 5,000 ×  g  at ambient temperature to 
pellet any solid material.   

   6.    Transfer 500 µL supernatant to new screw cap o-ring tube and 
add 300 µL CDCl 3  and 200 µL of CD 3 OD.   

   7.    Vortex sample for 15 s.   
   8.    Chill samples on ice for 15 min.   
   9.    Centrifuge samples at 4 °C for 15 min at 5,000 ×  g .   
   10.    Add 60 µL of 5 mM DSS-D 2 O solution into NMR tube.   
   11.    Transfer a 270 µL aliquot of upper aqueous phase containing 

fecal fl uid/CD 3 OD into NMR tube.   
   12.    Add 270 µL of 200 mM trisodium phosphate/sodium azide 

buffer (Na 3 PO 4 ⋅NaN 3 ⋅D 2 O), adjusted to pH 7, to 330 µL 
sample volume in NMR tube ( see   Note 7 ).   

   13.    Collect NMR spectra ( see   Note 8 ).       

4    Notes 

     1.    Formate is often used as an internal standard rather than 
 imidazole—however many biological samples (particularly 
those containing albumin) will have endogenous formate 
already present in the sample. In these instances imidazole 
should be used over formate.   

   2.    A non-hydrogen containing phosphate salt is an ideal compo-
nent for creating an appropriate buffer to minimize nonbio-
logical signals in  1 H NMR spectra being collected. Furthermore, 
titration of deuterated acid/base mitigates addition of 
unwanted signals for  1 H NMR spectral analysis of biological 
samples. NMR analysis of complex biofl uids, tissue or cell 
extracts can be confounded by pH-dependent chemical shift 
changes observed amongst samples. This phenomenon is high-
lighted in NMR analysis of urine compared to other biofl uids, 
as blood and intracellular pH levels are homeostatically regu-
lated, so large differences in metabolite chemical shifts are not 
observed in serum, plasma, tissue or cell extracts. Conversely, 
normal human urine pH ranges from 5.5 to 6.5 and the pH 
under physiological stress may vary anywhere from 4.6 to 8.0. 
This is correlated to urinary metabolite concentrations, which 
may vary up to tenfold over the course of a day. Therefore, 
there is consensus in the published literature that sample buff-
ering using deuterated or non-proton bearing chemicals should 
be added to all samples for normalizing pH and ionic strength 
of the sample, minimizing pH-dependent chemical shifts of 
metabolites and therefore aligning chemical shifts of metabo-
lites over all sample spectra to be analyzed. Phosphate-based 
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buffers are popularly reported for sample pH standardization 
( see  refs. [ 9 ,  15 ]). Furthermore, EDTA has been proposed as a 
metal chelating agent that can be added to samples, reducing 
the effects of signal shifts and line broadening associated with 
the presence of paramagnetic and non- paramagnetic metal ions 
in a sample, in particular Ca 2+ , Fe 2/3+ , and Mg 2+  ( see  ref. [ 15 ]).   

   3.    DSS is used as an internal reference compound in NMR exper-
iments for quantifying metabolites in a biological sample. 
However compounds such as TSP and DSS can bind nonspe-
cifi cally to serum albumin and other proteins, confounding 
quantitative analysis. It is essential that all protein is removed 
prior to sample analysis by NMR using the protocols outlined 
in this chapter. As TSP and DSS trimethylsilyl functional 
groups can directly interact with hydrophobic molecules, thus 
causing line broadening of the trimethylsilyl singlet at 
0.00 ppm, all protein needs to be removed prior to metabolite 
analysis. In this instance, formate can be used if it is not endog-
enously present in the sample of interest (which generally 
excludes urine, blood, feces). A newly synthesized chemical, 
DFTMP (1,1-difl uoro-1-trimethylsilanylmethylphosphonic acid), 
has been proposed as a novel reference compound for NMR 
metabolomics studies, as it has a sharp singlet resonance at 
0.2 ppm on a  1 H NMR spectrum, and due to DFTMP con-
taining proton, fl uorine and phosphorus nuclei, it can serve as 
a chemical shift reference point and pH indicator for multinu-
clear studies ( see  ref. [ 14 ]).   

   4.    Collection of an immediate urine purge may result in concomi-
tant collection of high protein levels (associated with microal-
buminuria) or urethral bacteria. The presence of these 
substances may result in a poor representation of the urinary 
metabolome. Mid-stream urine collection minimizes collec-
tion of high concentrations of proteins/bacteria.   

   5.    The use of o-ring screw cap vials ensures that upon sample col-
lection and storage, sample evaporation is mitigated.   

   6.    A cold methanol–chloroform-based LLE ensures precipitation 
of protein from samples, so that compounds such as DSS can 
be effectively used as an internal reference compound. Pipettes 
should be fi rst primed separately with methanol or chloroform 
to prevent loss of solvent volume leaking from the pipette tip 
during volume transfer of the solvent to the sample. Each sol-
vent system preferentially retains different classes of metabo-
lites, and particularly in bi-phasic solvent-based metabolite 
extraction protocols metabolites can be separated according to 
their hydrophilic/hydrophobic chemical properties. In the 
case of metabolite extraction from cells or tissues, the protein- 
free solvent can be dried by lyophilization or speed-vacuum 
and resuspended in 100 % deuterated solvent to eliminate 
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unwanted signals in the NMR spectrum from the solvent 
system used in the metabolite extraction process ( see  refs. [ 16 –
 19 ]). This is achieved by either solvent-based extraction or 
ultracentrifugation, where molecular weight cut-off fi lters 
(e.g., 1.5 or 3 kDa fi lters) remove material above a specifi ed 
molecular weight ( see  ref. [ 19 ]). Biofl uids such as urine and 
blood achieve optimal metabolite recovery using an LLE sys-
tem employing a fully deuterated LLE solvent system ( see  ref. 
[ 20 ]), while metabolite recovery from cell culture systems 
respond better to methanol-based protein removal, a water/
methanol evaporation step, followed by 100 % reconstitution 
in buffered deuterium oxide.   

   7.    Addition of the sodium phosphate buffer to the NMR tube as 
the last step in the sample preparation protocol can ensure that 
any residual sample residing on the inside of the NMR tube 
away from the main sample volume is effectively washed into 
the main sample volume.   

   8.     1 H NMR spectra should be acquired on a high-fi eld NMR 
instrument fi tted with a cryoprobe (e.g., 800 MHz Bruker-
Biospin Avance US 2  spectrometer with a 5 mm TCI cryo-
probe). Samples should be locked to D 2 O, and tuned, matched, 
and shimmed prior to data acquisition. 90° pulse width and 
receiver gain should also be optimized for each sample. The 
standard and most commonly used 1D NMR pulse sequences 
used in metabolomics are the 1D Nuclear Overhauser Effect 
SpectroscopY pulse sequence (NOESY, or noesy) and relax-
ation-edited pulse sequences such as the Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence. Both of these pulse 
sequences require incorporation of a solvent suppression capa-
bility, with presaturation being commonly implemented in 
metabolomics literature (expressed as  noesypr  or  cpmgpr  in 
Bruker nomenclature) ( see  refs. [ 9 ,  21 ]). The “noesy with pre-
saturation” ( noesypr ) 1D pulse sequence acquires the fi rst free 
induction decay (FID) of the 2D NOESY experiment (recycle 
delay—90°– τ –90°– τ  m –90°) ( see  ref. [ 9 ]). This is a widely used 
pulse sequence by many metabolomics NMR research groups, 
where  τ  has duration around 3 µs and  τ  m  (mixing time) about 
100 ms. The low power irradiation during the mixing time 
prevents the water signal recovery by longitudinal relaxation. 
This irradiation is not required if the mixing time is shorter 
(e.g., if  τ  m  = 10 ms), and a short-pulsed gradient can be added 
at the beginning of the mixing time to eliminate residual trans-
verse relaxation. The 1D  noesypr  pulse sequence yields high-
quality spectral baselines, which is essential for quantitative 
accuracy ( see  ref. [ 22 ]).  T  2 -edited pulse sequences such as the 
CPMG pulse sequence can separate metabolites based on  T  2  
relaxation time. The broad NMR signals from proteins, lipids, 

Metabolomics Based Nuclear Magnetic Resonance Spectroscopy



94

or small metabolites bound to macromolecules are attenuated/
eliminated in the  T  2 -edited experiment, leaving a spectrum of 
sharp resonances corresponding to the small molecular weight 
metabolites in the sample ( see  ref. [ 23 ]). This is because the 
quantitative accuracy of the CPMG experiment is greatly 
affected by  T  2  relaxation times for different metabolites and 
total echo time used in the CPMG pulse sequence to fi lter 
broad signals. This quantitative inaccuracy can be overcome 
using a  T  2  correction factor and implementation of a short 
recycle delay to provide quantitative results within 95–96 % 
accuracy ( see  ref. [ 24 ]). The 2D  J -resolved (JRES) experiment 
yields information about the multiplicity and coupling patterns 
of resonances for metabolite identifi cation. JRES NMR sepa-
rates the effects of chemical shift and  J -coupling into two inde-
pendent dimensions, based around variants of pulse sequence 
with the following schematic: recycle delay—90°–( τ  1 /2)–
180°–( τ  1 /2) (where  τ  1  is an incremented time delay used to 
create an indirect time axis for the second dimension). The fi rst 
projection (or fi rst row) contains data similar to an ordinary 
1D spectrum, while projection of the second row no longer 
contains any multiplets. Each proton appears as a single peak 
only, and as a consequence the JRES NMR experiment facili-
tates the separation of signals in crowded areas of the spectrum 
( see  ref. [ 25 ,  26 ]). 2D-COSY spectra can be acquired in the 
magnitude or phase-sensitive modes. Magnitude COSY exper-
iments are of lower resolution but have positive peaks and do 
not require phasing, thus permitting the development of auto-
mated metabolite assignments ( see  ref. [ 27 ]). Phase-sensitive 
COSY spectra are of higher resolution but due to the anti-
phase nature of the cross-peaks, this can lead to an S/N reduc-
tion, since the individual anti- phase peaks within the COSY 
cross-peak destructively interfere with each other. The WET 
(Water suppression Enhanced by  T  1  effects) solvent suppression 
method provides in-phase spectra with fl at baselines and mini-
mal perturbation to the rest of the NMR spectrum, using a 
repetitive cycle of on-resonance selective irradiation of the 
water peak with pulsed fi eld gradients to de-phase transverse 
magnetization ( see  ref. [ 10 ]). The WATERGATE method 
(water suppression by gradient excitation) resembles a spin-
echo pulse sequence ( τ –180°– τ ), with a refocusing pulse fl anked 
by two symmetrical gradient pulses. Transverse coherences are 
de-phased by the fi rst gradient, provided they experience a 180° 
rotation by the selective pulses or “pulse train”. This can be a 
hard (frequency nonselective) 180° pulse sandwiched by two 
soft 90° (frequency-selective) pulses or a frequency-selective 
pulse train (3 α – τ –9 α – τ –19 α – τ –19 α – τ –9 α – τ –3 α , where 
62 α  = 180°). However, the WATERGATE solvent suppression 
technique introduces a larger region of peak elimination 
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(compared to techniques like presaturation), thus suppressing 
any resonances close to the water peak ( see  ref. [ 1 ,  12 ]). 
Presaturation is a simple method of solvent suppression, where 
the water resonance is irradiated with a long low power RF 
pulse, causing transitions from the ground state to the excited 
state over a bandwidth of about 1 Hz, exceeding the rate of 
spin–lattice relaxation to equalize the two atomic energy levels 
induced in the excited state, so no water signal is observed ( see  
ref.[ 1 ]). Although each one of these techniques has its advan-
tages and disadvantages, the pre-saturation method is perhaps 
the most widely used water suppression method due to its ease 
of implementation ( see  refs. [ 9 ,  11 ]). However in all cases, the 
phenomenon of radiation damping must be considered (the 
fi eld induced in the receiver coil by large bulk magnetization, 
where magnetization is driven back to equilibrium much faster 
than the relaxation process), so metabolite signals (e.g., pro-
tons attached to anomeric carbons of sugars) near the water 
resonance are not considered for quantifi cation, as these sig-
nals are attenuated due to radiation damping ( see  ref. [ 28 ]). 
Improvements to water suppression techniques such as SWET 
have aided in overcoming some of the effects of radiation 
damping such as saturation transfer, so that metabolites closer 
to the water peak can be accurately quantifi ed ( see  ref. [ 29 ]).   

   9.    It is essential that membranes of the centrifugal fi ltration 
devices are thoroughly rinsed with water, so samples are not 
contaminated with residual membrane-bound glycerol. 
Glycerol has distinctive aliphatic resonances which may mask 
metabolites of interest in the sample to be analyzed.   

   10.    Preparation of whole blood for metabolite analysis: 
  Sample prepreparation for plasma analysis : 

 Collect >1 mL volume of heparinized (non-coagulated) 
blood into sealed blood collection tube. Refrigerate at 4 °C 
until further sample preparation can be undertaken. 
  Sample prepreparation for serum analysis : 

 Collect >1 mL volume of non-heparinized blood into 
sealed blood collection tube. Allow samples to rest at 4 °C for 
30–45 min to allow blood to coagulate. Take a 1 mL sample of 
coagulated blood and centrifuge 4 °C for 15 min at 5,000 ×  g . 
Collect 500 µL aliquot of supernatant for further sample 
preparation.   

   11.    The D 2 O spiked with imidazole ensures that any variation due 
to metabolite recovery from the fi ltration membrane can be 
normalized for during data processing. Therefore, if imidazole 
concentration varies between samples, actual metabolite recov-
ery can be corrected for based on the recovery of imidazole.   
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    Chapter 8   

 NMR Spectroscopy: Structure Elucidation 
of Cycloelatanene A: A Natural Product Case Study 

                         Sylvia     Urban      and     Daniel     Anthony     Dias   

    Abstract 

   The structure elucidation of new secondary metabolites derived from marine and terrestrial sources is 
frequently a challenging task. The hurdles include the ability to isolate stable secondary metabolites of 
suffi cient purity that are often present in <0.5 % of the dry weight of the sample. This usually involves a 
minimum of several chromatographic purifi cation steps. The second issue is the stability of the compound 
isolated. It must always be assumed when dealing with the isolation of natural products that the compound 
may rapidly degrade during and/or after the isolation, due to sensitivity to light, air oxidation, and/or 
temperature. In this way, precautions need to be taken, as much as possible to avoid any such chemical 
inter-conversions and/or degradations. Immediately after purifi cation, the next step is to rapidly acquire 
all analytical spectroscopic data in order to complete the characterization of the isolated secondary 
metabolite(s), prior to any possible decomposition. The fi nal hurdle in this multiple step process, especially 
in the acquisition of the NMR spectroscopic and other analytical data (mass spectra, infrared and ultra- 
violet spectra, optical rotation, etc.), is to assemble the structural moieties/units in an effort to complete 
the structure elucidation. Often ambiguity with the elucidation of the fi nal structure remains when struc-
tural fragments identifi ed are diffi cult to piece together on the basis of the HMBC NMR correlations or 
when the relative confi guration cannot be unequivocally identifi ed on the basis of NOE NMR enhance-
ments observed. Herein, we describe the methodology used to carry out the structure elucidation of a new 
C 16  chamigrene, cycloelatanene A ( 5 ) which was isolated from the southern Australian marine alga 
 Laurencia elata  (Rhodomelaceae). The general approach and principles used in the structure determina-
tion of this compound can be applied to the structure elucidation of other small molecular weight com-
pounds derived from either natural or synthetic sources.  

  Key words     NMR spectroscopy  ,   Red alga  ,    Laurencia elata   ,   Relative confi guration  ,   Structure elucidation  

1       Introduction 

 Red algae belonging to the genus  Laurencia  (Ceramiales, 
Rhodomelaceae) are a prolifi c source of secondary metabolites, 
predominantly producing sesquiterpenes, diterpenes, triterpenes, 
C 15  acetogenins, acetylenes, and chamigrenes [ 1 ].  Laurencia  is a 
common genus occurring along southern Australian coasts, with 
numerous species being found in this region [ 2 ]. The search for 
bioactive natural products from this genus of red algae has been an 
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active area of research since the early 1970s [ 3 ] with the discovery 
of many interesting structural classes including C 15  acetogenins, 
such as laurendecumenyne A ( 1 ) [ 4 ] and pannosallene ( 2 ) [ 5 ]. 
Many of the chamigrenes reported from the genus are halogenated 
and contain a  spiro  center, along with cyclohexane moieties such as 
ma’ilione ( 3 ) [ 6 ] and the sesquiterpene bromo diether ( 4 ) [ 7 ]. 

 Recently, the Marine And Terrestrial Natural Product 
(MATNAP) research group at RMIT University, which studies the 
chemistry and biological activity of southern Australian marine 
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organisms, examined a specimen of the red alga,  Laurencia elata  
collected from St. Paul’s Beach, Sorrento, Victoria, Australia. The 
crude extract of the alga displayed slight antitumor activity as well 
as antifungal and antiviral activities. This resulted in the isolation 
and structure determination of two new C 16  chamigrenes, cycloe-
latanene A ( 5 ) and cycloelatanene B ( 6 ) as well as the isolation 
of several previously described compounds including (3 Z )-
chlorofucin ( 7 ), pacifenol ( 8 ), and elatenyne ( 9 ). The structures of 
these secondary metabolites were secured by detailed spectroscopic 
techniques including NMR spectroscopy. The protocol for the 
structure elucidation of the new C 16  chamigrene, cycloelatanene A 
( 5 ) using NMR spectroscopy will be detailed.  

2     Materials 

     1.    Glass vials containing freeze-dried, isolated cycloelatanene A.   
   2.    5 mm NMR tubes and caps.   
   3.    Deuterated chloroform (CDCl 3 ) containing 0.1 %  d  5 -pyridine.   
   4.    Liquid nitrogen.   
   5.    Glass Pasteur pipettes, natural rubber teats, parafi lm, and nitrile 

gloves.   
   6.    For off-line NMR processing use of Mestre-C, Mestre-C Nova 

software (  www.mestrelab.com    ). For direct NMR processing 
use of either VNMR-J (Agilent NMR systems) or TopSpin 
(Bruker NMR systems) NMR processing software.      

3     Methods 

      1.    Following purifi cation via semi-preparative reversed phased 
HPLC [ 8 ] cycloelatanene A should be immediately evaporated 
under reduced pressure using a rotary evaporator to remove 
the acetonitrile. The residual water from the mobile phase 
( see   Note 1 ) is then freeze-dried (overnight) ( see   Note 2 ).   

   2.    Using a glass Pasteur pipette with a natural rubber teat attached 
( see   Note 3 ) add ~600 µL of CDCl 3  to completely dissolve 
cycloelatanene A.   

   3.    Pipette the sample of cycloelatanene A into a 5 mm NMR tube.   
   4.    Cap the NMR tube and wrap a 1 cm × 2 cm parafi lm strip 

around the cap and the top of the NMR tube. This will limit 
evaporation and possible oxidation of cycloelatanene A.      

      1.    Acquire a  1 H NMR spectrum for cycloelatanene A (Fig.  1 ) 
using the following settings: number of transients = 64; spectral 
width 0–12 ppm, then adjust the spectral width accordingly 

3.1  Preparation 
of Cycloelatanene 
A for NMR Analysis

3.2   1 H NMR 
Spectroscopy 
(1D NMR Experiment)

Structure Elucidation via NMR Spectroscopy
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and reference to the solvent signal CHCl 3  in deuterated chlo-
roform at  δ  7.26 ppm ( see   Note 4 ).

       2.    In addition also integrate the  1 H NMR spectrum to obtain a 
total hydrogen count.   

   3.    After acquiring the  1 H NMR spectrum of cycloelatanene A list 
all  1 H NMR chemical shifts to two decimal places in a single 
column from highest resonance to the lowest resonance.   

   4.    List the coupling constants ( J  = Hz) for all  1 H NMR chemical 
shifts.   

   5.    The multiplicity or splitting of the signals needs to be listed. 
This may be obvious (e.g., a singlet for a methoxy moiety,  s ) or 
ambiguous (e.g., second order splitting that is often observed 
for aromatic systems,  m ).      

      1.    Acquire a  13 C NMR spectrum for cycloelatanene A using the 
following parameters: number of transients = 2,000 (longer 
acquisition results in greater signal to noise and is dependent 
on the amount of compound isolated); spectral width 
0–200 ppm, then adjust the spectral width accordingly ( see  
 Note 5 ) and reference the central solvent peak triplet to  δ  
77.0 ppm.   

   2.    After acquiring the  13 C NMR spectrum and referencing the 
spectrum, list all  13 C NMR chemical shifts to one decimal place.   

   3.    At this stage the  1 H NMR chemical shifts which are directly 
correlated to certain  13 C chemical shifts are unknown. 
However, it is apparent that cycloelatanene A contains 16 dis-
tinct carbons; four of them  tentatively  identifi ed as being qua-

3.3   13 C NMR 
Spectrum (1D NMR 
Experiment)

  Fig. 1     1 H NMR spectrum (500 MHz, CDCl 3 ) of cycloelatanene A ( 5 )       
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ternary carbons ( see   Notes 6  and  7 ). This immediately supports 
the fact that there is no element of symmetry in the structure 
of cycloelatanene A.      

      1.    Acquire a gHSQCAD NMR spectrum for cycloelatanene A using 
the following parameters: number of transients = (longer acqui-
sition results in great signal to noise and is dependent on the 
amount of material isolated); spectral width in the  13 C dimen-
sion is 0–160 ppm (beyond this range only quaternary carbons 
(C) appear which are not observed in this experiment) then 
adjust the spectral width accordingly; the spectral width in the 
 1 H dimension is 0–12 ppm, which should then be adjusted 
accordingly with referencing to the solvent signals at  δ  7.26 
and 77.0 ppm ( see   Note 8 ).   

   2.    Contours observed in the gHSQCAD NMR spectrum depict 
which  1 H NMR chemical shifts are directly correlated to which 
 13 C NMR chemical shifts. For example, Fig.  2  illustrates a  1  J  CH  
correlation indicating that the  1 H NMR chemical shift at  δ  
3.67 is directly connected to the carbon at  δ  82.4.

       3.    Positive, contours for a particular  1  J  CH  correlation indicate that 
the multiplicity of the carbons are either methyls (CH 3 ) or 
methines (CH), while negative contours for a particular  1  J  CH  
correlation indicate that the multiplicity of the carbons are 

3.4  gHSQCAD NMR 
Spectrum (2D Through 
Bond NMR 
Experiment)

  Fig. 2    gHSQCAD NMR spectrum (500 MHz, CDCl 3 ) of cycloelatanene A ( 5 )       
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methylenes (CH 2 ) ( see   Note 9 ). In this way the direct  1  J  CH  cor-
relation observed in the gHSQCAD NMR experiment (Fig.  2 ) 
between the proton at  δ  3.67 to the carbon at  δ  82.4 can be 
concluded to be a deshielded methine (CH). Quaternary car-
bons (C) are not observed in this NMR experiment as they do 
not have an associated proton resonance (Fig.  2 ).   

   4.    List under “ δ C a , mult” which  1 H NMR chemical shifts are 
directly correlated to which  13 C NMR chemical shifts. Use the 
following to denote multiplicity of the carbons:  s  = quaternary, 
 d  = methine carbon,  t  = methylene carbon, and  q  = methyl car-
bon (Table  1 ).

       5.    List all quaternary carbons (C) in the table.   
   6.    “a” = Carbon assignments based on HSQCAD NMR experi-

ments. In cases where suffi cient quantities (>several mgs) of a 

   Table 1  
   1 H (500 MHz) and  13 C (125 MHz) NMR of cycloelatanene A ( 5 ) in CDCl 3    

  δ H  Integration  ( J  in Hz)   δ C a , mult 

 –  –  –  45.4,  s  

 –  –  –  139.1,  s  

 –  –  –  85.7,  s  

 –  –  –  48.8,  s  

 –  –  –  74.7,  s  

 6.21,  d   1H  (6.0)  128.2,  d  

 3.67,  dd   1H  (6.0, 0.5)  82.4,  d  

 2.21,  ddd   1H  (12.0, 7.5, 4.0)  33.4,  t  

 1.68,  d   1H  (12.5) 

 4.30,  dd   1H  (7.5, 1.0)  84.3,  d  

 2.94,  ddd   1H  (13.5, 13.0, 8.0)  37.5,  t  

 1.83,  dd   1H  (13.5, 7.0) 

 1.98,  m   1H  31.6,  t  

 1.54,  ddd   1H  (13.5, 12.5, 6.5) 

 1.29,  s   3H  30.1,  q  

 3.63,  s   3H  60.3,  q  

 1.13,  s   3H  29.2,  q  

 1.14,  s   3H  22.7,  q  

 1.62,  s   3H  28.1,  q  

   a Carbon assignments based on HSQCAD NMR experiments  
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compound are obtained, the alternative DEPT experiments 
can be acquired. Both a DEPT 90 and DEPT 135 NMR 
experiment need to be acquired to deduce the multiplicities of 
the carbon chemical shifts. The DEPT 90 NMR experiment 
shows only methine (CH) carbons in a positive orientation, 
while the DEPT 135 NMR experiment displays both methine 
(CH) and methyl (CH 3 ) carbons in a positive orientation and 
methylenes (CH 2 ) in a negative orientation.      

      1.    Acquire a gCOSY NMR spectrum for cycloelatanene A using 
the following parameters: number of transients = (longer acqui-
sition results in great signal to noise and is dependent on the 
amount of compound isolated); spectral width is initially set to 
0–12.0 ppm and then adjusted accordingly in both  1 H NMR 
dimensions with referencing to the solvent CHCl 3  in deuter-
ated chloroform at  δ  7.26 ppm.   

   2.    Contours or “cross peaks” in the gCOSY NMR experiment 
indicate which  1 H NMR chemical shifts are adjacent and there-
fore coupled to neighboring  1 H NMR chemical shifts 
( see   Note 10 ). Figure  3  shows a COSY correlation from the  1 H 
NMR chemical shift at  δ  2.21 to the proton at  δ  4.30 and vice 
versa. It is also possible to observe long range proton to proton 
 correlations in the COSY NMR experiment.

3.5  COSY NMR 
Spectrum (2D Through 
Bond NMR 
Experiment)

  Fig. 3    gCOSY NMR spectrum (expansion) of cycloelatanene A ( 5 )       
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       3.    List under “gCOSY” which  1 H NMR chemical shifts correlate 
to other  1 H NMR chemical shifts (Table  2 ).

       4.    Place a “-” for all quaternary carbons (C) in the table.      

      1.    Acquire a gHMBC NMR spectrum for cycloelatanene A using 
the following parameters: number of transients = (longer acqui-
sition results in great signal to noise and is dependent on the 
amount of compound isolated); spectral width in the  13 C 
dimension is 0–200 ppm, which is then adjusted accordingly; 
spectral width in the  1 H dimension is 0–12.0 ppm, also read-
justed accordingly with referencing to the solvent peaks at  δ  
7.26 ppm, 77.0 ppm.   

   2.    Contours in the gHMBC NMR experiment are referred to as 
correlations and indicate which  1 H NMR chemical shifts are 

3.6  HMBC NMR 
Spectrum (2D 
Through Bond 
NMR Experiment)

   Table 2  
   1 H (500 MHz),  13 C (125 MHz), and gCOSY NMR of cycloelatanene A ( 5 ) in CDCl 3    

  δ H  Integration  ( J  in Hz)   δ C a , mult  gCOSY 

 –  –  –  45.4,  s   – 

 –  –  –  139.1,  s   – 

 –  –  –  85.7,  s   – 

 –  –  –  48.8,  s   – 

 –  –  –  74.7,  s   – 

 6.21,  d   1H  (6.0)  128.2,  d   3.67 

 3.67,  dd   1H  (6.0, 0.5)  82.4,  d   6.21 

 2.21,  ddd   1H  (12.0, 7.5, 4.0)  33.4,  t   1.68, 4.30, 1.98(w) 

 1.68,  d   1H  (12.5)  2.21 

 4.30,  dd   1H  (7.5, 1.0)  84.3,  d   2.21 

 2.94,  ddd   1H  (13.5, 13.0, 8.0)  37.5,  t   2.94, 1.83, 1.98, 1.54 

 1.83,  dd   1H  (13.5, 7.0)  2.94, 1.54 

 1.98,  m   1H  31.6,  t   2.21, 2.94, 1.54 

 1.54,  ddd   1H  (13.5, 12.5, 6.5)  2.94, 1.83, 1.98, 1.62(w) 

 1.29,  s   3H  30.1,  q   – 

 3.63,  s   3H  60.3,  q   – 

 1.13,  s   3H  29.2,  q   – 

 1.14,  s   3H  22.7,  q   – 

 1.62,  s   3H  28.1,  q   1.54(w) 

   a Carbon assignments based on HSQCAD NMR experiments;  w  weak correlation  
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coupled to which  13 C NMR chemical shifts generally up to two 
or three bonds away. In this respect, this is the most important 
of the 2D through bond NMR experiments as it allows for 
structure fragments to be linked to provide a fi nal structure. In 
the case of cycloelatanene A the HMBC NMR spectrum 
(Fig.  4 ) illustrates that the proton with chemical shift at  δ  6.21 
displays correlations to the carbons at 45.4 (three bond cor-
relation), 85.7 (three bond correlation), and 139.1 (two bond 
correlation) ppm. While it is typical for HMBC NMR correla-
tions to be usually located either two or three bonds away, in 
aromatic systems, these correlations can be up to four bonds 
away ( see   Note 11 ).

       3.    List under “gHMBC” which  1 H NMR chemical shifts corre-
late to which  13 C NMR chemical shifts (Table  3 ).

       4.    Place a dash “-” for all quaternary carbons (C) in the table.      

      1.    Acquire single irradiation 1D NOE NMR spectra for cycloe-
latanene A using a spectral width in the  1 H dimension of 
0–12.0 ppm, which can then be adjusted accordingly.   

   2.    Each  1 H NMR chemical shift will need to be individually irra-
diated and will appear as a negative peak in the selective 1D 
NOE NMR experiment (Fig.  5 ). If NOE NMR enhancements 
are observed for a particular  1 H NMR chemical shift these will 
appear as positive peaks in the NMR spectrum ( see   Note 12 ). 
In the case of cycloelatanene A the proton with chemical shift 

3.7  Single Irradiation 
1D NOE NMR (1D 
Through Space NMR 
Experiment)

  Fig. 4    gHMBC NMR spectrum of cycloelatanene A ( 5 )       
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at  δ  2.21 was irradiated and NOE enhancements were observed 
to the signals at  δ  1.14, 1.68, 1.29, and 4.30 (Fig.  5 ).

       3.    List under “1D NOE” for each  1 H NMR chemical shift all 
observed NOE NMR enhancements (Table  4 ).

       4.    Alternatives to the 1D NOE NMR experiment include the 2D 
NOESY or 2D ROESY NMR experiments. These provide the 
same information but in a two dimensional format and the 
experiments generally need to be acquired for a much longer 
period of time. The 2D ROESY NMR experiment is a phase 
sensitive experiment so in addition to NOE enhancements it 
also provides through bond proton to proton correlations.   

   Table 3  
   1 H (500 MHz),  13 C (125 MHz), gCOSY, and gHMBC NMR of cycloelatanene A ( 5 ) in CDCl 3    

  δ H  ( J  in Hz)  Integration   δ C a , mult  gCOSY  gHMBC 

 –  –  –  45.4,  s   –  – 

 –  –  –  139.1,  s   –  – 

 –  –  –  85.7,  s   –  – 

 –  –  –  48.8,  s   –  – 

 –  –  –  74.7,  s   –  – 

 6.21,  d   (6.0)  1H  128.2,  d   3.67  45.4, 139.1, 85.7 

 3.67,  dd   (6.0, 0.5)  1H  82.4,  d   6.21  139.1, 128.2, 85.7, 48.8, 
30.1, 60.3 

 2.21,  ddd   (12.0, 7.5, 4.0)  1H  33.4,  t   1.68, 4.30, 
1.98(w) 

 48.8, 84.3, 74.7, 31.6 

 1.68,  d   (12.5)  1H  2.21  84.3, 74.7, 31.6 

 4.30,  dd   (7.5, 1.0)  1H  84.3,  d   2.21  85.7, 48.8, 74.7, 37.5 

 2.94,  ddd   (13.5, 13.0, 
8.0) 

 1H  37.5,  t   2.94, 1.83, 
1.98, 1.54 

 74.7, 31.6, 1.62 

 1.83,  dd   (13.5, 7.0)  1H  2.94, 1.54  48.8, 84.3, 74.7, 31.6, 28.1 

 1.98,  m   1H  31.6,  t   2.21, 2.94, 1.54  48.8, 33.4, 74.7, 37.5 

 1.54,  ddd   (13.5, 12.5, 
6.5) 

 1H  2.94, 1.83, 
1.98, 1.62(w) 

 85.7, 48.8, 33.4, 37.5 

 1.29,  s   3H  30.1,  q   –  82.4, 85.7, 48.8 

 3.63,  s   3H  60.3,  q   –  82.4 

 1.13,  s   3H  29.2,  q   –  139.1, 22.7 

 1.14,  s   3H  22.7,  q   –  139.1, 29.2 

 1.62,  s   3H  28.1,  q   1.54(w)  84.3, 74.7, 37.5 

   a Carbon assignments based on HSQCAD NMR experiments;  w  weak correlation  

Sylvia Urban and Daniel Anthony Dias



109

   5.    The 1D or 2D NOE NMR experiments, in combination with 
the interpretation of proton coupling constants, are utilized to 
deduce the relative confi guration of a compound. The relative 
confi guration is defi ned as the confi guration at any stereogenic 
element (center, axis, or plane) with respect to that of any 
other stereogenic element in the same molecule. In this way 
these experiments help to confi rm whether a particular sub-
stituent at a chiral center is positioned up (denoted by dark 
wedged bonds) versus those that are positioned down (denoted 
by a hashed bond). NOE NMR experiments are a through 
space NMR experiment and provide information as to which 
protons are relatively close in space. These experiments are 
confi ned to a particular distance (typically <5 Å), and, as the 
name suggests, can only provide a relative assignment of the 
substituents around a chiral center.   

   6.    The absolute confi guration of a compound is defi ned as the 
spatial arrangement of the atoms in a chiral molecule which 
distinguishes it from its mirror image and its stereochemical 
description is denoted as  R  or  S . The methods available to 
deduce the absolute confi guration of a compound include total 
synthesis, single crystal X-ray crystallography, chemical degra-
dations to known chiral units or by circular dichroism (CD).   

   7.    The position numbers adopted in the fi nal structural assign-
ment are based upon closely related compounds reported in the 
literature. The position numbers for the assignment of each 
chemical shift is made on the basis of the 1D and 2D NMR 
experiments. For known compounds the position numbering 
must be adopted in accordance to that previously published. 

  Fig. 5    Selective irradiation of the signal at  1 H at  δ  2.21 (500 MHz, CDCl 3 ) showing 
observed NOE NMR enhancements of cycloelatanene A ( 5 )       
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In cases where a new carbon skeleton is being reported 
numbering will still need to conform according to closely 
related literature compounds. Position numbering can be 
reviewed at any point.      

  In journal publications reporting new natural products, the struc-
ture elucidation should conform to a general format. Firstly, a 
physical description of the appearance of the compound, including 
its stability must be provided. This is followed by providing high- 
resolution mass spectrometric data confi rming the molecular for-
mula, characteristic UV maxima and associated molar absorptivities, 
key infrared absorptions and the specifi c rotation (for chiral com-
pounds). Most of this characterization data is given in the experi-
mental section of the journal. The structure elucidation of 
cycloelatanene A is detailed below to provide an example of the 
format that should be adopted. For new structural entities such as 
cycloelatanene A, the NMR data (Table  4 ) is used systematically to 
deduce key structural features of the compound. 

 Cycloelatanene A ( 5 ) was isolated as a stable colorless oil 
for which high-resolution ESIMS established the molecular 
formula as C 16 H 24 BrClO 2  ( m/z  385.0541 [M+Na] + , calc for 
C 16 H 24  79 Br 35 ClNaO 2 , 385.0546 and  m/z  363.0721 [M+H] + ; cal-
culated for C 16 H 25  79 Br 35 ClO 2 , 363.0648) indicating four degrees 
of unsaturation. Analysis of the  1 H,  13 C and HSQCAD NMR spec-
troscopic data indicated the presence of one methoxy moiety ( δ  H  
3.63,  δ  C  60.3); four singlet methyls ( δ  H  1.29,  δ  C  30.1), ( δ  H  1.13,  δ  C  
29.2), ( δ  H  1.14,  δ  C  22.7), and ( δ  H  1.62,  δ  C  28.1); three methylenes 
[   ( δ  H  2.21,  ddd ,  J  = 4.0, 7.5, 12.0 Hz), ( δ  H  1.68,  d ,  J  = 12.5 Hz,  δ  C  
33.4); ( δ  H  1.98,  m ), ( δ  H  1.54,  ddd ,  J  = 7.0, 12.5, 13.5 Hz,  δ  C  31.6); 
( δ  H  1.83,  dd ,  J  = 7.0, 13.5 Hz), ( δ  H  2.94,  ddd ,  J  = 8.0, 13.0, 
13.5 Hz,  δ  C  37.5)]; one olefi nic methine [( δ  H  6.21,  d ,  J  = 6.0 Hz, 
 δ  C  128.2)]; two deshielded methines ( δ  H  3.67,  dd ,  J  = 6.0, 0.5 Hz, 
 δ  C  82.4), ( δ  H  4.30,  dd ,  J  = 7.5, 1.0 Hz,  δ  C  84.3); and fi ve quater-
nary carbons ( δ  C  45.4, 139.1, 85.7, 48.8, 74.7). 

 COSY NMR correlations were observed from the olefi nic 
methine at position 3 ( δ  H  6.21,  d ,  J  = 6.0 Hz) to a deshielded oxy-
methine ( δ  H  3.67,  dd ,  J  = 6.0, 0.5 Hz, H4). In turn this oxyme-
thine at position 4 showed key HMBC NMR correlations to the 
methyl group at ( δ  C  30.1, C12), to the methoxy moiety at ( δ  C  
60.3, C13), to an olefi nic carbon ( δ  C  139.1, C2), and to a carbon 
at 48.8 (C6). This allowed placement of the methoxy substituent 
to position 4. The olefi nic methine at position 3 ( δ  H  6.21) dis-
played HMBC NMR correlations to 45.4 (C1) and to the 
deshielded quaternary carbon 85.7 (C5). Two geminal methyls 
( δ  H  1.14) and ( δ  H  1.13) showing HMBC NMR correlations to 
each other and to an olefi nic moiety ( δ  C  139.1, C2) were also iden-
tifi ed. Further interpretation of the carbon resonances for this fi rst 
structural subunit of cycloelatanene A ( 5 ) indicated that the carbon 

3.8  Structure 
Elucidation of 
Cycloelatanene A
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at position 5 was deshielded by its direct attachment to an oxygen 
and that the olefi nic carbon resonance at position 2 was substituted 
with a halogen. The halogen was concluded to be bromine rather 
than chlorine on the basis of the chemical shift of the position 2 
carbon and was further confi rmed by comparison to related litera-
ture compounds such as deoxyprepacifenol ( 10 ) [ 9 ,  10 ]. On the 
basis of these combined COSY and HMBC NMR correlations 
structure fragment A could be assembled (Fig.  6 ).

    Table 4  
  Complete  1 H (500 MHz) and  13 C (125 MHz) NMR of cycloelatanene A ( 5 ) in CDCl 3    

 Pos.   δ H  Int.  ( J  in Hz)   δ C a , mult  gCOSY  gHMBC  1D NOE 

 1  –  –  –  45.4,  s   –  –  – 

 2  –  –  –  139.1,  s   –  –  – 

 3  6.21,  d   1H  (6.0)  128.2,  d   3.67  45.4, 139.1, 85.7  3.67, 1.13 

 4  3.67,  dd   1H  (6.0, 0.5)  82.4,  d   6.21  139.1, 128.2, 
85.7, 48.8, 
30.1, 60.3 

 – 

 5  –  –  –  85.7,  s   –  –  – 

 6  –  –  –  48.8,  s   –  –  – 

 7a  2.21,  ddd   –  (12.0, 7.5, 
4.0) 

 33.4,  t   1.68, 4.30, 
1.98(w) 

 48.8, 84.3, 74.7, 
31.6 

 1.68, 4.30, 1.29, 
1.14 

 7b  1.68,  d   1H  (12.5)  2.21  84.3, 74.7, 31.6  2.21, 4.30, 1.13 

 8  4.30,  dd   1H  (7.5, 1.0)  84.3,  d   2.21  85.7, 48.8, 74.7, 
37.5 

 2.21, 1.68, 1.29, 
3.63, 1.14, 1.62 

 9  –  1H  –  74.7,  s   –  –  – 

 10a  2.94,  ddd   1H  (13.5, 13.0, 
8.0) 

 37.5,  t   2.94, 1.83, 
1.98, 1.54 

 74.7, 31.6, 1.62  1.83, 1.98, 3.63 

 10b  1.83,  dd   1H  (13.5, 7.0)  2.94, 1.54  48.8, 84.3, 74.7, 
31.6, 28.1 

 2.94, 1.54 

 11a  1.98,  m   1H  31.6,  t   2.21, 2.94, 1.54  48.8, 33.4, 74.7, 
37.5 

 1.54. 1.14 

 11b  1.54,  ddd   1H  (13.5, 12.5, 
6.5) 

 2.94, 1.83, 
1.98, 1.62(w) 

 85.7, 48.8, 33.4, 
37.5 

 1.98, 1.13 

 12  1.29,  s   3H  30.1,  q   –  82.4, 85.7, 48.8  – 

 13  3.63,  s   3H  60.3,  q   –  82.4  6.21, 3.67, 2.94, 
1.29 

 14  1.13,  s   3H  29.2,  q   –  139.1, 22.7  – 

 15  1.14,  s   3H  22.7,  q   –  139.1, 29.2  1..29, 3.63(w) 

 16  1.62,  s   3H  28.1,  q   1.54(w)  84.3, 74.7, 37.5  4.30, 1.83 

   a Carbon assignments based on HSQCAD NMR experiments;  w  weak correlation or enhancement  
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   Upon further inspection of the literature, it was evident that 
this structural fragment resembled part of the structure of 
 laureacetal- B ( 11 ) [ 11 ]. Chemical shifts comparisons supported 
this structure fragment. In particular the coupling constant for the 
deshielded methine at position 4 ( δ  H  3.67,  dd ,  J  = 6.0, 0.5 Hz) was 
consistent with that reported for  11  ( δ  H  3.98,  d ,  J  = 7.0 Hz) [ 11 ]. 
In addition the coupling constant for the olefi nic methine at posi-
tion 3 ( δ  H  6.21,  d ,  J  = 6.0 Hz) was also consistent with that reported 
for  11  ( δ  H  6.60,  d ,  J  = 7.0 Hz), which again supported the relative 
confi guration assignment at position 4 [ 11 ]. The absolute confi gu-
ration of  11  had been previously established by a chemical degra-
dation approach [ 11 ]. Both the  1 H and  13 C NMR assignments for 
structure fragment A were found to be similar to those for the 
bromotrimethylcyclohexene moiety present in  11  as well as to 
those reported for other related chamigrenes [ 12 – 14 ]. A second 
proposed structure fragment B (Fig.  6 ) was formulated on the 
basis of the following COSY and HMBC NMR correlations. 

 The deshielded oxymethine at position 8 ( δ  H  4.30) showed key 
HMBC NMR correlations to ( δ  C  48.8, C6), ( δ  C  74.7, C9) and to 
the methylene ( δ  C  37.5, C10). The carbon chemical shift of the 
position 8 methine, once again, suggested that it was directly 
attached to oxygen. The quaternary carbon at position 6 ( δ  C  48.8) 
was common to both fragments A and B and concluded to be a 
 spiro  center on the basis of comparisons to other related  spiro  ter-
penoids isolated from the genus [ 12 ,  15 ,  16 ]. The methyl group at 
( δ  H  1.62) also showed an HMBC NMR correlation to the quater-
nary carbon at ( δ  C  74.7, C9). The carbon chemical shift at position 
9 is consistent with the presence of a methyl and a chlorine sub-
stituent and is a common structural feature in previously isolated 
chamigrenes such as the halogenated chamigrene epoxide ( 12 ) 
fi rst isolated from the red alga  Laurencia okamurai  [ 17 ]. 

 Furthermore, the coupling constant for the oxymethine pro-
ton at position 8 ( δ  H  4.30,  dd ,  J  = 7.5, 1.0 Hz) supported the pres-
ence of the chloromethylcyclohexane moiety in fragment B as in 
the case of laurencial ( 13 ) ( δ  H  4.11,  d ,  J  = 6.0 Hz) [ 18 ]. Additional 
HMBC NMR correlations from the methylene at position 11 
( δ  H  1.98,  m ) and ( δ  H  1.54,  ddd ,  J  = 6.5, 12.5, 13.5 Hz) to the posi-
tion 5 carbon ( δ  C  85.7) and to the  spiro  center at position 6 

  Fig. 6    Structural fragments ( A ) and ( B ) deduced for the structure of cycloelata-
nene A ( 5 )       
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( δ  C  48.8) and also from the adjacent methylenes at positions C10 
( δ  C  37.5) and C7 ( δ  C  33.4), respectively (Fig.  6 ) also supported 
this second structure fragment. 

 The key HMBC NMR correlations (Fig.  7 ) that allowed for 
the connection of structure fragments A and B were those observed 
from the oxymethine at position 8 ( δ  H  4.30) and the position 11 
methylene ( δ  H  1.54) to the carbon ( δ  C  85.7) at position 5. These 
correlations concluded that a third fi ve membered ring was also 
present in the structure of  5  and accounted for the fi nal double 
bond equivalent.

   The relative confi guration of cycloelatanene A ( 5 ) was estab-
lished on the basis of selective 1D NOE NMR experiments and 
coupling constants. Key ID NOE NMR enhancements were 
observed from one of the germinal methyls at position 15 
( δ  H  1.14) to the 12-CH 3  ( δ  H  1.29) and a weak correlation to the 
methoxy protons at position 13 ( δ  H  3.63). The deshielded methine 
at position 8 ( δ  H  4.30) showed key NOE enhancements to the 
methyl at 1.14, the deshielded methyls at 1.29 and to the methoxy 
protons 3.63. In turn, the position 13 methoxy moiety protons 
displayed an NOE to one of the position 10 methylene protons 
( δ  H  2.94, H10a). Also observed were key NOE enhancements 
between one of the position 7 methylene protons ( δ  H  2.21, H7a) 
to both 12-CH 3  ( δ  H  1.29) and 15-CH 3  ( δ  H  1.14). Another impor-
tant NOE enhancement was observed from the other position 7 
proton ( δ  H  1.68, H7b) to the position 14 methyl ( δ  H  1.13). These 
NOE enhancements allowed the complete relative confi guration 
assignment of ( 5 ) (Fig.  8 ), with H7a, H8, H10a, H11a, 12-CH 3 , 
13-CH 3 , and 15-CH 3  on the same face of the molecule.

4         Notes 

     1.    Ensure that the water bath temperature in the rotary evapora-
tor is set to ~40 °C and a high vacuum is used (preferably using 
a reticulated chiller system) and that the round bottom fl ask is 
securely clamped.   

  Fig. 7    Key HMBC NMR correlations of cycloelatanene A ( 5 )       
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   2.    Freeze residual water contained in the round bottom fl ask by 
placing it in dish-shaped Dewar fl ask fi lled partially with liquid 
nitrogen. Rotate the round bottom fl ask so it freezes a thin 
layer of residual water on the inside surface of the fl ask. This 
will assist in an effi cient removal of the water during the freeze- 
drying process.   

   3.    Care should be taken to avoid the use of plastic/rubber teats 
as solvents may extract phthalates and will therefore contami-
nate the purifi ed compound. Resonances due to phthalates 
would be observed in the  1 H NMR spectrum at approximately 
 δ  7–7.6 ppm (either side of the CHCl 3  7.26 ppm solvent peak) 
for the aromatic resonances and at approximately 4 ppm for 
the deshielded methylene.   

   4.    It is assumed that a fundamental understanding of NMR 
including shimming, acquisition and data processing is held. 
When acquiring  1 H NMR spectra for the fi rst time a wider 
spectral 0–12 ppm width should be used and then this should 
be rescaled accordingly.   

   5.    When acquiring  13 C NMR spectra for the fi rst time a wider 
spectral width should be used (e.g., 0–220 ppm) and then res-
caled or readjusted accordingly. This ensures that  13 C NMR 
chemical shifts that resonate further downfi eld (e.g., ketones) 
will be observed.   

   6.    Quaternary carbons (C) are much lower in signal intensity as 
they have a slower relaxation compared to methine carbons 
(CH) > methylenes carbons (CH 2 ) > methyls carbons (CH 3 ).   

   7.    If there is insuffi cient compound available, a carbon NMR 
experiment is not necessary as this information can be obtained 
from the HSQCAD and HMBC NMR experiments.   

   8.    The spectral widths in both the  1 H and  13 C NMR dimension 
are based on the previously acquired one dimensional  1 H and 
 13 C NMR spectra.   

  Fig. 8    Key 1D NOE NMR enhancements of cycloelatanene A ( 5 )       
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   9.    If a  1  J  CH  correlation is not observed then it is evident that the 
remaining  13 C NMR chemical shifts are quaternary carbons.   

   10.    It is common to observe  1 H– 1 H correlations on methylenes 
and long range  1 H– 1 H COSY correlations with neighboring 
protons, the latter is usually denoted as “w” for weak correla-
tion and is placed in a footnote under the table.   

   11.    It is common to also observe weak four bond  1 H– 13 C correla-
tions especially in aromatic systems and these should also be 
noted as true correlations.   

   12.    If a selective  1 H NMR chemical shift is irradiated and no NOE 
enhancements are observed, this needs to be considered in the 
structure elucidation. However, it must be noted that absence 
of an NOE cannot be used to support a relative confi guration 
assignment.         
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    Chapter 9   

 NMR-Based Metabolomics: A Probe to Utilize Biodiversity 

                         Lúcia     P.     Santos     Pimenta    ,     Hye     Kyong     Kim    ,     Robert     Verpoorte    , 
and     Young     Hae     Choi    

    Abstract 

   Metabolomics is a comprehensive profi ling tool used to identify qualitatively and quantitatively all the 
metabolites present in a biological system. As the number of metabolites in a living being is assumed to be 
around 30,000, it is necessary to use an adequate extraction procedure and a good analytical technique to 
perform metabolomic analyses. Each analytical platform used in metabolomics has both advantages and 
disadvantages in terms of the sensitivity and resolution for metabolites to be detected. Of the methods, 
nuclear magnetic resonance (NMR) spectroscopy has been proved to have several advantages over other 
MS-based methods. NMR provides an effi cient, robust, and nondestructive metabolomics analysis of 
crude extracts or samples as well as easy quantitation without calibration curves for each metabolite, 
although it shows relatively low sensitivity than MS-based methods. Thus, NMR-based metabolomics have 
been often used for the fi rst step to capture the insight of the metabolome of organisms. This chapter 
presents general steps of NMR-based metabolomic analysis involved in the study of biodiversity.  

  Key words      1 H NMR-based metabolomics  ,   Sample preparation  ,   Multivariate data analysis  ,   Two- 
dimensional nuclear magnetic resonance (2D-NMR) spectroscopy  

1      Introduction 

 Metabolomics is the qualitative and quantitative measurement of 
all metabolites of an organism. It is a powerful tool used to under-
stand more comprehensively the highly regulated and complex 
biochemical networks in the most fundamental cell by measuring the 
metabolome. Considered the most recent “omics” technologies, 
the metabolome is postulated to be more closely related to the 
phenotype of an organism, being more sensitive than the proteome 
and the transcriptome to external factors that contribute to pheno-
typic differences between specimens [ 1 ]. The metabolome provides 
end products of gene expression and can defi ne the biochemical 
phenotype of a cell or tissue. Metabolomics is the characterization 
of the metabolome and can be used to monitor and assess gene 
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function, yielding more information and being more versatile than 
the other “omics” about functional genomics. 

 Although metabolomics can give a holistic approach to an 
organism the metabolic changes involved in response to a biotic or 
abiotic perturbation, is very diffi cult to completely achieve. 
Considering that the total number of metabolites within the plant 
kingdom, including primary and secondary metabolisms, is esti-
mated to be over 200,000 in total and 30,000 in a single organ-
ism, they are present in different ranges of concentration in each 
organism and there is no single satisfactory metabolomics plat-
form to fulfi ll the requirements to detect all metabolites. 
Reproducibility is the most important requirement to achieve in 
order to develop a metabolomics protocol. The other criterion is 
the ease of quantifi cation and identifi cation of the metabolites. 
Among the major problems to fulfi ll these requirements is how to 
extract all the metabolites inside a sample, which is practically 
impossible. Once the sample is treated, for example, by extraction, 
only the soluble compounds are obtained and insoluble part is not 
detected [ 2 ]. When separation is performed, certain compounds 
are lost: as such, information will be always lost. Furthermore, all 
metabolites should be analyzed using an optimized method that 
can detect all the metabolites extracted at the same time in one 
single experiment is another diffi cult task. 

 Each one of the analytical methods used in metabolomics has 
its own advantages and limitations, which are related to the differ-
ences in polarity, chemical property, stability, and concentration of 
the high number of metabolites [ 3 ]. Gas chromatography (GC) is 
sensitive but requires volatility of compounds; liquid chromatogra-
phy (LC) can detect compounds in a certain polarity range. Both 
MS-based methods have problems of reproducibility, among oth-
ers on the long-term, as they depend on commercial columns 
which tend to change through time. Even more importantly, each 
compound has a different detector response in GC-MS and 
LC-MS, thus requiring calibration curves for each individual com-
pound if absolute quantifi cation is required. Mass spectrometry 
(MS) offers high resolution and in terms of sensitivity is the best 
method, but reproducibility (very much matrix-dependent) and 
different detector responses are a problem for quantifi cation. 
Nevertheless,  1 H NMR is highly reproducible and easy for quanti-
fi cation as signal intensity is directly related to the molar concen-
tration. However, it has low sensitivity and resolution compared to 
the MS-based methods [ 3 ]. In fact, none of the existing methods 
are able to achieve the identifi cation and quantifi cation of all 
metabolites in an organism. 

 As a signifi cant number of compounds are present in an organ-
ism, the data collected will be vastly large. The enormous amount 
of data collected needs to be processed and treated to obtain bio-
logical interpretation. Chemometric tools have been used in data 
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analysis and in most cases, multivariate data analysis, such as 
Principal Component Analysis (PCA) and Partial Least Squares- 
Discriminant Analysis (PLS-DA), is employed routinely to extract 
information from large data sets [ 4 ]. A large number of observable 
variables after multivariate data analysis give the information 
required. Next step is to identify the metabolites responsible for 
the biological question and is critical in a metabolomics analysis. 
However, very few compounds can be identifi ed by the major 
detection methods used in metabolomics such as NMR and MS 
[ 5 ]. More extensive works for the identifi cation should be elabo-
rated for the future direction of metabolomics. Once the signals 
are identifi ed as compounds, correlations between metabolites and 
responses, grouping and all the experimental data can be used in 
any time, permitting to construct a hypothesis or explain the obser-
vations made [ 4 ]. The differences between the samples and the 
identifi ed compounds connected with them will provide a holistic 
vision about the system. “A single identifi ed metabolite has more 
meaning than scores of unidentifi ed signals.” 

 In this chapter, we focus mainly on NMR-based metabolomic 
analysis, including fi ve general practical steps: sample harvesting, 
sample preparation (grounding, drying, extraction), data acquisi-
tion (analysis based on MS or NMR spectrometry), data processing 
including multivariate data analysis, and identifi cation of metabo-
lites [ 6 ,  7 ].  

2    Materials 

 The materials and reagents described here are required for an 
NMR-based metabolomics. Prepare all solutions with deuterated 
solvents. 

      1.    Dewar barrels.   
   2.    Liquid nitrogen ( see   Note 1 ).   
   3.    Freezer (−80 °C) for sample storage.   
   4.    Mortar and pestle.   
   5.    Plastic tubes.   
   6.    Freeze-dryer for sample drying.      

      1.    Phosphate buffer (90 mM, pH 6.0): 1.232 g KH 2 PO 4 , 10 mg 
TMSP- d  4  in 100 mL D 2 O ( see   Note 3 ).   

   2.    1.0 M NaOD.   
   3.    3-(trimethylsilyl)propionic-2,2,3,3- d  4  acid sodium salt (TSP), 

99 at.% Deuterium oxide (D 2 O) >99.9 at.% D.   
   4.    Methanol- d  4  (CD 3 OD) 99.8 %.   
   5.    Sodium deuteroxide (NaOD) 99.5 % (40 % in D 2 O).      

2.1  Sample 
Preparation 
Components 
(Harvesting and 
Drying)

2.2  Extraction 
Components ( See  
 Note 2 )
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      1.    Ultrasonicator operating at a high frequency (≥2 MHz).   
   2.    Microcentrifuge.   
   3.    2 mL Eppendorf tubes.   
   4.    pH meter with electrode.   
   5.    5 mm NMR tubes.       

3    Methods 

      1.    Prepare container fi lled with liquid nitrogen.   
   2.    Isolate desired part (leaf, root, fl ower, etc.) from plant and 

transfer to plastic bag.   
   3.    Keep plastic bag in the liquid nitrogen ( see   Note 4 ).      

  The next step after harvesting the plants is to prepare the plant 
material for the extraction procedures. The sample preparation 
steps include grounding, drying, and weighing.

    1.    Precool the pestle and mortar.   
   2.    Place harvested plant material in the pestle and grind using 

mortar under liquid nitrogen.   
   3.    Transfer powdered material to tubes ( see   Note 5 ).   
   4.    Place them in the freeze drier for 1–2 days ( see   Note 6 ).   
   5.    Weight samples precisely and transfer to tubes for extraction 

( see   Note 7 ).      

       1.    Add 4 mL of chloroform, 4 mL of methanol:water (1:1) to 
100 mg of dried plant material.   

   2.    Vortex them for 30 s.   
   3.    Ultrasonicate for 5 min and centrifuge at 14,000–17,000 ×  g  

for 20 min at 4 °C.   
   4.    Take upper phase of methanol/water fraction (polar metabo-

lites) and lower phase of chloroform/methanol fraction (non-
polar metabolites).   

   5.    Evaporate both fraction using rotary evaporator and add 1 mL 
of chloroform- d  to chloroform–methanol fraction and 1 mL of 
methanol- d  4  and D 2 O (KH 2 PO 4  buffer, pH 6.0) to methanol–
water fraction for NMR measurement.      

      1.    Add 0.75 mL of methanol- d  4  and 0.75 mL of KH 2 PO 4  buffer 
(pH 6.0) in D 2 O  containing 0.01 % trimethylsilylpropionic 
acid sodium salt (TMSP, w/w) solution to 50–100 mg of plant 
materials.   

   2.    Vortex for 1 min at room temperature.   

2.3  Equipment

3.1  Harvesting Plant 
Material

3.2  Sample 
Preparation

3.3  Extraction

3.3.1  Two-Phase 
Extraction Method for NMR 
Analysis ( See   Note 8 )

3.3.2  Single Solvent 
Extraction Method 
for NMR Metabolomics 
( See   Note 9 )
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   3.    Ultrasonication for 10–20 min at room temperature.   
   4.    Centrifuge at 14,000–17,000 ×  g  for 15 min at room tempera-

ture until obtain a clear supernatant.   
   5.    Transfer 800 µL supernatant to NMR tube ( see   Note 10 ).       

      1.    Load NMR tubes inside the magnet of the NMR spectrometer.   
   2.    Set the sample temperature to 298 K (25 °C) and leave for a 

few minutes for thermal equilibration.   
   3.    Tune and match the NMR tube.   
   4.    Lock the spectrometer frequency to the deuterium resonance 

arising from the NMR solvents.   
   5.    Shim the sample using either manual or automated method.   
   6.    Start acquisition with 64 or 128 scan numbers, which takes 

5–10 min.      

      1.    Make a Fourier transformation of FID with LB = 0.3 Hz.   
   2.    Manually phase the spectra and correct the baseline.   
   3.    Calibrate the spectra using solvent signal or internal standard 

( see   Note 12 ) (Fig.  1 ).

3.4  Data Acquisition 
Using NMR 
Spectrometry 
( See   Note 11 )

3.5  Data Processing 
and Multivariate 
Analysis

  Fig. 1    Example of  1 H NMR spectra. Two different grape cultivars “Trincadeira” and “Regent” were analyzed 
after 48 h of pathogen inoculation. Numbers indicate major signals.  0 : TMSP (internal standard),  1 : leucine,  2 : 
valine,  3 : threonine,  4 : alanine,  5 : glutamate,  6 : proline and methionine,  7 : glutamine,  8 : malate,  9 :quercetin 
glucoside,  10 : caffeoyl moiety,  11 : feruloyl moiety,  12 : myricetin,  13 : Tyrosine (adapted from ref. [ 14 ] after 
permission)       
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  Fig. 2    Typical PCA score plot of two grape cultivars “Trincadeira” and “Regent.” 
T and R represent each cultivar and number indicates time after inoculation with 
 Plasmoparaviticola  sporangia (adapted from ref. [ 14 ] after permission)       

       4.    Convert NMR spectra to a suitable form for further multivari-
ate analysis ( see   Note 13 ).   

   5.    Perform multivariate analysis (PCA and PLS-DA) using 
SIMCA-P software or equivalent softwares ( see   Note 14 ) (Fig.  2 ).

             1.    Interpret the loading plots in case of PCA or PLS-DA to fi nd the 
discriminating metabolites in the given samples.   

   2.    Perform column chromatography if necessary to identify minor 
metabolites from the samples.   

   3.    Analyze them using 2D NMR spectroscopy such as  1 H 
 J -resolved spectroscopy,  1 H– 1 H COSY (COrrelation 
SpectroscopY) or HMBC (Heteronuclear Multiple Bond 
Correlation).      

  NMR-based metabolomics has been successfully applied in many 
different fi elds such as chemotaxonomy, classifi cation and quality 
control of (medicinal) plants as well as in the study of plant physi-
ology and ecology. Using the protocols mentioned above, we have 
performed various studies and it has been well documented in sev-
eral reviews [ 3 ,  5 – 8 ]. Some of the examples are as below.  

  Chemotaxonomy study or classifi cation can be an important issue 
to differentiate plants species or to identify adulterants. Using 
NMR-based metabolomics, it was able to differentiate 11 species 
of Ilex which has been used throughout South America [ 9 ,  10 ].  

  Plants responded chemically when they are under stress or 
infected with other organisms. It was well demonstrated in the 
study of Arabidopsis, Brassica, Senecio, and Grape [ 11 – 14 ]. 

3.6  Identifi cation 
of Metabolites

3.7  Applications of 
Metabolomics in the 
Plant Biodiversity

3.8  Chemotaxonomy 
and Classifi cation 
of Plants

3.9  Plant Physiology 
or Ecology
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Interaction with other organisms, Senecio with thrips ( Frankliniella 
occidentalis ) for instance, showed that changes in metabolism play 
an important role in the resistance of plants [ 13 ].  

  Most of current quality controls are limited to detect one or two 
major active metabolites. Many medicinal plants, however, are 
used as crude extracts or plant powders, which means examine 
their metabolome is important to guarantee their pharmacological 
effi cacy and safety. NMR-based metabolomics has been applied for 
the quality control of medicinal plants including Cannabis, 
Ephedra, Strychnos, and Ginseng [ 15 – 18 ].   

4    Notes 

     1.    Liquid nitrogen should be handled carefully and gloves and 
glasses should be used for protection. Dry ice can also be used 
to keep the sample material frozen during the harvesting.   

   2.    There are different methods of extraction and the method to 
be chosen should be designed to detect as many metabolites as 
possible and meet the specifi c requirements of the analytical 
method to be used.   

   3.    Adjustment of pH can be done after the stirring of the solution 
until total dissolution. Use 1.0 M NaOD.   

   4.    To prevent the formation of new metabolites, as well as enzy-
matic and oxidative reactions the collection should be con-
ducted very delicately and rapidly, and placing it in a liquid 
nitrogen tank or dry ice should immediately freeze the plant 
material. Harvested samples can be kept in a freezer (−80 °C) 
for weeks or months before extraction.   

   5.    These samples can be kept in a freezer (−80 °C) for weeks or 
months before extraction.   

   6.    In freeze-drying, frozen water in the sample sublimes under 
low pressure, passing directly from solid to gas phase. It is a 
rapid and mild method compared with other methods that use 
heat to evaporate and eliminate the water [ 19 ]. After drying, 
the samples these should be kept in a cold dark room to avoid-
ing further enzymatic reactions.   

   7.    The desirable amounts for NMR analysis is around 100–
500 mg of fresh material, or 50–100 mg of freeze-dried, how-
ever less can be used depending on the sample types.   

   8.    The extraction procedure should be repeated at least twice, to 
increase the yield extraction. Although this method of extrac-
tion allows to extract a broad range of polarities of compounds 
in both polar and nonpolar solvent, it is laborious, diffi cult to 
handle many samples, and some compounds can be lost during 

3.10  Quality Control 
of Medicinal Plants
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the procedure due to degradation or loss occurring in the long 
preparation time.
   (a)    For the metabolomics analysis by NMR the buffered mix-

ture methanol:water 1:1 coupled to sonication has been 
extensively used [ 6 ,  11 – 13 ] and has shown to extract a 
broad range of primary and secondary metabolites. By 
using these solvents in deuterated form, extracts can be 
measured directly after extraction. To avoid shifts due to 
differences in pH a buffered solvent (KH 2 PO 4 ) should be 
used (pH 6.0).       

   9.    Extract can be kept for few days in the cold dark room (0–4 °C) 
before NMR analysis. However, it is recommended to place at 
room temperature at least half an hour before NMR measure-
ment to avoid poor shimming owing to the temperature differ-
ence of the samples.   

   10.    All these steps are set up in the automation system, but it is 
recommended to do the fi rst sample manually in order to 
obtain good resolved spectra.   

   11.    We usually calibrate NMR spectra using TSP signal as  δ  0.00. 
TSP is a reference for calibration of NMR shift and can also 
serve as a reference (internal standard) in the quantifi cation of 
metabolites.   

   12.    At this stage, signals of remaining solvents have to be removed 
for the statistical analysis. AMIX software (Bruker Biospin 
GmbH) is commonly used for converting spectra to an ASCII 
fi le. In this step, the peak is integrated into a small bin (bucket) 
the size of which is defi ned by the user. The size is preferably 
0.04 ppm in order to avoid the effect of signal fl uctuation due 
to pH or concentration. The other softwares available are 
MestReNova (v 7.02. program 2011 Mestrelab Research S.L), 
a MATLAB tool box (ProMetab for Bruker format), NMR 
suite (Chenomx) for Bruker, JEOL, or Varian format, and 
ACD NMR Manager (Advanced Chemistry Development, 
Toronto, Ontario, Canada).   

   13.    Several commercial software programs for multivariate analysis 
are available such as AMIX-TOOLS (Bruker Biospin GmbH), 
Matlab with statistics toolbox (MathWorks, Natick, MA, 
USA), Minitab (Minitab, State College, PA, USA), Pirouette 
(Infometrix, Bothell, WA, USA), SIMCA-P (Umetrics, Umeå, 
Sweden), SPSS (SPSS, Chicago, IL, USA), or Unscrambler 
(CAMO software, Woodbridge, NJ, USA).   

   14.    As the fi rst step of identifying metabolites, several database 
can be used such as NMR chemical shift database for natu-
ral products (  http://nmrshiftdb.pharmazie.uni- marburg/de/
nmrshiftdb/    ), for pulse sequences of 2D-NMR and illustra-
tion of their mechanism (  http://www.chem.queensu.ca/
FACILITIES/NMR/nmr/webcourse/    ), for commercial  1 H 
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NMR Database of metabolites (ca. 250 metabolites) Chenomx 
Profi ler (NMR suite) ( see    http://www.chenomx.com    ). Some 
books such as comprehensive NMR pulse sequences (S. Berger, 
S. Braun. 2004. in 200 and More NMR Experiments. Wiley-
VCH) are useful. Other databases that might be potentially 
useful for metabolite identifi cation using NMR spectra include 
the NMRShiftDB (  www.ebi.ac.uk/NMRshiftdb/    ), the 
Spectral Database for Organic Compounds (SDBS:   www.
riodb01.ibase.aist.go.jp    ), and the BioMagResBank (  www.
bmrb.wisc.edu    ). The  1 H NMR data of common metabolites 
found in plant are listed in Table  1 .

   Table 1  
  Most common metabolites found in plants by nuclear magnetic resonance (NMR)   

 Group  Metabolites  Selected characteristic signals in NMR 

 Amino acid  Alanine   δ  1.48 (H-3,  d ,  J  = 7.2 Hz) 
 Asparagine   δ  2.8 ( m ), δ 2.97 ( m ) 
 Glutamate   δ  2.07 (H-2,  m ), δ 2.36 (H-3,  m ) 
 Glutamine   δ  2.12 (H-2,  m ), δ 2.48 (H-3,  m ) 
 Leucine   δ  0.96 (H-5,  d ,  J  = 8.0 Hz) 
 Proline   δ  4.08 (H-2,  dd ,  J  = 8.6, 6.4 Hz),  δ  2.34 (H-3,  m ) 
 Threonine   δ  1.32 (H-4,  d ,  J  = 6.6 Hz) 
 Tryptophan   δ  7.20 (H-5′,  t ,  J  = 7.4 Hz),  δ  7.29 (H-6′,  t , 

 J  = 7.5 Hz),  δ  7.32 (H-2′,  s )  δ  7.54 (H-7′,  d , 
 J  = 8.1 Hz),  δ  7.73 (H-4′,  d ,  J  = 7.9 Hz) 

 Tyrosine   δ  7.19 (H-2,H-6,  t ,  J  = 8.5 Hz),  δ  6.68 (H-3, H-5,  t , 
 J  = 7.5 Hz) 

 Valine   δ  1.00 (H-4,  d ,  J  = 7.8 Hz),  δ  1.06 (H-5,  d ,  J  = 7.8 Hz) 

 Carbohydrates  α-Glucose   δ  5.18 (H-1,  d ,  J  = 3.8 Hz) 
 β-Glicose   δ  4.58 (H-1,  d ,  J  = 7.8 Hz) 
 Fructose   δ  4.17 (H-1,  d ,  J  = 9.0 Hz) 
 Sucrose   δ  5.40 (H-1,  d ,  J  = 3.8 Hz),  δ  4.17 (H-1′,  d ,  J  = 8.5 Hz) 
 α-Rhamnose   δ  5.10 (H-1,  d ,  J  = 2 Hz),  δ  1.27 (H-6,  d ,  J  = 6 Hz) 
 β-Rhamnose   δ  4.85 (H-1′, br. d ,  J  < 2 Hz),  δ  1.30 (H-6,  d , 

 J  = 5.5 Hz) 
  L  - Fucose   δ  4.20 (H-1,  d ,  J  = 7.9 Hz) 

 Organic acid  Citric acid   δ  2.74 (H-2,  d ,  J  = 17.6 Hz),  δ  2.56 (H-2′,  d , 
 J  = 17.6 Hz) 

 Formic acid   δ  8.46 (s) 
 Fumaric acid   δ  6.56 (s) 
 γ-Amino- butyrate 

(GABA) 
  δ  1.90 (H-3,  m ),  δ  2.30 (H-2,  t ,  J  = 7.2 Hz),  δ  3.01 

(H-4,  t ,  J  = 7.5 Hz) 
 Malic acid   δ  4.34 (H-2,  dd ,  J  = 6.6,4.7 Hz),  δ  2.74 (H-3,  dd , 

 J  = 16.6,4.7 Hz),  δ  2.68 (H-2,  dd ,  J  = 16.6, 6.6 Hz) 
 Succinic acid   δ  2.56 ( s ) 

(continued)
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 Group  Metabolites  Selected characteristic signals in NMR 

 Phenylpropanoids/
fl avonoids 

 Kaempferol   δ  8.04 (H-2′, H-6′,  d ,  J  = 8.6 Hz),  δ  6.74 (H-3′, H-5′, 
 d ,  J  = 8.6 Hz),  δ  6.52 (H-8,  d ,  J  = 2.0 Hz),  δ  6.28 
(H-6, d ,  J  = 2.0 Hz) 

 (+)-Catechin   δ  2.49 (H-4,  dd ,  J  = 16.1. 8.2 Hz),  δ  2.83 (H-4,  dd , 
 J  = 16.0, 5.4 Hz),  δ  4.04 (H-3,  m ), 4.55 (H-2,  d , 
 J  = 7.5 Hz),  δ  5.91(H-6,  d ,  J  = 2.2 Hz),  δ  6.75 (H-8, 
 d ,  J  = 8.0 Hz) 

 (−)-Epicatechin   δ  2.72 (H-4,  dd ,  J  = 16.8. 2.8 Hz),  δ  2.85 (H-4,  dd , 
 J  = 16.7, 4.6 Hz),  δ  5.91(H-6,  d ,  J  = 10.0, 2.3 Hz), 
 δ  6.96 (H-8,  d ,  J  = 2.2 Hz) 

 Quercetin   δ  7.71 (H-2′,  d ,  J  = 2.0 Hz),  δ  7.66 (H-6′,  dd ,  J  = 8.6, 
2.0 Hz),   δ  6.99 (H-5′,  d ,  J  = 8.6 Hz),  δ  6.49 (H-8, 
 d ,  J  = 1.8 Hz),  δ  6.28 (H-6,  d ,  J  = 1.8 Hz) 

 Quercetin 3- O  
rhamnoside 

  δ  7.32 (H-2′,  d ,  J  = 2.0 Hz),  δ  7.27 (H-6′,  dd ,  J  = 8.0, 
2.0 Hz),   δ  6.89 (H-5′,  d ,  J  = 8.0 Hz),  δ  6.97 (H-8, 
 d ,  J  = 1.8 Hz),  δ  6.27 (H-6,  d ,  J  = 1.8 Hz) 

 Gallic acid   δ  7.03 (s) 
  p -Benzoic acid   δ  6.83 (H-3,H-5, d,  J  = 8.7 Hz),  δ  7.94 (H-2, H-4, d, 

 J  = 8.8 Hz) 
 Rutin   δ  7.66 (H-2′,  d ,  J  = 2.0 Hz),  δ  7.62 (H-6′,  dd ,  J  = 8.6, 

2.0 Hz),   δ  6.87 (H-5′,  d ,  J  = 8.6 Hz),  δ  6.39 (H-8, 
 d ,  J  = 1.8 Hz),  δ  6.21 (H-6,  d ,  J  = 1.8 Hz),  δ  5.02 
(H-1′,  d ,  J  = 7.7 Hz),  δ  4.54 (H-1′,  d ,  J  = 1.5 Hz), 
 δ  1.12 (H-6̎,  d ,  J  = 6.22 Hz), 

  p -Coumaric acid   δ  6.38 (H-8′,  d ,  J  = 16.0 Hz),  δ  6.84 ( d ,  J  = 8.8),  δ  7.50 
( d ,  J  = 8.8),  δ  7.59 (H-7′,  d ,  J  = 16.0) 

 Caffeic acid   δ  6.24 (H-8′,  d ,  J  = 16.0 Hz),  δ  6.87 ( d ,  J  = 8.8),  δ  7.02 
( dd ,  J  = 8.8,2.0 Hz),  δ  7.12 (H-7′,  d ,  J  = 2.0),  δ  7.52 
(H-7′,  d ,  J  = 16.0) 

 Ferulic acid   δ  7.56 (H-7′,  d ,  J  = 15.9 Hz),  δ  7.19 (H-2′,  d , 
 J  = 2.1 Hz),  δ  7.10 (H-6′,  dd ,  J  = 8.4, 2.1 Hz),  δ  6.88 
(H-5′,  d ,  J  = 8.4),  δ  7.15 ( d ,  J  = 2.8),  δ  6.33 (H-8′,  d , 
 J  = 15.9), 

 Chlorogenic acid   δ  7.60 (H-7′,  d ,  J  = 15.9 Hz),  δ  7.15 (H-2′,  d , 
 J  = 2.1 Hz),  δ  7.05 (H-6′,  dd ,  J  = 8.4, 2.1 Hz),  δ  6.87 
( d ,  J  = 8.4),  δ  6.36 (H-8′,  d ,  J  = 15.9),  d  5.33 (H-3. 
t d ,  J  = 10.0, 4.8),  δ  4.21 (H-5, br. q ,  J  = 3.1) 

 Sinapic acid   δ  7.48 (H-7′,  d ,  J  = 16.0 Hz),  δ  6.93 (H-2, H-6, s, 
 J  = 8.8),  δ  6.37 (H-8,  d ,  J  = 16.0 Hz) 

 Fatty acids  Common fatty acid   δ  0.88 (H-ω,  t ,  J  = 7.5 Hz),  δ  1.30 (CH 2 , br. s ) 
 α-Linolenic acid   δ  0.97 (H-ω,  t ,  J  = 7.5 Hz) 

 Other compounds  Choline   δ  3.24( s ) 
 Adenine   δ  8.2 (H-3,  s ),  δ  8.21 (H-1,  s ) 
 Inositol   δ  4.00 (H-2,  t ,  J  = 2.8 Hz),  δ  3.61 (H-6, H-6,  t , 

 J  = 9.9 Hz),  δ  3.44 (H-1, H-3,  dd ,  J  = 9.9,2.9 Hz),  δ  
3.24 (H-5,  t ,  J  = 9.3 Hz) 

Table 1
(continued)

Lúcia P. Santos Pimenta et al.



127

            Acknowledgments 

 This work was partly supported by National Institute of 
Horticultural and Herbal Science, Rural Development 
Administration of Korea (Project No: PJ008700).  

   References 

    1.    Verpoorte R, Choi YH, Kim HK (2007) NMR-
based metabolomics at work in phytochemis-
try. Phytochem Rev 6:3–14  

    2.    Schripsema J (2010) Application of NMR in 
plant metabolomics: techniques, problems and 
prospects. Phytochem Anal 21:14–21  

      3.    Verpoorte R, Choi YH, Mustafa NR, Kim HK 
(2008) Metabolomics: back to basics. 
Phytochem Rev 7:525–537  

     4.    Ebbels TMD, Cavill R (2009) Bioinformatic 
methods in NMR-based metabolic profi ling. 
Prog Nucl Magn Reson Spectrosc 55:361–374  

     5.    Verpoorte R, Choi YH, Kim HK (2010) 
Metabolomics: will it stay? Phytochem Anal 
21:2–3  

     6.    Kim HK, Choi YH, Verpoorte R (2010) NMR-
based metabolomic analysis of plants. Nat 
Protoc 5:536–549  

    7.    Kim HK, Choi YH, Verpoorte R (2011) NMR-
based plant metabolomics: where do we stand, 
where do we go? Trends Biotechnol 
29:267–275  

    8.    Van der Kooy F, Maltese F, Choi YH, Kim HK, 
Verpoorte R (2009) Quality control of herbal 
material and phytopharmaceuticals with MS 
and NMR based metabolic fi ngerprinting. 
Planta Med 75:763–775  

    9.    Choi YH, Sertic S, Kim HK, Wilson EG, 
Michopoulosa F, Lefeber AWM, Erkelens C, 
Verpoorte R (2005) Classifi cation of Ilex spe-
cies based on metabolomic fi ngerprinting using 
nuclear magnetic resonance and multivariate 
data analysis. J Agric Food Chem 53:
1237–1245  

    10.    Kim HK, Saifullah K, Wilson EG, Kricun SDP, 
Meissner A, Goraler S, Deelder AM, Choi YH, 
Verpoorte R (2010) Metabolic classifi cation of 
South American  Ilex  species by NMR-based 
metabolomics. Phytochemistry 71:773–784  

     11.    Hendrawati O, Yao Q, Choi YH, Kim HK, 
Linthorst HJM, Erkelens C, Lefeber AWM, 
Verpoorte R (2006) Metabolic differentiation 

of  Arabidopsis  treated with methyl jasmonate 
using nuclear magnetic resonance spectros-
copy. Plant Sci 170:1118–1124  

   12.    Jahangir M, Kim HK, Choi YH, Verpoorte R 
(2008) Metabolomic response of  Brassica rapa  
submitted to pre-harvest bacterial contamina-
tion. Food Chem 107:362–368  

     13.    Leiss KA, Choi YH, Abdel-Farid IB, Verpoorte 
R, Klinkhamer PGL (2009) NMR metabolo-
mics of thrips ( Frankliniella occidentalis ) resis-
tance in  Senecio  hybrids. J Chem Ecol 35:
219–229  

      14.    Ali K, Maltese F, Figueiredo A, Rex M, Fortes 
AM, Zyprian E, Pais MS, Verpoorte R, Choi 
YH (2012) Alterations in grapevine leaf metab-
olism upon inoculation with  Plasmopara vitic-
ola  in different time-points. Plant Sci 
191–192:100–107  

    15.    Choi YH, Kim HK, Hazekamp A, Erkelens C, 
Lefeber AW, Verpoorte R (2004) Metabolomic 
differentiation of  Cannabis sativa  cultivars 
using  1 H NMR spectroscopy and principal 
component analysis. J Nat Prod 67:953–957  

   16.    Kim HK, Choi YH, Erkelens C, Lefeber AWM, 
Verpoorte R (2005) Metabolic fi ngerprinting 
of  Ephedra  species using  1 H-NMR spectros-
copy and principal component analysis. Chem 
Pharm Bull 53:105–109  

   17.    Frédérich M et al (2004) Metabolomic analysis 
of  Strychnos nux-vomica ,  icaja  and  ignatii  
extracts by  1 H nuclear magnetic resonance 
spectrometry and multivariate analysis tech-
niques. Phytochemistry 65:1993–2001  

    18.    Yang SY, Kim HK, Lefeber AWM, Erkelens C, 
Angelova C, Choi YH, Verpoorte R (2006) 
Application of two dimensional nuclear mag-
netic resonance spectroscopy to quality control 
of ginseng commercial products. Planta Med 
72:364–369  

    19.    Kim HK, Verpoorte R (2010) Sample prepara-
tion for plant metabolomics. Phytochem Anal 
21:4–13    

NMR-Based Metabolomics for Biodiversity



129

Ute Roessner and Daniel Anthony Dias (eds.), Metabolomics Tools for Natural Product Discovery: Methods and Protocols, 
Methods in Molecular Biology, vol. 1055, DOI 10.1007/978-1-62703-577-4_10, © Springer Science+Business Media, LLC 2013

    Chapter 10   

 Extraction Protocol for Nontargeted NMR and LC-MS 
Metabolomics-Based Analysis of Hard Coral and Their 
Algal Symbionts 

                         Benjamin     R.     Gordon    ,     William     Leggat    , and     Cherie     A. Motti    

    Abstract 

   Metabolomics and in particular, nontargeted metabolomics, has become a popular technique for the study of 
biological samples as it provides considerable amounts of information on extractable metabolites and is ideal 
for studying the metabolic response of an organism to stressors in its environment. One such organism, the 
symbiotic hard coral, presents its own complexity when considering a metabolomics approach in that it forms 
intricate associations with an array of symbiotic macro- and microbiota. While not discounting the impor-
tance of these many associations to the function of the coral holobiont, the coral-  Symbiodinium   relationship 
has been the most studied to date and as such, is the primary focus of this extraction protocol. This protocol 
provides details for the sample collection, extraction, and measurement of hard coral holobiont metabolites 
using both  1 H nuclear magnetic resonance (NMR) spectroscopy and liquid chromatography coupled with 
mass spectrometry (LC-MS). Using this nontargeted metabolomics approach, the holobiont metabolism can 
be investigated for perturbations resulting from either (1) natural or anthropogenic environmental challenges, 
(2) the controlled application of stressors, and (3) differences between phenotypes or species. Consequently, 
this protocol will benefi t both environmental and natural products based research of hard coral and their algal 
symbionts. Every effort has been made to provide the reader with all the details required to perform this 
protocol, including many of the costly and time consuming “pitfalls” or “traps” that were  discovered during 
its development. As a result, this protocol can be confi dently accomplished by those with less experience in 
the extraction and analysis of symbiotic hard coral, requiring minimal user input whilst ensuring reproducible 
and reliable results using readily available lab ware and reagents.  

  Key words     Metabolomics  ,    Symbiodinium   ,   Coral  ,   LC-MS  ,   NMR  ,   Extraction  

1      Introduction 

 The coral holobiont is a complex symbiotic organism (Fig.  1 ) that 
consists of the animal host and a plethora of intracellular and extracel-
lular macro- and microbiota, such as fi sh, crustaceans, polychaetes, 
dinofl agellates, prokaryotes, viruses, fungi, archaea, and endolithic 
algae [ 1 – 3 ]. While many of the these have mutualistic associations 
with the coral host, the most well known and studied of them is that 
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of the photosynthetic dinofl agellate,  Symbiodinium spp . Members of 
this diverse genus can live freely in the water column or sediment [ 4 ] 
and also in symbiosis with a number of marine invertebrates, such as 
coral, giant clams, and anemones [ 5 ]. This symbiosis allows the animal 
host to meet part or all of its carbon requirements through autotro-
phy, thereby gaining a competitive advantage through increased  fi tness 
[ 6 ,  7 ]. Likewise, the relationship enables the bilateral exchange of 
metabolites, including metabolites that are not produced solely by 
either organism [ 8 ,  9 ].

   The success of this symbiosis is based upon the invertebrate 
host supplying inorganic nutrients to the algal symbiont, which are 
returned as organic compounds and used to supplement the host’s 
energy and nutritional demands [ 10 ]. In the coral symbiosis, 
 Symbiodinium  are found in a host-derived vacuole (symbiosome 
membrane) within the gastrodermal cell layer, which forms during 
the acquisition and division of the algal symbiont. The symbio-
some membrane closely resembles those in legumes where the 
plant membrane encloses the symbiotic rhizobium cells [ 11 ,  12 ]. 
Consequently, the exchange of all organic and inorganic nutrients 
must proceed through this cell membrane and thus it is critical to 
the metabolic interaction between the symbiont and host. 

 Of the metabolites involved in the algal-invertebrate symbiosis 
not all are involved in nutritional roles. Compounds such as 
mycosporine- like amino acids (MAAs) play an important role in the 
protection of coral from ultraviolet light, in addition to acting as free 
radical scavengers [ 13 ]. Likewise, dimethylsulfoniopropionate and 

  Fig. 1    A hard coral branch tip belonging to the genus  Acropora . Areas of coral 
tissue that have a high abundance of the algal symbiont,  Symbiodinium spp ., can 
be seen by the dark marbled patterns they form. Photo credit by João Paulo 
Krajewski       
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its breakdown products, dimethylsulfi de and acrylate, are involved 
in free radical scavenging [ 14 ], osmotic- and cryoprotection [ 15 ], 
and the structuring of microbial communities [ 16 – 18 ]. While the 
biological role of some of these metabolites has either been identi-
fi ed or closely examined, there are still many metabolites of which 
the exact function remains unknown. For example, free amino acids 
and other small compounds may act as “host release factors” that 
stimulate the production and release of other metabolites from 
 Symbiodinium  to the host [ 19 – 21 ]. Compounds such as zooxan-
thellatoxins [ 22 ], zooxanthellamides [ 23 ], betaines, alkaloids, and 
ceramides [ 24 ] have all been isolated from either  Symbiodinium  or 
invertebrates in symbiosis with  Symbiodinium , however, their 
 biological role still remains unclear. On that note, the diversity of 
metabolites involved in the algal-invertebrate symbiosis, along with 
the theoretical prospect of changing growth conditions and host 
factors to manipulate metabolite production, highlights the poten-
tial role that metabolomics will have in elucidating metabolites of 
interest from both hard coral and their algal symbionts for not only 
the biochemical sciences but also for natural products research. 

 The extraction protocol presented here was developed with 
the following criteria in mind. Firstly, the protocol had to be user 
friendly and as such, should not require any further handling or 
input from the analyst than was absolutely necessary. The benefi ts 
of such an approach were twofold; in addition to reducing the 
working time, it also ensured that any interference from the analyst 
that may affect the integrity of a sample was kept to a minimum. 
The next criterion, maximizing the number of features detected by 
 1 H NMR and LC-MS, was based on the nontargeted metabolo-
mics approach taken. As such, the choice of extraction solvent and 
analysis conditions played an integral role in fulfi lling that require-
ment and are discussed later in more detail. The last criterion, but 
by no means the least, was reproducibility. Reproducibility is the 
key to a successful metabolomics study with the results of statistical 
analyses, and hence the conclusions that can be drawn from an 
experiment, being reliant on reproducible data. Consequently, not 
only were experimental conditions kept constant and similar 
between samples, sample collection and preparation was also 
 regulated by maintaining a constant handling time and temperature. 
As such, aspects of the protocol that could utilize multiple 
 techniques (i.e., sample concentration) for achieving the same out-
come were thoroughly tested to ensure that the least disruptive 
technique was employed. 

 As mentioned previously, the choice of extraction solvent 
played a crucial role in the development of this protocol. For 
metabolomics, this choice depends largely on the metabolites of 
interest, the analytical platform being used and the hypothesis put 
forward by the researcher. If, for example, one was interested in 
employing a targeted metabolomics approach, such as the analysis 
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of free amino acids, then in most cases an appropriate solvent 
 system that targets those particular compounds is deemed most 
suitable. However, it is important to keep in mind that in symbi-
otic coral, the organism is composed of two distinctly different cell 
types, animal and algal cells, of which the latter have more robust 
cell walls than that of the coral host. Consequently, many high 
polarity solvent systems (i.e., those high in water content and 
 suitable for free amino acid extraction) will not easily permeate the 
cell walls of the algal symbionts and would therefore require the 
employment of more time consuming mechanical disruption 
methods. With that in mind, a biphasic methanol–chloroform 
extraction that is capable of permeating the algal cell walls [ 25 ], 
while partitioning polar and nonpolar metabolites into two separate 
phases, would in most cases, be deemed most suitable for the 
 targeted metabolomics analysis of symbiotic coral. 

 Considering the two distinct cell types of symbiotic coral, the 
fact that this protocol was developed for a nontargeted metabolo-
mics approach and the array of solvent choices, we examined the 
effectiveness of fi ve commonly used solvents employed in the 
extraction of compounds from both plant and animal material. 
Each extraction was carried out in the same manner as described 
in the methods using the symbiotic hard coral,  Acropora aspera . 
The solvents tested for this protocol were 100 % methanol, 70 % 
aqueous methanol, 90 % aqueous acetone, 100 % water, and 
methanol:dichloromethane:water (MeOH:DCM:H 2 O) biphasic 
solvent system. Of the fi ve solvents, the 100 % methanol and 90 % 
aqueous acetone solvents produced the greatest number of 
 features in both the  1 H NMR and LC-MS analyses. However, 
they also extracted large amounts of lipid, which is detrimental to 
reversed-phased LC-MS analysis and as such, were eliminated as 
viable extraction solvents. The 100 % water solvent was elimi-
nated after microscopy analysis of the residual biological matter 
showed that the algal cells were not effectively lysed. Furthermore, 
in 100 % water enzymatic and metabolic activity was not halted, 
affecting the integrity of the sample. While the biphasic 
MeOH:DCM:H 2 O extraction may be suitable for a targeted 
metabolomics analysis, we found a distinct disadvantage of this 
technique when applied to the nontargeted metabolomics analysis 
of symbiotic hard coral. Essentially, too many of the less polar 
metabolites partitioned into the organic phase of the solvent 
 system, along with the undesirable lipids. This resulted in an 
aqueous phase that had very few features for both NMR and 
LC-MS analyses. Of the fi ve extraction solvents examined, the 
70 % aqueous methanol solvent displayed excellent reproducibility, 
extracted minimal amounts of lipid, effectively lysed the algal cells, 
complied with the proposed criteria, and hence, was considered 
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the most suitable for a nontargeted metabolomics study of hard 
coral and their algal symbionts. 

 Metabolomics has become a popular technique for the study of 
biological samples, which can be attributed to the high number of 
quality studies published in a diverse number of fi elds such as 
 environmental science, medicine, and pharmaceuticals. A quality 
metabolomics study depends largely on the hypotheses put  forward 
by the researcher and a thorough understanding of the scientifi c 
principals involved. Consequently, each study needs to be scruti-
nized depending on the questions being asked. Here, we present 
an extraction protocol for a nontargeted metabolomics analysis of 
symbiotic hard coral using LC-MS and  1 H NMR. The protocol 
requires minimal user input and provides reproducible and reliable 
results using readily available lab ware and reagents. Every effort 
has been made to provide the reader with all the details required to 
perform the technique, including many of the costly and time 
 consuming “pitfalls” or “traps” that were discovered during its 
development. As such, this protocol can be confi dently accom-
plished by those with less experience in the extraction and analysis 
of symbiotic hard coral and their algal symbionts.  

2    Materials 

 Extraction solvents should be prepared in ultra-clean glassware 
( see   Note 1 ) at 25 °C using mass spectrometry (MS) grade solvents 
( see   Note 2 ) and ultrapure (MilliQ) water having a resistance of 
18 MΩ/cm. Extractions should be performed at approximately 
4 °C or cooler ( see   Note 3 ) in ultra-clean glassware or disposable 
scintillation vials of known purity. High-quality centrifuge tubes 
are recommended for removing particulates from liquid extracts 
( see   Note 4 ). To avoid unwanted contamination, all aspects of the 
extraction process should be performed while wearing appropriate 
gloves washed with MilliQ water. 

 
     1.    Liquid nitrogen.   
   2.    Disposable foam Dewar.   
   3.    50 mL plastic centrifuge tubes ( see   Note 4 ).   
   4.    Double-action, Stille-Liston bone cutters for cutting coral into 

nubbins.   
   5.    Stainless steel forceps or clamps.   
   6.    Liquid nitrogen or dry ice for temporary storage.   
   7.    −80 °C freezer for long-term storage.   
   8.    Nally bin with a tether attached.      

2.1  Coral Collection 
and Quenching 
Materials
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      1.    70 % aqueous methanol extraction solvent: Using a clean glass 
measuring cylinder, measure and combine 70 parts of MS 
grade methanol to 30 parts of MilliQ water up to the required 
volume and store in an acid-washed glass Schott bottle or similar 
at −20 °C until required for use.   

   2.    15 mL centrifuge tubes ( see   Note 4 ).   
   3.    20 mL glass scintillation vials ( see   Note 5 ).   
   4.    Dry ice or liquid nitrogen contained in two disposable foam 

Dewars.   
   5.    Double-action, Stille-Liston bone cutters.   
   6.    Glass Pasteur pipettes and silicon pipette bulb.   
   7.    Freeze dryer.   
   8.    Speed vacuum evaporator.   
   9.    Sonic water bath maintained at 0–4 °C.   
   10.    An appropriate labelling system ( see   Note 6 ).   
   11.    An appropriate rack for upright handling and storage of glass 

vials in a −80 °C freezer.   
   12.    Centrifuge with a carousel suitable for 15 mL centrifuge tubes.      

      1.    MS certifi ed sample vials ( see   Note 7 ).   
   2.    99 % formic acid in 1 mL glass ampules ( see   Note 8 ).   
   3.    Superfi cially porous C 18  or XB-C 18  HPLC column and match-

ing guard column.   
   4.    MS grade acetonitrile ( see   Note 2 ).   
   5.    1,000 µL auto pipette.   
   6.    LC-MS platform: Low resolution mass spectral data were 

 measured on a Bruker Daltonics Esquire 3000 Plus mass 
 spectrometer (ESI-MS) with an Apollo source connected to an 
Agilent 1100 HPLC system comprising degasser, binary pump, 
autosampler, and PDA. All LC-MS data was collected using 
Bruker Daltonics Esquire Control v5.3 and Hystar v3.1 operating 
on Windows XP Professional.      

      1.    NMR sample tubes, 509-UP-7 ( see   Note 9 ).   
   2.    Deuterated methanol (CD 3 OD, D 99.8 %) ( see   Note 10 ).   
   3.    1 mL graduated glass syringe.   
   4.    Lint-free tissue.   
   5.    7 mL glass scintillation vials ( see   Note 5 ).   
   6.    1,000 µL auto pipette.   
   7.    NMR spectrometer ( 1 H NMR spectra in this study were 

 collected on a Bruker Avance 600 MHz NMR spectrometer 
complete with TXI cryoprobe operating at 600 MHz for  1 H in 
CD 3 OD,  δ  H  3.31 ppm).       

2.2  Sample 
Extraction, 
Concentration, and 
Clarifi cation 
Components

2.3  LC-MS Materials 
and Conditions

2.4  NMR Materials
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3    Methods 

   Harvesting coral and the quenching method used is dependent on 
the conditions at the collection site. It is recommended to harvest 
coral from a sheltered lagoon or reef fl at where the collection can 
be undertaken safely in calm, shallow water that is approximately 
knee deep. As this method requires small amounts of liquid nitrogen 
to be taken to the site of collection, care should be taken to ensure 
the safety of personnel at all times. Generally, 2–3 L of liquid 
 nitrogen in a disposable foam dewar is suffi cient to harvest coral 
nubbins over a 30 min period. The foam dewar containing the liquid 
nitrogen can be placed in a Nally bin and fl oated on the water 
 surface so that nubbins can be placed into the liquid nitrogen 
immediately after they are excised from the colony. This timing is 
critical as it is well documented in coral that physical interference 
can result in an immediate chemical response [ 26 ]. 

 Collection of hard coral from deeper water, which will often 
involve the use of SCUBA and a boat, requires a different sampling 
technique. For this method, we recommend using a hammer and a 
cold chisel with a 25 mm cutting surface to remove all or part of a 
 colony from the substrate. Whole colonies can then be dissected into 
smaller nubbins while still submerged just below the water surface 
and immediately placed into liquid nitrogen that is kept on the boat. 
Care should be taken to ensure that dive profi les do not involve mul-
tiple ascents and descents and as such, all colonies should be brought 
close to the surface in only one attempt per dive. 

 For metabolomics, diligent work and a reliable method will 
produce sound results that in some cases will not require the 
 commonly used techniques of data scaling (i.e., normalization and 
transformation). In fact, as a means of verifying the robustness of 
this method and the importance of quickly and effectively quench-
ing the coral metabolism, we compared fi ve stressed coral nubbins 
(nubbins collected and snap frozen after 30 min of agitation in a 
bucket of seawater) with fi ve non-stressed coral nubbins (nubbins 
snap frozen immediately according to this method) using  1 H NMR 
and principal components analysis (PCA). As expected, the results 
of the PCA show that the stressed nubbins displayed considerably 
greater variability (Fig.  2 ). Moreover, scaling of the data matrix 
rows and/or columns reduced the amount of variability explained 
by the PCA from 97.96 % in three PCs without scaling, to 97.16 % 
in four PCs with scaling. The fact that scaling reduced the ability 
of PCA to explain the variability associated with our data adds 
 considerable weight to the reproducibility of this method.

     1.    Fill a disposable foam dewar with liquid nitrogen, store, transport, 
and handle with appropriate care.   

   2.    Place the foam Dewar containing the liquid nitrogen, along 
with the bone cutters into a tethered Nally bin that is suitable 
for use as a stable, fl oating work platform.   

3.1  Coral Collection 
and Metabolism 
Quenching
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   3.    Use the double-hinged bone cutters to cut the coral into 
 nubbins of approximately 5 cm in length ( see   Note 11 ).   

   4.    Immediately after cutting, place each nubbin into the foam 
Dewar containing liquid nitrogen to snap freeze. Nubbins can 
remain in the liquid nitrogen until ready for transfer into 
50 mL centrifuge tubes.   

   5.    Upon returning to shore, remove the coral nubbins from the 
liquid nitrogen using steel forceps and place immediately into 
labelled 50 mL centrifuge tubes ( see   Note 12 ).   

   6.    Place the fi lled tubes back in liquid nitrogen or onto dry ice to 
keep frozen until ready for transfer into a −80 °C freezer for 
long-term storage.    

     
 Given the desire to extract and analyze as many metabolites as 
 possible whilst excluding as many lipid classes as possible for  reasons 
mentioned previously, we recommend starting with the 70 % metha-
nol extraction and then storing the sample at −80 °C in the dark. 
Using this approach, the lipids, chlorophylls, and other less polar 
classes of compounds can be examined at a later time by re- extracting 
the biological material in a less polar solvent. As such, long-term 
 storage conditions are an important consideration if samples are to be 
analyzed at a later time and it is widely accepted that storing samples 
at or below −80 °C and in the dark is adequate for halting enzyme or 

3.2  Sample 
Extraction, 
Concentration, and 
Clarifi cation

-0.050

0.000

0.050

-0.150 -0.100 -0.050 0.000 0.050 0.100 0.150

P
C
2

PC1

  Fig. 2    PCA scores plot of 70 % methanol extracts of stressed ( open circles ) 
 versus non-stressed ( open triangles )  Acropora aspera  analyzed by  1 H NMR. The 
much tighter grouping of the non-stressed samples highlights the reproducibility 
obtained by this protocol and the importance of fast and effective quenching of 
the metabolism       
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metabolite activity and preserving the integrity of samples [ 27 ]. 
It should be noted, however, that storing samples above −25 °C is 
not adequate for performing the same task [ 26 ,  28 ,  29 ]. 

 While the reproducibility of a method is infl uenced by the 
choice of extraction solvent, other factors such as sample concentra-
tion, extraction temperature, sample state before extraction (i.e., wet 
or dried sample), collection methods, sample storage, and sample 
handling (i.e., the amount of time kept at room temperature for 
analysis) can also have a signifi cant effect on the outcome of a 
 particular experiment. With regards to the extraction temperature, 
sample storage, and handling, it is largely a case of maintaining 
constant and similar conditions for all samples while reducing expo-
sure to elevated temperatures that may cause sample degradation. 
However, where a number of choices are available, as is the case for 
sample concentration (speed vacuum, lyophilization, or nitrogen 
stream) and sample state prior to extraction (wet or lyophilized 
sample), it is appropriate to consider each option with respect to its 
potential to minimize sample degradation and data variability. With 
that in mind, we used  1 H NMR and PCA to examine the variability 
associated with three different solvent removal techniques (speed 
vacuum, lyophilization, and nitrogen stream at 25 °C) and the 
extraction of either lyophilized or wet coral nubbins. Of the three 
sample concentration techniques, drying under a stream of nitrogen 
gas at 25 °C introduced the greatest variability, while lyophilization 
and speed vacuum introduced similar levels of variability. As such, 
drying under a nitrogen stream at 25 °C was not considered an 
appropriate sample concentration technique. Furthermore, the 
analysis of extractions performed on wet and lyophilized samples 
showed that the extraction of wet sample was less reproducible, 
most likely due to the greater differences in water and salt composi-
tion between wet and dried samples. Consequently, we recommend 
that extractions are performed on lyophilized coral and that a 
 combination of lyophilization and speed vacuum are used for 
 sample concentration.

    1.    Fill two, appropriately sized, disposable foam Dewar’s with dry 
ice or liquid nitrogen. Place the bone cutters and labelled 
20 mL scintillation vials in the fi rst foam Dewar to cool and 
place the 50 mL centrifuge tubes containing the coral nubbins 
collected in Subheading  3.1 ,  step 4  into the second Dewar.   

   2.    Using the chilled bone cutters, cut each coral nubbin into 
 several 1 cm 3  pieces so that each nubbin fi ts into the 20 mL 
glass scintillation vials ( see   Note 13 ). Remove any ice that may 
have dislodged from the nubbin when cutting ( see   Note 14 ). 
Return vials to the dry ice to keep frozen until lyophilization.   

   3.    Undo each lid of the cold vials containing the frozen coral 
nubbins a quarter of a turn to ensure the atmosphere within 
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each vial can escape when subjected to the vacuum associated 
with the lyophilization. Vials should be placed upright in a 
suitably sized rack or tray and placed into a freeze drier for 
24 h or until completely dry ( see   Note 15 ).   

   4.    After lyophilization, fi ll each scintillation vial containing the 
coral nubbin pieces with cold (0–4 °C) 70 % methanol to 
approximately 75 % of its volume, ensuring that the coral 
 nubbin is completely submersed in the extraction solvent.   

   5.    Sonicate each vial for 5 min in a sonication bath chilled to 
0–4 °C ( see   Note 16 ).   

   6.    Decant the extract into 15 mL centrifuge tubes ( see   Note 4 ) 
and centrifuge at 5,800 ×  g  for 5 min to settle any particulates 
still present in the extract solvent.   

   7.    Using a glass Pasteur pipette remove the supernatant and 
transfer into clean, pre-weighed, 20 mL glass scintillation vials 
( see   Note 17 ).   

   8.    Remove the lids of each vial and place the vials containing the 
70 % methanol extracts into a speed vacuum and dry at ambient 
temperature for ~1 h ( see   Note 18 ).   

   9.    Remove the samples from the speed vacuum and freeze the 
remaining sample in liquid nitrogen or by placing in a −80 °C 
freezer for 1 h.   

   10.    Undo the lids of each vial one-quarter of turn and place the 
frozen samples into a freeze drier and lyophilize to complete 
dryness.   

   11.    Remove the samples from the freeze drier and tighten caps 
immediately to avoid any absorption of water.   

   12.    Weigh each vial and calculate the extract weight by subtracting 
the empty weight of each vial from the fi nal weight ( see   Note 19 ).   

   13.    Resuspend each of the dried extracts in an appropriate amount 
of 70 % methanol, ensuring that each extract is made up to a 
uniform concentration ( see   Note 20 ).   

   14.    Store samples at −80 °C until ready for analysis.    
   

 It is important to consider the optimization of the analytical 
 platforms, which must be done on a  case-by-case  basis. While it is 
not pertinent to discuss in detail the optimization of our own 
LC-MS instrument and its associated peripheries, the relevant 
details are provided. In particular, it is worth mentioning some of 
the details related to our choice of column and mobile phase, along 
with the parameters and conditions used for our own LC-MS anal-
ysis. With regards to the chromatography, we tested the ability of 
three superfi cially porous columns to separate the 70 % methanol 
extract (20 mg/mL) of symbiotic hard coral using two different 
acidifi ed organic mobile phases, 0.1 % formic acid in methanol, and 
0.1 % formic acid in acetonitrile. Columns were rated based on 

3.3  LC-MS Analysis
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peak separation, resolution, and the number of features within 
each chromatogram. Of the three different columns and two 
 different mobile phases, the XB-C 18  column and the 0.1 % formic 
acid in acetonitrile mobile phase gave reproducible chromatograms 
with the best resolution, peak separation, and the greatest number 
of features (Fig.  3 ).

     1.    Remove the samples prepared according to Subheading  3.2  
from the −80 °C storage and store at 4 °C for 1 h to defrost.   

   2.    Using a 1,000 µL autopipette and clean pipette tips, place 
1 mL of each sample into new 1.5 mL centrifuge tubes and 
centrifuge each sample at 4 °C for 5 min at 21,900 ×  g  to 
ensure that no particulates remain in the sample ( see   Note 21 ).   

   3.    Transfer 100 µL of each sample into a new reduced volume 
HPLC sample vial or one containing a reduced volume insert 
( see   Note 22 ). Return the remaining sample back to −80 °C 
storage.   

   4.    Store HPLC vials in the dark at −80 °C until ready for 
analysis.   

   5.    Perform the LC-MS analysis. Conditions described in  steps 6  and 
 7  can be used as an initial starting point or guide ( see   Note 23 ).   

   6.    Chromatography conditions: An XB-C 18  superfi cially porous 
(Phenomenex, Kinetex 3 × 100 mm, 2.6 µm) column was 
mated with a 0.5 µm stainless steel fi lter and guard cartridge of 
the same stationary phase, 2 µL injection volume, mobile phase 
A (0.1 % formic acid in water), mobile phase B (0.1 % formic 
acid in acetonitrile), gradient elution from 50 % A to 100 % B 

  Fig. 3    Overlaid LC-MS base peak chromatograms of fi ve replicate 70 % methanol extracts of  Acropora aspera        
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at a fl ow rate of 350 µL/min for 35 min. After 35 min 100 % 
B was maintained for 7.1 min at the same fl ow rate. At 42.1 min 
the mixture was changed to its initial setting (50 % A, 50 % B) 
and the column equilibrated until 47.1 min.   

   7.    MS Acquisition parameters: ESI ion source, positive ion 
polarity, scan range from 50 to 1,000  m/z , capillary exit of 120 V, 
 accumulation time of ~8,000 µs, Drying temperature of 350 °C, 
Nebulizer pressure of 32 psi, Drying gas fl ow of 8 L/min.   

   8.    MS processing parameters: Base peak chromatograms were 
calculated with background removal.    

   
 It is not within the scope of this protocol to provide in detail the 
methods used for the  1 H NMR analysis of symbiotic hard coral. As 
such, we recommend using the well-described protocol written by 
Mark Viant as a solid foundation for the development of a high- 
quality metabolomics NMR analysis [ 25 ]. Although our NMR 
analysis is not described in detail, there are aspects worth mention-
ing. For example, and of particular importance, is that  1 H NMR is 
proven to be effective at identifying differences between coral that 
were either stressed or healthy at the time of snap freezing (Fig.  1 ) 
( see   Note 24 ). However, upon examination of the 1D  1 H NMR 
spectra there were some noticeable, yet minor, shifts in signal 
 position, which were attributed to the effects of high salt concen-
tration and differences in the pH of samples. While most NMR 
metabolomics experiments employ the use of pH buffers to avoid 
such signal shifts, in this case, the shifts were small and hence the 
PCA was still very effective. As such, buffering of the sample pH 
using commonly employed buffers, such as sodium phosphate, 
were not included as part of this protocol ( see   Note 25 ) nor was a 
chemical shift standard ( see   Note 26 ).

    1.    Remove the samples prepared according to Subheading  3.2  
from the −80 °C storage and store at room temperature 
 (20–25 °C) for 30 min to thaw.   

   2.    Using a 1,000 µL auto pipette and a clean tip for each sample, 
place 800 µL of each 70 % methanol extract into new, individu-
ally labelled, 7 mL glass scintillation vials.   

   3.    Remove the lids of each vial and place the vials containing the 
extracts into a speed vacuum and dry at ambient temperature 
for ~10 min ( see   Note 18 ).   

   4.    Remove the samples from the speed vacuum and freeze the 
remaining sample in liquid nitrogen or by placing in a −80 °C 
freezer for 1 h.   

   5.    Undo the lids of each vial one-quarter of turn and place the 
frozen samples into a freeze drier and lyophilize to complete 
dryness.   

3.4   1 H NMR Analysis
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   6.    Remove the samples from the freezer drier and tighten caps 
immediately to avoid any absorption of water.   

   7.    Using a 1 mL graduated glass syringe, reconstitute each  sample 
to its original 20 mg/mL concentration by adding 800 µL of 
deuterated methanol (CD 3 OD, 99.8 %).   

   8.    Place each vial containing the extracts in CD 3 OD into a 
 sonicating bath for 5 min to completely dissolve the extracts.   

   9.    Using a 1,000 µL auto pipette and a clean tip for each sample, 
transfer the 800 µL of each sample into clean, individual and 
appropriately labelled 5 mm NMR tubes.   

   10.    Cap each tube, seal with parafi lm and store upright at −80 °C 
until ready for analysis.   

   11.    Prior to analysis, thermally equilibrate samples by storing the 
tubes at room temperature (~25 °C) for 30 min ( see   Note 27 ).   

   12.    Perform the NMR analyses using the acquisition and processing 
parameters in  steps 13  and  14  as a guide.   

   13.    Acquisition parameters: Bruker pulse sequence zgesgp (1D exci-
tation sculpting using 180° water-selective pulses) comprising 
[relaxation delay–180°–acquire]; 8.3 kHz spectral width; 3 s 
relaxation delay; typically four dummy scans followed by 32 
transients (ns) are collected into 32 K data points; receiver gain 
was constant for all samples; temperature set at 298 K.   

   14.    Processing parameters: Zero-fi lling was not applied; exponential 
line broadening of 0.3 Hz; Fourier transformation; manual 
phase correction (zero- and fi rst-order corrections); baseline 
correction was not performed ( see   Note 28 ); calibrate the 
spectrum by setting CD 3 OD peak to 3.31 ppm.    

4       Notes 

     1.    It is critical to ensure that all reusable glassware is free from 
 contaminants that may affect the analysis. LC-MS using superfi -
cially porous columns is particularly susceptible to contaminants 
such as polyethylene glycol, slip agents, biocides, and plasticizers. 
They can be concentrated on reverse phase LC columns and 
eluted during a gradient. These contaminants are commonly 
found in detergents used for washing glassware and any plastic 
items they come in contact with (i.e., drying racks and gloves). 
They are often identifi able by broad peaks in the chromatogram 
with repeating mass units in the corresponding mass spectrum. 
As such, care should be taken to avoid any unnecessary exposure 
of glassware to plastic items. Gloves should be washed in ultra-
pure water to remove any slip agents before handling and all 
glassware of unknown purity should be acid-washed in a solution 
of 50 % nitric acid (HNO 3 ) for 30 min then rinsed at least three 
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times with MilliQ water. Glass Schott bottles, beakers, and 
 measuring cylinders can be fi lled to the brim with 50 % HNO 3  
and left for 30 min and then triple-rinsed with MilliQ water. It is 
not necessary to wash the outside of any glassware.   

   2.    The use of high-quality MS grade solvents is highly recom-
mended in order to eliminate the possibility of inferior solvents 
introducing spurious features to an analysis. This method 
 recommends the use of Fisher Optima ®  LC-MS solvents 
(Thermo Fisher Scientifi c, Scoresby, VIC, Australia).   

   3.    While the 70 % methanol extraction solvent effectively halts 
enzyme and metabolic activity, it is considered good practice 
to ensure that the temperature is kept as low as feasibly possible 
throughout the extraction and analysis to avoid unwanted 
changes in chemistry. Also, as temperature is not as critical for 
extraction effi ciency as solvent choice [ 30 ], a temperature 
range of 0–4 °C is recommended for this protocol.   

   4.    All plastic centrifuge tubes should be made of virgin polypro-
pylene and free from slip agents, biocides, and plasticizers.   

   5.    Glass scintillation vials should be of known purity and utilize 
an inert, contaminant and extractable free Tefl on or foil-lined 
gasket. Vials having a plastic lid without such a gasket should 
be avoided.   

   6.    This protocol recommends labels be made of plastic fi lm and 
be solvent resistant. Labels made of paper or absorbent material 
can effect the calculation of extract yields as they contribute to 
a loss in mass during the solvent removal steps. Alternatively, 
permanent markers can be used to label vials; however, care 
should be taken to ensure that spilt solvents do not remove the 
markings.   

   7.    During the development of this protocol, we found that the 
silicone/Tefl on septa of standard autosampler vials contrib-
uted signifi cant levels of plasticizer contamination to each 
 analysis. As such, sample vials, lids, and septa used in LC-MS 
autosamplers should be certifi ed as MS grade. We recommend 
the use of certifi ed Verex™ vials, lids, and septa (Phenomenex, 
Lane Cove, NSW, Australia). For cases where reduced volume 
glass inserts are used, then it is acceptable to use standard 
vials with MS certifi ed lids and septa as the glass inserts are of 
 suffi cient purity.   

   8.    The cost of formic acid supplied in 1 mL glass ampoules can be 
very expensive and as such, it is not considered essential for this 
protocol, however, it does buy peace of mind for the analyst 
and is preferable. If using formic acid supplied in larger 
 volumes, it is highly recommended to ensure the ongoing 
integrity of the reagent by exerting extra care when storing and 
taking aliquots from the storage container. As such, a number 
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of 1 mL aliquots should be prepared in individual clean glass 
vials (2 mL MS certifi ed HPLC vials and lids are ideal) and 
stored at 4 °C for later use. In this way, it is a straightforward 
process of adding the premeasured 1 mL of formic acid to 1 L of 
mobile phase to give a fi nal formic acid concentration of 0.1 %.   

   9.    NMR sample tubes should be compatible with the fi eld 
 frequency of the users NMR and the volume of the sample 
must cover the entire active region of the shim coils (700 µL 
in a 5 mm NMR tube). Dirty tubes can be cleaned by fi lling 
them with 50 % HNO 3  and soaking for 30 min. The acid solu-
tion can then be removed and the tubes rinsed twice with 
ultra- pure water and again with acetone. Tubes can be dried 
by either air-drying or placing them under vacuum and should 
never be dried at high temperature. Always follow the manu-
factures instructions.   

   10.    Volatile NMR solvents should be stored in a sealed container 
with a suitable desiccant to minimize the possibility of solvents 
absorbing water from the atmosphere.   

   11.    When cutting the coral nubbins, it is preferable to cut the 
 nubbin and allow it to fall into a waiting hand or container. 
The nubbin can then be quickly transferred directly into the 
liquid nitrogen and snap frozen with minimal handling. Care 
should be taken to avoid handling each nubbin more than 
required as this will damage the coral tissue, invoking the 
rapid production of coral mucous resulting in a change of 
chemistry.   

   12.    It is acceptable to place replicate nubbins in a single 50 mL 
centrifuge tube after the nubbins have been snap frozen.   

   13.    Once cut into smaller pieces, a nubbin should occupy approxi-
mately 30–50 % of the volume of each scintillation vial. The 
nubbin pieces should be completely submersed once the vial is 
fi lled to 75 % of its volume with the extraction solvent.   

   14.    Most of the residual seawater that was frozen with the nubbin 
during the collection process will separate from the nubbins 
when cutting them into smaller pieces. It is important that this 
ice be discarded to reduce the amount of undesirable salts 
within the sample.   

   15.    In any metabolomics study it is important to recognize the 
effects that certain techniques will have upon the sample. In the 
case of lyophilization, the reduced atmospheric pressure will 
remove many of the volatile compounds. If these volatile 
 compounds are of interest to the analyst then drying under 
such conditions may need to be avoided and a more suitable 
technique examined.   

   16.    At this point extracts should be orange in color if effective lysis 
of  Symbiodinium  cells has occurred.   
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   17.    New glass scintillation vials are weighed at this point in order 
to acquire the empty weight of each vial, which will be used to 
calculate the weight of the crude, dry extract.   

   18.    The aim of this step is to remove ~90–95 % of the extraction 
solvent. Therefore, it is important to remove the vials from the 
speed vacuum concentrator before all the liquid has been evap-
orated so that the extracts remain cooled by the evaporation 
process, which commonly takes from 10 to 60 min depending 
on the volume of solvent. The speed vacuum concentrator 
should not be used with sample heating. Drying alcohol and 
water mixtures under vacuum can be time consuming without 
sample heating due to the nonideal interaction of water and 
methanol molecules at low concentrations [ 31 ]. As such, this 
protocol utilizes lyophilization as a second drying step. In this 
way, the water–methanol interaction is overcome, the sample 
does not need to be heated and thus the sample integrity is 
maintained.   

   19.    By recording the weight of each extract, samples can be prepared 
at the same concentration for analysis. This has the effect of 
 normalizing each sample.   

   20.    For this method, a fi nal concentration of 20 mg/mL is 
 appropriate and will provide suffi cient sample concentration for 
both  1 H NMR and LC-MS analyses. However, factors such as 
LC column loading and NMR sensitivity need to be accounted 
for when deciding on the appropriate concentration.   

   21.    Syringe fi ltering was not employed in this method due to the 
contamination that the rubber syringe plungers introduce into 
the sample. Using glass syringes as an alternative was ruled out 
because cleaning them between samples was deemed too time 
consuming, in addition to the negative impact that additional 
sample handling could have on the sample. Alternatively, 
 centrifugal solvent resistant fi lters could be used; however, 
they were not tested as part of this protocol.   

   22.    In this instance, a 100 µL aliquot of the 20 mg/mL extract 
was transferred into each HPLC vial, hence the use of reduced 
volume inserts. This small amount is suffi cient for multiple 
2 µL injections and avoids the risk of compromizing the entire 
sample.   

   23.    While the conditions described in  steps 6  and  7  will provide a 
good starting point, LC-MS conditions may still need to 
be optimized depending on the type of instrument and its 
associated peripheries.   

   24.    In addition to the typical 1D  1 H NMR experiment we  examined 
the effectiveness of the 2D JRES experiment [ 32 ], using a 
 double spin-echo water suppression method [ 33 ], for the 
 analysis of coral. The primary advantage of the JRES experiment 
for metabolomics lies in its ability to reduce the complexity of 

Benjamin R. Gordon et al.



145

the typical 1D  1 H NMR experiment by shifting the  J -coupling 
into a second dimension. However, upon comparing the two 
experiments, we found that there was not a suffi cient gain in 
spectral decongestion to warrant using the more time consum-
ing JRES experiment.   

   25.    The decision not to use a buffer was based on a number of 
reasons. Firstly, the observed signal shifts were small and within 
the tolerance of the 0.04 ppm bucket widths. For the small 
number of instances where shifts in NMR peaks did occur 
across the borders of a bucket, the loadings of the PCA refl ected 
these shifts whereby multiple and consecutive bins contributed 
to the explanation of variability in the data. The fi nal reason for 
avoiding the use of a pH buffer was salt concentration. We 
reasoned that adding a buffer to a marine sample, which already 
had a naturally high salt content, would contribute to the ionic 
strength of the sample, exacerbating the detrimental effects of 
high salt concentration [ 34 ]. That being the case, it is critical 
that the spectroscopist thoroughly examines and compares all 
NMR spectra for shifts in peak position to ascertain the need 
for pH buffering. When the use of a buffer is required, we 
recommend using a buffer with low ion mobility to preserve 
the sensitivity of the NMR probe, particularly when analyzing 
samples high in salt concentration using cryogenically cooled 
probes [ 35 ].   

   26.    Chemical shift standards were not used in this protocol as 
all spectra were calibrated to the residual methanol signal at 
3.31 ppm, thus avoiding the need to manipulate the sample. 
While chemical shift standards often perform the secondary 
function of an internal standard used for quantifi cation, we 
recommend the use of the ERETIC experiment for this 
 purpose [ 36 ,  37 ]. The advantage of the ERETIC experiment 
lies in its ability to add an electronic signal, at a chemical shift 
of one’s choice, into previously acquired spectra. The elec-
tronic signal is calibrated and integrated to a known concentra-
tion of any analyte of choice and inserted into the previously 
acquired spectra where it can be used for the quantifi cation of 
all other signals.   

   27.    Warming the sample to 25 °C is necessary for cases where the 
NMR experiment is performed at 25 °C (298 K), thereby 
reducing the time of thermal equilibration within the 
instrument.   

   28.    Manual baseline correction was not performed. In our case, all 
baselines were observed to be fl at within the signal region, yet 
distortions did occur at the extremities (visible as upturned 
edges of the baseline). These distortions could not be removed 
using baseline correction without being detrimental to nearby 
regions. To rectify this, our sweep width was increased to 
14 ppm (8.3 kHz) and the spectrum offset changed to 6 ppm. 
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In this way, the distortion at the extremities of the baseline was 
shifted to regions having no signals (approximately −1 and 
13 ppm) and were then removed from the subsequent PCA by 
only integrating the signal region from 0 to 10 ppm.         
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    Chapter 11   

 Determination of Absolute Confi guration 
Using Single Crystal X-Ray Diffraction 

                         Abigail     L.     Albright     and     Jonathan     M.     White    

    Abstract 

   Single crystal X-ray crystallography is the most powerful structural method for the determination of the 
3D structures of molecules. While the results of a routine diffraction experiment readily provide unam-
biguous determination of the relative confi guration of all stereogenic centers in the molecule, determination 
of absolute confi guration is more challenging. This chapter provides some helpful tips towards increasing 
the chances of success in the determination of the absolute confi guration of a chiral, enantiomerically pure 
natural product using X-ray crystallography.  

  Key words     X-ray crystallography  ,   Absolute confi guration determination  ,   Light atom structure  , 
  Chiral reference  

1      Introduction 

 Perhaps the single most challenging task facing the research 
 chemists today is the effi cient, cost-effective synthesis and charac-
terization of enantio-pure compounds. The paramount importance 
of chirality is based on the fact that the physiological and/or phar-
macological activity of a compound is often determined by its inter-
action with chiral-based receptors in the body. It is now a standard 
requirement for all new drugs to be characterized as single enantio-
mers [ 1 ,  2 ] and the FDA has not approved the use of a drug in its 
racemic form in over a decade. As illustrated in Fig.  1  the total 
number of pharmaceuticals approved worldwide as racemates, sin-
gle enantiomers, or achiral compounds, respectively, and aptly 
depicts the sharp decline in the prevalence of racemic drugs. 
Historical precedent—founded on such sobering events as the 
 thalidomide tragedy—and modern day drug development, in which 
numerous enantiomeric pharmaceuticals have been shown to 
 display drastically different physiological activity (Dexfenfl uramine, 
Dextromethorphan, Ritalin), speak to the need for improved asym-
metric methodology [ 3 – 5 ]   .
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   From the simple yet arduous task carried out by Louis Pasteur 
in the separation of the visually distinct enantiomers of tartaric 
acid, to the advent of advanced chiroptical methods such as vibra-
tional and electronic circular dichroism (CD), the determination 
of absolute confi guration can be achieved in numerous and varied 
ways [ 6 ]. However, it is the direct method of X-ray diffraction, 
which presents the scientifi c community with the most defi nitive 
proof of structure. This cornerstone methodology was pioneered 
by Bijvoet in the early twentieth century [ 7 ,  8 ] and, with the 
advent of the Flack and Hooft parameters, can be used to differ-
entiate between enantiomers to a high degree of precision and 
accuracy [ 9 ]. Today it is often paired with CD [ 10 ], multidimen-
sional NMR, and chiral derivatization [ 11 ] to provide rigorous 
determination of absolute confi guration. 

 Indeed, we have been unable to fi nd a single case in the litera-
ture in which absolute confi guration was incorrectly assigned by 
XRD analysis, where this was the objective of the experiment. In 
the famous case of diazonamide A, in which researchers were met 
with confl icting data and a seemingly intractable absolute confi gu-
ration determination, it was not the X-ray data but rather its misin-
terpretation which was the source of error [ 12 ]. 

 The continued development of X-ray crystallography hard-
ware, particularly with sensitive charge-coupled device (CCD) area 
detectors and intense, stable X-ray sources, has made the collection 
of high quality data with high redundancy a readily achieved 
 objective. The differentiation between enantiomers using X-ray 
crystallography relies on the accurate measurement of the intensity 
differences of the so-called Friedel pairs. Refl ections of X-rays 

  Fig. 1    Number of drugs approved worldwide as racemates, single enantiomers, 
or achiral compounds [ 3 ]       
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by crystals occur from many thousands of planes in the crystal, 
each of which is assigned a Miller index (hkl). Friedel pairs (hkl and 
−h−k−l) represent the measurement of X-ray diffraction from 
opposite sides of a given set of planes, related by inversion through 
the origin. 

 The Friedel pairs have equal intensity in a crystal having a cen-
trosymmetric space group, however small differences arise in the 
non-centrosymmetric space groups due to anomalous dispersion 
effects. The magnitude of anomalous dispersion, and hence the 
ability to differentiate these differences, depends upon several fac-
tors, including the X-ray wavelength, the atomic numbers of the 
atoms composing the crystal, and the quality of the X-ray diffrac-
tion data. Anomalous dispersion increases with increasing atomic 
number, and hence it is an advantage to have a heavy atom in the 
crystal to maximize these differences (Fig.  2 ).

   Chiral, enantiomerically pure molecules crystallize in non- 
centrosymmetric space groups, which do not contain improper 
symmetry elements: The so-called Schonke Space Groups. There 
are 65 of these space groups, which are given in Table  1 .

   The strategies that can be employed in the determination of 
absolute confi guration using X-ray crystallography fall into two 
general categories:

    1.    The direct approach, where the absolute confi guration is deter-
mined by the diffraction experiment alone, and relies upon 
accurate determination of the small differences in scattering 
intensities of Friedel opposites which arise due to anomalous 
dispersion effects (resonant scattering effects).   

   2.    Indirect approaches, where a chiral reference compound with 
known absolute confi guration is incorporated into the struc-
ture, either as a counter ion, a chiral auxiliary, a solvate, or as a 
co-crystal.     

  Fig. 2    Graphical depiction of maximized amplitudinal and phasic differences 
resulting from the anomalous dispersion in a Friedel pair [ 67 ]       
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   Table 1 
  The 65 Schonke space groups for chiral, enantiomerically pure compound   

 Crystal class 
 Space group 
symbol 

 Space group 
number  Crystal class 

 Space group 
symbol 

 Space group 
number 

 Triclinic  P1  1  Trigonal  P3  143 

 Monoclinic  P2  3    P3 1   144 

 P2 1   4    P3 2   145 

 C2  5    R3  146 

 Orthorhombic  P222  16    P312  149 

 P222 1   17    P321  150 

 P2 1 2 1 2  18    P3 1 12  151 

 P2 1 2 1 2 1   19    P3 1 21  152 

 C222 1   20    P3 2 12  153 

 C222  21    P3 2 21  154 

 F222  22    R32  155 

 I222  23  Hexagonal  P6  168 

 I2 1 2 1 2 1   24    P6 1   169 

 Tetragonal  P4  75    P6 5   170 

 P4 1   76    P6 2   171 

 P4 2   77    P6 4   172 

 P4 3   78    P6 3   173 

 I4  79    P622  177 

 I4 1   80    P6 1 22  178 

 P422  89    P6 5 22  179 

 P42 1 2  90    P6 2 22  180 

 P4 1 22  91    P6 4 22  181 

 P4 1 2 1 2  92    P6 3 22  182 

 P4 2 22  93  Cubic  P23  195 

 P4 2 2 1 2  94    F23  196 

 P4 3 22  95    I23  197 

 P4 3 2 1 2  96    P2 1 3  198 

 I422  97    I2 1 3  199 

 I4 1 22  98    P432  207 

(continued)
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  Forethought and effective planning of the X-ray diffraction experiment 
are critical to determining absolute confi guration in an  effi cient 
and reliable manner. One useful indicator to determine the likeli-
hood of a reliable determination of absolute confi guration using 
the effects of anomalous dispersion is the Friedif value, described 
by Flack and Bernardinelli [ 13 ]. The Friedif value is calculated 
from both the chemical composition of the compound and from 
the wavelength of the X-radiation. A simple spreadsheet applica-
tion has been made available for this purpose. For compounds hav-
ing Friedif values greater than 80 the determination of the absolute 
confi guration is fairly routine, provided that good quality X-ray 
diffraction data is available. 

 Light atom structures having Friedif values signifi cantly less 
than 80 provide a major challenge for the direct determination of 
absolute confi guration because the effects of anomalous dispersion 
are relatively small; in other words, the difference in the intensities 
of the Friedel opposites are minute. However, there now exist 
sound statistical techniques for the analyses of the differences of 
the many thousands of Friedel pairs collected during a data collec-
tion, including the Flack parameter [ 14 ], the  Q -value method 
[ 15 ], the Hooft parameter [ 16 ], and more recently, Leverage anal-
ysis [ 17 ]. Notably, these methods all rely on the availability of high 
quality X-ray data (although an alternative statistical treatment for 
poor quality data sets has been suggested [ 18 ], this is not routinely 
available). Sophisticated refi nement methods, including charge- 
density deformation methods, can further improve the certainty of 
the Flack and Hooft parameters. Absolute confi guration of mole-
cules, with Friedif values as low as 30–40 can now be determined 

1.1  The Direct 
Determination of 
Absolute Confi guration 
Using X-Ray 
Crystallography

 Crystal class 
 Space group 
symbol 

 Space group 
number  Crystal class 

 Space group 
symbol 

 Space group 
number 

     P4 2 32  208 

   F432  209 

   F4 1 32  210 

   I432  211 

   P4 3 32  212 

   P4 1 32  213 

   I4 1 32  214 

Table 1
(continued)
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with reasonable certainty. There are a number of excellent reviews 
and discussions detailing the best approaches to the determination 
of absolute confi guration in these cases [ 19 – 24 ]. 

 Because the direct approach necessitates a high quality crystal, 
the greatest challenge of the overall analysis lies is in the hands of 
the chemist ( see   Note 1 ). Cu-Kα X-radiation is strongly recom-
mended for diffraction experiments used to determine the absolute 
confi guration of structures containing only light atoms and the 
X-ray data should be collected at low temperature with high redun-
dancy, as this signifi cantly improves the quality of the data, particu-
larly at high theta angles. The data collection should be set up to 
ensure the inclusion of all accessible Friedel pairs to high resolution 
(minimum 0.833 Å for Cu radiation). 

 Our recent analysis of the himbacine alkaloid ( 1 ) shown in 
Fig.  3  is a sound example of the successful direct absolute confi gu-
ration determination of a light-atom structure. This alkaloid, which 
has the chemical formula C 22 H 35 NO 2 , has a Friedif value of 5 for 
Mo-Kα radiation and 26 for Cu-Kα radiation; the data were there-
fore collected using the Cu-Kα radiation source. The X-ray data 
collection was carried out at 130 K employing an Oxford 
Cryostream low temperature device. The experiment was set up to 
ensure the collection of all Friedel opposites and high redundancy 
of data. Some experimental details are shown in Table  2  [ 25 ].

    The structure was solved and refi ned using the Shelx programs 
as implemented within the WinGX suite of programs. The Flack 
parameter converged to 0.04 (13). The standard uncertainty on 
the Flack parameter is 0.13, which given that the sample was 
known to be enantiomerically pure, is strongly indicative that the 
absolute confi guration is correct [ 19 – 24 ]. The Hooft parameter, 
which is obtained from a careful analysis of the Bijvoet differences 
using Bayesian statistics, was determined to be 0.03 with a  standard 
uncertainty 0.05. The Hooft parameter, which is similar to the 

  Fig. 3    Thermal ellipsoid plot and chemical structure diagram for compound  1 , 
a member of the himbacine class of alkaloids       
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Flack parameter, is generally determined with greater certainty. 
The analysis of the Bijvoet pairs and determination of the Hooft 
parameter is implemented within the Platon suite of programs 
( see   Note 2 ). A screen capture of this calculation is given in Fig.  4 . 
The absolute confi guration determined for  1  in this experiment 
also corresponds to that obtained for all members of this class of 
alkaloids, namely the  S  confi guration at C2.

     To increase the chances of a successful outcome in the direct deter-
mination of absolute confi guration, introduction of a heavy atom 
into the structure is recommended. For example, the fi rst determi-
nation of the absolute confi guration of tartaric acid was achieved 
as its sodium rubidium salt in the famous paper by Bijvoet [ 7 ,  8 ]. 
If the compound can be derivatized readily as an ester or amide, 
then a  p -bromobenzoate derivative may be employed [ 26 ]. Such 
derivatization may also have the advantage of converting a poorly 
crystalline substance into a more readily crystallized derivative. 
Compounds containing amino groups may be determined as a 
heavy atom containing salt; for example, determination of absolute 
confi guration of the chiral base brucine, the antihcolinergic agent 
(+) dexbenzetimide [ 27 ], latifoline [ 28 ], and the chiral auxiliary 

1.2  Heavy Atom 
Derivatives

   Table 2 
  Selected crystal and refi nement details for  1    

 Crystal system  Orthorhombic 

 Space group  P 2 1 2 1 2 1  

 Unit cell dimensions   a  = 7.42370(10) 

  b  = 11.01590(10) 

  c  = 24.4602(4) 

 Crystal size  0.38 × 0.21 × 0.10 mm 3  

 Theta range for data collection  3.61–73.31° 

 Refl ections collected  28,593 

 Independent refl ections  3,984 [ R (int) = 0.0317] 

 Completeness to theta = 73.31°  99.50 % 

 Data/restraints/parameters  3,984/0/368 

 Goodness-of-fi t on F2  1.074 

 Final  R  indices [I > 2sigma(I)]  R1 = 0.0300, wR2 = 0.0808 

  R  indices (all data)  R1 = 0.0317, wR2 = 0.0818 

 Flack parameter  0.04(13) 
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1-(α-aminobenzyl)-2-naphthol, or Betti’s base [ 29 ], were all carried 
out on the corresponding hydrobromide salts. 

 A heavy atom may also be introduced as part of a solvate of 
crystallization, e.g., chloroform or dichloromethane. Furthermore, 
recent advances in crystal engineering have led to the use of multi-
component molecular co-crystals for heavy atom incorporation in 
molecules lacking acidic or basic functionality. For example, halo-
genated phenol derivatives have been successfully co-crystallized 
with pregnenolone and cholesterol. Well-defi ned co-crystals have 
even been reported for a great number of light atom organic liq-
uids [ 30 ]. With development of exciting new crystal engineering 
technology and the availability of a wide variety of acids including 
various substituted chloro-, bromo-, and iodo-substituted carbox-
ylic acids and sulphonic acids, the possibilities for incorporation of 
a heavy atom into the structure are seemingly endless.  

  The incorporation of a component of known absolute confi gura-
tion into a target reduces the diffraction experiment to a simple 
determination of the 3D structure of the compound. The relative 
confi gurations of all chiral centers are established and it is therefore 
simply a matter of ensuring the stereocenter of the chiral reference 
is set to the correct absolute confi guration. The experiment can 

1.3  Indirect Methods 
for the Determination 
of Absolute 
Confi guration: 
Incorporation of a 
Chiral Reference

  Fig. 4    Analysis of the Bijvoet pairs for  1  using the program Platon       
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give conclusive results even if the crystal quality is poor and the 
data is of low quality. The only caveat to this approach is that the 
chiral reference employed must have been correctly determined in 
a previous experiment. 

 Just as with heavy atom incorporation, there are a multitude of 
ways in which a chiral reference may be incorporated into a struc-
ture, coupled in many cases with the serendipitous transformation 
of an oily compound into a highly crystalline derivative. These 
methods may be generally divided according to the method by 
which an element of known absolute confi guration is incorporated 
into the crystal: Namely, as a counterion in a salt, a covalently 
bonded moiety or a co-crystallized element coordinated to the tar-
get molecule by hydrogen bonds or other relatively weak intermo-
lecular interactions. Salt formation is of course reliant on some 
acidic or basic functionality in the target molecule, and as this is a 
common structural feature, there are a multitude of examples in 
which a chiral counterion has been successfully employed in the 
indirect determination of absolute confi guration by XRD. In addi-
tion to serving as proof of absolute confi guration, diastereomeric 
salts fi nd extensive application in the resolution of enantiomers.  

  If the target compound contains a basic functionality like an amine, 
then the use of tartrate as chiral anion is an excellent place to start. 
Tartaric acid has held a prominent place in the study and determi-
nation of absolute confi guration since it was fi rst encountered by 
Pasteur in 1847, and because of its ease of use, availability and 
affordability, its use as a resolving agent and a chiral reference via 
the formation of tartrate salts today is no exception. The absolute 
confi guration of many molecules has been determined by X-ray 
analysis of their corresponding tartrate salts, including (−)-Crispine 
A [ 31 ], Irindalone [ 32 ], cisapride [ 33 ], and ketamine [ 34 ]. 
There is also precedence for the use of dibenzoyl tartrate as a chiral 
anion [ 35 ]. In addition to organic molecules containing basic 
functionality, tartrate anion has also been employed as a chiral ref-
erence in the analysis of Co(III) salts [ 36 ]. Other chiral anions in 
the literature include mandelate, applied in the absolute confi gura-
tion determination of chiral pyrollidines [ 37 ], and camphor-
10-sulfonate, which was applied in the absolute confi guration 
determination of chiral telluronium salts [ 38 ] and azetidines [ 39 ]. 

 Strychnine and brucine are far and away the most common of 
basic chiral references employed in the indirect determination of 
absolute confi guration of unknown compounds containing an 
acidic moiety. VANOL [ 40 ], bilirubin [ 41 ], and saphenamycin 
[ 42 ] were all characterized as brucinium salts when their absolute 
confi guration was fi rst determined unequivocally. Prominent 
 indirect determinations utilizing the strychnium salts are that of 
bromochlorofl uoroacetic acid [ 43 ] and in the neutron structure of 
(+)-neopentyl-1-d alcohol [ 44 ], although the use of strychnine as 

1.4  Ionically Bound 
Chiral Internal 
References: 
Diastereomeric Salts
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a chiral reference is somewhat limited by that fact that it is quite 
poisonous. 

 Because it is a fact often overlooked, it is worth stating the 
obvious: No chiral reference is ubiquitous, and any compound of 
known absolute confi guration is a potential candidate for an inter-
nal reference. For example, 1-phenylethylamine [ 45 ] and  cis -2-
(benzylamino)cyclohexylmethanol [ 46 ] have been reported in the 
literature as chiral cations of known confi guration in the analysis of 
novel molecules containing carboxylic acid functionalities. And the 
absolute confi guration of Troger’s base was determined in refer-
ence to an axially chiral phosphate anion [ 47 ]. The ever-increasing 
number of chiral auxiliaries appearing in the literature should be 
concurrently viewed as a growing pool of internal chiral references 
for the determination of absolute confi guration.  

   The fi eld of covalently bound internal chiral references is  dominated 
by the chiral phthalic acids developed by Harada et al. [ 11 ,  48 ,  49 ]. 
This class of compounds, notably camphorsultam dichlorophthalic 
acid (CSDP acid), has been applied to the absolute confi guration 
determination of a remarkable scope of carboxyl- and alcohol-con-
taining molecules, including some with very unique chirality ele-
ments such as paracyclophanes and conformationally chiral, 
congested alkenes. CSDP acid serves as an excellent resolving 
agent, in addition to being highly crystalline. It therefore allows 
for the isolation of enantiomerically pure compounds (via HPLC 
or recrystallization) concurrently with the determination of abso-
lute confi guration (via XRD). Since these topics have been exten-
sively reviewed [ 11 ,  48 ,  49 ], they have only been summarized 
briefl y herein. 

 One particularly striking example of the utility of an internal 
reference in X-ray analysis was recently put forth. C 60 -Fullerenes 
are notoriously reluctant to crystallize, so the absolute confi gura-
tion determination of chiral fullerene derivatives has therefore been 
reliant on the use of CD. But when several confl icting reports of 
absolute confi guration appeared in the literature, Toriumi et al. set 
about the acquisition of the crystal structure [ 50 ]. ( 2R ,  3R )-(−)-
butanediol was incorporated into the structure and some crystals 
were grown, albeit of very low quality. Yet despite the high  R -value 
of the data ( see   Note 3 ), the X-ray analysis clearly showed the rela-
tive stereochemistry of the structure and the disputed absolute 
confi guration of the chiral fullerene was determined with 
certainty.  

  A discussion of internal chiral references for XRD analysis is cer-
tainly lacking if the emerging fi eld of co-crystallization goes 
unmentioned. The formation of diastereomeric salts is dependent 
on having a functional group that can be manipulated by pH, while 
one must be mindful that the introduction of a covalently bound 

1.5  Covalently Bound 
Chiral Internal 
References

1.6  Co-crystallized 
Chiral Internal 
References
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chiral reference does not affect the absolute confi guration of the 
stereocenters one seeks to determine. The use of co-crystals conve-
niently circumnavigates both of these potentially intractable issues. 
While still in the early stages of development [ 51 ,  52 ], the prece-
dence of co-crystallization as a means of introducing a chiral refer-
ence has been established: the absolute confi guration of a number 
of 3-arylbutanoic acids was recently determined by X-ray analysis 
of their co-crystals with isonicotinamide [ 53 ]. Remarkably, diaste-
reomeric co-crystals have even been used for absolute confi gura-
tion determination by powder diffractometry [ 54 ].   

2    Software 

 Although the chemist may be loath to admit it, software is indeed 
the cornerstone of absolute confi guration determination by XRD. 
A brief summary of the software packages available for absolute 
confi guration determination follows:

    1.    Shelx [ 55 ].
   (a)    A software suite for the solution of single crystal diffrac-

tion data. It employs the Flack Parameter for determina-
tion of absolute confi guration, in which a crystal is treated 
as if it is twinned by inversion [ 13 ]. Flack parameter value 
of 0 indicates the absolute confi guration is correct while a 
value of 1 indicates it should be inverted.    

      2.    Platon [ 56 ].
   (b)    The determination of absolute confi guration using 

Bayesian statistics, the derived Hooft parameter has a simi-
lar meaning as the Flack parameter, but is generally better 
determined.    

      3.    Crystals [ 57 ].
   (c)    A software suite employing several means for determining 

absolute confi guration, including the Flack and Hooft 
parameters, and Quotient restraints methods for the deter-
mination of absolute confi guration.    

      To the ever-expanding toolbox of the today’s synthetic organic 
chemist must be added the use of both direct and indirect methods 
for the determination of absolute confi guration by X-ray diffrac-
tion. The last 60 years have beheld a revelation in the speed, 
 reliability, and accuracy with which the 3D structure of a molecule 
might be determined by the use of X-rays, and more recent devel-
opments in software and technique have greatly expanded the 
scope of molecules, which might be analyzed by this technique. 
X-ray diffraction represents the most powerful and defi nitive 
method available to the scientifi c community for the determination 
of absolute confi guration.  

Single Crystal X-Ray Diffraction
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3    Notes 

     1.    There are a number of helpful publications [ 58 – 62 ] and links 
on the Internet [ 63 – 66 ] describing a range of standard and 
specialized crystallization techniques.   

   2.    A screencast showing how to perform an absolute structure 
determination using Bayesian statistics using Platon is available at 
the following link:   www.youtube.com/watch?v=0m68d6hXIDk    .   

   3.    The  R -value is used to quantify the quality of the data set from 
an X-ray diffraction experiment by measuring how well it agrees 
with the crystallographic model. It is analogous to standard 
deviation; the larger the  R -value, the poorer quality the data.            

   References 

    1.   Food and Drug Administration (1992) Policy 
statement for the development of new stereo-
isomeric drugs. US Food and Drug 
Administration regulatory guidance.   www.fda.
gov/cder/guidance/stereo.html      

    2.    Gawley RE, Aubé J (1996) Principles of asym-
metric synthesis. Pergamon, Oxford, UK  

     3.    Rouhi AM (2003) Chiral at work: drug devel-
opers can learn much from recent successful 
and failed chiral switches. Chem Eng News 
81:56–61  

   4.    Shimazawa R, Nagai N, Toyoshima S, Okuda 
H (2008) Present status of new chiral drug 
development and review in Japan. J Health Sci 
54:23–29  

    5.    Caner H, Groner E, Levy L, Agranat I (2004) 
Trends in the development of chiral drugs. 
Drug Discov Today 9:105–110  

    6.    Allenmark S, Gawronski J (2008) 
Determination of absolute confi guration—an 
overview related to this special issue. Chirality 
20:606–608  

     7.    Bijvoet JM, Peerdeman AF, Van Bommel AJ 
(1951) Determination of the absolute confi g-
uration of optically active compounds by 
means of X-rays. Nature 168:271–272  

     8.    Bijvoet JM, Wiebenga EH (1972) Structure 
determination by X-ray diffraction. Woolters- 
Wardhoff, Groningen  

    9.    Flack HD, Bernardinelli G (1999) Absolute 
structure and absolute confi guration. Acta 
Crytallogr A 55:908–915  

    10.    Douglas MJ, Rutkowske RD, Miller LAD 
(2007) Strategies for successfully applying 
vibrational circular dichroism in a pharmaceu-
tical research environment. Am Pharm Rev 
10:118–123  

      11.    Harada N (2008) Determination of Absolute 
Confi gurations by X-ray Crystallography and 
 1 H NMR Anisotropy. Chirality 5:691–723  

    12.    Li J, Jeong S, Esser L, Harran PG (2001) Total 
synthesis of nominal diazonamides—part 1: 
convergent preparation of the structure pro-
posed for (−)-diazonamide A. Angew Chem 
Int Ed 40:4765–4769  

     13.    Flack HD, Bernardinelli G (2008) Applications 
and properties of the Bijvoet intensity ratio. 
Acta Crytallogr A A64:484–493  

    14.    Flack HD (1983) On enantiomorph-polarity 
estimation. Acta Crystallogr A39:876–881  

    15.    Parsons S, Flack H (2004) Precise absolute- 
structure determination in light-atom crystals. 
Acta Crystallogr A60:61  

    16.    Hooft RWW, Straver LH, Spek AL (2008) 
Determination of absolute structure using 
Bayesian statistics on Bijvoet differences. 
J Appl Cryst 41:96–103  

    17.    Parsons S, Wagner T, Presly O, Wood PA, 
Cooper RL (2012) Applications of leverage 
analysis in structure refi nement. J Appl Cryst 
45:417–429  

    18.    Hooft RWW, Straver LH, Spek AL (2010) 
Using the  t -distribution to improve the abso-
lute structure assignment with likelihood cal-
culations. J Appl Cryst 43:665–668  

     19.    Flack HD, Bernardinelli G (2008) The use of 
X-ray crystallography to determine absolute 
confi guration. Chirality 20:681–690  

   20.    Thompson AL, Watkin DJ (2009) X-ray crys-
tallography and chirality: understanding the 
limitations. Tetrahe Asymm 20:712–717  

   21.    Deschamps JR (2010) X-ray crystallography of 
chemical compounds. Life Sci 86:585–589  

   22.    Flack HD, Bernardinelli G (2000) Reporting 
and evaluating absolute-structure and 
absolute- confi guration determinations. J Appl 
Cryst 33:1143–1148  

   23.    Flack HD (2008) The use of X-ray crystallog-
raphy to determine absolute confi guration. 
Acta Chim Slov 55:689–691  

Abigail L. Albright and Jonathan M. White

http://www.youtube.com/watch?v=0m68d6hXIDk
http://www.fda.gov/cder/guidance/stereo.html
http://www.fda.gov/cder/guidance/stereo.html


161

     24.    Dittrich B, Strümpel M, Koritsánszky T, 
Schäfer M, Spackman MA (2006) Invarioms 
for improved absolute structure determination 
of light-atom crystal structures. Acta 
Crystallogr A62:217–223  

    25.    Bradford TA, Willis AC, White JM, Herlt AJ, 
Taylor WC, Mander LN (2011) The struc-
tures of four new himbacine-like Galbulimima 
alkaloids. Tetrahe Lett 52:188–191  

    26.    Hirayama N, Shirahata K (1987) Structural 
studies of mitomycins. Acta Crystallogr 
B43:555–559  

    27.    Spek AL, Peerdeman AF, Van Wijngaarden I, 
Soudijn W (1971) The absolute confi guration 
and crystal structure of the anticholinergic 
drug dexbenzetimide. Nature 232:575  

    28.    Culvenor CCJ, Mackay MF (1992) The abso-
lute structure of latifoline. Aust J Chem 
45:451–456  

    29.    Cardellicchio C, Ciccarella G, Naso F, 
Schingaro E, Scordari F (1998) The Betti 
base: absolute confi guration and routes to a 
family of related chiral nonracemic bases. 
Tetrahe Asymm 9:3667–3675  

    30.    Desiraju GR, Bhatt PM (2008) Co-crystal for-
mation and the determination of absolute con-
fi guration. CrystEngComm 10:1747–1749  

    31.    Louafi  F, Moreau J, Shahane S, Golhen S, 
Roisnel T, Sinbandhit S, Hurvois JP (2011) 
Electrochemical synthesis and chemistry of 
chiral 1-cyanotetrahydroisoquinolines. an 
approach to the asymmetric syntheses of the 
alkaloid (−)-crispine A and its natural 
(+) -antipode. J Org Chem 23:9720–9732  

    32.    Jensen B (1988) Structure of the (+)-tartrate 
of the selective 5-HT 2  antagonist irindalone. 
Acta Cryst C44:1602–1605  

    33.    Peeters OM, Blaton NM, De Ranter CJ 
(1997) Absolute confi guration of the double 
salt of  cis -4-amino-5-chloro- N -{1-[3-(4- 
fl uorophenoxy)propyl]-3-methoxypiperidin- 
1-ium-4-yl}-2-methoxybenzamide tartrate 
(cisapride tartrate). Acta Cryst C53:597–599  

    34.    Ratti-Moberg E, Groth P, Aasen A, Arne J 
(1991) The absolute confi guration of ketamine 
– a general anaesthetic. The crystal structure of 
the (R, R)-tartrate salt of (–)-(S)-ketamine. 
Acta Chem Scand 45:108–110  

    35.    Kobayashi Y, Kinbara K, Sato M, Saigo K 
(2005) Synthesis, absolute confi guration, 
and application of enantiopure  trans -1- 
aminobenz [ f ]indan-2-ol. Chirality 17:
108–112  

    36.    Bernal I, Korp J, Creaser II (1984) The abso-
lute confi guration of Λ-[Co(sen)] [(R, R)(+)
tart] C1.6H2O and of Δ-[Co(sen)] [(R, R)(+)
tart] C1.4. 5H2O (sen is 5-Methyl-5-(4-
amino- 2-azabutyl)-3,7-diazanonane-1,9- 
diamine): a comment on the mode of chiral 
resolutions by (R, R)(+)Tartrate on the antipodal 

cations of cobalt(III) salts. Aust J Chem 37:
2365–2369  

    37.    Dahlen E, Hjalmarsson M, Norin T, Csoregh 
I, Ertan A (1991) Synthesis and resolution of 
cis-2-(1-Hydroxy-1-methylethyl)-5- methyl-
pyrrolidine and X-ray crystal structure of its 
(S)-mandelate. Salt. Acta Chem Scand 45:
200–205  

    38.    Shimizu T, Urakubo T, Kamigata N (1996) 
Synthesis and absolute confi guration of opti-
cally active telluronium salts. Chem Lett 4:
297–298  

    39.    Frigola J, Vano D, Torrens A, Gomez-Gomar 
A, Ortega E, Garcia-Granda S (1995) 
7-azetidinylquinolones as antibacterial agents. 
3. Synthesis, properties and structure-activity 
relationships of the stereoisomers containing a 
7-(3-Amino-2-methyl-1-azetidinyl) moiety. 
J Med Chem 38:1203–1215  

    40.    Polavarapu PL, Petrovic AG, Vick SE, Wulff 
WD, Ren H, Ding Z, Staples RJ (2009) 
Absolute confi guration of 3,3′ -Diphenyl-[2,2′ 
-binaphthalene]-1,1′ -diol revisited. J Org 
Chem 74:5451–5457  

    41.    Boiadjiev SE, Person RV, Puzicha G, Knobler 
C, Maverick E, Trueblood KN, Lightner DA 
(1992) Absolute confi guration of bilirubin 
conformational enantiomers. J Am Chem Soc 
114:10123–10133  

    42.    Laursen JB, Jorgensen CG, Nielson J (2003) 
First synthesis of racemic saphenamycin and its 
enantiomers. Investigation of biological activ-
ity. Bioorg Med Chem 11:723–731  

    43.    Costante J, Ehlinger N, Perrin M, Collet A 
(1996) Absolute confi guration of bromochlo-
rofl uoroacetic acid. Enantiomer 1:377–386  

    44.    Yuan HS, Stevens RC, Bau R, Mosher HS, 
Koetzle TF (1994) Determination of the abso-
lute confi guration of (+)-neopentyl-1-d alco-
hol by neutron and X-ray diffraction analysis. 
Proc Natl Acad Sci USA 91:12872–12876  

    45.    Kremsner J, Wallfi sch BC, Belaj F, Uray G, 
Kappe CO, Wentrup C, Kollenz G (2008) 
Tetra- tert -butyltrioxabicyclo[3.3.1]nona-
dienedicarboxylic acid: optical resolution, 
absolute confi guration and application in chi-
ral discrimination. Eur J Org Chem 19:
3382–3388  

    46.    Wang Z, Hirose T, Shitara H, Goto M, Nohira H 
(2005) Structure and chiral recognition ability of 
endo-3-benzamidonorborn-5-ene- 2-carboxylic 
acid. Bull Chem Soc Jap 78:880–885  

    47.      Mason SF, Vane GW, Schofi eld K, Wells RJ, 
Whitehurst JS (1967) The circular dichroism 
and absolute confi guration of Tröger’s base. 
J Chem Soc B, 553  

     48.    Harada N (2006) Chiral auxiliaries powerful 
for both enantiomer resolution and determi-
nation of absolute confi guration by X-ray crys-
tallography. Top Stereochem 25:177–203  

Single Crystal X-Ray Diffraction



162

     49.    Toyota S (1999) Camphorsultam – an excel-
lent chiral reagent for enantiomer resolution 
and determination of absolute stereochemis-
try. Enantiomer 4:25–32  

    50.    Kuwahara S, Obata K, Yoshida K, Matsumoto 
T, Harada N, Yasuda N, Ozawa Y, Toriumi K 
(2005) Conclusive determination of the abso-
lute confi guration of chiral C60-fullerene  cis -3 
bisadducts by X-ray crystallography and circu-
lar dichroism. Angew Chem Int Ed 44:
2262–2265  

    51.    Friscic T, Jones W (2010) Benefi ts of cocryst-
allisation in pharmaceutical materials science: 
an update. J Pharm Pharmacol 62:1547–1559  

    52.    Atkinson MBJ, Mariappan SVS, Bucar DK, 
Baltrusaitis J, Friscic T, Sinada NG, MacGilivray 
LR (2011) Crystal engineering rescues a 
 solution organic synthesis in a cocrystallization 
that confi rms the confi guration of a molecular 
ladder. Proc Natl Acad Sci USA 
108:10974–10979  

    53.    Eccles KS, Deasy RE, Fabian L, Maguire AR, 
Lawrence SE (2011) The use of co-crystals for 
the determination of absolute stereochemistry: 
an alternative to salt formation. J Org Chem 
76:1159–1162  

    54.    Bock DA, Lehmann CW (2012) Chirality 
determination from X-ray powder data—diaste-
reomeric co-crystals of mandelic acid and pro-
line amide. CrystEngComm 14:1534–1537  

    55.    Sheldrick GM (2008) A short history of shelx. 
Acta Cryst A64:112–122  

    56.    Spek AL (2009) Structure validation in chemi-
cal crystallography. Acta Cryst D65:148–155  

    57.    Thompson AL, Watkin DJ (2011) CRYSTALS 
enhancements: absolute structure determina-
tion. J Appl Cryst 44:1017–1022  

    58.    Etter MC, Jahn DA, Donahue BS (1986) 
Growth and characterization of small molecule 
organic crystals. J Cryst Grow 76:645–655  

   59.    Jones PG (1981) Crystal growing. Chem Br 
17:222–225  

   60.    Sluis P, Hezemans AM, Kroon J (1989) 
Crystallization of low-molecular-weight 
organic compounds for X-ray crystallography. 
J Appl Cryst 22:340–344  

   61.    Holden A, Singer P (1960) Crystals and crys-
tal growing. Anchor Books-Doubleday, New 
York, NY  

    62.    Laudise RA (1970) The growth of single crys-
tals, Solid state physical electronics series. 
Prentice-Hall, Inc., Englewood cliffs, NJ  

    63.     http://www2.chemistry.msu.edu/facilities/
crystallography/xtalgrow.pdf      

   64.   Hampton research catalog,   http://www.
hamptonresearch.com/      

   65.   Boyle PD (2006)   http://www.udel.edu/
chem/xray/Crystal_Growing_Guide.html      

    66.   Lachicotte RJ How to grow X-ray quality crys-
tals,   http://chem.chem.rochester.edu/~nvd/
crystalgrowth.html      

    67.   Merritt E (1995) X-ray anomalous scattering, 
   http://skuld.bmsc.washington.edu/scatter/
AS_index.html                

Abigail L. Albright and Jonathan M. White

http://www2.chemistry.msu.edu/facilities/crystallography/xtalgrow.pdf
http://www2.chemistry.msu.edu/facilities/crystallography/xtalgrow.pdf
http://www.hamptonresearch.com/
http://www.hamptonresearch.com/
http://www.udel.edu/chem/xray/Crystal_Growing_Guide.html
http://www.udel.edu/chem/xray/Crystal_Growing_Guide.html
http://chem.chem.rochester.edu/~nvd/crystalgrowth.html
http://chem.chem.rochester.edu/~nvd/crystalgrowth.html
http://skuld.bmsc.washington.edu/scatter/AS_index.html
http://skuld.bmsc.washington.edu/scatter/AS_index.html


163

Ute Roessner and Daniel Anthony Dias (eds.), Metabolomics Tools for Natural Product Discovery: Methods and Protocols, 
Methods in Molecular Biology, vol. 1055, DOI 10.1007/978-1-62703-577-4_12, © Springer Science+Business Media, LLC 2013

    Chapter 12   

 Natural Product Chemistry in Action: The Synthesis 
of Melatonin Metabolites K 1  and K 2  

                         Helmut     M.     Hügel      and     Oliver     A.    H.     Jones   

    Abstract 

   Natural product chemistry often yields new compounds with great potential for economic and/or health 
benefi ts. However, most natural compounds must be artifi cially synthesized on an industrial scale to gener-
ate enough active ingredients to be commercially viable. Thus chemical synthesis is an essential tool of 
natural product chemistry. Chemical synthesis may be defi ned as the purposeful execution of a series of 
chemical reactions in order to obtain a product(s) of interest or to demonstrate important methodologies. 
Organic synthesis is (unsurprisingly) specifi cally concerned with the construction of organic compounds, 
which are often of an exceedingly high level of structural complexity. Each step of any form of chemical 
synthesis involves a chemical reaction, and the reagents and conditions for each of these need to be 
designed to give a good yield and a pure product. Here we illustrate this methodology using a simple 
protocol for the synthesis of the metabolites of the natural product melatonin, the kynurenamines  N 1-
acetyl - N 2 -formyl-5-methoxykynurenine (K 1 ) and  N -acetyl-5-methoxykynurenamine (K 2 ). The four key 
synthetic transformations involve (a) conversion of 4-methoxy aniline into the  tert -butyl (4- methoxyphenyl)
carbamate, (b)  ortho -lithiation-iodination with  tert -butyllithium-1,2-iodoethane, (c) use of the Sonogashira 
reaction with  N -acetyl propargylamine, and (d) sequential alkyne hydration/formylation to give (K 1 ) or 
alkyne to give (K 2 ).  

  Key words     Pineal hormone  ,   Brain chemistry  ,   Kynurenamine synthesis  ,    ortho -Lithiation  , 
  Sonogashira reaction  

1       Introduction 

 The main value of natural product screening in the present day 
is for lead discovery. The last decade has seen an explosive 
growth of the isolation and structural elucidation of natural 
products, particularly from marine organisms. Many newly dis-
covered natural compounds show tremendous promise in human 
health and medicine [ 1 ] but are also highly structurally complex 
and require the use of highly specialized analytical techniques to 
elucidate their structure. The creation of useful end products 
often requires the synthesis of intricate molecules in signifi cantly 
larger amounts than found in nature [ 2 ,  3 ]. Organic chemistry 
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has responded by the development of combinatorial methods of 
synthesis, enabling the economic preparation of large numbers 
of useful compounds. As such, although the nature of its major 
contributions has varied over time, organic synthesis has always 
been a vital part of the highly integrated and multidisciplinary 
process of natural products chemistry and this is unlikely to 
change in the foreseeable future. 

 One relevant example of a natural product used widely for ben-
efi cial health effects is Melatonin ( N -acetyl-5- methoxytryptamine), 
a brain hormone produced in the pineal gland, which plays a sig-
nifi cant role in regulating and controlling circadian and seasonal 
sleep rhythms. Melatonin is biosynthesized from tryptophan and 
has been implicated in pathologies related to circadian rhythm dis-
orders, potent antioxidant protection. It is widely used as a supple-
ment to treat a wide variety of conditions such as jet lag, seasonal 
affective disorder, depression, and delayed sleep phase syndrome 
[ 4 ,  5 ]. Circulating melatonin is metabolized in the liver by 
6-hydroxylation followed by sulfation and glucuronidation to give 
the urinary metabolite 6-sulfatoxymelatonin as the major compo-
nent ( see  Fig.  1 ). In the brain, melatonin is metabolized by the 
action of the indolamine-2,3-dioxygenase to give  N 1-acetyl- N 2-
formyl-5-methoxykynurenine K 1  [ 6 ,  7 ]. This metabolite is further 
transformed into  N -acetyl-5- methoxykynurenamine (K 2 ). K 2  
shows the highest activity against neural nitric oxide synthase 
inhibitors with an inhibition percentage of 65 % at a 1 mM concen-
tration and may serve as a scaffold for the preparation of new lead 
compounds with potential therapeutic applications as neuropro-
tective agents [ 8 ]. Here we detail and present the stepwise 
 methodology on how the two major metabolites of melatonin can 
be effi ciently prepared. This protocol may be used to gain familiar-

  Fig. 1    Melatonin metabolism       
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ity with the methods and procedures of organic synthesis prior to 
attempting more detailed reactions [ 9 ,  10 ]. The interested reader 
is also directed to   http://www.orgsyn.org/     where detailed and 
carefully checked procedures for the synthesis of a range of organic 
compounds can be found.   

2        Materials 

 All solutions and reactions should be prepared using analytical 
grade reagents and if necessary ultrapure water (18 MΩ). The 
purity of each compound may be checked using the NMR data 
provided at the end of the chapter. A detailed overview of the reac-
tion sequence is provided in Fig.  2 .

     1.    1,2-Iodoethane (C 2 H 5 I 2 ).   
   2.    4-Methoxyaniline (C 7 H 9 NO).   
   3.    Anhydrous magnesium sulfate (MgSO 4 ).   
   4.    Anhydrous Tetrahydrofuran (THF).   
   5.    Bis(triphenylphosphine)palladium(II) dichloride (PdCl 2 [PPh 3 ] 2 ).   
   6.    Brine solution (saturated NaCl).   
   7.    Copper (I) iodide (CuI).   
   8.    Di- tert -butyl dicarbonate (Boc 2 O).   
   9.    Dichloromethane (CH 2 Cl 2 ).   
   10.    Diethyl ether (Et 2 O).   
   11.    Distilled water (H 2 O).   
   12.    Ethyl acetate (EtOAc).   
   13.    Formic acid (HCO 2 H).   

  Fig. 2    Synthesis of melatonin metabolites K 1  and K 2        
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   14.    Magnetic stirrer (fl ea).   
   15.    Mercuric sulfate (HgSO 4 ).   
   16.    Methanol (MeOH).   
   17.     N -acetyl propargylamine (C 5 H 7 NO).   
   18.     n -Hexane (C 6 H 14 ).   
   19.    pH paper (or probe).   
   20.    Round bottom fl asks (100 mL).   
   21.    Saturated aqueous sodium thiosulfate solution (Na 2 S 2 O 3 ).   
   22.    Silica gel (for fl ash chromatography).   
   23.    Sodium bicarbonate (NaHCO 3 ).   
   24.    Sodium chloride (NaCl).   
   25.    Schlenk fl asks (with PTFE or Tefl on septa).   
   26.    Sulfuric acid (H 2 SO 4 ) (at 10 % concentration).   
   27.     tert -Butyl-lithium ( t -CH 3 ) 3 CLi (in pentane).   
   28.    Triethylamine (Et 3 N).    

3       Methods 

 Conduct all chemical synthesis reactions and manipulations in a 
well ventilated fumehood. Use a vacuum manifold in a fumehood 
for Schlenk glassware manipulations. All reagents may be prepared 
and stored at room temperature unless otherwise indicated. 
National and international waste disposal regulations should be 
followed at all times. 

       1.    Prepare a solution of 4-methoxyaniline (1.847 g, 15 mmol) 
and di- tert -butyl dicarbonate (5.1 mL, 22 mmol) in 15 mL of 
dry THF (15 mL).   

   2.    Stir at room temperature for 18 h using a magnetic stirrer.   
   3.    Evaporate solvent using rotary evaporator under reduced 

pressure.   
   4.    Add 20 mL of ultrapure H 2 O to dried extract from  step 2 .   
   5.    Extract mixture with three washes of 30 mL of CH 2 Cl 2 .   
   6.    Wash the CH 2 Cl 2  extract with 20 mL of a saturated aqueous 

NaCl solution and then dry over MgSO 4 .   
   7.    Purify the residue of  step 6  via silica gel (70 g) column 

 chromatography using an ethyl acetate– n -hexane mixture 
(ratio of 1:5) as eluent, to give colorless needle like crystals.   

   8.    Recrystallize the end product from  step 7  from the 
 Et 2 O-n   - hexane ( see   Note 1 ).      

3.1  Synthesis Steps 
for the Preparation 
of  tert -Butyl 
(4-Methoxyphenyl)
Carbamate

Helmut M. Hügel and Oliver A.H. Jones
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       1.    Using the product of Section  3.1  in a Schlenk fl ask  prepare a 
solution of  tert -butyl (4-methoxyphenyl) carbamate (10.0 g, 
44.82 mmol) in dry THF (112 mL).   

   2.    Ensure the seal on the Schlenk fl ask is secure, immerse  in a dry 
ice-acetone cooling bath. Using a N 2  gas fl ushed syringe, add 
a solution of  tert -butyl lithium in pentane (68.56 mL, 
116.53 mmol) under N 2  at −78 °C.   

   3.    Stir and allow the solution to react for 15 min.   
   4.    Warm solution to −20 °C and stir for 2.5 h.   
   5.    Add a solution of 1,2-iodoethane (18.95 g, 67.23 mmol) in 

dry THF (40 mL).   
   6.    Stir the reaction mixture at ambient temperature overnight.   
   7.    Quench reaction with saturated aqueous Na 2 S 2 O 3  solution 

(170 mL).   
   8.    Extract the reaction mixture with 270 mL (3 × 90 mL) of Et 2 O.   
   9.    Wash the organic phase with 160 mL of brine (2 × 80 mL) and 

dry over MgSO 4 .   
   10.    Filter and concentrate the fi nal compound on a rotary 

evaporator.   
   11.    Carry out fl ash chromatography using  n -hexane–ethyl acetate 

in a 10:1 ratio to give the pure product as colorless prisms 
( see   Note 2 ).      

        1.    Prepare a solution of the product of Section  3.2  (1.75 g, 
5 mmol), PdCl 2 [PPh 3 ] 2  (140.3 mg, 0.2 mmol) and CuI 
(85 mg, 0.45 mmol), in dry Et 3 N (9.12 mL).   

   2.    At room temperature and under N 2  slowly (over 30 min) add 
 N -acetyl propargylamine (0.65 g, 6.65 mmol) to the solution 
prepared in  step 1 .   

   3.    Stir reaction mixture at room temperature for 1 h.   
   4.    Partition the mixture between Et 2 O (25 mL) and brine (7 mL).   
   5.    Separate and dry the organic layer over MgSO 4 .   
   6.    Filter and evaporate to dryness to give the crude product.   
   7.    Carry out fl ash chromatography using ethyl acetate– n -hexane in 

a 2:1 ratio to give pure product as white crystals ( see   Note 3 ).      

      1.    In a 100 mL round bottom fl ask mix mercuric sulfate (0.36 g, 
1.13 mmol), distilled H 2 O (2.75 mL), formic acid (19.25 mL) 
and DCM (11 mL), using a magnetic stirrer, until the mixture 
has dissolved.   

   2.    To this solution, add the product of Subheading  3.3  (0.36 g, 
1.12 mmol) over 30 min.   

   3.    Stir the fl ask contents for 4 h at 42 °C immersed in a silica oil 
bath.   

3.2  Synthesis of 
 tert -Butyl (2-Iodo-4- 
Methoxyphenyl)
Carbamate

3.3  Synthesis of 
 tert -Butyl(2-[3′- N - 
Acetylaminopropargyl ]
-4-Methoxy Phenyl)
Carbamate

3.4   Synthesis of K 1 

Synthesis of Melatonin Metabolites K1 and K2
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   4.    Add solid NaHCO 3  and adjust solution to pH 7–8.   
   5.    Freeze dry the reaction mixture, then extract with 3 × 50 mL 

washes of EtOAc   
   6.    Wash organic phase with 100 mL of H 2 O and 100 mL of brine.   
   7.    Dry the organic phase over MgSO 4 .   
   8.    Filter and concentrate to give the crude compound.   
   9.    Carry out fl ash chromatography using EtOAc-MeOH, in a 30:1 

ratio to give the pure product as white needles ( see   Note 4 ).      

      1.    In a 100 mL round bottom fl ask mix mercuric sulfate (0.36 g, 
1.13 mmol), 10 % H 2 SO 4  (25 mL) and CH 3 OH (10 mL), 
using a magnetic stirrer, until the mixture has dissolved.   

   2.    To this solution, add the product of Subheading  3.3  (0.36 g, 
1.12 mmol) over 30 min.   

   3.    Stir the fl ask contents for 4 h at 42 °C immersed in a silica oil 
bath.   

   4.    Add solid NaHCO 3  and adjust solution to pH 7–8.   
   5.    Freeze dried reaction mixture then extract with 3 × 50 mL 

washes of EtOAc.   
   6.    Wash organic phase with 100 mL of H 2 O and 100 ml of brine.   
   7.    Dry reaction mixture over MgSO 4 .   
   8.    Filter and concentrate to give the crude compound.   
   9.    Carry out fl ash chromatography using EtOAc-MeOH, in a 30:1 

ratio to give the pure product as white needles ( see   Note 5 ).       

4     Notes and Product Physical and Spectroscopic Data 

 The purity of each compound may be checked with the NMR, 
Infra Red (IR) and Mass spectral (MS) data given below.

    1.    The approximate yield of this reaction is 3.072 g (92 %). The 
melting point is 92–94 °C; 1 H NMR (CDCl 3 /TMS) δ (ppm) 
1.51 (9H, s), 3.78 (3H, s), 6.32 ( 1 H, br), 6.83 (2H, d, 
 J  = 9.2 Hz), 7.26 (2H, d,  J  = 8.8 Hz); IR ν (CHCl 3 ) cm −1  
3,450, 1,730; High Resolution MS data for M +  
223  m / z  = 223.1207.   

   2.    The approximate yield of this reaction is 9.97 g (63.74 %). The 
melting point is 49–51 °C;  1 H NMR (CDCl 3 /TMS) δ (ppm) 
7.75 (d,  J  = 9.1 Hz), 7.23 (d,  J  = 2.9 Hz), 6.85 (dd,  J  = 2.9, 
9.0 Hz), 6.55 (br, 1H), 3.76 (s, 3H), 1.53 (s, 9H);  13 C NMR 
(90 MHz, CDCl 3 ) δ 155.9, 153.0, 132.3, 123.6, 114.8, 80.7, 
55.6, 28.3; IR (KBr): 3,346 (s), 2,978 (m), 1,700 (s), 1,515 
(s), 1,163 (s); High Resolution MS data for M +  
349  m / z  = 349.0173.   

3.5   Synthesis of K 2 
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   3.    The approximate yield of this reaction is 122 mg (76.7 %). 
The melting point is 114–118 °C;  1 H NMR (CDCl 3 ) δ 7.97 
(d,  J  = 9.89 Hz, 1H), 6.96 (br, 1H), 6.96–6.83 (mt, 2H), 6.05 
(br, 1H), 4.33 (d,  J  = 5.11 Hz, 2H), 3.75 (s, 3H), 2.05 (s, 3H), 
1.53 (s, 9H);  13 C NMR (90 MHz, CDCl 3 ) δ 199.91, 154.32, 
152.69, 133.13, 119.68, 116.28, 115.83, 111.91, 91.42, 
80.55, 78.50, 55.36, 29.91, 28.20, 22.79; IR (KBr): 3,328(s), 
1,698(s), 1,652(s), 1,525(s), 1,292(s), 1,163(s); High resolu-
tion MS (ES, Na) for M + Na +  341.1473  m / z  = 341.3564.   

   4.    The approximate yield of this reaction is 165 mg (62.0 %) of 
K 1  (melting point 142–118 °C) with 42.1 mg (14.1 %) of K 2 ; 
 1 H NMR (CDCl 3 ) δ 11.15 (br, 1H), 8.53 (d,  J  = 9.16Hz, 1H), 
8.31 (d,  J  = 1.65 Hz, 1H), 7.26 (d,  J  = 2.75 Hz, 1H), 7.03 
(dd,  J  = 2.75, 9.16 Hz), 6.99 (dd,  J  = 2.75.9.16 Hz), 6.2 (br, 
1H), 3.72 (s, 3H), 3.6–3.4 (m, 2H), 3.2–3.1 (m, 2H), 1.86 
(s,3H);  13 C NMR (90 MHz, CDCl 3 ) δ 203.20, 170.242, 
159.35, 154.83, 133.10, 123.07, 120.66, 118.07, 115.46, 
55.64, 39.64, 34.42, 23.19. IR (KBr): 3,331(m), 1,687 (s), 
1,671 (s), 1,649 (s), 1,540 (s), 1,195 (s); High resolution MS 
(ES, Na) for M + Na +  287.1004  m / z  = 287.2662.   

   5.    The approximate yield of this reaction is 154 mg (58.0 %) of 
K 2  (melting point 86–88 °C);  1 H NMR (200 MHz, CDCl 3 ) δ 
7.13 (d,  J  = 2.93 Hz, 1H), 6.99 (dd,  J  = 2.93, 8.9 Hz, 1H), 
6.95 (dd,  J  = 2.93, 8.9 Hz, 1H), 6.3 (br, 1H), 5.8–5.0 (br, 
2H);  13 C NMR (CDCl 3 ) δ 200.87, 170.10, 150.14, 145.04, 
123.94, 118.83, 117.32, 112.95, 55.91, 38.72, 34.49, 23.30; 
IR (KBr): 3,446 (s), 3,339 (s), 2,937 (s), 1,731 (s), 1,651 (s), 
1,557 (s), 1,237 (s); High resolution MS (ES, Na) for M + Na +  
 m / z  259.1054 = 259.2623.         
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    Chapter 13   

 Discovery, Biosynthesis, and Rational Engineering of Novel 
Enterocin and Wailupemycin Polyketide Analogues 

                         John     A.     Kalaitzis    

    Abstract 

   The marine actinomycete  Streptomyces maritimus  produces a structurally diverse set of unusual polyketide 
natural products including the major metabolite enterocin. Investigations of enterocin biosynthesis 
revealed that the unique carbon skeleton is derived from an aromatic polyketide pathway which is geneti-
cally coded by the 21.3 kb  enc  gene cluster in  S .  maritimus . Characterization of the  enc  biosynthesis gene 
cluster and subsequent manipulation of it via heterologous expression and/or mutagenesis enabled the 
discovery of other  enc -based metabolites that were produced in only very minor amounts in the wild type. 
Also described are techniques used to harness the enterocin biosynthetic machinery in order to generate 
unnatural  enc -derived polyketide analogues. This review focuses upon the molecular methods used in 
combination with classical natural products detection and isolation techniques to access minor metabolites 
of the  S .  maritimus  secondary metabolome.  

  Key words     Enterocin  ,   Wailupemycin  ,   Polyketide  ,   Biosynthesis  ,   Type II polyketide synthase  , 
  Biosynthesis gene cluster  ,   Mutasynthesis  ,   Heterologous expression  ,   Enzymatic synthesis  

1       Introduction 

 Microorganisms are a proven source of both novel and bioactive 
 secondary metabolites (natural products) [ 1 ]. The ability to culture 
such organisms and therefore scale-up production levels of secondary 
metabolites to isolable quantities makes them attractive targets for 
natural product discovery programs despite the common notion that 
<1% of microorganisms can be cultured under laboratory or artifi cial 
conditions. Given this, the role of metabolomics, or more precisely 
secondary metabolomics, is an important component of the novel 
natural products discovery process for a number of reasons. Most 
important is the role metabolomics plays in surveying the hidden 
 secondary metabolome of the microbe of interest. In order to discover 
new compounds it is essential that leads provided by the cultivable 
minority of microbes are taken full advantage of. 
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 Many natural product molecules from microbial sources are 
structurally complex rendering them synthetically intractable, and 
thus the cultured organism is often the best and only source of the 
compound. This is important, for example if the natural product 
happens to show signifi cant bioactivity, and thus promise as a drug 
candidate, as greater amounts of the compound would be required 
for clinical trials. 

 Complete genome sequencing of microbes has revealed that 
the potential for novel natural product discovery from a microor-
ganism’s associated secondary metabolome [ 2 – 6 ] is greater than 
what was anticipated prior to the genomics-driven discovery era, 
and thus the development and application of metabolomics tools 
to streamline the discovery process is not only crucial but now 
commonplace. No single analytical tool is currently available to 
survey an entire secondary metabolome and so complementary 
methods need to be employed in order to obtain as near as complete 
picture as possible. 

 To access minor secondary metabolites, natural product 
researchers have a number of new tools available to them which 
complement the well-established chromatographic, mass spec-
trometry, and NMR methods. Integration of the so-called omics 
technologies to the traditional discovery platform has provided 
great insight into a microbe’s secondary metabolome and its 
 natural product biosynthetic potential [ 7 ,  8 ]. In combination with 
MS and NMR methods, “omics” technologies now form part of 
the initial dereplication process. Dereplication is vital for identifying 
potentially novel structures for isolation early in the discovery 
 process rather than expending efforts isolating known natural 
products or simple analogues thereof. 

 Advances in DNA sequencing technologies together with 
molecular biology tools have enabled a fi rm understanding of the 
genetic basis for the biosynthesis of complex bacterial natural 
 products [ 9 – 11 ]. Bioinformatics based genome mining tools are 
now used to predict partial or even near complete structures of 
 secondary metabolites from genome sequence data alone. 
Bioinformatics analyses such as these, give insight into the potential 
or hidden secondary metabolome of a single microbe prior to 
 isolation. This information can also assist in tailoring culture 
 conditions for production of a specifi c metabolite as well directing 
the isolation of it [ 12 ]. Comparison of natural product biosynthesis-
coding gene sequences with online databases can also be considered 
a form of dereplication and provide the foundation for the 
 metabolomic survey [ 13 ]. 

 With many turning their attention to the more challenging 
task of revealing the hidden secondary metabolome, recent research 
efforts have been focussed upon a single biosynthesis gene cluster, 
or the complement of gene clusters revealed through genome 
sequencing. This approach involves linking a biosynthesis gene 
cluster to its product or vice versa, and exploiting the biosynthetic 
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capability of the identifi ed cluster(s) [ 14 ]. A major advantage of 
harnessing a single biosynthesis gene cluster for the purpose of 
discovering new metabolites is the removal of major and/or inter-
fering metabolites thus allowing access to minor metabolites 
 produced by the parent microorganism. 

 This chapter focuses on the enterocin biosynthesis gene cluster 
( enc ), and the assembly of the structurally unique polyketide natural 
products it codes for [ 15 ,  16 ]. The discovery of some minor 
polyketides, which were identifi ed from extracts derived from 
 heterologous expression systems and biosynthesis gene knockout 
mutants, is detailed along with an overview of the molecular 
 methods used to engineer libraries of unnatural analogues. While 
this chapter highlights aspects of enterocin and polyketide biosyn-
thesis, the relevant references cited throughout the text should be 
consulted for in-depth discussions. Before proceeding to the 
enterocin biosynthesis gene cluster it is necessary to briefl y intro-
duce bacterial polyketide biosynthesis and the enterocin family of 
polyketides.  

2     Bacterial Polyketide Biosynthesis 

 Polyketide natural products (Fig.  1 ) possess a broad spectrum of 
biological activities and command an important role in human health 
with natural products such as the anticancer agent daunorubicin ( 1 ) 

  Fig. 1    A selection of polyketide natural products       

 

Rational Engineering of Enc-Based Polyketides 



174

and the antibiotic tetracycline ( 2 ) in clinical use. Actinomycetes, 
which include the common genus  Streptomyces , are a proven source 
of similar aromatic polyketides as well as large macrocyclic polyketides 
such as erythromycin ( 3 ) and rapamycin ( 4 ) and small entities such 
as 1,3,6,8-tetrahydroxynaphthalene (THN) ( 5 ) [ 17 ,  18 ].

   Nature has evolved a universal biosynthetic mechanism for the 
production of polyketides [ 18 ]. Polyketides are biosynthesized by 
microorganisms from small carboxylic acid building blocks and are 
assembled by repetitive Claisen condensations of an activated 
 carboxylic acid starter unit with malonyl-CoA derived extender 
units to form a highly labile poly- β -ketide. The construction of the 
fi nal polyketide product is catalyzed by a discrete set of biosynthetic 
enzymes collectively known as a polyketide synthase (PKS) and 
genes encoding the PKS, are typically clustered on the microbe’s 
genome hence the common term “biosynthesis gene cluster.” 

 Bacterial PKSs are classifi ed into three groups on the basis of 
molecular genetics, biochemistry, and PKS structure. In the very 
simplest of terms, PKSs are categorized as either type I, II, or III and 
a number of in-depth reviews have been published on each of the 
three types [ 18 – 22 ]. Type I and III PKSs will not be dealt with in 
this chapter, though it is important to note that bacterial type I PKSs 
are responsible for the biosynthesis of large macrocyclic type 
polyketides such as erythromycin ( 3 ) and rapamycin ( 4 ) while bacte-
rial type III PKSs yield small aromatic polyketides such as THN ( 5 ) 
[ 19 ]. Prototypical type II PKS products include tetracycline and the 
blue  Streptomyces coelicolor  pigment actinorhodin ( 6 ) [ 23 ]. The vast 
majority of type II PKS products are polycyclic aromatic polyketides 
with only a few exceptions, one of them being enterocin ( 7 ).     

3     Type II Polyketide Synthases 

 Polycyclic aromatic polyketides, although numerous, belong to in 
general six major structure types, namely, the angucyclines, anthracy-
clines, aureolic acids, benzoisochromanequinones, tetracenomycins, 
and tetracyclines. Biosynthesis gene clusters for each of these  structure 
types have been cloned and sequenced in actinomycetes and con-
fi rmed as type II PKS products. Type II PKSs are comprised of sets 
of iteratively used individual proteins that generate poly- β -keto inter-
mediates and catalyze cyclodehydrations to yield multicyclic aromatic 
natural products such as the clinically important tetracenomycins, 
doxorubicin and tetracyclines. A type II PKS contains a minimal PKS 
which consists of two  β -ketoacyl:ACP synthase subunits KS  α   and 
KS  β  , an acyl carrier protein (ACP) and the malonyl-CoA:ACP trans-
acylase (MAT), and it governs the construction of the unmodifi ed 
polyketide chain. The minimal PKS alone can function to assemble 
cyclized, unmodifi ed polyketides and thus is the smallest set of pro-
teins required for biosynthesis. Further associated proteins function 

John A. Kalaitzis



175

to modify the polyketide and thus contribute directly to structural 
diversity. The prototypical actinorhodin ( act ) PKS has long been 
investigated in an effort to fully understand polyketide assembly in 
actinomycetes [ 23 ]. As with many type II PKSs, the  act  PKS shares 
architectural similarities with the enterocin ( enc ) PKS. Minor differ-
ences between the two biosynthesis gene clusters accounts for the 
divergence of pathways in operation in the producing organisms and 
thus the complement of polyketides isolated from the respective 
wild-type strains. Rather than describe in great detail type II PKSs, 
facets of these will be presented in context to the  enc  PKS in later 
sections.  

4     The Enterocin Family of Polyketide Natural Products 

 The antibiotic polyketide enterocin ( 7 ) was fi rst reported from two 
strains of  Streptomyces  spp. isolated from soil collected in Osaka, 
Japan [ 24 ,  25 ] and shortly thereafter (named as vulgamycin) from 
a strain of  S .  hygroscopicus  [ 26 ]. Early biosynthesis feeding studies in 
 S .  hygroscopicus  revealed that the enterocin molecule was derived 
from benzoate, methionine and seven acetates, and the cage-like 
core likely resulted from a Favorskii type rearrangement [ 26 ]. Later, 
chemical investigations of two specimens of marine ascidians of the 
genus  Didemnum  collected in Western Australia yielded enterocin 
( 7 ) together with 5-deoxyenterocin ( 8 ), and the esters enterocin-
5-behenate ( 9 ) and enterocin-5-arachidate ( 10 ) [ 27 ]. Related 
polyketides were reported from a marine derived actinomycete 
 Streptomyces maritimus  originally designated BD-26T(20), which 
was isolated from sediments collected from Wailupe Beach Park, 
Oahu, Hawaii [ 28 ]. When cultured in a seawater based media,  S . 
 maritimus  produced the novel compounds 3- epi -5- deoxyenterocin 
( 11 ), wailupemycins A-C ( 12 – 14 ) together with the major metab-
olites ( 7 ) and ( 8 ) (Fig.  2 ) [ 28 ]. This discovery was made around 
the same time as genetics approaches were starting to be used more 
often in biosynthesis studies. The relatively quick growth rate of  S . 
 maritimus , the structural diversity of the enterocins and wailupe-
mycins, together with the unusual cage like core structure possessed 
by these metabolites, rendered this organism and its  secondary 
metabolites an attractive target for further biosynthesis 
investigations.

5        The Genetic Basis for Enterocin Biosynthesis 

 The α-pyrone moiety, common to all of the  S .  maritimus  derived 
structure variants and some other previously confi rmed type II PKS 
products [ 29 ,  30 ] indicated a strong likelihood that these too were 
assembled via a type II PKS pathway. With this in mind, the search 
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for the enterocin polyketide synthase in  S .  maritimus  began in 
 earnest. An  S .  maritimus  cosmid library constructed in SuperCosI 
was screened for  act I (actinorhodin minimal PKS) gene homo-
logues with an  act I-ORF1 probe and revealed several candidate 
type II PKS biosynthesis gene sets [ 15 ]. Sequencing of one of the 
clusters, which additionally hybridized to an  act III (actinorhodin 
ketoreductase) probe, revealed the presence of genes proposed to 
be involved in the biosynthesis of the benzoate derived starter unit, 
all but confi rming the proposed candidate gene cluster [ 15 ]. 
Ultimately, unequivocal proof that this cluster was indeed coding 
for the assembly of the enterocin family of molecules was achieved 
through heterologous expression in the engineered host  S .  lividans  
K4-114 ( see  Subheading  6 ) [ 15 ].  

6      The Enterocin Biosynthesis Gene Cluster ( enc ) 

 Discovery, sequencing and functional annotation of the 21.3 kb 
enterocin ( enc ) biosynthesis gene cluster in  S .  maritimus  repre-
sented the fi rst characterized natural product biosynthesis cluster 
from the marine environment [ 16 ]. The centrally located  enc  
 minimal PKS is fl anked by a number of accessory enzymes involved 
in oxidation, reduction and cyclization of the poly- β -ketide 
together with those involved in starter unit biosynthesis and attach-
ment (Fig.  3 ) [ 16 ].

  Fig. 2    Enterocin and related metabolites isolated directly from natural sources       
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   Bioinformatics based interrogation of the sequenced gene 
cluster supported conclusions drawn from prior biosynthesis stud-
ies and provided evidence for proposed assembly routes. Specifi cally, 
the enterocin family of molecules is derived from a type II PKS, 
whose assembly is primed by benzoate which was proposed to be 
derived from phenylalanine. The observed structural diversity 
relating to the rearranged carbon backbones of the enterocins is 
attributed to the lack of cyclases and aromatases in the  enc  gene 
cluster, components which are present in other type II PKSs [ 16 ]. 
Furthermore, an FAD dependent oxygenase was predicted to play 
a role in the uncommon Favorskii rearrangement fi rst proposed by 
Seto and coworkers [ 26 ]. With this information at hand the 
 challenge was to then functionally characterize the discrete genes 
comprising the  enc  cluster and further elaborate the biosynthesis 
pathway. 

 The cosmid clone pJP15F11, a derivative of an  E .  coli – Streptomyces  
shuttle cosmid, containing the entire  enc  gene cluster was heterol-
ogously expressed in the genetically engineered host strain  S .  livi-
dans  K4-114 [ 31 ,  32 ]. Analysis of the resultant extract by LC-MS 
revealed the major metabolites  7  and  8  as well as a number of 
uncharacterized minor compounds [ 15 ]. Confi rmation that these 
novel compounds were indeed products of the  enc  cluster was 
 provided by supplementing the transconjugant  S .  lividans  K4-114/
pJP15F11 with benzoic acid- d  5 . The resultant extract was analyzed 
for deuterium enrichment by LC-MS in order to confi rm benzoate 
incorporation, and a total of ten novel benzoate derived metabo-
lites were detected. The yet to be characterized benzoate derived 
metabolites had molecular masses of either 414, 364, or 346 g/mol, 
corresponding to polyketides with molecular formulas of C 21 H 18 O 9 , 
C 21 H 16 O 6  and C 21 H 14 O 5  respectively [ 15 ]. One of the molecules 
was subsequently isolated from a 2 L culture (5 mg) of  S .  maritimus  
fermented in the saltwater based medium A1. Structure elucidation 

  Fig. 3    Abbreviated biosynthesis of enterocin from  L -phenylalanine, and partial map of the enterocin ( enc ) 
 biosynthesis gene cluster in  S .  maritimus . The proposed functions of the respective gene products are: EncA- 
EncB (ketosynthase αβ subunits); EncC (acyl carrier protein); EncD (ketoreductase); EncH (cinnamate:CoA 
ligase), EncI (cinnamoyl-CoA hydratase); EncJ (β-oxoacyl-CoA thiolase); EncK ( O -methyl transferase); EncL 
(type II thioesterase); EncM (FAD dependent oxygenase); EncN (benzoate:ACP ligase); EncO (unknown); EncP 
(phenylalanine ammonia lyase); EncQ (ferredoxin); EncR (cytochrome P450 hydroxylase)       
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of the novel compound, wailupemycin D ( 15 ), was achieved using 
common NMR and MS techniques, and was found to contain the 
characteristic α-pyrone further extending upon the known natural 
chemical diversity encoded by the  enc  cluster [ 15 ]. Wailupemycin 
D ( 15 ) is a structural analogue of EM18 ( 16 ), a shunt product of 
the  act  minimal PKS [ 33 ], with the only difference being the 
 substitution of the phenyl group in  15  by a methyl in  16  (Fig.  4 ). 
In Section  8 , the characterization of the wailupemycin D ( 15 ) ana-
logues, wailupemycins E-G ( 17 – 19 ), minor products of both the 
wild type and  S .  lividans  K4-114/pJP15F11 transconjugant, will 
be detailed.

7        Functional Characterization of the Enterocin Biosynthesis Gene Cluster 

 Genetic characterization of the enterocin type II PKS by way of 
establishing an individual gene’s function was initially pursued via 
the construction of deletion, or gene inactivated, mutants of  S . 
 maritimus . Genes comprising the enterocin biosynthesis cluster 
were systematically deleted in an effort to abolish polyketide 
 production and then often complemented with a biosynthetic 
 precursor or the wild type biosynthesis gene to restore function 
and thus enterocin biosynthesis. Analysis of organic extracts derived 
from the various mutants by LC-MS or HPLC and comparison 
with an  S .  maritimus  extract usually confi rmed or dispelled a pro-
posed biosynthetic hypothesis. Rather than discuss all mutants 
individually, some key outcomes relevant to this chapter are discussed 
in greater detail in the following sections.  

8      The Favorskii-Like Rearrangement 

 In order to better understand the biosynthetic Favorskii-like 
 rearrangement, the gene coding the proposed “favorskiiase”  encM , 
was inactivated by single crossover homologous recombination [ 34 ]. 

O

O

OOH

HO

R2

R1

15 R1=Ph R2=OH
16 R1=CH3 R2=OH
17 R1=OH R2=Ph

18 R=Ph
20 R=CH3

23 R=n-Pr

19 R=Ph
21 R=CH3

22 R=n-Pr

O

R

OHO

HO

HO O

O

R

OHOH

HO O

  Fig. 4    Wailupemycins D–G and related compounds       
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The resultant  encM  knockout strain,  S .  maritimus  KM was grown on 
solid A1 media, extracted and analyzed by LC-MS. As expected, pro-
duction of the enterocins was completely abolished; however, minor 
metabolites derived from the pathway which were previously 
observed from the wild type strain and the  S .  lividans  K4-114/
pJP15F11 transconjugant were present in levels which allowed them 
to be isolated and characterized [ 34 ]. Wailupemycin D ( 15 ) was 
reisolated along with its diastereomer wailupemycin E ( 17 ) and 
another isomer wailupemycin F ( 18 ). The dehydration product 
wailupemycin G ( 19 ) (346 g/mol), was also purifi ed from the 
extract and it is notable that  18  and  19  are structural analogues of 
the  act  PKS products mutactin ( 20 ) [ 35 ] and dehydromutactin ( 21 ) 
[ 36 ] respectively, differing only at position C15, as in the case of the 
analogous pair wailupemycin D ( 15 ) and EM18 ( 16 ) (Fig.  4 ) [ 34 ]. 

 An almost identical extract was derived from a knockout 
mutant where the methyl transferase coding gene  encK  was deleted. 
Based on this data it was proposed that EncK and EncM jointly 
catalyze the Favorskii-like rearrangement as well as the pyrone 
methylation in enterocin biosynthesis [ 34 ]. Later, Graziani and 
coworkers reported the structures of related polyketides phaeo-
chromycins A-E from the soil actinomycete  Streptomyces phaeochro-
mogenes  LL-P018 [ 37 ]. Like dehydromutactin ( 21 ) and mutactin 
( 20 ), phaeochromycin A ( 22 ) and phaeochromycin B ( 23 ) are 
analogues of wailupemycin polyketides, the only difference being 
the attachment of a butyrate derived  n -propyl group rather than 
the benzoate derived phenyl ring (Fig.  4 ). This discovery further 
exemplifi es the diverse biosynthetic capability of the actinomycetes 
and the utility of culturing microbes for novel natural products.  

9     Starter Unit Biosynthesis 

 The function of each of the biosynthesis enzymes proposed to be 
involved in starter unit assembly was partially assigned through 
analysis of the cluster’s gene sequence [ 16 ,  38 ]. Functional charac-
terization was undertaken mainly by mutagenesis in which each 
proposed starter unit biosynthesis gene ( encH ,  I ,  J ,  P , and  N ) was 
inactivated by single and/or double crossover homologous 
 recombination [ 39 ,  40 ]. These studies confi rmed that the benzoate 
derived starter unit is arrived at by one of two pathways, either 
endogenously from phenylalanine via a plant like pathway, or exog-
enously from the free carboxylate. A key step in the endogenous 
pathway is the deamination of  L -phenylalanine to  trans -cinnamic 
acid which is facilitated by the phenylalanine ammonia lyase (PAL) 
EncP (Fig.  5 ) [ 41 ]. Inactivation of  encP  in  S .  maritimus  resulted in 
the complete abolishment of benzoate primed polyketides; however, 
on supplementation with cinnamic or benzoic acid to the mutant 
( S .  maritimus  XP), wild type levels of enterocin and wailupemycins 
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D–G were successfully restored [ 39 ]. Supplementation with benzoates 
to restore polyketide production by the mutant  S .  maritimus  XP 
via the exogenous pathway, was facilitated by EncN [ 42 ].

10        Exploiting Starter Unit Biosynthesis to Generate Novel Compounds via 
Mutasynthesis 

 Early work on enterocin biosynthesis by Seto and coworkers 
showed that supplementation feeding experiments with fl uorinated 
benzoates in the enterocin producer  S .  hygroscopicus  No. A-5294 
resulted in the biosynthesis of minor amounts of fl uorinated 
enterocins [ 26 ]. By exploiting the exogenous route to benzoate 
primed polyketides in the mutant  S .  maritimus  XP, a series of 
 p - fl uorobenzoate  derived enterocins and wailupemycins ( 24 – 29 ) 
(Fig.  6 ) were prepared by mutasynthesis (Fig.  7 , Table  1 ) [ 43 ]. 
The beauty of mutasynthesis as opposed to precursor directed 
 biosynthesis is that it results in the sole production of the artifi cial 
metabolites with all natural metabolites (background) eliminated. 
This allows the identifi cation of newly mutasynthesized metabolites 
and the generation of isolable amounts of compound. LC-UV-MS 
proved to be the ideal analytical tool to (a) determine the success 
of the mutasynthesis experiments, and (b) identify the artifi cial 
analogues from the resultant organic extract. Typically, artifi cial 
analogues of the natural products possessed similar retention times 
and displayed comparable UV spectra. Also, given the nature of 
mutasynthesis, the expected molecular ions can be calculated and 
the anticipated metabolites can be easily correlated with retention 
times and UV data.

     A series of carboxylic acids (~1 mg) were individually adminis-
tered to 25 mL cultures of  S .  maritimus  XP grown on solid A1. In 
total 20 carboxylates including some cinnamates were tested, the 

  Fig. 5    Plant like biosynthetic route to the enterocin starter unit benzoyl-CoA in  S .  maritimus        
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  Fig. 6    Enterocin and wailupemycin analogues generated through mutasynthesis       

  Fig. 7    Mutasynthesis of enterocins and wailupemycins in  S .  maritimus  XP       

      Table 1  
  Engineered  enc -based polyketides   

 Starter unit 

 Mutasynthesis  Enzymatic synthesis 

  S .  maritimus  XP  EncA/B, -C, -D, -N  EncA/B, -C, -D, -N, -M 

  p -fl uorobenzoate   24–29    28–29    28–29, 55, 61  

 2-thiophene carboxylate   30–35    34–35    56, 34–35  

 3-thiophene carboxylate   36–41    40–41    57, 40–41  

 cyclohex-1-enecarboxylate   42–43   –  – 

  p -chlorobenzoate  –   51–52    51–52, 60, 62  

 3-hydroxybenzoate  –   45–46    58, 45–46  

 4-hydroxybenzoate  –   47–48    59, 47–48  

 3,4-dihydroxybenzoate  –   49–50    49–50  

 nicotinate  –   53–54    53–54  
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majority of which were not incorporated into polyketide products 
by the mutant. Analysis of culture extracts revealed the successful 
mutasynthesis of 2- and 3-thiophenecarboxylic acid derived entero-
cins and wailupemycins ( 30 – 41 ) (Fig.  6 ). Supplementation with 
cyclohex-1-enecarboxylic acid resulted in the biosynthesis of 
enterocin and 5-deoxyenterocin analogues ( 42 – 43 ); however, 
wailupemycin analogues were not detected (Table  1 ) [ 43 ]. These 
results indicated that EncN possessed relaxed substrate  specifi city 
and this was further probed and evaluated in vitro. Competitive 
assays were used to determine the in vitro conversion of various 
carboxylates (39 in total) to their corresponding CoA thioesters 
and analysis by LC-MS revealed that  p -fl uorobenzoate, cyclohex-
1-enecarboxylate, 2- and 3-thiophenecarboxylates displayed the 
highest relative activities in comparison to the natural benzoate 
substrate, mirroring the in vivo observations [ 43 ]. This was the 
fi rst reported exploitation of a type II PKS for the purposes of 
mutasynthesis.  

11     Exploring Enterocin and Wailupemycin Biosynthesis In Vivo 

 Using the heterologous expression system described earlier, 
 combinations of enterocin biosynthesis genes were expressed in 
 S .  lividans  K4-114 cultured on solid R2YE supplemented with 
 benzoate (Table  2 ). Comparison of culture extracts with authentic 
standards by HPLC confi rmed biosynthesis proposals that were 
based on bioinformatics analyses of the  enc  cluster gene sequence, 
and data obtained from mutagenesis experiments. Most notably, the 
data revealed that the enterocin ketoreductase (EncD) is absolutely 
required for the production of benzoate primed polyketides, while 
EncL, originally assigned as a benzoyl-CoA:ACP acyltransferase and 
later formally characterized as a type II thioesterase, was not [ 44 ,  45 ]. 

   Table 2  
  Heterologous expression of  enc  genes and polyketide products   

 Culture conditions  Expression plasmid ( enc  genes)  Major products  Reference 

 Solid R2YE + benzoate  pCH16 (ABCLMN)  –  [ 44 ] 

 pCH16 (ABCLMN)/pCH20 (D)   15–16, 18–19   [ 44 ] 

 pMP6 (ABCLMN/D)   15–16, 18–19   [ 44 ] 

 pJK494 (ABCN/D)   18–19   [ 45 ] 

 pBM43 (ABCLMN/DK)   8, 18–19   [ 46 ] 

 Liquid R2YE + benzoate  pMP6 (ABCLMN/D)   15–16, 18–19, 44   [ 46 ] 

 pBM43 (ABCLMN/DK)   8, 15–16, 18–19, 44   [ 46 ] 

 Liquid R2YE + 44  pBM43 (ABCLMN/DK)   8   [ 46 ] 
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An expression plasmid based on pRM5 [ 36 ], harboring the gene set 
 encABCLMN / encDK  was introduced into the host  S .  lividans  
K4-114. When the transformant was fermented in liquid, rather than 
on solid R2YE media, and supplemented with benzoic acid, not only 
were 5-deoxyenterocin ( 8 ) and wailupemycins D–G ( 15 ,  17 – 19 ) 
produced, as observed when grown on solid media, but also the new 
natural product desmethyl-5-deoxyenterocin ( 44 ) (Fig.  8 ) [ 46 ]. The 
isolation and structure elucidation of  44  (414 g/mol), which was 
previously detected only by LC-MS  provides a model example of 
accessing the hidden metabolome of a strain using innovative tech-
niques. While it is only produced in very minor amounts by the wild 
type, almost 10 mg was isolated from a 1 L fermentation of the trans-
formant [ 46 ]. Heterologous expression of a similar gene set lacking 
the methyltransferase  coding gene  encK , produced even greater 
 relative amounts of the newly characterized metabolite. In contrast to 
the previous in vivo mutagenesis results, these data suggested that 
EncM alone catalyzes the Favorskii rearrangement and that EncK 
acts as a methyltransferase with rearranged polyketide substrates 
(Fig.  8 ) [ 46 ]. Interestingly, complementation of aureothin biosynthesis 
genes in vivo with  encK  resulted in the production of an  O -methylated 
pyrone aureothin analogue supporting the functional assignment of 
EncK as a dedicated methyltransferase [ 47 ]. Taken together all of 
these observations provided the knowledge base for the subsequent 
ex vivo reconstitution of the enterocin pathway.

12         Enzymatic Synthesis of Enterocin Polyketides 

 Possessing an intimate knowledge of enterocin biosynthesis and 
the enzymes, cofactors and substrates involved in its assembly, 
Moore and coworkers set out to reconstitute the biosynthetic 
pathway ex vivo [ 48 ]. The multienzyme total synthesis was achieved 

  Fig. 8    Total biosynthesis of  enc -based polyketides       
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with benzoate and malonate substrates in a single vessel and 
 represented the fi rst total in vitro assembly of a type II PKS natural 
product using purifi ed enzymes (Fig.  8 ) [ 48 ]. 

 In the absence of benzoate, an assay containing the minimal 
set of enterocin biosynthesis enzymes resulted in the production of 
a series of all malonate derived polyketides never detected in vivo. 
LC-MS of an extract derived from a [2- 13 C] malonyl-CoA supple-
mented assay revealed the presence of three yet to be characterized 
nonaketides. A mass shift of 9 amu from 342 and 298 to 351 and 
307 (indicating the incorporation of nine acetates) confi rmed the 
nonaketides and HR FT-MS allowed the determination of the 
molecular formulas C 18 H 14 O 7  and C 17 H 14 O 5  [ 48 ]. While the struc-
tures of the three nonaketides are yet to be confi rmed, this fi nding 
serves to highlight the utility of examining a single biosynthesis 
gene cluster in order to reveal even more of the organism’s hidden 
secondary metabolome. Identifi cation of the proposed nonaketides 
also suggested that the size of the primer unit may dictate polyketide 
chain length.  

13     Enzymatic Synthesis of Unnatural Enterocins and Wailupemycins 

 Using the same biosynthetic machinery, an ex vivo library of 
unnatural enterocin and wailupemycin analogues were prepared by 
exploiting, once again, the relaxed substrate specifi city of the 
benzoate:ACP ligase EncN (Fig.  9 , Table  1 ) [ 49 ].

   In the presence of the natural primer benzoate, incubation of 
enterocin minimal PKS enzymes, the ketoreductase EncD, the 
 S .  glaucescens  malonyl-CoA:ACP transacylase ( Sg FabD) and EncN 
together with malonyl-CoA and the appropriate cofactors, 
yielded the spontaneous cyclization products wailupemycins D–G 
( 15 ,  17 – 19 ) [ 48 ]. Alternative incubation with  p -fl uorobenzoate 

  Fig. 9    Enzymatic synthesis of enterocins and wailupemycins       
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and 2- and 3-thiophene carboxylates gave wailupemycin F analogues 
( 28 ,  34 ,  40 ) and wailupemycin G analogues ( 29 ,  35 ,  41 ) which 
were identical by LC-MS to standards generated by in vivo 
 mutasynthesis [ 49 ]. Further molecules generated in vitro that were 
not detected from mutasynthesis experiments included 3- and 
4-hydroxybenzoate, 3,4-dihydroxybenzoate,  p -chlorobenzoate, 
and nicotinate derived wailupemycin F and G analogues ( 45 – 54 , 
Fig.  10 ) [ 49 ]. It is likely that wailupemycin D ( 15 ) and E ( 17 ) 
analogues were also produced; however, these were not detected.

   A subsequent set of enzymatic assays were performed in which 
the FAD-dependent favorskiiase EncM was added to the minimal 
set of biosynthesis enzymes. As expected a set of desmethyl-
5- deoxyenterocin analogues ( 55 – 60 ) (Fig.  10 , Table  1 ) were able 
to be generated from the same starters as successfully employed 
above with the exception of 3,4-dihydroxybenzoate and nicotinate 
[ 49 ]. Also detected by LC-MS were additional analogues ( 61 – 62 ) 
corresponding to the C-3 epimers of the halogenated  55  and  60 , 
analogues of  11 , a minor metabolite of the wild type strain [ 49 ]. 
These results further emphasized the usefulness of natural 
 biosynthesis enzymes for the production of synthetically intractable 
molecules such as the enterocins albeit on a micro scale. 

  Fig. 10    Further enterocin and wailupemycin analogues generated through enzymatic synthesis       
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Furthermore, using this ex vivo enzymatic approach, additional 
analogues were generated that were not detected from mutasyn-
thesis studies, thus expanding upon the functional nature of the 
enterocin biosynthesis gene cluster.  

14     Concluding Remarks 

 The marine microbe  Streptomyces maritimus  produces a diverse 
range of polyketides including the unusual type II PKS product 
enterocin. Prior to any biosynthetic investigations of  S .  maritimus , 
six metabolites  7 ,  8 , and  11 – 14 , were thought to be produced 
from a single, yet to be described, polyketide synthase. Through 
characterization of the enterocin PKS mainly via mutagenesis, a 
further fi ve natural products  15 ,  17 – 19  and  44  produced by the 
wild type strain in only minor amounts, were identifi ed. Armed 
with a thorough knowledge of the enterocin biosynthesis pathway 
and its underlying biosynthetic genetic machinery, the hidden 
 S .  maritimus  secondary metabolome became readily accessible. 
Overviewed here were the molecular methods used to further 
understand the biosynthesis of the enterocins and wailupemycins 
at the genetic level. The modular and seemingly simple architec-
ture of the enterocin biosynthesis gene cluster prompted it’s 
manipulation with the aim of generating novel chemistries. 
As exemplifi ed by studies of the  enc  cluster, the effi cacy of harness-
ing biosynthesis genes for the generation of unnatural natural 
product analogues proved successful. The identifi cation of novel 
metabolites produced in microgram quantities through enzymatic 
and mutasynthesis, relied heavily upon robust metabolomic tech-
niques, predominantly LC-MS, and comparison of UV spectra 
with their respective natural analogues. In short, 20 natural product 
analogues were generated through mutasynthesis and at least 
another 20 via enzymatic synthesis illustrating this organism’s 
extremely impressive genetic biosynthetic capability (Fig.  11 ).

   Underpinned by the knowledge derived from the many natural 
product biosynthesis clusters characterized during the late 1990s 
through the early part of this century, chemical structures of 
 microbial secondary metabolites can be predicted with some 
degree of confi dence from genome sequence data thus providing 
the basis for a predicted secondary metabolome. When coupled 
with highly sensitive mass spectrometry techniques, this or similar 
genome mining approaches provide a powerful means of stream-
lining the natural product discovery process while helping to 
ensure that the biosynthetic capabilities of prolifi c microorganisms 
are fully capitalized on.     
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    Chapter 14   

 Bioassays for Anticancer Activities 

                         Janice     McCauley    ,     Ana     Zivanovic    , and     Danielle     Skropeta    

    Abstract 

   The MTT/MTS in vitro cell proliferation assay is one of the most widely used assays for evaluating 
 preliminary anticancer activity of both synthetic derivatives and natural products and natural product 
extracts. The highly reliable, colorimetric based assay is readily performed on a wide range of cell lines. 
This assay gives an indication of whole cell cytotoxicity; however, to determine the exact molecular target 
further assays need to be performed. Of these, kinase inhibition assays are also one of the most widespread 
enzyme inhibition screening assays performed. Kinases are enzymes that play a key role in a number of 
physiological processes and their inhibitors have been found to exhibit anticancer activity against various 
human cancer cell lines. Herein, we describe the methods for performing both in vitro MTT/MTS cyto-
toxicity and kinase enzyme inhibition assays. These are two of the most useful anticancer screening tech-
niques available that are relatively economical and can be easily and routinely performed in the laboratory 
to characterize anticancer activity. Both assays are highly versatile and can be modifi ed to test against tar-
geted disease processes by using specifi c kinase enzymes or cell lines.  

  Key words     MTS/MTT assays  ,   Cytotoxicity  ,   Anticancer activity  ,   Human cancer cell lines  , 
  Enzyme inhibition  ,   Kinases  

1       Introduction 

 A goal of natural product chemistry and organic synthesis labora-
tories is ultimately drug discovery. An important aspect of the drug 
development process is testing both natural products and synthe-
sized compounds for bioactivities that are involved in targeted 
 diseases processes. Cancer is a general term to defi ne a number of 
diseases that are characterized by the uncontrolled proliferation of 
cells resulting from the disruption or dysfunction of regulatory 
 signaling pathways that are normally under tight control [ 1 ,  2 ]. 
Cancer can spread rapidly and invade other tissues and organs and 
different cancers are recognized to have unique characteristics or 
markers [ 3 ]. 

 To assess for preliminary anticancer activity in terms of cell 
viability, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
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bromide (MTT) and 3-(4,5-dimethylthiazol-2-yl)-5-(3- 
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner 
salt (MTS) in vitro cytotoxicity assays are considered two of the 
most economic, reliable and convenient methods. This is based on 
their ease of use, accuracy and rapid indication of toxicity [ 4 ], as 
well as their sensitivity and specifi city [ 5 ]. Both assays are in vitro 
whole cell toxicity assays that employ colorimetric methods for 
determining the number of viable cells based on mitochondrial 
dehydrogenase activity measurement and differ only in the reagent 
employed. In the MTT assay, 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide is bioreduced by dehydrogenase 
inside living cells to form a colored formazan dye, while in the 
MTS assay, a similar bioconversion takes places utilizing 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulfophenyl)-2H-tetrazolium, inner salt and an electron coupling 
reagent (phenazine ethosulfate) PES (Fig.  1 ).

   The MTT assay requires the addition of solubilizing agents to 
dissolve the insoluble formazan product formed, while the MTS 
assay generates a water-soluble formazan product, thus simplifying 
the assay. The number of viable cells is measured through colorim-
etry and works on the principle that the mitochondrial dehydroge-
nase enzymes which produces NADH or NADHP, reduces the 
colorless tetrazolium salt into a colored aqueous soluble formazan 
product by the mitochondrial activity of viable cells at 37 °C 
(Fig.  1 ). The quantity of the colored product is directly propor-
tional to the number of live cells in the culture since the MTT/
MTS reagent can only be reduced to formazan by metabolically 
active cells.    

 This is a useful assay to characterize potential anticancer agents 
and can be performed routinely and easily in the laboratory  without 
the need to forego intellectual property. The MTT and MTS assays 
assess for toxicity to the particular cell under investigation (not 
anticancer activity per se). Therefore, most researchers screen for 
cytotoxicity against either murine or human cancer cell lines, as well 

  Fig. 1    The reduction of the MTS tetrazolium salt to the red formazan product by viable cells       
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as against a normal cell line such as peripheral blood lymphocytes. 
A selectivity index of the compound for cancer cells over normal 
cells can then be determined. It is also advisable to confi rm MTS/
MTT results with qualitative observations under the microscope of 
the cell morphology both before and after the assay. This can often 
assist in identifying potential modes of actions and deciding which 
further assays should be performed such as caspase activation, 
assessing stage of cell cycle arrest and microtubule stabilization or 
destabilization [ 6 ]. 

 In addition to performing MTT or MTS assays against specifi c 
cell types, many researchers worldwide also submit their com-
pounds to screening by the National Cancer Institute (NCI, 
  http://www.cancer.gov    ), which is part of the US Government 
National Institutes of Health (NIH). The NCI offers a rapid in 
vitro primary anticancer drug screen to support cancer researchers 
worldwide [ 7 ]. The screen, which is performed at no cost to the 
researcher other than shipping of their sample, consists of a panel 
of 60 different human tumor cell lines from several cancer types 
including leukemia, melanoma and cancers of the lung, colon, 
brain, ovary, breast, prostate, and kidney. The NCI60 screen tests 
the degree of growth, inhibition, or cytotoxicity of a compound 
against each cell line over a range of concentrations to generate a 
characteristic profi le or fi ngerprint of cellular response [ 8 ]. A com-
puter program (COMPARE) is used to assess the pattern of 
response across the cell lines, which can point towards a likely 
mechanism of action or identify compounds with unique modes of 
activity and/or selectivities for specifi c cell types. Operational 
details are provided by the NCI Developmental Therapeutics 
Program (DTP) and can be found at   http://dtp.nci.nih.gov     and 
for information regarding the submission of compounds for test-
ing in the NCI screens  see    http://dtp.nci.nih.gov/docs/misc/
common_fi les/submit_compounds.html    , [ 9 ]. Only pure com-
pounds are screened in the assay and the supplier of the sample is 
required to provide the molecular structure of any compounds 
submitted, which are then reviewed and considered for testing. 

 The above assays are whole cell assays; however, often a 
researcher will want to determine activity against a specifi c molecu-
lar or cellular target in order to confi rm the mechanism of action 
and to assess for selectivity towards different targets and any off- 
target effects. This can be achieved using in vitro inhibition assays 
against either purifi ed enzymes or cell-free extracts enriched in the 
enzyme target of interest. One such anticancer screening method 
that can be easily and routinely performed in the laboratory in 
low-, medium- or high-throughput format is protein kinase inhibi-
tion [ 10 ]. After G protein-coupled receptors (GPCRs), protein 
kinases are the second most important anticancer drug target being 
pursued today. 

Anticancer Bioassays
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 Unlike MTS-type assays, which are cell based, these assays are 
based on detecting the degree to which the potential drug com-
pound can inhibit an enzyme’s activity. Most drugs used today 
demonstrate their bioactivity by acting as either receptor antago-
nists or as enzyme inhibitors. Enzymes are popular drug targets as 
they play a signifi cant role in a number of disease processes and are 
susceptible to inhibition by small drug-like molecules [ 11 ]. 

 Protein kinases are an abundant group of enzymes in the 
human body with approximately 518 different protein kinases 
encoded in the human genome [ 12 ]. Kinases catalyze the chemical 
transfer of a phosphate group from a high energy molecule such as 
adenine triphosphate (ATP) to a hydroxyl-containing substrate 
such as serine, threonine and tyrosine, and are divided into differ-
ent families based on their selectivity for these amino acids. 

 As one of the most abundant groups of enzymes in the human 
body, protein kinases are important in almost every major pathway 
in eukaryotic cells. They play a central role in the regulation of cel-
lular activities and in signal transduction in signal transmission 
pathways. Moreover, kinases have important roles in metabolism, 
cell growth, apoptosis, immune response, gene expression, onco-
genesis, cell differentiation and proliferation, metabolism, DNA 
damage repair, and cell motility [ 2 ]. As a result, the deregulation 
of kinases has been identifi ed to be the main cause in an increasing 
list of diseases [ 13 ]. An estimated one-third of pharma drug dis-
covery programs now focus on targeting cancer-related kinases 
with the aim of developing potent and selective inhibitors with 
lower side effects than treatments that traditionally focus on DNA 
and chromosome regulation [ 14 – 17 ]. An example of a kinase 
inhibitor that has successfully proceeded onto the pharmaceutical 
market is Imitinib (Gleevec, Novartis) which is a tyrosine kinase 
inhibitor that has dramatically improved the prognosis for sufferers 
of chronic myeloid leukemia after being the fi rst small-molecule 
kinase inhibitor to be approved for human use [ 13 ]. 

 c-AMP Dependent protein kinase A (protein kinase A, PKA) 
is an enzyme involved in the phosphorylation of a wide range of 
proteins, ion channels, and transcription factors [ 18 ]. It has been 
demonstrated to regulate a number of physiological processes 
including cardiovascular function, steroid biosynthesis, repro-
ductive function, myogenesis, adipocyte metabolism, exocytotic 
processes, and immune function [ 19 ,  20 ]. PKA was also found to 
play a key role in memory processes [ 21 ]. The cAMP-PKA path-
way has been linked to the promotion of malignant phenotypes 
of head and neck squamous cell carcinoma [ 22 ] and demon-
strated to be activated in a range of tumors [ 23 ]. Conversely, 
PKA inhibitors have been found to display both in vitro and in 
vivo antitumor activity against various human cancer cell lines and 
to enhance monocyte function in HIV-infected patients [ 24 ]. 
Thus, it is becoming increasingly apparent that the ability to 
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selectively inhibit PKA provides a new way of potentially 
 modulating cancer, immune function, and memory disorders 
such as Alzheimer’s disease, Parkinson’s disease, and schizophre-
nia [ 19 ,  21 ,  25 ]. Herein, we describe methods for performing 
both the MTT/MTS cell proliferation cytotoxicity assay and for 
screening against the enzyme PKA. Both methods are widely 
used in our laboratory [ 6 ,  26 ,  27 ].  

2     Materials 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 
 
 This protocol is for the analysis of 14 samples per plate—each 
 sample is run twice at 100 µg/mL and in triplicate. This gives six 
data points per % inhibition reading. Alternatively, 14 samples can 
be run once at two different concentrations (100 µg/mL, 1 µg/
mL) in triplicate. This will give three data points per % inhibition 
reading (adjust protocol accordingly). The volumes provided in 
this protocol are intended for a 96-well plate. The actual volumes 
used can be adjusted as needed.

    1.    Prepare sample solutions: Prepare a 5 mg/mL stock solution 
of sample in 100 % dimethyl sulfoxide (DMSO).   

   2.    Sample dilution: Prepare 1 mL of a 1 mg/mL secondary stock 
solution (in 20 % DMSO) of the sample by taking 200 µL of the 
above 5 mg/mL stock and adding 800 µL of Milli Q water. 
During the assay, this will be diluted by 1:10 to give a fi nal 
 concentration of 100 µg/mL in 2 % DMSO ( see   Notes 1  and  2 ).   

   3.    Prepare kinase reaction buffer: Dissolve 48.5 mg of 
 tris (hydroxymethyl)aminomethane (Tris), 19.0 mg of magne-
sium chloride (MgCl 2 ) and 1.0 mg of bovine serum albumin 
(BSA) in 2 mL of ultrapure H 2 O and then make up to 10 mL 
in a Falcon tube. Adjust the pH to 7.5 using aqueous hydro-
chloric acid (HCl) if required. This will make 10 mL of reac-
tion buffer that is suffi cient for 1 × 96-well plate (i.e., 45 µL × 96 
wells = 4.3 mL, plus 5 mL for adenosine triphosphate (ATP) 
stock) ( see   Note 3 ).   

   4.    Enzyme preparation: The PKA enzyme (Promega) used herein 
is supplied in buffer as 2,500 units at 114 units/µL. Dissolve 
whole contents of tube containing enzyme in a total of 2 mL 
of kinase reaction buffer ( see   item 3 ). Aliquot out 10 × 200 µL 
of this solution into labeled Eppendorf tubes and store at 
−70 °C, to give 250 units of activity per tube. The assay 
described herein utilizes 2.50 units per well, i.e., 2.50 units × 96 
wells = 240 units in total. Thus the supplied enzyme will enable 
testing of 10 × 96-well plates ( see   Note 4 ).   

2.1  Protein 
Kinase Assay
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   5.    Kemptide (PKA) specifi c substrate (Promega, Australia) 
(10 mg/mL). The substrate is used as supplied and stored at 
−20 °C ( see   Note 5 ).   

   6.    Prepare ATP solution: Label three tubes: ATP stock 1, ATP 
stock 2, and ATP stock 3 (the last one is used in the assay). 
Weigh 5.51 mg of ATP and make up to 500 µL with kinase 
reaction buffer to give a 20 mM solution of ATP (stock 1). 
Take 100 µL of ATP stock 1 and dilute to 500 µL in kinase 
reaction buffer to give a 4 mM solution. Take 15 µL of the 
ATP stock 2 and dilute to 3,000 µL in kinase reaction buffer to 
give a 20 µM solution. This last solution is used in the assay to 
give a fi nal concentration of 10 µM ( see   Note 6 ).   

   7.    96-well opaque white (non-sterile) plates (Corning #3912).   
   8.    Micropipettes.   
   9.    Luminometer compatible for 96-well plates.   
   10.    20 % DMSO solution: Add 800 µL of distilled water to 200 µL 

of pure DMSO.   
   11.    A known kinase inhibitor standard reference for positive con-

trol, e.g., staurosporine, H-9 or H-89 (Sigma-Aldrich) ( see  
 Note 7 ).   

   12.    Kinase-Glo ®  Reagents: Kinase-Glo ®  Buffer and Kinase- Glo  ®  
Substrate (Promega Corporation, Australia). Store at −20 °C.      

  Plates containing compound dilutions should be discarded in 
cytotoxic waste bins. All pipette tips that came into contact with 
the test compounds should also be disposed of in cytotoxic waste 
bins

    1.    Sample preparation: Prepare a 4 mg/mL stock solution of 
sample in DMSO.   

   2.    MTS reagent: Should be stored at −20 °C for long-term stor-
age and protected from light. Reagent should be warmed up 
to room temperature before use in the assay.   

   3.    RPMI tissue culture medium containing 5 % fetal bovine serum 
(FBS) ( see   Note 8 ).   

   4.    Stock cultures of cells should be maintained in RPMI medium 
containing 5 % FBS (fetal bovine serum).   

   5.    Clear, sterile 96-well microplates.   
   6.    Trypan blue solution (0.4 %, liquid, sterile-fi ltered, suitable for 

cell culture).   
   7.    Dimethyl sulfoxide (DMSO).   
   8.    Human, leukemic, monocyte-like, histolytic lymphoma 

(U937) and human, metastatic breast adenocarcinoma 
(MDA-MB-231) cancer cell lines, or other cell lines as required 
( see   Note 9 ).   

2.2   MTS Assay
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   9.    Hemocytometer.   
   10.    Centrifuge.   
   11.    Sterile incubator.   
   12.    UV spectrophotometer compatible for 96-well plate.       

3     Methods 

 The kinase assay described here utilizes the Kinase-Glo ®  
Luminescent Kinase Assay Platform from Promega and is per-
formed according to the manufacturer’s instructions [ 28 ] with 
minor modifi cations as used in our laboratory. The method below 
is relevant to screening against PKA; however, a wide range of 
kinases can be used in this assay including GSK-3β, PI3K, Src, and 
MAPK [ 28 ,  29 ]. In theory, potentially any kinase could be used, 
provided the appropriate substrate is also utilized. 

      1.    To wells A/F1-12 of a 96-well plate, add 5 µL of the 1 mg/
mL stock solution of the test compounds, which will give a 
fi nal concentration of 100 µg/mL sample in 2 % DMSO 
(Table  1 ). To the positive control wells (G1-6) and the nega-
tive control wells (H1-6), add 5 µL of the 20 % DMSO 
solution.

       2.    To wells G/H7-12, add 5 µL of the internal standard (e.g., 
staurosporine).   

3.1   Kinase Assay

   Table 1  
  Kinase assay plate preparation: wells A-F[1-12] are the test compounds; wells G1-6 are positive 
controls; wells H1-6 are negative controls; and H7-12 and G7-12 are internal reference standards 
(Std)   

 1  2  3  4  5  6  7  8  9  10  11  12 

 A  1a  1b  2a  2b  3a  3b   4a   4b   5a   5b   6a   6b 

 B  1a  1b  2a  2b  3a  3b   4a   4b   5a   5b   6a   6b 

 C  1a  1b  2a  2b  3a  3b   4a   4b   5a   5b   6a   6b 

 D  7a  7b  8a  8b  9a  9b  10a  10b  11a  11b  12a  12b 

 E  7a  7b  8a  8b  9a  9b  10a  10b  11a  11b  12a  12b 

 F  7a  7b  8a  8b  9a  9b  10a  10b  11a  11b  12a  12b 

 G  Positive control (100 % luminescence)  Std1a  Std1a  Std1a  Std2a  Std2a  Std2a 

 H  Negative control (0 % luminescence)  Std1b  Std1b  Std1b  Std2b  Std2b  Std2b 

  The plate above shows the setup for 12 test compounds run twice (samples a and b) in triplicate. This gives six 
data points per % inhibition reading  
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   3.    Thaw a single tube of the enzyme (250 units per tube) and 
make up to 2 mL with the kinase reaction buffer to give a con-
centration of 125 units/mL. This will give a fi nal concentra-
tion of 50 units/mL (or 2.50 units/well).   

   4.    To six of the positive control wells (G1-6), add 20 µL of the 
reaction mixture containing 2.5× the optimal concentration of 
kinase in kinase reaction buffer. The positive control should 
provide 100 % luminescence. There will be 1,880 µL of this 
reaction mixture remaining.   

   5.    Add 20 µL of the kemptide (PKA peptide substrate, 10 mg/
mL) to the remaining 1,880 µL of kinase mixture. This will 
provide 200 µg of the kinase substrate in 1,900 mL to give a 
140 µM substrate/enzyme solution in buffer. This amount is 
suffi cient for 1 × 96-well plate, giving a fi nal concentration of 
56 µM in each well per 50 µL reaction.   

   6.    To all remaining wells, add 20 µL of the above reaction mix-
ture ( step 5 ) containing 2.5× the optimal concentration of 
kinase and kinase substrate in 1× kinase reaction buffer 
(Negative controls, 0 % luminescence).   

   7.    To all wells, add 25 µL of the ATP solution (20 µM, stock 3 
ATP solution). This will give a fi nal concentration of 10 µM in 
each well per 50 µL reaction.  See  Table  2  for a summary of the 
reagent volumes added to the 96-well plate.

       8.    Using a plate shaker, gently shake the plate and incubate at room 
temperature for the optimal amount of time ( see   Note 10 ).   

   Table 2  
  Kinase assay summary of reagent concentrations and volumes added to plate   

 Initial stock 
conc. 

 Standard 
wells (µL) 

 Positive 
control (µL) 

 Negative 
control (µL) 

 Final conc. in 
50 µL 

 Sample  1 mg/mL  –  –  –  100 µg/mL 

 DMSO solution  20 %  –   5   5  2 % 

 Enzyme/no substrate 
(2.5×) 

 125 units/mL  –  20  –  50 units/mL 

 Enzyme/substrate 
(2.5×) 

 140 µM  20  –  20  56 µM 

 ATP solution (2×)  20 µM  25  25  25  10 µM 

 Total reaction volume  50  50  50 

 Kinase-Glo ®  reagent  50  50  50 
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   9.    Prepare Kinase-Glo ®  reagent: The kinase buffer should be 
stored in the freezer and thawed at room temperature. Add 
the Kinase-Glo ®  Substrate to the Kinase-Glo ®  Buffer and add 
50 µL of this mixture to each well ( see   Note 11 ).   

   10.    Mix the plate and incubate for 10 min at room temperature. 
Due to the long half-life of the Kinase-Glo ®  signal, the plates 
may be left longer before reading, if desired. Record lumines-
cence, which will be directly proportional to percent inhibi-
tion of the controls ( see   Notes 12 – 14 ).      

 
 The MTS assay described here utilizes Promega’s MTS CellTiter 
96 ®  AQueous One Solution Cell Proliferation assay and is per-
formed according to the manufacturer’s instructions [ 30 ,  31 ].

    1.    Determination of cell number and viability: Place 20 µL 
cells + 20 µL Trypan blue on parafi lm and place 20 µL of this 
mixture under a coverslip on the hemocytometer. Count the 
number of cells using the equation provided ( see   Note 15 ) to 
determine the volume required to get a cell concentration of 
111,000 cells/mL.   

   2.    Day 1: Setting Up the Plate: Pipette 610 µL of cells (as deter-
mined in  step 1  of the procedure) into a new Falcon tube and 
centrifuge at 1,333 ×  g  for 5 min (for four plates, pipette 
2.44 mL of cells).   

   3.    Drain off supernatant and resuspend the pellet into 2.5 mL of 
media. This will give you 2.5 mL of cell solution at 
111,000 cells/mL (For four plates, you would resuspend in 
10 mL of media).   

   4.    Pipette 100 µL of media into wells A1-A12, H1-H12, B1-G1, 
B11-G11, B12-G12, B5-B7, E5-E7, F5-F7 and G5-G7 as per 
Fig.  2 . These wells are used as blanks to stop any interference 
that may occur when the spectrophotometer reads the absor-
bance values for the test wells.

3.2   MTS Assay

  Fig. 2    96-Well microplate setup for the MTS assay       
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       5.    Pipette 90 µL of media into wells B8-G8, B9-G9, B10- G10. 
These wells will form the sample background controls.   

   6.    Pipette 90 µL of cell solution into wells B2-G2, B3-G3, 
B4-G4. These wells will form the sample wells.   

   7.    Pipette 90 µL of cell solution into wells D5-D7. These wells 
will form the 2.5 % DMSO controls.   

   8.    Pipette 100 µL of cell solution into wells C5-C7. These wells 
will form the cell controls.   

   9.    Incubate plates for 24 h at 37 °C with 5 % carbon dioxide 
(CO 2 ).   

   10.    Day 2: Diluting Test Compounds: Prepare a microtiter plate 
for serial dilutions of the test compounds as shown in Fig.  3  for 
each compound to be tested. Wells A3-G3 should all contain a 
fi nal volume of 100 µL.

       11.    Adding serial dilutions of samples to cells: Using the plate of 
cells prepared on Day 1, pipette 10 µL of each sample dilution 
of the test compound in 25 % DMSO (i.e., A3-F3,  step 11 ) in 
triplicate into the 18 wells containing 90 µL of cell solution 
(i.e., 10 µL of the sample at 500 µg/mL in triplicate into wells 
B2-B4, 250 µg/mL sample into C2-C4 and so forth, down to 
the 15.5 µg/mL sample into G2-4). Repeat this step, by add-
ing 10 µL of the serial dilutions of the sample in triplicate to 
the 18 wells containing 90 µL of media (e.g., wells B8-G8, 

     Fig. 3    Preparation of microtiter plate for 1:2 serial dilutions. Add 100 µL of DMSO and 100 µL of the test com-
pound (4 mg/mL in DMSO) to well A1. Next, add 100 µL of DMSO to wells B1-G1. Then, 100 µL is transferred 
from A1 to B1; B1-C1 and so forth until F1, where 100 µL is removed and discarded. G1 should contain just 
100 µL of 100 % DMSO. Next 50 µL of media is added to wells A2-G2 and A3-G3 and 50 µL transferred from 
A1 to A2 and then from A2 to A3 to give 100 µL of the sample at a concentration of 500 µg/mL in 25 % DMSO 
in media. This is repeated for wells B2-B3, C2-C3, etc. to give a series of 1:2 dilutions of the sample       
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B9-G9, B10-G10). The test compounds will now have a fi nal 
concentration of 2.5 % DMSO in all wells.   

   12.    Pipette 10 µL of the 0 µg/mL in 25 % DMSO (i.e., G3 from 
 step 11 ) into the three remaining wells containing 90 µL cells 
(wells D5-D7). This will be the 2.5 % DMSO control.   

   13.    Incubate plate for 24 h at 37 °C and 5 % CO 2  ( see   Note 16 ).   
   14.    Day 3: Adding MTS Reagent and Plate Reading: Thaw MTS 

reagent before use (~1 mL MTS reagent required per plate).   
   15.    Pipette 20 µL of the MTS reagent into all sample wells (e.g., 

B2-G2, B3-G3, B4-G4, B5-D5, B6-D6, B7-G7, B8-G8, 
B9-G9, B10-G10) ( see   Note 17 ).   

   16.    Incubate for 3 h at 37 °C and 5 % CO 2 .   
   17.    Wrap the plates in aluminum foil and take to the spectropho-

tometer. Read the absorbance of the whole plate at 490 nm 
( see   Note 18 ).    

4        Notes 

     1.    A fi nal concentration of 2 % DMSO was used for the sample 
and was found not to interfere with results at this concentra-
tion. Standards and controls used in the assay were also dis-
solved in a fi nal concentration of 2 % DMSO. Other solvents 
such as 2 % ethanol can be used, provided all standards/con-
trols are also prepared in this solvent.   

   2.    We found that a starting stock solution of 1 mg/mL of sample 
(diluted to 100 µg/mL in the assay) was appropriate to iden-
tify kinase inhibitory activity. Samples can be tested at lower 
concentrations or over a range of different concentrations to 
determine IC 50  values.   

   3.    We found that it is best to prepare the buffer solution fresh 
each time and to store the buffer at room temperature.   

   4.    For kinases other than PKA, the optimum amount of kinase 
enzyme will need to be determined and the quantity of other 
reagents adjusted accordingly [ 28 ].   

   5.    Kemptide (PKA Peptide Substrate) is a synthetic peptide sub-
strate for PKA derived from the PKA phosphorylation site in 
liver pyruvate kinase.   

   6.    This assay can be used to identify whether the kinase inhibitor 
is ATP competitive or noncompetitive, by utilizing various 
ratios of ATP (e.g., <10 µM ATP for ATP-competitive inhibi-
tors and >100 µM for ATP noncompetitive inhibitors). In gen-
eral, we found it is best to prepare ATP solutions fresh, while 
the ATP reagent itself should be stored in the freezer.   
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   7.    We include an internal reference of a known kinase inhibitor 
such as staurosporine in our assays (IC 50  = 7 nM vs PKA; 
IC 50  = 0.7 nM vs PKC) by adding 5 µL of a 1 mg/mL solution 
of the inhibitor (in 20 % DMSO) to six of the wells in place of 
a sample set. Staurosporine is a potent inhibitor of PKC and 
can induce apoptosis in Jurkat cells. Other PKA inhibitors 
include the isoquinoline sulfonamides H-9 (IC 50  = 2 µM) and 
H-89 (IC 50  = 48 nM).   

   8.    RPMI-1640 was developed by Moore et al. [ 32 ,  33 ] at Roswell 
Park Memorial Institute.   

   9.    Human, leukemic, monocyte-like, histolytic lymphoma 
(U937) and human, metastatic breast adenocarcinoma 
(MDA-MB-231) cancer cells were obtained from American 
Type Culture Collection (ATCC, VA, USA) distributed by 
Cryosite, NSW, Australia. Cells were regularly cultured in vitro 
in culture medium consisting of RPMI-1640 medium, along 
with 2 mM  l -glutamine, 5.6 % (2 g/L) NaHCO 3 , and 5 % fetal 
calf serum. The cells were maintained in a Huracell incubator 
(Kendro Laboratory Products, Langenselbold, Germany) at 
37 °C with a humidifi ed atmosphere containing 5 % CO 2 . 
However, a wide range of both normal and cancer cell lines can 
be used in this assay.   

   10.    We found that thawing the Kinase-Glo ®  reagents (Kinase-Glo ®  
substrate and Kinase-Glo ®  buffer) generally took 1 h and we 
also allowed an hour for the incubation time. We strongly 
advise optimizing the kinase reaction conditions so that the 
reaction can be run at room temperature to avoid formation of 
temperature gradients. Information regarding optimization of 
kinase reaction conditions can be found in the manufacturer’s 
Technical Bulletin [ 28 ].   

   11.    The choice of Kinase-Glo ®  reagent will depend on the desired 
ATP concentration to be used in the assay. This information 
can be found in the manufacturer’s protocol, Promega 
Corporation, Australia [ 28 ,  34 ].   

   12.    We fi nd that it is best to read the plate within 15 min after the 
addition of the Kinase-Glo ®  reaction mixture.   

   13.    Instrument settings depend on the manufacturer. An integra-
tion time of 0.25–1 s per well should serve as a guideline. We 
found that the best plate reading is immediately after adding 
the Kinase-Glo ®  Buffer and when the incubation is performed 
at room temperature.   

   14.    The most common assay detection methods are colorimetric 
or fl uorescence-based. However, luminescent-based detection 
is particularly desirable for colored products such as natural 
products, as colored extracts and compounds can lead to false 
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results when using absorbance as the end point. Utilization of 
luminescence can be more benefi cial for biological screening 
by identifying hits with a lower number of false positives [ 35 ].   

   15.    An example calculation of cell concentration of which the val-
ues obtained will be used in the method protocol described 
herein:

 
No of cells

of cells in grids
.

(# )
, .= × ×

4
4

2 10 000
  

     For example if we count 91 cells:

 
No of cells cells. , , .= × × =91

4
2 10 000 455 000

  

  Therefore, to get a cell concentration of  111 , 000 cells / mL , you 
will need:

 

111 000
455 000

0 244 244
, /

,
. .

cells mL
cells

mL L= = μ
  

  For the preparation of one plate the cells will be resuspended in 
2.5 mL media therefore the volume of cells required would be:

 244 2 5 610μ μL L× =. .   

  Adjust accordingly if more plates are required. 
 For example, the preparation of four plates will require:

 244 10 2 5 4 2 44μL mL ml per plate plates mL× × =( . ) . .   

      16.    Longer incubation times of 48–72 h are also routinely 
employed in this assay.   

   17.    The MTS reagent is light sensitive so this step should be per-
formed with the lights off in the cytotoxic cabinet.   

   18.    As this is a colorimetric assay, it should be kept in mind that 
both colored compounds and natural product extracts may 
interfere with the absorbance reading, and appropriate back-
ground controls should always be performed.         
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    Chapter 15   

 Screening for Antidiabetic Activities 

                         Rima     Caccetta      and     Hani     Al     Salami   

    Abstract 

   Screening extracts and drug entities for antidiabetic bioactivity is essentially limited to animal models as the 
processes leading to hyperglycemia and the complications of diabetes involve more than one organ. 
Further, in vitro results seldom translate into meaningful in vivo outcomes especially in a disease such as 
Diabetes Mellitus. In vivo studies on specialized animal models have allowed great progress in tailoring 
research questions towards individualized genetic and biochemical contributors and their effect on the 
pathogenesis of the disease processes. Various disease models have been used either through genetic- 
manipulation (transgenic models) or through chemical induction (disease-induced models). Although 
there is a surplus of animal models (spontaneous and induced) to study Type I and Type II diabetes, there 
is no ideal or standard model for studying the individualized effects of various classes of antidiabetic drugs. 
Rodents, most commonly rats and mice, have been used by researchers as animal models of the disease and 
both normoglycemic and diabetic animals are used to assess the antidiabetic activities of drugs or extracts 
under investigation. Screening for antidiabetic activities can be achieved by measuring a wide range of 
biomarkers and end points including blood glucose and insulin levels.  

  Key words     Diabetes mellitus  ,   Drug discovery  ,   Plant extracts  ,   Type I  ,   Type II  

1       Introduction 

 Active constituents of many plant species are isolated for direct use 
as drugs or lead drug compounds. Historically different plant spe-
cies have been used to treat diabetes mellitus and these medicinal 
plants are of prime interest as sources of drug molecules. 
Unfortunately, taken as plant concoctions, there are many draw-
backs and its success in different patients relies on many factors 
including the type of diabetes they have. Continuously, the doses 
are variable and commonly other interactive ingredients (which 
can be toxic) are also present. 

 Success in screening these extracts for potential antidiabetic 
activity relies on a number of factors including the extraction tech-
nique employed, the experimental design, and the biological model 
utilized. Most importantly, antidiabetic drugs must reduce blood 
glucose levels in order to be effective. Further, different animal 
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models can expand on the mechanism(s) of action and give an 
indication whether the drug mimics insulin or acts in some other 
means to enhance insulin release or its actions. Nonetheless, the 
initial screening needs to be promising enough to signal pursuit of 
isolating active constituents. 

 Diabetes mellitus (DM) is a chronic condition characterized by 
hyperglycemia (which can cause hypertension) with disturbances 
of carbohydrate, fat, and protein metabolism resulting from defects 
in insulin secretion, insulin action, or both [ 1 ]. There are two 
major types of DM: Type I and Type II. Diabetics are genetically 
predisposed to either type of the disease but both types appear to 
rely on other, including environmental, factors to trigger or expose 
the disease. DM is on the rise with Type II diabetes increasing 
dramatically worldwide. 

 Type I diabetes (T1D) is believed to be an autoimmune dis-
ease of sudden onset usually during childhood. It is characterized 
by the lack of insulin release due to the destruction of pancreatic 
β-cells. This appears to be triggered (or accelerated) by an early 
fetal event such as blood group incompatibility or fetal viral infec-
tions or early exposure to cow’s milk proteins or nitrosamines. Due 
to the lack of insulin, the body believes it is starved and thus breaks 
down biomolecules for the production of glucose and energy. 
The uncontrolled or poorly controlled diabetic exhibits elevated 
ketonemia. 

 Type II diabetes (T2D) is a metabolic disorder believed to be 
due to a genetic predisposition (involving a number of metabolic 
genes) which is in most cases subsequently triggered by becoming 
overweight with a sedentary lifestyle. The pre-diabetic state is char-
acterized by insulin resistance leading to compensatory hyper- 
insulinemia. The disease is then manifested by impaired insulin 
secretion from the pancreas and insulin action in the peripheral tis-
sue including skeletal muscle, and adipose tissue [ 2 ]. The reduced 
insulin action is attributed to the decline in the number and/or 
responsiveness of the insulin receptors. At the microscopic level, 
the pancreatic islets in T2D are characterized by an insuffi ciency in 
β-cell mass and increased β-cell apoptosis [ 3 ,  4 ] with the islets com-
monly containing large deposits of amyloid derived from islet amy-
loid polypeptide, also known as amylin ( see   Note 1 ) [ 5 ]. All these 
processes culminate in a defi cit in glucose transport (internalization 
from the blood into peripheral tissues) which may in part be attrib-
uted to the decreased expression of the major transporters GLUT 
4 ( see  Fig.  1 ); however, little or no reduction in GLUT-4 levels is 
observed in type II diabetic patients [ 6 ,  7 ]. Ultimately, uncon-
trolled T2D will develop to exhibit T1D symptoms and thus the 
patient in many cases eventually requires insulin injections.

   There is a range of animal models available for screening for 
antidiabetic potential. Each model carries some of the described 
characteristics of the human disease but no one model alone will 
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carry all the human manifestations and thus screening needs to 
incorporate at least a couple of different models to gain a better 
understanding of the effectiveness of the screened drug or mixture. 
It is important to use adequate controls (positive and negative con-
trols, e.g., insulin and other drugs on the market) as comparisons 
but also to minimize the contribution to the noise which, in the 
case of glucose levels, is adrenaline. Further, it is advisable to visit 
a statistician in the planning stages of the study to ensure minimum 
animal use and that the numbers chosen will enable meaningful 
statistical analyses. This chapter presents a number of common 
rodent models used ( see  Table  1 ) for screening from natural sources 
and validating lead or new therapeutic drugs in vivo for antidia-
betic activity. The choice of model is dependent on the assessment 
of the desired endpoints, including the sample size, but may also 
be budget driven.
   
 Normoglycemic animals can be used for screening potential 
 hypoglycemic agents. Many studies have used and continue to use 
normoglycemic controls and these have in some cases mirrored the 
effects in the diabetic test animals. However, the results have been 
variable mostly due to the lower effects seen on normoglycemics 
than diabetics. In an attempt to assess some peptides for insulin- 
mimetic potential, intravenous administration is necessary but one 
can use anesthetized normoglycemic rodents, e.g., Wistar rats. 
Such a model avoids the effects of adrenaline which can otherwise 
work to mask positive effects of the drug or extract screened. 

1.1   Normoglycemia

  Fig. 1    A representation of how insulin increases glucose uptake by increasing 
the number of glucose transporters (GLUT-4) in muscle and adipose cell mem-
branes. Insulin binds to the insulin receptor generating a series of internal signals 
that can continue to generate a response via the nucleus. However, a quicker 
response is triggered by ( 1 ) recruitment of insulin sensitive glucose transporters 
from intracellular pool to the surface of the cell membrane ( 2 )       
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There are several benefi ts of using normoglycemic animals which 
include the ease of caring for these animals and their cost. Further, 
normoglycemic models offer assessment with an intact pancreas 
which can provide valuable information on the mechanism of 
action when compared to a diabetic model (e.g., Streptozotocin 
induced,  see  Subheading  1.5 ). Using normoglycemic animals for 
initial  screening is valid; however, one needs to remember that the 
effectiveness of the compound or extract screened might be 
diminished.  
 
 A good example of an animal model of T2D is Db/db mice. This 
model mimics T2D and represents an accurate estimation of many 
disturbed biomarkers including hyperglycemia, insulin resistance, 
and obesity, and show a marked decrease in skeletal muscle utiliza-
tion without an accompanying decrease in GLUT 4 expression. 
This insulin resistant animal model evaluates improved glycemic 
control through overexpression of GLUT 4. Upregulation of 
GLUT4 expression has been shown to improve skeletal muscle 
glucose transport in these insulin-resistant db/db mice [ 8 ,  9 ]. 

 Human transgenic rodents, Rip-HAT Mouse/RIP-HAT Rat, 
develop DM between 4 and 8 weeks and 5–10 months of age, 
respectively. These models exhibit selective β-cell apoptosis leading 
to the onset of type II diabetes in the rodent. Basically, rats and 
mice have similar islet amyloid polypeptide (IAPP) homology but 
differ from humans by substitution of proline residues in the amy-
loidogenic portion of IAPP, and therefore do not form amyloid 
fi brils nor spontaneously develop diabetes in midlife. Thus, inser-
tion of a human transgene may provide a means to explore the role 
of the amyloid fi brils in β-cell destruction. 

 Rodent models that carry a spontaneous single gene mutation 
in either the leptin or the leptin receptor inbred in either a 
C57BL/6J or C57BL/KsJ mice ( see  Table  1 ) are widely used. 
However, there is concern that these genetic mutations are rare 
occurrences in humans. In fact leptin administration is ineffective 
in human T2D patients, except for a rare population with muta-
tions in their leptin and/or leptin receptor genes.  
 
 The Goto-Kakizaki (GK) rat is a non-obese Wistar sub-strain which 
develops T2D early in life. This model was developed in the 1970s 
by repeated selection of breeders with high blood glucose levels 
which lead to glucose intolerance after fi ve generations.  
 
 Obesity is a well-established risk factor (~30 %) for T2D and a 
high-fat diet is a major trigger of insulin resistance and thus the 
development of T2D in genetically predisposed individuals. 
Induction of type II DM has been successfully achieved in 
C57bl6/J male mice and in Golden Syrian hamsters through the 

1.2  Genetically 
Modifi ed

1.3   Selectively Bred

1.4  High-Fat Diet 
Induced
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administration of highly saturated Purina diet. The mouse  develops 
T2D over 8–12 weeks exhibiting marked obesity, hyperinsulin-
emic, insulin resistance, glucose intolerance, and peripheral leptin 
resistance.  
  
 The induction of T1D through the administration of STZ [ 10 ] or 
alloxan [ 11 ] is a common practice. Both are cytotoxic and when 
administered in appropriate doses (25–50 mg/kg) target the 
β-pancreatic cells resulting in cell necrosis and eventual cessation of 
insulin production by the pancreas. Chronic administration of 
lower doses may result in the development of T2D model, while in 
higher doses both agents can become toxic and may result in severe 
tissue damage especially the liver which can result in internal hem-
orrhage and death of the animal. Some animals may not develop 
DM and so it is important to assess the animal condition before 
proceeding with drug experimentation.   

2     Materials 

  Research animal models may be bought from local Animal Resource 
Centers or from overseas (e.g., Charles River Laboratories 
International). Animals may need to be housed for a period of time 
prior to experimentation for them to stabilize in their new 
environment. Commercial chow and water should be provided ad 
libitum and the bedding needs to be changed regularly. Frequent 
monitoring and handling of the animals is necessary and advisable. 
Animals may gain or lose weight which needs to be taken into 
consideration as it might affect the experimental procedures.  

       1.    Hypnorm–Dormicum or ketamine–xylazine mixture ( see  refs. 
[ 12 ,  13 ]).   

   2.    Dilute anesthetics in vehicle like 1× Phosphate Buffered Saline 
(1× PBS). Prepare a stock solution of 10× PBS: weigh 80 g of 
NaCl, 2 g of KCl, 14.4 g of Na 2 HPO 4 , 2.4 g of KH 2 PO 4  and 
dissolve in Milli-Q water, make up to 1 L. This 10XPBS 
 solution can be store on the shelf. To achieve 1XPBS, dilute a 
portion (as needed) of the 10× PBS tenfold and pH check the 
solution to be ~7.4 ( see   Note 2 ). The 1× PBS requires steriliza-
tion either by autoclaving or by fi ltration (through sterile 
0.22 µm pore syringe fi lters) into sterile containers. The 1× 
PBS needs to be stored at 4 °C for up to 1 month.   

   3.    Warming box.   
   4.    1 mL syringes.   
   5.    26–27 G needles.   
   6.    Thick paper towels.      

1.5  Streptozotocin 
(STZ) or Alloxan 
Induced

2.1   Mice/Rats

2.2   Anesthetics
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       1.    Insulin, e.g., Humulin R (100 U) (Diabetes Australia from Eli 
Lilly and Company).   

   2.    Metformin 1,1-dimethylbiguande hydrochloride 
(Sigma–Aldrich).   

   3.    PBS ( see  Subheading  2.2 ,  item 2 ).      

           1.    Accu-Chek  Go  Glucometer.   
   2.    Accu-Chek Glucometer strips.   
   3.    HTRF ®  Insulin assay (Cisbio bioassays) or insulin enzyme- 

linked immunosorbent assay (ELISA) kits (Cayman Chemicals).   
   4.    Positive controls ( see   Note 3 ).   
   5.    Plate reader.   
   6.    Scalpel.      

      1.    pH meter.   
   2.    Alloxan monohydrate dissolved in deionized water or STZ 

( see  refs. [ 2 ,  3 ]).   
   3.    Analytical balances.   
   4.    Surgical lamp (optional).       

3     Methods 

 Blood glucose and insulin levels are the key indicators for diagnosis 
of DM. Elevated serum triglycerides and abdominal obesity are 
commonly associated with insulin resistance and represent valuable 
clinical markers of the metabolic syndrome [ 14 ]. Further, since 
comorbidity of DM and dyslipidemia is common, cholesterol, tri-
glycerides, infl ammatory markers, and hypertension are usually 
measured in the same experiment. However, for the purposes of 
this chapter we shall focus on the measurements directly linked to 
DM, namely glucose and insulin. Blood glucose concentration can 
be measured using a one-touch meter (e.g., Accu-Chek,  see  
Subheading  2.4 ,  item 1 ). Insulin concentration in blood can be 
measured using by using ELISA kits ( see  Subheading  2.4 ,  item 3 ) 
following the manufacturer’s protocols. Blood samples can be col-
lected from the animal at different intervals before and after treat-
ment and analyzed appropriately. 

       1.    Decide whether it is best to assess the acute or repeated use effects 
of the extract or compound you are screening ( see   Note 4 ).   

   2.    Depending on the properties of the compound or extract to be 
assessed, you might decide on its mode of delivery to be ad 
libitum, oral gavage, intravenous, or intraperitoneal. Obviously, 
oral gavage studies cannot be carried out while animals are 

2.3   Controls

2.4  Glucose and 
Insulin Measurements

2.5   Other Materials

3.1  Experimental
Design
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under anesthesia. The route of administration you choose must 
take into consideration the limitations as well as the advantages 
in the assessment process. A no effect may be attributed to the 
mode of administration as the compound may require metabo-
lism to be activated or metabolism may eradicate its activity.   

   3.    Choose satisfactory positive and negative controls 
( see  Subheading  2.3 ). The oral controls may be orally adminis-
tered drugs like metformin while insulin is ideal for intraperi-
toneal or intravenous injections. Other marketed antidiabetic 
medications might also be useful especially to compare the 
activity and explore the possible mode of action of the drug 
under investigation.   

   4.    For intravenous or intraperitoneal administration, choose a 
vehicle with buffering range similar to blood, e.g., PBS. Assess 
the pH of the samples before injecting as the drug might have 
modifi ed the pH of the vehicle. If necessary adjust the pH to 
~7.3–7.4 before injecting into the animals.   

   5.    Re-solubilized extracts might require fi ltration or centrifuga-
tion ( see   Note 5 ) following dissolution to remove undissolved 
debris before injecting the clear solutions. It is desirable that 
the volume to be administered is kept to a minimum 
( see   Note 6 ).   

   6.    Measure animal body weight.   
   7.    Measure blood glucose and insulin levels using kits 

( see  Subheading  2.4 ) following the manufacturers’ protocols 
before injecting treatments to establish a baseline ( see   Note 7 ).   

   8.    Measure blood glucose and insulin after injecting treatment 
samples at specifi c predetermined times; more frequently (e.g., 
every 10–30 min) in acute trials but less frequently (e.g., daily 
or weekly) for longer term trials.      

 
 Following ethics approval, all animals should be maintained in an 
experimental animal facility and given standard diet and water ad 
libitum. Feed the rodents (unless in the case of diet induced dia-
betics) standard commercial laboratory chow, allow them free 
access to water and cage either individually or in pairs. House the 
animals under standard conditions and temperature (20 ± 1 °C), 
with a regular 12 h dark and 12 h light cycle. Monitor the animals 
for any signs of agitation, fi ghting, distress or abnormal drop in 
weight. Measure their body weights daily allowing frequent han-
dling to reduce nervousness, induce calmness and reduce aggres-
siveness. Fasting the animals (18 h), food only, before 
experimentation may be necessary depending on the experimental 
design [ 12 ,  13 ]. In such cases animals need to be monitored for 
coprophagia and thus changing bedding when commencing fast-
ing is recommended.  

3.2   Animal Housing
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  The trial size and animal numbers will depend on many factors 
including the power of the study, the predicted average mean 
difference and intra and inter individual variation, as well as other 
factors.

    1.    If this is a pilot study then decide to do some preliminary anal-
ysis of the data after about eight animals to check if there is a 
signifi cant difference. However, if you have preliminary data 
then do a power calculation to determine numbers per group. 
Numbers should be the same in each group including the con-
trol group.   

   2.    Randomly allocate animals in their treatment groups.      
 
 If the study is assessing the acute effects of the drug or extract 
(e.g., within the fi rst 3–4 h), then the animals can be anesthetized 
and remain under anesthesia but monitored for normal breathing 
and for any signs of pain or distress. The choice of anesthesia is 
important as some can induce hyperglycemia. Also, since deep 
anesthesia can affect the glycemic levels of the animals a low dose 
to keep the animals suffi ciently anesthetized is advisable. Anesthetics 
of choice are Hypnorm–Dormicum [ 12 ] or a combination of ket-
amine and xylazine adjusted to suit each animal according to body 
weight [ 13 ]. A successful technique includes the injection of an 
initial priming dose 30–45 min prior to test-substance administra-
tion followed by additional low doses, every 20–30 min, to keep 
the animal under [ 12 ,  13 ].  
 
 When considering the route of administration both the site of 
action and the solubility of the molecule or concoction under 
investigation are considered to be major determinants. Further, an 
effect might be missed depending on the route of administration as 
drug molecules might be activated or inactivated by metabolism. 
There are several routes; however for the purposes of this chapter 
only the most common systemic approaches are briefl y outlined 
below as these are relevant to the end points focused on in this 
chapter.

    1.     Ad libitum . 
 This is an option if the drug or extract is water soluble and 

does not have an offensive smell or taste which might deter the 
animals from drinking it. Usually the drug or extract (dry or 
lyophilized) to be tested is dissolved in the drinking water and 
the animals would drink it instead of pure water. A positive con-
trol such as metformin ( see  Subheading  3.1 ,  step 3 ) can be used 
via this route of administration.   

   2.     Gavage . 
 Oral gavage is reserved to conditions where the drug 

may not be feasibly or accurately administered otherwise. 

3.3  Animal Numbers 
and Randomization

3.4   Anesthesia

3.5  Routes 
of Administration
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Many drugs require testing via the oral route but may not be 
easily soluble in water or may have a repulsive taste preventing 
accurate dosing. There are several techniques described in the 
literature and advised by animal resource centers. Feeding 
tubes are available commercially, specifi cally for mice or rats.   

   3.     Intravenous injection and intraperitoneal injection . 
 Injection in the tail vein should be done at a high point 

( see  Fig.  2 ). Intraperitoneal injection is generally used for fat- 
soluble drugs and slow release assessments. Both these routes 
are quite commonly used when assessing extracts which, 
depending on the extraction procedure, can have compounds 
that are water and/or lipid soluble [ 15 ].

        
 Methods for blood collection include tail-nick, tail snip, saphenous 
vein, submandibular and retro-orbital bleeding. These methods 
have been previously outlined [ 16 ]. Tail vein sampling is the most 
effective way and one that will be outlined in this chapter.

    1.    A sampling schedule needs to be chosen.   
   2.    The rodent can be held in position or if anesthetized, lying 

down.   
   3.    The tail fur can be shaved slightly.   

3.6   Blood Sampling

  Fig. 2    A representation of a rodent’s tail outlining the desired sites and procedure 
of administering treatments intravenously as well as taking blood samples from 
the tail vein.  1 – 8  ( upwards ) is the recommended sampling procedure in short-
term trials allowing the avoidance of newly formed clots       
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   4.    Depending on whether samples are taken daily, weekly or more 
frequently, incisions/sampling might require a procedure to 
avoid recently formed clots. The vein is located, and with mul-
tiple sampling in an acute study needle pricks (or small inci-
sions with a scalpel) are started from bottom of the tail 
( see  Fig.  2 ). Subsequent blood samples are taken above the ini-
tial incision and this continues in that general direction. Less 
frequent bleeds may not require such precautions.    

   
 Blood samples need to be analyzed immediately. Each sample 
(~10 µL) can be analyzed by transferring onto Accu-Chek glucose 
strips ( see  Subheading  2.4 ). The readings are obtained from 
the Accu-Chek glucometer within 5 s. Blood glucose values can 
be obtained in mmol/L or mg/dL.  
 
 There are a number of kits ( see  Subheading  2.4 ,  item 3 ) to mea-
sure serum and/or plasma insulin from blood collected via the tail 
vein. The protocols are provided with the kit. Such methods are 
quick and easy to perform and require small sample sizes (5–10 µL 
volumes are required for the HTRF ®  assay).   

4     Notes 

        1.    Amylin (or IAPP) is co-secreted with insulin by β-cells. Certain 
amylin isoforms can dimerize to form amyloid fi brils or oligo-
mers which can initiate apoptosis [ 3 ,  4 ].   

   2.    The 1× PBS should naturally be pH 7.4 and not require adjust-
ment; however, if a small adjustment is necessary use HCl or 
NaOH.   

   3.    Compounds that are well known to give signifi cant hypoglyce-
mic levels (commonly insulin) and vehicle to indicate the 
effects in the absence of a hypoglycemic agent. The route of 
administration needs to be considered when choosing the con-
trols. The concentrations will need to be adjusted to give 
hypoglycemia but allow recovery not death of the animals.   

   4.    If acute, anesthesia is recommended especially if you are doing 
multiple samplings. The animal needs to be kept warm by using 
a warming box although surgical light might also give heat.   

   5.    Extracts using solvents can be dried down under nitrogen or 
using a rotary evaporator. These extracts can be stored at 
−20 °C and reconstituted in suitable buffers (e.g., PBS) for 
injection. Reconstituted solutions, and also depending on the 
pH change, may have particulate undissolved residues which 
will require centrifugation or fi ltration to sediment and remove 
particulate matter before injection of the solutions in animal 
models.   

3.7  Glucose 
Measurement

3.8  Insulin 
Measurement

Antidiabetic Bioscreening



218

   6.    The volume should be one that can be accurately measured 
and also one that easily and fully solubilizes the drug of 
interest.   

   7.    This measurement might need to be done a few times before 
the blood glucose levels stabilize especially as the animal adren-
aline levels drop with the animal relaxing.         
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    Chapter 16   

 Screening for Antibacterial, Antifungal, and Anti quorum 
Sensing Activity 

                         Elisa     J.     Hayhoe     and     Enzo     A.     Palombo    

    Abstract 

   The plate-hole diffusion assay is an invaluable screening tool to evaluate the antibacterial potential of natu-
ral products. It relies on the diffusion of test material from pre-cut wells through agar seeded with bacteria. 
Samples that are capable of inhibiting bacterial growth will produce a clear zone surrounding their well. 
For the evaluation of antifungal activity of natural products, we describe the broth microdilution method. 
This assay is performed using a 96 well microtiter tray containing fungal inoculum, test medium and natu-
ral product material. Samples demonstrating antifungal activity will prevent any discernible growth as 
detected visually. A disk diffusion assay, utilizing the pigmented indicator strain  Chromobacterium viola-
ceum , is described here for the screening of natural products for anti quorum sensing activity. Inhibition 
of quorum sensing results in growth of non-pigmented bacteria.  

  Key words     Antimicrobial  ,   Antibacterial  ,   Antifungal  ,   Anti quorum sensing  ,   Screening  ,   Disk diffusion  , 
  Plate-hole diffusion  ,   Broth microdilution  ,   Natural product  ,   Extracts  

1      Introduction 

 There are several methods reported in the literature to evaluate 
 antibacterial activity of natural products. They involve either intro-
ducing the test compounds to a fi nite area of set agar (disk diffusion 
[ 1 ] and plate-hole diffusion assay [ 2 ]) or incorporating the test 
 compounds into the molten agar or liquid media (broth [ 3 ] and agar 
dilution [ 4 ] assays). The advantage of using the diffusion methods 
for screening is that they require only a small volume of test material 
and the color or opaqueness of a sample will not interfere with inter-
pretation of results. The plate-hole diffusion assay involves the 
 inoculation of molten agar with test bacteria which is then set in a 
petri plate. Wells are cut into the agar which are then fi lled with the 
natural product material and suitable controls. Following incubation, 
zones of inhibited bacterial growth surround wells containing 
 antibacterial compounds. The diameter of this inhibition zone is 
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affected by the rate of diffusion of the test material through the agar 
and therefore serves only as a qualitative interpretive result [ 5 ]. 
However, it is still an effective method for screening processes. 

 Broth dilution methods, rather than agar-based methodology, 
are considered the most reliable for the screening of natural products 
for antifungal activity [ 3 ,  6 ]. Here, we describe the broth microdi-
lution method [ 3 ,  7 ]. This assay uses a 96-well microtiter tray 
which allows several samples and/or fungal isolates to be screened 
simultaneously. The procedure fi rst involves the preparation of a 
conidial suspension from the test fungi containing approximately 
10 5  conidia per milliliter. This inoculum is then used to prepare 
the microtiter tray with the test material. Samples demonstrating 
antifungal activity will prevent any discernible growth as detected 
visually. 

 One approach to bacterial inhibition that is gaining interest in 
the fi eld of natural products research is inhibition of quorum  sensing 
(QS). Multicellular behaviors controlled by QS include swarming, 
bioluminescence, and biofi lm formation which are often involved in 
bacterial pathogenesis [ 8 ]. Therefore, QS inhibitors (QSI) can 
potentially reduce the virulence of bacteria without  necessarily 
affecting their growth. This is a signifi cant advantage compared 
with conventional “killing” chemotherapeutics as it is less likely to 
result in changes to the host microbiota and the development of 
resistance to treatments [ 9 ,  10 ]. Anti quorum sensing (AQS) activ-
ity has been reported in samples from natural product sources such 
as plant essential oils and solvent extracts [ 8 ,  11 – 13 ], and fungal 
secondary metabolites [ 9 ,  14 ]. The method detailed here is based 
on the antibiotic susceptibility method, described in 1966 [ 1 ], and 
takes advantage of the indicator strain  Chromobacterium violaceum  
which produces a purple pigment (violacein) under  N -acylhomoserine 
lactone mediated QS control [ 12 ,  15 ].  

2    Materials 

      1.    Mueller Hinton agar (MHA) (Becton, Dickinson and 
Company, Sparks, MD, USA).   

   2.    Sterile petri dishes, 9 cm diameter.   
   3.    Overnight cultures of test bacteria, adjusted to 1 × 10 8  CFU/mL 

(0.5 McFarland standard).   
   4.    Cork borer ( see   Note 1 ).   
   5.    Natural product test material ( see   Note 2 ).      

      1.    Filamentous fungi for susceptibility testing ( see   Note 3 ).   
   2.    Sterile loop.   

2.1  Antibacterial 
Assay: Plate- Hole 
Diffusion

2.2  Antifungal 
Assay: Broth 
Microdilution
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   3.    Sterile saline.   
   4.    Potato Dextrose Broth (PDB).   
   5.    Sterile 96 U-shaped well microtiter trays.   
   6.    Natural product test material.   
   7.    Antifungal agent such as amphotericin B.      

      1.    Petri plates containing 15 mL of Mueller Hinton Agar.   
   2.    Overnight cultures of  Chromobacterium violaceum  (UNSW 

 collection 040100), adjusted to 1 × 10 8  CFU/mL (0.5 McFarland 
standard).   

   3.    Natural product test material.   
   4.    Sterile fi lter paper disks, 6 mm diameter.   
   5.    Glass spreader.   
   6.    Forceps.       

3    Methods 

      1.    Prepare MHA in purifi ed water as per the manufacturer’s 
directions.   

   2.    Heat the solution with frequent agitation and boil for 1 min to 
ensure that the powder has completely dissolved.   

   3.    Decant the solution into small glass bottles [15 mL per petri 
dish ( see   Note 4 )] and sterilize by autoclave (121 °C, 15 min).   

   4.    Allow agar to cool to approximately 45 °C ( see   Note 5 ).   
   5.    Aseptically inoculate each aliquot with 150 µL of bacterial 

suspension.   
   6.    Mix the contents by gently inverting the bottle four times and 

then pour each into a sterile petri dish.   
   7.    Allow the plates to set for 5–10 min and then use the cork 

borer to stamp wells into the agar ( see   Note 6 ).   
   8.    Remove and dispose of the agar plugs ( see   Note 7 ). Label each 

well.   
   9.    Pipette 20 µL of test material and controls into each well 

( see   Note 8 ). Leave the plates at room temperature for 30 min 
to allow evaporation of any solvents and pre-diffusion of material 
into the agar.   

   10.    Incubate plates according to test bacteria requirements 
( see   Note 9 ).   

   11.    Record the diameter of zone of inhibition from the underside 
of the plate with a ruler or sliding calipers ( see   Note 10 ).      

2.3  Anti quorum 
Sensing Assay: Disk 
Diffusion Assay

3.1  Plate-Hole 
Diffusion

Antimicrobial Screening Methods
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      1.    Flood the PDA plate with 1 mL of sterile saline. Using the 
loop, lightly probe the surface of the mycelia to introduce 
conidia (and hyphal fragments) into the solution.   

   2.    Transfer the solution to a sterile tube and vigorously vortex the 
suspension for at least 1 min to produce a homogenous 
solution.   

   3.    Allow it to stand for 3 min and then transfer the upper portion 
of liquid to a sterile tube.   

   4.    Using a spectrophotometer, adjust to the optical density that 
equates to a stock solution of 0.4–5 × 10 6  viable conidia or 
 sporangiospores per milliliter (CFU/mL) ( see   Note 11 ) (Table  1 ).

       5.    Dilute the fungal suspension 1:50 in PDB to create a 
0.8–1 × 10 5  CFU/mL range.   

   6.    Fill microtiter tray wells with 100 µL of fungal suspension and 
100 µL of natural product test material.   

   7.    Growth control (GC) wells contain 100 µL of fungal suspension 
and 100 µL of distilled water ( see   Note 12 ).   

   8.    Add the antifungal agent to the fungal suspension for a positive 
control and the test material solvent to the fungal suspension 
for a negative control.   

   9.    Incubate the tray without agitation at 35 °C for up to 70 h, 
checking for visible growth in the GC wells after 24 and 48 h.   

   10.    Natural product material demonstrating antifungal activity will 
prevent any discernible growth of the fungi.      

 
     1.    Add 20 µL of each test material to a sterile paper disk 

( see   Note 13 ).   
   2.    A tetracycline or gentamycin disk (10 µg per disk) can be used to 

compare AQS activity with antibiotic effect. Purifi ed halogenated 
furanone can be used as a positive control for AQS activity.   

   3.    Allow the disks to dry for 10 min.   
   4.    Using a sterile glass spreader evenly spread 150 µL of  C .  violaceum  

onto the surface of a petri plate.   

3.2  Broth 
Microdilution

3.3  Disk 
Diffusion Assay

   Table 1  
  Example of variation in optical density and correlating inoculum sizes 
between fungi [ 3 ,  16 ]   

 Species  OD 530  range  10 6  CFU/mL range 

  Aspergillus niger   0.20–0.50  0.5–4.5 

  A .  fumigatus   0.09–0.11  0.6–5 

  Fusarium oxysporum   0.15–0.17  0.8–5 

  Scedosporium apiospernum   0.15–0.17  0.4–3.2 

Elisa J. Hayhoe and Enzo A. Palombo
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   5.    Allow the inoculated plate to dry for 5 min.   
   6.    Using sterile forceps, place each disk on the surface of the agar. 

Gently press the disk with the forceps to ensure complete 
 contact with the agar ( see   Note 14 ).   

   7.    Leave the plates at room temperature for 30 min to allow 
 pre- diffusion of material into the agar.   

   8.    Incubate the agar plate at 30 °C overnight.   
   9.    Inspect the bacterial growth surrounding each disk ( see   Note 15 ).       

4    Notes 

     1.    A cork borer is a hollow metal tube that is often used in chem-
istry labs to bore holes in cork or rubber stoppers for the inser-
tion of tubing. Choose a cork borer with a diameter of 5–7 mm 
and use this same tool for all subsequent assays.   

   2.    Test material may be in the form of a crude extract, a separated 
fraction or a purifi ed compound. If required, concentrate the 
material (via lyophilization or rotary/centrifugal evaporation) 
or dilute (in a carrier solvent) prior to testing.   

   3.    The fungal suspension is prepared from cultures of fi lamentous 
fungi grown on PDA plates. Incubation conditions will depend 
on the species chosen. For example,  Aspergillus  spp. will generally 
produce conidia after 7 days growth at 35 °C.   

   4.    We have found that McCartney bottles (28 mL volume) are an 
appropriate vessel for these aliquots.   

   5.    If the temperature of the agar is too high when you add the 
bacterial suspension, you will risk damage to the cells. If the 
temperature is too low, the agar will begin to solidify before it 
is poured into the plate, which will result in very uneven 
growth. Place the bottles into a 45 °C water bath following 
autoclave and allow them to cool. Bacteria must, therefore, be 
heat stable at 45 °C.   

   6.    When stamping wells into the agar, make sure that the cork 
borer comes straight down into the agar, not on an angle. 
Sterilize the cork borer before each plate assay by swilling the 
end in 75 % (v/v) ethanol, shaking off the excess liquid and 
placing over a Bunsen burner fl ame. Make sure that your fi nger 
is not covering the open hole at the top of the tool. Allow the 
cork borer to cool before using again to ensure a clean well is 
cut in the agar.   

   7.    With one hand, open the lid of the petri plate from the far side. 
The lid will serve as protection in case you fl ick the agar plug 
(containing bacteria) towards yourself. With the other hand, 
use a wire loop to carefully lift each agar plug from the plate. 
Dispose of as contaminated culture media.   

Antimicrobial Screening Methods
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   8.    Use the test material solvent as a negative control. A standard 
antimicrobial agent such as ampicillin can be used as the positive 
control.   

   9.    Incubation conditions must be kept consistent for subsequent 
assays. Do not stack more than fi ve plates together, to ensure 
that all assays reach the incubation temperature at approxi-
mately the same time.   

   10.    A clear zone surrounding the well signifi es antibacterial activity 
by the test material. Keep in mind that this assay is a screening 
method only and that for a quantitative evaluation of antibac-
terial activity, concentration dependent methods will need to be 
carried out.   

   11.    Due to the variation in spore sizes between species, an optical 
density value will equate to different inoculation densities 
(CFU/mL) depending on the fungal species chosen.   

   12.    The growth control well/s confi rms that the fungal isolate is 
 viable and demonstrates 100 % growth of the isolate for compari-
son with test wells after incubation.   

   13.    Keep disks in an empty sterile petri plate that is labelled to 
avoid confusion between different test materials.   

   14.    Avoid placing disks closer than 20 mm together (center to  center) 
as zones may overlap. Do not place disks too close to the edge of 
the petri plate. Once in contact with the agar, do not move disks 
(even if they have been placed in the wrong position) as the test 
material will have already started diffusing into the agar.   

   15.    Magnifi cation of the agar surface with an adequate light source 
will help to differentiate between colorless growth (indicating 
interruption of quorum sensing), purple growth (no effect), 
and no growth (indicating antibacterial activity).         
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    Chapter 17   

 Metabolomics and Dereplication Strategies in Natural 
Products 

                         Ahmed     Fares     Tawfi ke    ,     Christina     Viegelmann    , and     RuAngelie     Edrada-Ebel    

    Abstract 

   Metabolomic methods can be utilized to screen diverse biological sources of potentially novel and  sustainable 
sources of antibiotics and pharmacologically-active drugs. Dereplication studies by high resolution Fourier 
transform mass spectrometry coupled to liquid chromatography (LC-HRFTMS) and nuclear  magnetic reso-
nance (NMR) spectroscopy can establish the chemical profi le of endophytic and/or endozoic microbial 
extracts and their plant or animal sources. Identifying the compounds of interest at an early stage will aid in 
the isolation of the bioactive components. Therefore metabolite profi ling is important for  functional genom-
ics and in the search for new pharmacologically active compounds. Using the tools of metabolomics through 
the employment of LC-HRFTMS as well as high resolution NMR will be a very effi cient approach. 
Metabolomic profi ling has found its application in screening extracts of macroorganisms as well as in the 
isolation and cultivation of suspected microbial producers of bioactive natural products. 

 Metabolomics is being applied to identify and biotechnologically optimize the production of pharma-
cologically active secondary metabolites. The links between metabolome evolution during optimization 
and processing factors can be identifi ed through metabolomics. Information obtained from a metabolomics 
dataset can effi ciently establish cultivation and production processes at a small scale which will be fi nally 
scaled up to a fermenter system, while maintaining or enhancing synthesis of the desired compounds. 
MZmine (BMC Bioinformatics 11:395–399, 2010;   http://mzmine.sourceforge.net/download.shtml    ) 
and SIEVE (  http://www.vastscientifi c.com/resources/index.html    ; Rapid Commun Mass Spectrom 
22:1912–1918, 2008) softwares are utilized to perform differential analysis of sample populations to fi nd 
signifi cant expressed features of complex biomarkers between parameter variables. Metabolomes are iden-
tifi ed with the aid of existing high resolution MS and NMR records from online or  in - house  databases like 
AntiMarin, a merger database of Antibase (Laatsch H. Antibase Version 4.0 – The Natural Compound 
Identifi er. Wiley-VCH Verlag GmbH & Co. KGaA, 2012) for microbial secondary metabolites as well as 
higher fungi and MarinLit for marine natural products (Blunt J. MarinLit. University of Canterbury, New 
Zealand, 2012). This is further validated through available reference standards and NMR experiments. 
Metabolomics has become a powerful tool in systems biology which allows us to gain insights into the 
potential of natural isolates for synthesis of signifi cant quantities of promising new agents and allows us 
to manipulate the environment within fermentation systems in a rational manner to select a desired 
metabolome.  

  Key words     Metabolomics  ,   Endosymbionts  ,   Endophytes  ,   Dereplication  ,   Chemical profi ling  ,   MZmine  , 
  SIEVE  ,   HRFTMS  ,   NMR  ,   Principal component analysis (PCA)  ,   Partial least squares discriminant 
analysis (PLS-DA)  
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1      Introduction 

 The use of metabolomics is a new means to guide the isolation of 
compounds, as well as to help improve the productivity of down-
stream fermentation methods. Metabolomics is relatively a new fi eld 
of “ omics ”, adopting to the system biology approach, with the goal 
of qualitatively and quantitatively analyzing all metabolites  contained 
in an organism at a specifi c time and under specifi c  conditions. 
Metabolomics is considered as the most functional approach in 
monitoring gene function and identifying the biochemical status of 
an organism [ 1 ] and will confi rm the results of the presence of bio-
synthetic gene clusters involved in the production of the biologically 
active components. Metabolomics in combination with genomics 
enhances the production of important secondary metabolites (natural 
products) which is one of the expressed phenotypes in a living 
 organism. Literature has shown that gene clusters are involved in 
every step of a biosynthetic pathway, as in the production of 
 biologically active polyketides [ 2 ]. With genomics, gene clusters can 
be manipulated to control a biosynthetic pathway. The procedure of 
employing metabolomics together with genomics to optimize  a bio-
synthetic pathway to selectively produce biologically active  secondary 
metabolites has yet to be explored. 

 To identify and quantify metabolites in natural product extracts 
is a challenging task [ 3 ,  4 ]. This is due to the fact that secondary 
metabolites have diverse atomic arrangements which results in 
variations in chemical and physical properties. They can also be 
found in a wide range of concentrations. Reliable, robust, selective, 
and high resolution analytical methods are therefore required in 
identifying and quantifying multiple chemical groups of natural 
products. Mass spectrometry and NMR spectroscopy are comple-
mentary analytical methods and are commonly employed in 
 tandem as metabolomics tools. Mass spectrometry is sensitive even 
at femtogram levels but may not be reproducible between instru-
ment types and ionization capabilities of the metabolites. On the 
other hand, NMR data is reproducible; it may not be sensitive 
enough to detect metabolites at lower concentrations. 

 Effi cient high-throughput gradient fl ash and/or medium 
 pressure chromatography, where gram materials of a microbial 
extract can be loaded on a column, are employed to isolate the 
bioactive natural products from microbial extracts. High-
throughput gradient medium pressure chromatography is capable 
of delivering reproducible isolation schemes with high product 
yield, which is optimum in the purifi cation of microbial extracts 
obtained from multiple batches and has great advantage over 
 conventional column chromatography [ 5 ,  6 ]. Structure elucidation 
are accomplished utilizing pulse-fi eld gradient 2D NMR that 
would be able to provide high resolution data to determine the 
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structure of complex molecules with multiple chiral centers as well 
as higher molecular weight peptides and oligosaccharides [ 4 ]. 

 Metabolomics also provides statistical and computational tools 
to this standard approach of rapid HPLC fractionation which would 
identify the active entities at an earlier stage. The goal of HPLC 
fractionation is to get to higher purities of active components which, 
however, is not achievable in the initial chromatographic isolation 
work. With metabolomics tools, it will be possible to pin-point the 
active components at the fi rst fractionation step as well as identify 
the functional groups involved in the bioactivity which would be 
present in a series of fractions as implied by the bioactivity screening 
results. This can be chemometrically achieved by such NMR-
metabolomic/PCA (principal component analysis) software like 
ALICE [ 7 ] as shown in an example presented (Fig.  1 ) where the 
presence of isoprenyl units and hydroxylated groups among a series 
of active fractions were found to be necessary to achieve anti- 
trypanosomal activity. The use of metabolomics will aid in prioritizing 
the fractions that will proceed to purifi cation, which should save 
time and resources in isolating the target compounds.

  Fig. 1    Principal component analysis of proton NMR data of active vs. inactive fractions of different African 
propolis samples. The active fractions and the type of functional groups common to these fractions are 
 encircled in green as further indicated by the black bars. Here we could conclude the presence of the active 
components to be concentrated in the nonpolar fractions to which were later identifi ed as prenylated 
 phloroglucinone derivatives (data presented in the fi rst German-Brazilian Symposium on Neglected Diseases, 
Edrada-Ebel 2011)       
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   Metabolomics is also used for the quality control of natural 
 products and isolates to monitor the manifestation of a different 
 metabolic profi le between individuals, environmental alterations 
 during growth and harvesting, postharvesting treatment, extraction, 
and method of isolation, all of which can affect the effi cacy of  natural 
products. Through this metabolomics approach, the link between 
the chemical profi le and bioactivity pattern of the secondary metabo-
lites is correlated. To date, metabolomics is not yet widely applied in 
bioactive screening of natural products although it has several 
 advantages over the reductionist approach. Metabolomics enhances 
identifi cation and dereplication steps, as in bioassay-guided isolation 
work [ 8 ]. Metabolomics can be applied to dereplicate the biosynthesis 
of the natural product at different development stages of their 
 biological source as well as simultaneously screen for the bioactivity. 
By using combinations of different analytical methods, the bioassay-
guided isolation route is shortened and rapid dereplication of known 
activities is effi ciently  delivered [ 2 ]. Algorithms have been developed 
to effi ciently detect the production of potential novel secondary 
metabolites during the cultivation and production processes that 
would assist in maintaining or enhancing the biosynthesis of the 
desired compounds (Fig.  2 ). These algorithms are coupled to differ-
ential expression analysis software like SIEVE and MZmine which 
can then integrate the results to an  in -house database that includes 
MarinLit and Antibase to further identify microbial secondary 
 metabolites. Figure  2  illustrates the HRMS data as processed with 
MZmine,  a web-based software developed by VTT (Technical 
Research Centre of Finland) [ 9 ]. The experiment analyzed the pro-
duction of  anti- mycobacterial metabolites from a novel marine acti-
nomycete sponge symbiont collected from the Red Sea.

  Fig. 2    Production of anti-mycobacterial compounds from a marine actinomycete at different growth phases 
as illustrated by an S plot. Biological activity was observed on the sixth and seventh day as indicated by the 
circle       
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   Metabolomics is applied at two levels: to identify and track 
active compounds highlighted by screening assays and to optimize 
the biotechnological production of active compounds in the later 
stages of the pipeline. Dereplication of secondary metabolites from 
promising isolates will be achieved by HRFTMS (High Resolution 
Fourier Transform Mass Spectrometry), for example, using the 
LTQ-Orbitrap and high resolution NMR. Through multivariate 
analysis, this will enable Fourier transformation of the FID (Free 
Induction Decay) data of multiple samples to statistically validate 
the parameters in the production of pharmacologically novel 
 secondary metabolites. Metabolomes are identifi ed with the aid of 
existing high resolution MS and NMR records from online and 
 in -house databases like the Dictionary of Natural Products (DNP) 
[ 10 ]; MarinLit, a database for marine natural products [ 8 ]; 
AntiBase, a database of microbial secondary metabolites [ 11 ]; and 
KEGG (Kyoto Encyclopedia of Genes and Genomes), a collection 
of online databases dealing with genomes, enzymatic pathways, 
and biological chemicals [ 12 ]. MZmine [ 9 ], MzMatch [ 13 ], and 
SIEVE [ 14 ] softwares are utilized to perform quantitative differen-
tial expression analysis of sample populations to fi nd signifi cant 
expressed features of complex biomarkers between parameter 
 variables. These are further validated through available reference stan-
dards and two-dimensional (2D) homonuclear NMR, e.g., TOCSY 
(TOtalSpectroscopY), DOSY (DiffusionOrderedSpectroscopY), 
and  J -resolved NMR experiments to classify unknown by-products 
or degradants which may affect the quality of the desired product. 
The NMR-metabolomic software ALICE [ 7 ] is employed for 
metabolome recognition as well as to statistically validate the 
occurrence of metabolic by-products at the different physiological 
states. The algorithms are utilized to analyze the vast data set 
 generated by the dereplication study as well as metabolomics 
 profi ling in monitoring and exploring the relationship between 
culture methods, diversity, bioactivity, and metabolome evolution 
in selected isolates. Effi cient cultivation and production processes 
at a small volume scale fermenter are developed through real-time 
metabolomic-assisted optimization. Samplings are analyzed at  on 
the fl y  for detailed metabolome analysis to fully characterize inter-
mediates, by-products, and degradants. Applying metabolomics 
for real-time analysis will, in parallel, check the stability of the 
 production of the desired components when altering certain 
 fermentation parameters prior to scale-up. In addition, chemometric 
studies will be accomplished to support and develop algorithms 
that will be adapted and optimized to target the secondary metab-
olites with the desired effects. Metabolomics has become a powerful 
tool in systems biology and allows insight into the potential of 
natural isolates for synthesis of signifi cant quantities of promising 
new agents, and guides the manipulation of the environment 
within fermentation systems in a rational manner to select a desired 
metabolome. 
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  Natural products metabolomics embarks on the dereplication 
 studies of biologically active extracts and interesting isolates from 
plant, animal, and microbial origin as well as provides the technol-
ogy to validate the presence and expression of biosynthetic clusters 
from gene-based screening. Extracts, fractions, and purifi ed 
 secondary metabolites are evaluated for their applicability as sources 
of potential novel drugs. The chemical profi le of a biologically 
active extract is established by high resolution mass spectrometry 
and NMR spectroscopy to detect the active compounds of interest 
at an early stage and prevents unnecessary efforts and resources in 
working- up extracts. By utilizing metabolomic tools and optimiz-
ing the much-needed computational tools of quantitative differen-
tial expression as well as multivariate statistics, data sets could be 
 analyzed to identify biomarkers in the production of biologically 
active extracts. These biomarkers could then be further employed 
to optimize fermentation and cultivation conditions which would 
ascertain both primary and secondary biosynthetic pathways in the 
production of novel secondary metabolites as well as consequently 
provide sustainability of the interesting metabolites for genetic and 
metabolic engineering.  

 
 The fi rst step will deal with dereplication studies of secondary 
metabolites from ca. 100–200 mg of ethyl acetate culture extracts 
that will be prepared from microorganisms from variable extreme 
environments. These extracts, 1 mg of each, will be analyzed by 
HRFTMS (high resolution Fourier transform mass spectrometry) 
using the Exactive-Orbitrap, which is capable of obtaining high 
resolution data for both positive and negative modes. Simultaneous 
experiments done at both modes are advantageous for the nontar-
get approaches in metabolic profi ling. Multivariate analysis using 
Fourier transformation of FID (free induction decay) data of mul-
tiple samples by SIEVE and MZmine along with PCA (principal 
component analysis) and OPLS-DA (orthogonal partial least 
square-discriminant analysis) will statistically validate the parame-
ters that govern the occurrence of relevant metabolites from bioac-
tive extracts. Metabolomes will be identifi ed with the aid of existing 
high resolution MS and NMR records from Antibase or DNP. 
These results will also validate the presence of biosynthetic gene 
clusters as previously identifi ed. High resolution NMR will be 
applied to promising isolates in terms of occurrence of novel 
 biosynthetic gene clusters, expanse of expected novel compounds, 
and bioactivity (Fig.  3 ). 1D- 1 H,  J -resolved and pulse-fi eld  gradient 
2D total correlation (TOCSY), diffusion (DOSY), as well as 
 heteronuclear single quantum coherence (HSQC) NMR experi-
ments will be performed to confi rm the expected type of chemical 
groups and determine the method of the isolation work. Multivariate 
analysis on the NMR data will be done using the software ALICE, 
which can identify essential functional groups for certain bioactiv-
ity [ 7 ]. Characterization of the metabolites in the bioactive extract 

1.1  Brief Description 
of Work

1.2  Dereplication 
Studies
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can be accomplished by MS fragmentation experiments which can 
also be done on the LTQ-Orbitrap HRMS. From this data, it 
would be possible to anticipate necessary precautions if expected 
instability of the compounds could occur. At this stage, the 
 computational tools can be optimized by adapting or creating new 
algorithms according to the diversity of the samples and complex-
ity of the data set generated from the dereplication study and 
metabolomics profi ling. In order to effectively utilize information 
from the environment data, genetic variation and metabolic profi les, 
appropriate statistical methods can be applied and developed 
 aiming at deciphering the associations between the various datasets. 
Correlations between the bioprocessing parameters and various 
datasets are fi rst assessed and regularized regression methods are 
applied among the most relevant variables from each dataset. The 
aim is to identify which bioprocessing parameters are related to 
the individual datasets and also assess the similarities and differences 
between them.

    
 From the bioactivity results, bioactive microbial isolates will be  chosen 
for further cultivation optimization work. Effi cient  cultivation and 
production at a small to medium volume scale  fermenter can be 
developed through real-time metabolomic-assisted optimization. 
Sampling will be done at real time for detailed metabolome analysis 
to fully characterize intermediates, by-products, and degradants by 
rapid off-line LC–MS/GC-MS, high resolution FTMS, and  1 H 
NMR. Sample probes will be collected at different growth phases and 

1.3  Metabolomic- 
Assisted Optimization 
(Small to Medium 
Scale)

  Fig. 3    Flowchart of activities integrating metabolomics to other fi elds of drug 
discovery       
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subjected to small scale organic extraction and HRFTMS. 
Metabolomic analysis will be performed to determine changes in 
metabolite production, which will be further correlated with the 
 bioactivity data. The optimized cultivation method will be chosen to 
go into medium-scale cultivation (20–40 L) to be used for the 
 isolation work.  

 
 Bioassay-guided chromatographic separation of active crude 
extracts is achieved utilizing high-throughput gradient fl ash and 
medium pressure liquid chromatography (Buchi Sepacore system). 
Normal- and reversed-phase columns are employed for nonpolar 
and polar active extracts, respectively. HP20 and/or Sephadex 
LH-20 columns are used to separate out salts and other constitu-
ents used in the media from the bioactive metabolites. Fractionation 
of the extracts will be monitored by chromatographic (TLC), 
LC-HRMS, and NMR spectroscopy ( 1 H NMR) analyses; subse-
quently each fraction will be subjected to bioassay testing. 
Chemometric and principal component analysis of active versus 
inactive fractions provide information of the class of compound 
responsible for the respective bioactivity. The active fractions are 
purifi ed by preparative and/or semi-preparative HPLC. All active 
pure metabolites are subjected to spectroscopic analyses based on 
NMR, MS, (ultraviolet visible absorption spectroscopy) UV, IR, 
and circular dichroism (CD) methods. The obtained spectra are 
compared to available data in the literature in order to identify 
previously isolated compounds. Structures of new compounds are 
elucidated mainly by extensive application of 1D and 2D NMR 
spectroscopy,  1 H and  13 C assignments can be obtained from COSY, 
HSQC, HMBC, and ROESY spectral data. Homonuclear  1 H 
 connectivity can be determined by the phase-sensitive, double- 
quantum fi ltered COSY experiments. One-bond heteronuclear 
 1 H– 13 C connectivities will be determined by pulse-fi eld gradient- 
enhanced proton-detected HSQC experiments. Two- and three- 
bond  1 H– 13 C connectivities will be determined by gradient-enhanced 
proton-detected HMBC experiments. Experiments are carried out 
in deuterated solvent (CDCl 3 , CD 3 OD,  d   5  -pyridine, and  d   6     -DMSO) 
solutions of the isolated compounds. Advanced mass spectrometric 
techniques (EI, CI, ESI, and APCI) for structure assignment 
experiments are performed on Thermoquest LCQ Deca ESI-Ion 
Trap, LTQ-Orbitrap, and Exactive mass spectrometers. In cases of 
high MW peptides, this can be accomplished on a Shimadzu 
MALDI instrument. Stereochemical information can be provided 
also by CD studies, computational methods, and chemical 
derivatizations.  

 
 Applying metabolomics for real-time analysis will in parallel check 
the stability of the production of the desired components when 
changing certain fermentation parameters prior to industrial scale- up. 

1.4  Bioassay-Guided 
Chromatographic 
Separation

1.5  Metabolomic- 
Assisted Industrial 
Bioprocessing
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Metabolomes of each steady state are identifi ed with the aid of  existing 
high resolution MS and NMR records from Antibase, a database of 
microbial secondary metabolites together with KEGG, a collection of 
online databases dealing with genomes, enzymatic pathways, and 
biological chemicals. SIEVE and MZmine softwares will be used to 
perform differential analysis of sample populations to fi nd signifi cant 
expressed features of complex biomarkers between parameter 
 variables. This will be validated through available reference standards 
and also by 2D NMR (e.g., TOCSY and  J -resolved) as well as DOSY 
NMR experiments for unknown by- products or degradants which 
may affect the quality of the desired product. NMR metabolomics 
software ALICE is employed for metabolome recognition as well as 
to statistically validate the occurrence of metabolic by-products at the 
different physiological states.  

 
 The desired compounds are obtained by large-scale purifi cation of 
100–500 g utilizing high-throughput gradient fl ash and medium 
pressure liquid chromatography utilizing either the Buechi Sepacore 
or Biotage Isolera systems. The purifi ed compounds will be sent for 
biological activity. The isolation procedure of active natural products 
will again be validated qualitatively and quantitatively by high resolu-
tion NMR spectroscopy and mass spectrometry.   

2    Materials 

 All solutions are prepared using ultrapure water (deionized water is 
purifi ed through fi lters of 18 MΩ cm at 25 °C) and HPLC grade 
reagents as well as solvents. All reagents are prepared and stored 
at room temperature. Follow all waste disposal regulations when 
 disposing waste materials. 

 
     1.    Collected sponges and plant materials were freeze-dried, sealed 

under vacuum and subsequently stored at −20 °C until the 
extraction of its metabolites.   

   2.    Upon receipt, microbial samples were reinoculated to appropriate 
medium enumerated under Subheading  2.2 .   

   3.    Endophytes were isolated from fresh parts of indigenous 
medicinal plants.      

       1.    M1 agar: soluble starch (Sigma Chemical Co. USA) 10.0 g, 
yeast extract (Oxoid, England) 4.0 g, peptone (Fisher Scientifi c 
UK Ltd, UK) 2.0 g, agar (Oxoid, England) 18.0 g, add artifi -
cial seawater to make a volume of 1.0 L. Autoclave and allow 
to cool slightly before pouring into petri dishes.   

   2.    Artifi cial seawater: NaCl   (234.70 g), Na 2 SO 4 (39.20 g), 
MgCl 2 ·6H 2 O (106.40 g), CaCl 2 (11.0 g), NaHCO 3 (1.92 g), 

1.6  Large-Scale 
Chromatographic 
Purifi cation

2.1  Biological 
Materials

2.2  Reagents, Media, 
and Chemicals
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KCl (6.64 g), KBr (0.96 g), H 3 BO 3 (0.26 g), SrCl 2 (0.24 g), 
NaF (0.03 g), and add H 2 O to make a volume of 10.0 L.   

   3.    Malt agar (MA) medium for short-term storage of fungal cultures 
or fresh seeding for preparation of liquid cultures: agar 15.0 g, 
malt extract 15.0 g, distilled water added to make a volume of 
1.0 L and pH adjusted to 7.4–7.8 with NaOH or HCl. For the 
isolation of endophytic fungi from plant tissues, add 0.2 g 
 chloramphenicol or 0.1 g streptomycin to the medium to  suppress 
bacterial growth.   

   4.    Wickerham medium for liquid cultures: yeast extract 3.0 g, 
malt extract 3.0 g, peptone 5.0 g, glucose10.0 g, add distilled 
water to make a volume of 1.0 L. Adjust pH to 7.2–7.4 with 
NaOH or HCl.   

   5.    Rice medium: rice 100 g, distilled water 100 mL. Let it stand 
overnight before autoclaving.   

   6.    Solvents for extraction: acetone (HPLC grade), acetonitrile 
(HPLC grade), dichloromethane (HPLC grade), ethyl acetate 
(HPLC and Analytical Reagent grade),  n -hexane (HPLC grade), 
methanol (HPLC and Analytical Reagent grade).   

   7.    Sample adsorbents: Celite 545AW-Reagent Grade and Diaion ®  
HP20 (Supelco, USA).   

   8.    Solvent for NMR: chloroform (CDCl 3 ), methanol (CD 3 OD), 
and dimethylsulfoxide (DMSO- d   6  ), use 750 µL of appropriate 
solvent to dissolve sample with minimum weight of 1 mg and 
maximum weight of 20 mg.   

   9.    Pre-coated TLC plates: Silica Gel 60 F 254 layer thickness 
0.2 mm, RP-18, F 254  S, layer thickness 0.25 mm.   

   10.    Column chromatography adsorbents: Sephadex LH 20, 
 0.25–0.1 mm mesh size, VersaPak ®  Silica and C18 Cartridges 
20–45 µm, matrix active group Spherical Silica at various 
I.D. × L of 23 × 53 mm, 23 × 110 mm, and 40 × 150 mm.      

      1.    Analytical miller (model: IKA A11 Basic) was from IKA, 
Germany.   

   2.    Laminar fl ow hood (BioMAT2), Medical Air Technology.   
   3.    Homogenizer (IKA T18 Basic Ultra-Turrax), IKA, Germany.   
   4.    Rotary evaporators (model no: R-110 and R-3), BUCHI, 

Switzerland.   
   5.    Centrifuge used was Force 7 from Fisher Scientifi c.   
   6.    Sonicator (Ultrawave), Scientifi c Laboratory Supplies, Ltd.   
   7.    UV lamp (UVGL-55 Handheld UV Lamp), UVP, Cambridge, 

UK.   
   8.    Flash/Medium Pressure Liquid Chromatography instrument 

Sepacorepump manager C-615, pump module C-601 from 

2.3  Instruments and 
Equipment
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BUCHI, Switzerland. Column loading anchorages, VersaFlash/
Supelco, Sigma-Aldrich, Germany or Biotage Isolera Spektra 
One and Four Flash Purifi cation System.   

   9.    Fraction collector (CF2), Spectrum Labs.   
   10.    Freeze dryer (model: Christ Alpha 2-4), Martin Christ 

Gefriertrocknunsanlagen GmbH, Germany.   
   11.    Handheld dryer HL 2010 E, Type 3482, Steinel.   
   12.    High Resolution Mass Spectrometry (Orbitrap-Exactive) 

instrument coupled to high pressure liquid chromatography 
(DionexUltimate-3000), Thermo Scientifi c, Germany.   

   13.    Nuclear Magnetic Resonance Spectrometer instrument, 
JNM-LA400 model from JEOL, Japan and the magnet NMR 
AS400 model EUR0034 is from Oxford Instruments, England. 
The NMR is equipped with a Pulse-Field Gradient “Autotune” ™ 
probe 40TH5AT/FG broadband high sensitivity probe to accept 
5 mm tubes. Fitted with FG coils, 2H lock channel and capable 
of variable temperature operation.       

3    Methods 

      1.    Dissolve respective biologically active plant, sponge, and 
microbial extracts as well as the extract of the medium as blanks 
in deuterated DMSO- d   6   and acquire a  1 H NMR of 5 mg to 
10 mg of sample. Process each of the NMR spectra to correct 
the baseline. Properly phase the spectra at zero and fi rst order. 
Apodize the spectrum at Gaussian = 1.0 ( see  Fig.  4 ). Use the 
software ALICE to do multivariate analysis of the corrected 
spectrum. With the software, select peaks for integration from 
the summed spectra, while solvent peaks or other impurity 
peaks are deselected prior to analysis.

       2.    Dry the same extracts and dissolve in 50:50 H 2 O:CH 3 OH 
HPLC grade, to make a concentration of 1 mg/mL and  submit 
for high resolution LC-HRFTMS. The samples are eluted 
through a C18 column (ACE) with a length of 75 mm and 
internal diameter of 3.0 mm using a mobile phase of 0.1 % 
formic acid in a gradient of HPLC grade water (solvent A) and 
acetonitrile (solvent B) and a fl ow rate of 300 µL/min. The 
elution begins with 10 % B, which is increased to 100 % B over 
30 min which is maintained for 5 min before decreasing to 
10 % B in the next min. The column is then equilibrated with 
10 % B for 4 min until the next run.   

   3.    Mass spectral data are processed using differential expression 
analysis software like SIEVE or MZmine 2.2 ( see   Note 1 ).   

   4.    The peaks from the media and solvent blanks were then 
 subtracted from those of the extracts, and the remaining peaks 

3.1  Dereplication of 
Extracts Using NMR 
and HRFTLCMS
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are compared to the AntiMarin database for identifi cation as 
demonstrated in Fig.  5a, b .

       5.    SIEVE and MZmine results can be exported to an EXCEL 
data sheet which can used for PCA by employing SIMCA P + 
for pattern recognition as shown in Fig.  6 .

             1.    Inoculation and extract preparation. Bacterial isolates are  initially 
cultured at 30 °C on M1 agar containing artifi cial  seawater ( see  
 Note 2 ). A gram stain is performed and the bacteria plated using 
the single streak method to obtain a pure colony in order to con-
fi rm that the bacteria being grown was identical to that sent.   

   2.    After 7 days of growth, agar plates are transferred into conical 
fl asks where they were covered with 200 mL of EtOAc or 
CH 3 OH.   

   3.    After 24 h, the samples are homogenized and vacuum-fi ltered 
and the aqueous layer extracted thrice with EtOAc. The EtOAc 
fractions are then collected and dried under vacuum.   

   4.    For fl asks containing CH 3 OH, an equal amount of water is added 
to saturate the CH 3 OH layer before extracting with EtOAc. 
The EtOAc layers are collected and dried under vacuum.   

   5.    The EtOAc extract is then eluted through an HP-20 column 
using 100 % water, 50:50 CH 3 OH:H 2 O, and 100 % CH 3 OH 
in order to remove salt.   

3.2  Marine Bacterial 
Culture on Agar Plates 
and Broth Media

  Fig. 4    A properly processed  1 H NMR spectrum is a requirement for multivariate analysis of NMR data sets       
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  Fig. 5    ( a ) An S plot differentiated the production of secondary metabolites by an  Aspergillus  species in a liquid and 
solid media. ( b ) Dereplication of known metabolites in both media was identifi ed from the AntiMarin database         

MS m/z
row

retention
time

Name
RC

peak m/z

RC
peak

height

RC
peak area

LC
peak
m/z

LC
peak

height

LC
peak
area

Identified 203.118 9.36935 Nb-Acetyltryptamine 203.118 1.78E+08 3.22E+09 203.118 1292067 1.59E+07

Identified 180.1019 4.5859 N-Acetyl-tyramine 180.1019 1.74E+08 3.71E+09 180.1019 5466609 1.43E+08

Identified 235.1188 3.19349 cyclo-(L-prolyl-L-histidine) 235.1188 1.60E+08 3.56E+09 235.1188 3918087 6.92E+07

258.2791 20.3209 258.2791 1.53E+08 2.68E+09 N/A N/A N/A

Identified 436.198 9.907385 Neoxaline 436.1979 1.38E+08 1.66E+09 436.1982 1.74E+08 2.14E+09

Identified 639.1711 19.4446 Secalonic acid 639.1711 1.29E+08 3.26E+09 N/A N/A N/A

230.2478 17.5803 230.2478 1.19E+08 1.75E+09 230.2478 895430.5 9434694

478.2707 11.0389
'Paraherquamide E; VM 54159;

Paraherquamide VM-54159 478.2712 1.10E+08 1.02E+09 478.2702 1.46E+08 1.36E+09

Identified 381.1543 10.2111
Dinaphtho[2,1-b:1',2'-d]

furan-5,9-dione 381.1543 7.23E+07 1.04E+09 N/A N/A N/A

Identified 360.2281 6.413705
Asperparaline A; Aspergillimide;

VM-55598 360.228 6.17E+07 6.41E+08 360.2281 9320451 1.01E+08

Identified 1058.673 31.8234 Niphithricin B 1058.673 5.85E+07 8.16E+08 N/A N/A N/A

Identified 343.0926 12.54905 Griseolutein A 343.0926 5.58E+07 9.18E+08 343.0925 1.76E+07 2.43E+08

164.1073 8.677255 164.1075 5.03E+07 5.93E+08 164.1071 3076721 2.59E+07

875.5355 34.3874 875.5355 4.58E+07 6.49E+08 N/A N/A N/A

367.1387 7.27488 367.1387 4.56E+07 7.99E+08 N/A N/A N/A

Database search for an Endophytic Aspergillus
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   6.    Both the EtOAc and CH 3 OH extracts are analyzed using 
LC-FTMS and NMR.   

   7.    Four fl asks, each containing 500 mL of M1 broth, are 
 inoculated with a quarter of an M1 agar plate previously 
 incubated for 5 days at 30 °C with the bacterial isolate. Another 
four fl asks are inoculated in the same manner with a similar 
bacterial isolate incubated for 10 days.   

   8.    Two fl asks each from the 5- and 10-day cultures are shaken at 
(orbital shaker) 150 rpm at 30 °C for 7 days. The other four 
fl asks, two of which contained 5-day incubated bacteria and 
the other two containing 10-day incubated bacteria, were 
allowed to stand at 30 °C for 7 days.   

   9.    After 7 days of incubation, the broths were then covered with 
EtOAc and the metabolites are extracted using the procedure 
outlined above, dereplicated and submitted for bioassay.      

      1.    Bioactive extracts are cultured in 1 L conical fl asks containing 
500 mL of M1 broth media for 5 days (30 °C, shaken at 
150 rpm).   

   2.    20 mL of the inoculum is transferred into 16 out of the 
17–500 mL conical fl ask containing 200 mL of M1 broth media.   

   3.    The fl asks spanned duplicates from day 0 to 7 with one blank 
media-only fl ask. The cultures are then grown for 1–7 days (30 °C, 
shaken at 150 rpm) and taken out on their respective days.   

   4.    An equal volume of EtOAc is added to the broth and left 
 overnight for cell lysis. Culture extraction is performed using 
EtOAc as the organic phase.   

3.3  Scale-up and 
Extract Preparation 
from Marine Microbial 
Isolates

Differential Expression Analysis of HRFTMS data using SIEVE

Principal Component
Analysis (PCA) of anti-

trypanosomal active
fractions in correlation

with their HRFTMS data at
m/z = 500 to 800

Non polar
fractions

polar
fractions

  Fig. 6    Mass spectral data of different African propolis samples and fractions was 
analyzed by SIMCA to reveal that increase in anti-trypanosomal activity was 
affected by an increase in oxygenation       

 

Ahmed Fares Tawfi ke et al.



241

   5.    The extract is collected in tared vials through solvent evaporation. 
A similar process was repeated to obtain extracts for days 8, 15 
and the accompanying blank media extract.   

   6.    The extracts are dereplicated and submitted for bioassay.      

      1.    Isolation of fungal endophytes from plant source ( see   Note 3 ). 
With a sterile scalpel, the outer tissue was removed from the 
plant samples and the inner tissue was carefully dissected under 
sterile conditions and cultivated onto malt agar (MA) plates 
containing chloramphenicol to prevent the bacterial growth.   

   2.    After 3–4 weeks of incubation at room temperature, hyphal 
tips of the fungi are removed and transferred to fresh MA 
medium. Plates are prepared in duplicates to eliminate the 
 possibility of contamination.   

   3.    Pure strains are isolated by repeated inoculation.   
   4.    Pure fungal strains are grown on MA medium at room 

 temperature for 14 days.   
   5.    Pure cultures are then stored at 4 º C for a maximum period of 

6 months, and then reinoculated onto fresh media.      

      1.    One petri-dish of each fungal species is transferred into a 
250 mL fl ask, then left overnight with EtOAc and extracted 
(3 × 150 mL EtOAc) followed by fi ltration. The fi ltrate is then 
dried under vacuum, suspended in 200 mL H 2 O and parti-
tioned between (EtOAc 3 × 200 mL) in a separating funnel.   

   2.    The H 2 O-soluble phase is passed on a Sephadex LH-20  column 
using methanol as eluant. CH 3 OH and EtOAc soluble portions 
are concentrated and subjected to MS and NMR analysis for 
metabolic profi ling and dereplication studies using AntiMarine 
databases.      

      1.    Fungal cultures are transferred into 1 L Erlenmeyer fl asks 
 containing 500 mL of Wickerham medium for liquid cultures 
or 100 g rice for solid cultures.   

   2.    The cultures are then incubated at room temperature (no shaking) 
for 15 and 30 days, respectively.   

   3.    Large-scale cultivation is then carried out using 30 and 10 1 L 
Erlenmeyer fl asks for liquid and solid rice cultures, 
respectively.      

      1.    250 mL of EtOAc and  n -BuOH are added alternately to the 
culture after overnight maceration with EtOAc.   

   2.    Culture media and mycelia were then homogenized in the 
Ultraturrax for 10 min for cell destruction, followed by vac-
uum fi ltration using Buchner funnel.   

3.4  Isolation and 
Purifi cation of Fungal 
Endophyte Cultures

3.5  Small Scale 
Extraction of 
Endophyte Cultures for 
Screening and 
Metabolomic Profi ling

3.6  Cultivation of 
Fungal Endophyte for 
Large-Scale Extraction 
and Isolation of 
Secondary Metabolites

3.7  Extraction of 
Fungal Liquid Culture
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   3.    The mycelium residue is then discarded while EtOAc and 
 n -BuOH culture fi ltrates are collected and further extracted 
with EtOAc (200 mL × 3) through a separating funnel.   

   4.    The pooled EtOAc extracts are then subjected to evaporation.   
   5.    The water phase is then chromatographed over Sephadex 

LH-20 using CH 3 OH as eluent.      

  All analyses requiring HPLC–MS are carried out using the same 
Dionex UltiMate 3000-Thermo Scientifi c Exactive system and 
method as mentioned above. All 1D and 2D spectra are  measured 
on the aforementioned Jeol-LA400 FT-NMR spectrometer.   

4    Notes 

     1.    Differential expression analysis software can be summarized by 
the following steps: import raw data, chromatogram building 
(peak picking), chromatogram deconvolution, deisotope, 
alignment, and identifi cation which can be accomplished 
through adduct search, complex search, fragment search, and 
formula prediction. MZmine is a free ware and can be down-
loaded through   http://mzmine.sourceforge.net/    . Detect the 
peaks in the solvent blank and media using the chromatogram 
builder. Mass detection is performed using an exact mass 
detector threshold greater than the noise level set at 1.00E2. 
Filter the peaks using Fourier transform mass spectrometry 
shoulder peaks fi lter at a mass resolution of 50,000 with the 
Gaussian peak model. The chromatogram builder uses the 
highest data point function. The minimum time span is set at 
2 s, and the minimum height and  m / z  tolerance at 1.00E2 and 
0.001  m / z , respectively. Chromatogram deconvolution is then 
performed to detect the individual peaks. The baseline cut-off 
method (minimum peak height: 1.00E2, minimum peak dura-
tion: 0:02, and baseline level 1.00E1) is applied. Crop fi lter 
the spectra of the extracts between 2:00 and 35:00 min. 
Chromatogram building and deconvolution then followed, while 
the noise and baseline levels are set higher (noise level: 1.00E5, 
minimum time span: 0:10, minimum height: 1.00E5, and  m / z  
tolerance: 0.001  m / z , baseline level: 1.00E3). Isotopes are 
also identifi ed in the extracts as well as the blanks using the 
isotopic peaks grouper ( m / z  tolerance: 0.050  m / z , RT toler-
ance: 0.05, monotonic shape, maximum charge: 1, and repre-
sentative isotope: most intense). Duplicate peaks are fi ltered 

3.8  Observation 
of Metabolite 
Progression by High 
Performance Liquid 
Chromatography–
Mass Spectrometry 
(HPLC–MS) and 
Nuclear Magnetic 
Resonance (NMR) 
Spectroscopy
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out using the duplicate peak fi lter ( m / z  tolerance: 0.050  m / z , 
RT tolerance: 0:05 s, requiring the same identifi cation). 
An adduct search is performed for Na–H, K–H, and NH 3  (RT 
tolerance: 0:10,  m / z  tolerance: 0.100  m / z , max adduct peak 
height: 20 %) and a complex search is performed for both the 
positive and negative modes of ionization (RT tolerance: 0:10, 
 m / z  tolerance: 0.100  m / z , max complex peak height: 20 %). 
 Finally, the peak lists of the solvent blank, media, and the extracts 

are aligned using the join aligner parameters set at  m / z  tolerance: 
0.100  m / z , weight for  m / z : 70, RT tolerance type: Absolute, RT 
tolerance: 0:30, Relative RT tolerance: 15 %, Weight for RT: 10, 
require same charge state, require same ID state, compare isotope 
pattern, and isotope pattern score threshold level: 65 %.   

   2.    The presence of salt can result in broad NMR peaks and it is not 
advisable for further mass spectrometric analysis as it can block 
heated capillaries. Salt from samples should be removed using 
HP20 Chromatography. The dried extract is reconstituted in 
20 mL methanol and 20 mL acetone. The fl asks are then 
 sonicated to aid in the dissolution of the sample. The sample is 
then mixed thoroughly with enough Celite and placed in the 
fume hood to dry. 
 Approximately 400 cm 3  of HP20 is covered in analytical grade 

CH 3 OH and poured into the column, which is plugged with 
 cotton that had been previously soaked in CH 3 OH. Until the 
 column is half-full, more CH 3 OH is added and the HP20 is 
 activated for 3 h. The CH 3 OH is then drained from the column. 
A cotton plunger is placed above the HP20 bed. Fresh CH 3 OH 
is run through the column to wash it. The washing is collected and 
run through the column for a second time. The column is then 
washed with pure-grade water twice. The column is then equili-
brated in pure-grade water overnight. 

 The Celite containing the adsorbed extract is loaded at the top 
of the HP20 column. Purifi ed sand is added to reduce the caking 
of the Celite. Cotton is placed above the Celite. Fractions are 
eluted using a gradient of 100 % pure-grade water to 100 % 
CH 3 OH (HPLC grade) in 10 % increments. The volume for each 
eluant is 250 mL. This was allowed to pass through the column 
completely before the next eluant is added. 250 mL of 50:50 
acetone:methanol (HPLC grade), followed by two additional runs 
of 100 % methanol are used to wash the column. Two milliliter 
aliquots of each fraction are collected for LC-HRFTMS analysis. 
The fractions are dried and placed in the vacuum desiccators prior 
to weighing and NMR analysis.   

   3.    Plant materials are cut into small pieces, washed with sterile 
water, then thoroughly surface sterilized with 70 % isopropanol 
for 1–2 min and ultimately air dried under a laminar fl ow hood. 
This is done in order to eliminate surface contaminating 
 epiphytic microbes.         

Metabolomics and Dereplication Strategies
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    Chapter 18   

 Bridging the Gap: Basic Metabolomics Methods 
for Natural Product Chemistry 

                         Oliver     A.H.     Jones      and     Helmut     M.     Hügel   

    Abstract 

   Natural products and their derivatives often have potent physiological activities and therefore play important 
roles as both frontline treatments for many diseases and as the inspiration for chemically synthesized thera-
peutics. However, the detection and synthesis of new therapeutic compounds derived from, or inspired by 
natural compounds has declined in recent years due to the increased diffi culty of identifying and isolating 
novel active compounds. A new strategy is therefore necessary to jumpstart this fi eld of research. 
Metabolomics, including both targeted and global metabolite profi ling strategies, has the potential to be 
instrumental in this effort since it allows a systematic study of complex mixtures (such as plant extracts) 
without the need for prior isolation of active ingredients (or mixtures thereof). Here we describe the basic 
steps for conducting metabolomics experiments and analyzing the results using some of the more com-
monly used analytical and statistical methodologies.  

  Key words     Chromatography  ,   Nuclear magnetic resonance  ,   Multivariate statistics  ,   Secondary 
 metabolism  ,   Chemical synthesis  ,   Metabolomics  

1       Introduction 

 Metabolomics may be simply defi ned as the comprehensive 
 quantitative and qualitative analysis of all metabolites present in a 
specifi c biofl uid, cell, tissue, or organism [ 1 ]. Since its foundation 
in the late 1990s [ 2 ,  3 ] it has proven to be a valuable tool in the 
analysis of biological systems where it is has been used in an ever 
increasing number of diverse applications such as disease diagnosis, 
environmental science, toxicology and health science [ 4 – 8 ]. In the 
majority of these cases metabolomics/metabonomic analysis is 
used to determine how a particular treatment, toxicant or disease 
state has altered a distinct set of primary metabolites (compounds 
essential for or directly involved in normal growth, development, 
and reproduction). Increasingly however, the technique is also 
being utilized in the study of secondary metabolites, particularly in 
plants and fungi. Secondary metabolites are chemicals such as 
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 pigments produced by plants for which no role has yet been found 
in growth, photosynthesis, reproduction, or other “primary” 
 functions. Each plant family, genus, and species produces a charac-
teristic mix of these chemicals. Many thousands have been  identifi ed 
and plant and fungal secondary metabolites have been a fertile area 
of chemical investigation driving the development of both analyti-
cal chemistry and of new synthetic reactions and methodologies 
for many years [ 9 ]. Indeed the use of whole plants or extracts as 
medicines via the isolation of active compounds began in the early 
nineteenth century with the isolation of morphine (and later 
codeine) from opium. The fi rst synthesis of morphine (by Gates in 
1952) is considered a classic in the fi eld [ 10 ]; although there is still 
a need for developing morphine substitutes without the addictive 
properties of the parent compound. Other examples of plant 
metabolites used in human health include digitalis and quinine, 
while penicillin, cephalosporin, ergotrate and many statins are 
equally well used fungal based compounds [ 11 ]. Despite their 
wide use however, understanding how plants and fungi produce 
such  intricate compounds from relatively simple starting points is a 
 surprisingly complex challenge. The vast number of metabolites 
typically present in natural products and their large variation in 
molecular weight, polarity and concentration makes their analysis 
particularly challenging and there is high potential for many poten-
tially useful compounds to go unnoticed [ 12 ]. 

 Interestingly, both natural products chemistry and metabolo-
mics have as their goal the identifi cation of active compounds, 
either as a purifi ed active component (natural products chemistry) 
or as a group of compounds used as an indicator of a particular 
biological state (metabolomics). Natural products chemistry has a 
long tradition of sophisticated techniques that allow identifi cation 
of complex molecular structures but it often fails when dealing 
with complex mixtures. In contrast, metabolomics deals well with 
mixtures and uses the power of multivariate analysis to isolate the 
“statistical needle” from the stack of other needles but it is often 
limited in the identifi cation of all the compounds involved [ 13 ]. 
Chemical synthesis together with metabolomics has the potential 
to signifi cantly simplify the research pathway to new product dis-
covery. Here we outline protocols for basic metabolomics studies 
using standard operating procedures for the more the commonly 
used analytical and statistical methodologies.  

2     Materials 

  The fi rst step in any metabolomics study is to extract the metabolites 
from the sample matrix which may be almost any form of biological 
material; from fl uids, such as blood, milk, and urine, to cell cultures, 
tissue biopsies and even whole organisms such as  Daphnia  [ 14 ]. 
A major challenge in metabolomics is to address the extremely 

2.1  Metabolite 
Extraction 
(Methanol–
Chloroform– Water)
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diverse and complex nature of the organism. Metabolites may have 
a concentration range of the order of ~10 9 , a mass range of the 
order of ~1,500 amu and polarity ranges of ~10 20  [ 15 ]. This means 
that no one analytical approach is capable of detecting and analyzing 
all the metabolites that may be present in an organism or tissue. 
Therefore, multiple analytical techniques and sample preparation 
strategies are necessary to enable complete coverage of the 
metabolome. This problem is further complicated by the fact that 
high throughput metabolic profi ling technologies are still under 
active development and frequently require the user to undergo 
specialist training. Whichever method is used, it is essential that 
both metabolite extraction and sample preparation are as effi cient 
and reproducible as possible ( NB : it is worth spending time and 
resources on this issue at the start of a study since it is likely to save 
signifi cantly more than it costs of both in the long run). 

 Relatively simple liquid–liquid extraction procedures are com-
monly utilized for metabolic extractions/separations. The method 
chosen should be able to liberate a broad range of metabolites 
from the sample as possible. Multiple solvent combinations can be 
applied depending on the target compounds. However, as recently 
confi rmed by Lin et al. [ 16 ] the most effective and commonly 
applied is the methanol/chloroform/water based method [ 17 ]. 
This creates a biphasic solvent partitioning system, where the mis-
cibility of methanol/water partitions polar metabolites into an 
upper aqueous phase, whilst retaining nonpolar  molecules in the 
chloroform–methanol partition (nonaqueous phase). Proteins and 
other cellular material tend to sit conveniently in pellet form 
between the aqueous and organic layers, creating a useful visible 
boundary. Factors of interest include the nature, volume, and ratio 
of the organic and aqueous solvents used and for sensitive material 
(e.g. plant pigments) one may also want to consider the pH, light 
levels and temperature at which the extraction is carried out [ 18 ]. 

 Some workers advocate the use of deuterated solvents in place 
of the standard, non-deuterated versions for NMR analysis, since 
this negates the requirement for a drying step (e.g., lyophiliza-
tion/speed vacuum drying) and thus retains volatile metabolites in 
the polar phase that are susceptible to evaporation. However, such 
losses are exceedingly minor and the extra expense involved in 
using large amount of deuterated solvents means that their use is 
not common practice. The methods assume (including drying and 
solvent exchange) non-deuterated solvents for the majority of steps 
outlined below. Actual samples should be stored at around −80 °C 
prior to analysis and processed as quickly as possible once thawed 
to minimize metabolite degradation. Some sample types (e.g. 
urine) can be stored at −20 °C for a number of years with no nega-
tive effects. However, one needs to confi rm if this is suitable for the 
sample type under study, thus −80 °C is the default safety value. 
All solutions outlined below should be prepared using ultrapure 
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water (18 MΩ) and analytical grade reagents. All reagents should 
be stored at room temperature (unless otherwise indicated). 
All national and internationally relevant regulations should be 
 followed when disposing of waste materials.

    1.    Sample.   
   2.    Steel or ceramic mortar and pestle ( NB : ceramic equipment 

does not stand up well to liquid N 2 ).   
   3.    Dry ice (solid CO 2 ) or liquid N 2 .   
   4.    2 mL Eppendorf (or equivalent) snap top tubes.   
   5.    Gilson (or equivalent) pipettes, properly calibrated.   
   6.    Analytical grade methanol, chloroform and water.   
   7.    Centrifuge.   
   8.    Speed vacuum concentrator.   
   9.    Sonicator and foam fl oats for Eppendorf tubes.      

  Biofl uid and organ NMR spectroscopy is a multivariate method in 
as much as all small molecules containing the nucleus under 
study—usually but not exclusively the proton—produce a 
composite response over the range of detected frequencies. 
Following necessary pre-processing, this frequency/intensity 
response can be converted into a histogram which itself is then put 
into tabular form suitable for chemometric analysis. NMR 
spectroscopy of fl uids normally gives sharp, well-resolved signals in 
the spectra. This is not the case for solids or tissues and a specialized 
technique, Magic Angle Spinning, is required to give informative 
spectra from such samples [ 19 ]. 

 Proton Nuclear Magnetic Resonance ( 1 H NMR) spectroscopy 
is a versatile and widely used tool in metabolomics. It has the 
advantage of being quick and easy to perform as well as being 
cheap on a per sample basis. The concept of metabolic profi ling is 
not new. For example,  31 P,  1 H and  13 C NMR spectroscopy have 
been used extensively to profi le metabolites in a range of organisms 
including humans [ 20 ]. NMR is however, limited in sensitivity and 
cannot easily be utilized to look at organic phase metabolites. 
As such, while NMR is good for a fi rst look at a sample it may miss 
metabolites that are present in low concentrations. However, since 
it is a nondestructive technique, samples may be recovered and run 
via GC or LC-MS to provide further information. 

 Below we have described a simple generic method for 1D  1 H 
NMR analysis. Such data may be further augmented by the use of 
2D NMR spectroscopy (e.g. COSY, HSQC, HMBC, JRES, and 
TOCSY pulse sequences) for the purposes of metabolite identifi ca-
tion and structural information.

2.2  Analysis of 
Metabolite Extracts 
Via  1 H NMR 
Spectroscopy
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    1.    Dried extract in 2 mL Eppendorf (or equivalent) snap top 
tubes.   

   2.    NMR tubes and labels.   
   3.    Gilson (or equivalent) pipettes, properly calibrated.   
   4.    Buffer solution (formulated as outlined below).   
   5.    Analytical grade D 2 O.   
   6.    NMR spectrometer.    
   
 Gas Chromatography–Mass Spectrometry (GC-MS) has also been 
widely used as a metabolic profi ling tool since its fi rst use to study 
steroids, amino acids and drug metabolites in the early 1970s [ 21 ]. 
GC-MS is a popular technique in metabolomics analysis because of 
its superior sensitivity and increased separation and identifi cation 
capabilities when compared to NMR. In GC-MS compounds are 
fi rst separated by GC with eluting compounds then being detected 
via MS, traditionally by using electron-impact ionization. Newer 
techniques such as GC-TOF-(Time Of Flight)-MS and two dimen-
sional GC×GC analysis can theoretically identify even greater num-
bers of metabolites [ 22 ]. 

 One downside to this technique is that many samples must be 
in the gas phase for analysis. Since many (but by no means all) bio-
logical metabolites are not thermally stable or volatile, a derivatiza-
tion step is usually required in order to employ the method 
successfully. Although costly and time consuming this step improves 
the chromatographic separation [ 23 ]. This step can of course be 
avoided if one is conducting metabolomics on volatile metabolites 
such as those in breath [ 24 ]. 

 Derivatization methods can be classifi ed into four main groups 
according to the reagents used and the reaction achieved, namely 
silylation, acylation, esterifi cation and alkylation [ 25 ]. Silylation is 
the most widely used technique, it involves the replacement of an 
acidic hydrogen with an alkylsilyl group, for example—SiMe 3 , to 
form tri-methyl-silyl (TMS) derivatives [ 23 ]. This reaction is how-
ever, not without its problems. Trimethylsilylation of primary 
amino groups can fail to produce one single product and is very 
sensitive to even minor changes in conditions. In addition, the 
resulting  N -trimethylsilyl (TMS) derivatives are very susceptible to 
hydrolysis and, as a consequence, removal of excess silylation agent 
and extraction of the derivatives is often impossible. Direct injection 
of excess silylation agent is therefore often required. The reaction 
for TMS derivatives usually occurs cleanly without artifact or by-
product formation and there are a number of reagents available for 
this purpose [ 26 ]. Brief summaries of some of the more popular 
are given below. However, most metabolomics studies make use of 
MSTFA or (more rarely) BSTFA. 

2.3  Analysis 
of Metabolite 
Extracts Via Gas 
Chromatography–
Mass Spectrometry 
(GC-MS)
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  BSA is a strong silylation reagent, which can be used to form very 
stable TMS derivatives of a wide variety of compounds such as 
alcohols, amines, carboxylic acids, phenols, steroids, biogenic 
amines and alkaloids. However, it is not recommended for use with 
hydrocarbons or very low molecular weight compounds. BSA is a 
good solvent for polar compounds but frequently it is used in 
combination with a solvent (e.g. pyridine) or together with other 
silylation reagents.  
 
 BSTFA is a powerful trimethylsilyl donor with approximately the 
same donor strength as its unfl uorinated analogue, BSA. Reactions 
of BSTFA are similar to those of BSA. The major advantage of 
BSTFA over BSA is the greater volatility of its reaction products. 
This property is particularly useful for the GC analysis of some 
lower boiling point TMS amino acids. BSTFA is non-polar 
(less polar than MSTFA), it can be mixed with acetonitrile for 
improved solubility. BSTFA with 1 % trimethylchlorosilane is also 
widely used as a derivatizing agent. Zhang and Zuo [ 27 ] found the 
best ratio for the formation of a single completely derivatized 
product, to be 1:1 BSTFA + 1 % TMCS and pyridine (v/v), 
although that study was looking at estrogens as opposed to 
metabolites.  
 
 DMCS is used to form dimethylsilyl (DMS) derivatives. DMS 
derivatives are much more susceptible to hydrolysis than TMS 
derivatives; therefore, strictly anhydrous conditions are very impor-
tant during the reaction. As a result this reagent is not commonly 
used.  
 
 HMDS is a weak TMS donor. Used alone its action is slow and not 
very effective. However, after addition of a TMS catalyst such as 
TMCS (Trimethylchlorosilane), e.g. 1 %, it becomes a fast and 
quantitative reagent for trimethylsilylation of organic compounds. 
Aprotic solvents like acetonitrile, dimethylformamide, carbon 
disulfi de and dimethylacetamide are recommended for use with 
HMDS.  
 
 MTBSTFA is a silylation reagent which donates a  tert - 
butyldimethylsilyl  group (TBDMS) for derivatizing active hydro-
gen atoms in hydroxyl, carboxyl and thiol groups, as well as primary 
and secondary amines. Reactions proceed fast (typical reaction 
times of 5–20 min) with high yields (>96 %). The by-products are 
neutral and volatile. TBDMS ethers are 10 4  times more stable than 
the corresponding TMS ethers. Due to the large protecting group 
retention times are longer, which may improve some separations. 
In addition MTBSTFA derivatives are more resistant to hydrolysis 
than their TMS counterparts. Some workers use MTBSTFA in 

2.3.1  BSA [ N , O - 
Bis (Trimethylsilyl)
Acetamide]

2.3.2  BSTFA 
[ N , O - Bis (Trimethylsilyl)
Trifl uoroacetamide]

2.3.3  DMCS 
[Dimethyldichlorosilane]

2.3.4  HMDS 
[Hexamethyldisilazane]

2.3.5  MTBSTFA 
[ N -Methyl- N -Tert-
Butyldimethylsilyl- Trifl uor-
Acetamide]
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preference to MSTFA because of the greater thermal and  hydrolytic 
stability of the  tert .-butyldimethylsilyl derivatives [ 28 ]. This 
reagent has also been successfully used in an alternative procedure 
to the BF 3 -methanol lipid derivatization technique [ 29 ].  
 
 MSTFA is the most volatile trimethylsilyl amide available. BSA and 
BSTFA, which, in the past, have been used most frequently in GC 
silylation, can often be replaced by MSTFA. The already excellent 
solution characteristics of this reagent can be improved by the 
addition of sub-molar quantities of protic solvents (e.g. trifl uoro-
acetic acid for extremely polar compounds, such as hydrochlorides, 
or pyridine for carbohydrates). MSTFA can be used for 
 trimethylsilylation of carboxylic acids, hydroxy and ketocarboxylic 
acids, amino acids, amines, alcohols, polyalcohols, sugars, mercap-
tans, and similar compounds with active hydrogen atoms. Even 
amine hydrochlorides can be silylated directly. Most studies use 
MSTFA on its own for derivatization. However, some workers 
have used a two-step silylation. In such cases the sometimes unsta-
ble  N -silyl groups formed by MSTFA derivatization are converted 
to the more stable  N -trifl uoroacetyl form by the addition of 
 N -methyl- N    -(trifl uoroacetamide) (MBTFA) [ 30 ].  
 
 TMCS is often used as a catalyst with other trimethylsilyl reagents. 
Without additives it can be used for preparing TMS derivatives of 
organic acids.  
 
 TMSDEA is a strongly basic silylating reagent which is particularly 
useful for derivatizing amino acids, antibiotics, urea-formaldehyde 
condensates and steroids. The reaction by-product diethylamine is 
very volatile. TMSDEA is ideal for the synthesis of standards, as 
the reaction can be easily driven to completion by evaporating the 
diethylamine.  
 
 TSIM is considered to be the strongest hydroxyl silylator and is the 
reagent of choice for carbohydrates and most steroids. The reagent 
is unique in that it reacts quickly and smoothly with hydroxyl (even 
 tert . OH) and carboxyl groups but not with amines. This charac-
teristic makes TSIM particularly useful in multi-derivatization 
schemes for compounds with different functional groups, which 
are to be derivatized differently (e.g., -O-TMS/-N-HFB deriva-
tives of catecholamines). TSIM is used in the trimethyl-silylation of 
alcohols, phenols, organic acids, steroids, hormones, glycols, 
nucleotides and narcotics.  
 
 MSHFBA is similar to MSTFA in reactivity and chromatography. 
It may be used for the general purpose trimethylsilylation of car-
boxylic acids, alcohols, phenols, primary and secondary amines and 
amino acids. MSHFBA is used either alone or in combination with 
a catalyst (TMCS, TSIM) or another silylation reagent with or 

2.3.6  MSTFA 
[ N -Methyl- N - Trimethylsilyl -
Trifl uoroacetamide]

2.3.7  TMCS 
[Trimethylchlorosilane]

2.3.8  TMSDEA 
[ N -Trimethylsilyl- 
Diethylamine ]

2.3.9  TSIM 
[ N -Trimethylsilyl- Imidazole ]

2.3.10  MSHFBA 
[ N -Methyl- N - Trimethylsilyl -
Heptafl uorbutyramide]
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without a solvent. The by-product  N -methyl-heptafl uorobutyric 
amide has a lower retention time than the silylating reagent itself. 
The large ratio of fl uorine to silicon of 7:1 in MSHFBA is  especially 
useful for fl ame ionization detection, since degradation of the 
excess MSHFBA does not produce SiO 2 , which can clog up this 
type of detector.   
 
 The GC analysis of many biological compounds, such as sugars, is 
also complicated by the fact that many are isomeric. For example 
for instance glucose, galactose and mannose are isomeric aldohex-
oses, arabinose and xylose are aldopentoses and sorbitol is the alde-
hyde-reduced derivative of glucose. With the exception of  sorbitol, 
these compounds exist in solution mainly in ring-closed form, with 
various ratios of pyranose (6-membered) to furanose (5- membered) 
rings. The derivatization process described here initially locks the 
molecules into the acyclic form by converting the latent aldehyde 
into an  O -methyl oxime derivative, using methoxyamine hydro-
chloride in pyridine. The hydroxyl groups are then trimethyl 
silylated to increase analyte volatility and thermal stability. The 
 O -methoximation reaction normally gives a mixture of  syn - and 
 anti -isomers (Fig.  1 ) which appear as separate components on the 
GC profi le, hence two retention times are often seen for most of 
the  aldo -sugars and these isomers are normally present in unequal 
amounts.

2.4  Structural 
Isomers

  Fig. 1     Panel A  shows diagrams of glucose illustrating their structural similarity and  panel B  illustrates the 
derivatization reaction of glucose       
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     1.    Aqueous and organic fractions from the extraction procedure.   
   2.    2 mL screw-cap GC vials with bonded PTFE/silicon septa and 

glass inserts for small sample volumes.   
   3.    Methoxyamine hydrochloride (20 mg/mL in pyridine) (should 

be stored in fridge at 4 °C when not in use).   
   4.     N -methyl- N -trimethylsilyltrifl uoroacetamide (MSTFA).  NB : 

should be stored in fridge at 4 °C when not in use.   
   5.    Boron trifl uoride (BF 3 ).  NB : should be stored in fridge at 4 °C 

when not in use.   
   6.    Vortex mixer.   
   7.    Analytical grade  n -hexane, chloroform, H 2 SO 4  and water.   
   8.    Heating block or oven.   
   9.    Glass syringe (for Methoxyamine hydrochloride, MSTFA and 

BF 3 ).    
   
 Liquid Chromatography–Mass Spectrometry (LC-MS) operates on 
a similar principal to GC-MS except that the chromatography stage 
utilizes a liquid mobile phase rather than a gas. This eliminates the 
need for metabolite volatility so there is no requirement for sample 
derivitization (although sample modifi cation can still be useful for 
improving chromatographic resolution). The lack of derivitization 
means that a much wider range of analytes can potentially be mea-
sured and the overall analysis time per sample is often much shorter 
than for GC-MS. However, standard operating procedures are 
complicated by the fact that there are a large amount of instruments 
on the market each with differing set up requirements. In addition 
a multitude of ionization sources are in use, often differing from 
those used in GC-MS. As a result, the fragmentation libraries used 
for GC-MS based metabolite identifi cation cannot be used for 
LC-MS whilst spectral libraries specifi c for LC-MS data are still 
under development; making compound identifi cation very diffi cult. 
Additional problems include diffi culties with chromatographic 
reproducibility, as well as matrix effects [ 31 ].

    1.    Aqueous and organic fractions from the extraction procedure.   
   2.    2 mL screw-cap LC vials with bonded PTFE/silicon septa and 

glass inserts for small sample volumes.   
   3.    Analytical grade mobile phases: acetone, acetonitrile, metha-

nol, ultrapure water etc.   
   4.    Glass syringe (for direct injection).   
   5.    Internal standard such as leucine encephalin.    
   
 Data handling tasks in metabolomics can be roughly divided into 
two steps: data processing and data analysis. The data processing 
step consists of low-level processing of raw data with signal 

2.5  Analysis of 
Tissue Extracts 
Using Liquid 
Chromatography–
Mass Spectrometry 
(LC-MS)

2.6  Metabolomic 
Data Processing
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 processing methods and combining data between measurements. 
These tasks transform the raw data into format that is easy to use 
in the subsequent data analysis steps. The data analysis stage 
includes tasks for analysis and interpretation of processed data. 
This typically includes multivariate analyses such as clustering of 
metabolic profi les or discovering important differences between 
groups of samples [ 18 ].

    1.    Computer.   
   2.    Appropriate software.   
   3.    Time.    

3        Methods 

      1.    Take approximately 100 mg or 100 mL if using liquid samples 
(for NMR) (up to ten times) less can be used for GC/LC-MS 
of frozen samples but the exact amount will be part of opti-
mized method development.   

   2.    Pulverize sample (if solid) with plenty of dry ice using a pestle 
and mortar to break up the sample. Crushing under liquid N 2  
is preferred if at all possible ( see   Note 1 ).   

   3.    Recent metabolomics studies have ventured into the study of 
soil communities. Here the best method is to take 500 mg of 
soil and grind it to as fi ne a powder as possible with liquid N 2 . 
It is also important to sieve the sample and remove bits of 
clay/twigs and other detritus.  Step 2  can be ignored if sample 
is liquid (such as blood). In many cases using a liquid sample 
only requires drying down and reconstituting in buffer solu-
tion ( go to   step 9 ).   

   4.    When the sample has been crushed (and is still frozen) transfer 
to a pre-labelled Eppendorf tube.   

   5.    Quickly add a methanol–chloroform mixture in the ratio of 2:1 
using a Gilson Pipette. This should be in the region of 6 mL/g 
of tissue (so 600 µL if using 0.1 g of sample) ( see   Note 2 ).   

   6.    Shake (or invert) each tube by hand and then sonicate the sam-
ple-solvent mixture for 15 min.   

   7.    Add a chloroform–water mixture in the ratio of 1:1 to form an 
emulsion. This should be in the region of 2 mL of each solvent 
per gram of sample (again more may be needed depending on 
the sample type) ( see   Note 3 ).   

   8.    Centrifuge samples for 20 min at around 13,200 rpm (704 ×  g ). 
This will generate distinct organic and aqueous fractions and a 
cell pellet.   

3.1  Metabolite 
Extraction
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   9.    Using a Gilson pipette (with a clean tip for each sample) 
 transfer the organic and aqueous layers to separate Eppendorf 
tubes. The cell/protein pellet may be left in the original tube 
for proteomic analysis if desired.   

   10.    Aqueous extracts should be dried overnight in an evacuated 
centrifuge. The cell/protein pellet and organic layers may be 
left to dry overnight in a fume hood (since they contain 
chloroform).   

   11.    The aqueous layer should be analyzed using nuclear magnetic 
resonance (NMR) spectroscopy, and/or Gas/Liquid 
Chromatography–Mass Spectrometry (GC/LC-MS) for a full 
coverage of the metabolome.   

   12.    The organic layer should be analyzed by GC/LC-MS since 
lipids give broad resonances and are not well analyzed via 
NMR.      

 
 Rehydrate the dried aqueous layer extracts from the tissue extrac-
tion step in 500 µL of D 2 O and 100 µL sodium phosphate buffer, 
pH 7.0. This may be a stock solution and consists of 40 mM 
NaH 2 PO 4,  160 mM Na 2 HPO 4,  0.1 % Sodium Azide (to minimize 
bacterial degradation), and 1.2 mM Trimethylsilyl propionate 
(TSP), Made up in D 2 O ( see   Notes 4  and  5 ).

    1.    Transfer the sample to pre-labelled 5 mm NMR tubes. Care 
should be taken not to spill the sample and to ensure that the 
tubes are correctly labelled.   

   2.    The samples should now be analyzed via an NMR spectrome-
ter (e.g. a Bruker) 500 MHz spectrometer using a 5 mm 
Broadband TXI Inverse ATMA probe for the  1 H frequency.   

   3.    A solvent suppression pulse sequence based on a 1D NOESY 
pulse sequence should be used to saturate the residual  1 H 
water signal (e.g. relaxation delay = 2 s,  t  1  = 3 µs, mixing 
time = 150 ms).   

   4.    The number of transients needed may vary depending on sam-
ple type. It may be best to start with 128 transients collected 
into 16 K data points over a spectral width of 12 ppm at around 
27 °C [ 20 ] and adjust as appropriate.    

   
 Samples should be derivatized via silyation using the procedure 
reported by Gullberg et al. [ 32 ]. Samples are stable for, at most, 
48 h at room temperature but should ideally be analyzed as soon 
as possible.

    1.    Take 150 µL of the aqueous metabolites previously suspended 
in D 2 O for  1 H NMR spectroscopy and evaporate to dryness in 
the evacuated centrifuge (Speedvac).   

3.2   1 H NMR of 
Metabolite Extracts 
Analysis

3.3   Aqueous Layer
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   2.    Once the samples are dry add 30 µL of methoxyamine hydro-
chloride (20 mg/mL in pyridine).   

   3.    Vortex mix the samples and then leave for 17 h (making sure 
the lids of the sample tubes are tightly sealed) to ensure com-
plete methoximation.   

   4.    Silylate the samples by adding 30 µL of  N -methyl- N - trimethyl
silyltrifl uoroacetamide  (MSTFA) and leave the sample to react 
for 1 h ( see   Note 6 ).   

   5.    Dilute the derivatized sample with hexane in a ratio of 1:10 
prior to GC-MS analysis (so add 600 µL of hexane). Add less 
hexane for a more concentrated sample if desired ( see   Note 7 ).   

   6.    Run samples on GC-MS using the settings outlined in Table  1  
( see   Note 8 ).

       7.    Identify compounds via retention time matching and or compari-
son of mass spectral data with known standards ( see   Note 9 ).    

   
 Organic-phase metabolites can be derivatized by acid-catalyzed 
esterifi cation [ 33 ]. It is possible to silylate these compounds using 
a reagent such as  N -Methyl- N - tert -butyldimethylsilyl-trifl uor-
acetamide (MTBSTFA) [ 29 ]. However, the derivatives from this 
reaction are usually not in the GC-MS NIST library and so are 
diffi cult to identify. For completeness two options for acid- catalyzed 
esterifi cation are listed here but time wise the second version is 
much faster so if BF 3  is available go straight to  step 9 . Samples are 
stable for approximately 72 h at room temperature but should ide-
ally be analyzed as soon as possible.

    1.    Redissolve extracts in 175 µL of hexane.   
   2.    Add 225 µL of CHCl 3  (chloroform).   

3.4   Organic Layer

   Table 1  
  Suggested GC-MS parameters for aqueous metabolites   

 Injection volume  1 µL (splitless) 

 GC column  30 m × 0.25 mm i.d. 5 % phenyl polysilphenylene-siloxane column 
with a chemically bonded 25 µm TR-5 MS stationary phase. Film thickness 
0.25 µm; internal diameter. 0.22 mm 

 Carrier gas  Helium (1.2 mL/min) 

 GC temperature  70 °C isothermal for 1 min, 10 °C/min to 310 °C, held for 10 min 

 MS parameters  EI + mode, solvent delay—4 min 

 340 °C (transfer line); 220 °C (source) 

 Scans per second  3 (mass range—50–650 m/z) 

 Electron energy  70 eV 
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   3.    Add 250 µL of methanol containing 3 % v/v H 2 SO 4 .   
   4.    Leave to react at room temperature for 4 h.   
   5.    Extract the solution by adding 1 mL of water, vortex mixing 

and then centrifuging for 120 min at 13,000 rpm and discard 
the water.   

   6.    Repeat  step 5 .   
   7.    Dry the sample in the fume hood overnight.   
   8.    Add 80 µL of hexane, then 10 µL of pyridine and 10 µL of 

MSTFA and leave for 30 min before running on the GC-MS. 
 Alternatively, replace  steps 1 – 8  with the following:   
   9.    Dissolve the organic phase in 750 µL of chloroform/methanol 

(1:1 v/v).   
   10.    Add 125 µL BF 3  (10 % in methanol) and incubate the vials at 

80 °C for 90 min in the oven or the heating block ( see   Notes 
10  and  11 ).   

   11.    Leave vials to cool for 5–10 min and then add 300 µL H 2 O 
(milliQ) and 600 µL hexane and vortex-mix each vial.   

   12.    Discard the aqueous (lower) layer.   
   13.    Evaporate the remaining organic layer to dryness in a fume 

hood overnight ( see   Note 12 ).   
   14.    Reconstitute in 200 µL of hexane prior to GC-MS analysis 

( see   Note 7 ).   
   15.    Run samples on GC-MS using the settings outlined in Table  2 .
       16.    Identify compounds via retention time matching and or compari-

son of mass spectral data with known standards ( see   Note 13 ). 
Some suggested retention times and diagnostic ions for com-
monly found lipids are given in Table  3 .

       17.    If running a new sample type run the fi rst sample with a high 
split value on the GC to ensure you do not overload the detec-
tor ( see   Note 14 ).    

   
 Interpretation of LC-MS based metabolomics data is often quite 
demanding and requires experience and training (although there is 
considerable potential for targeted analysis of specifi c biochemical 
pathways, such as those involving larger compounds such as hor-
mones, which are not amenable to analysis by GC-MS). It is there-
fore beyond the scope of this chapter to provide protocols of all 
possible LC-MS set ups which may be encountered. The interested 
reader is referred instead to a recent excellent publication by 
Roberts et al. [ 18 ].

    1.    Reconstitute the tissue extracts in 100 µL of a suitable 
solvent.   

3.5  Analysis 
of Tissue Extracts 
Using Liquid 
Chromatography–
Mass Spectrometry 
(LC-MS)
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   2.    If possible use a “purge-wash-purge” cycle to minimize sample 
carry-over.   

   3.    Use LC-MS settings as in Table  4  ( see   Note 8 ).
        
 Although the methods outlined above are the principal tools 
 currently in use for metabolomics, any technique capable of gener-
ating comprehensive metabolite measurements can potentially be 
applied. Other analytical methods that have been utilized include 
but are not limited to; Capillary Electrophoresis-Mass Spectrometry 
(CE-MS); Fourier Transform-Infrared Spectroscopy (FT-IR). 
Fourier Transform-Mass Spectrometry (FT-MS); Raman 
Spectroscopy (RS), and Direct-Injection Mass Spectrometry 
(DIMS) [ 1 ]. Some techniques, such as FT-IR, are non-destructive 
allowing the same sample to be analyzed using multiple instruments 
allowing for a more complete coverage of the metabolome.  
 
  NMR spectra should be processed using appropriate software, for 
instance ACD Labs 1D NMR processor (ACD, Toronto, Canada) 
or NMR Suite Professional, version 5.1 (Chenomx, Alberta, 
Canada).

    1.    Individual spectra should be Fourier transformed following 
multiplication by an exponential line broadening of around 
1 Hz (you may wish to also try lower values) and referenced to 
the TSP singlet at 0.0 ppm ( see   Note 15 ).   

   2.    Phasing and baseline correction may be done automatically or 
manually (although the latter is usually more suitable) using 
appropriate software. This may be the manufacturer’s propri-
etary program or something provided by an external company 
(e.g., Chenomx) which will read the format of various NMR 
manufactures ( see   Note 16 ).   

3.6  Alternative 
Analytical Techniques

3.7   Data Processing

3.7.1   NMR Spectra

   Table 2  
  Suggested GC-MS parameters for organic phase metabolites   

 Injection volume  1 µL (splitless) 

 GC column  TR-FAME stationary phase column (Thermo Fisher Scientifi c—30 m 
× 0.25 mm ID× 0.25 µm, cyanopropyl polysilphenyl-siloxane) 

 Carrier gas  Helium (1.2 mL/min) 

 GC temperature  60 °C isothermal for 2 min, 15 °C/min to 150 °C, 4 °C per minute 
to 230 °C, hold for 7 min. Injector Temp 230 °C 

 MS parameters  240 °C (transfer line); 250 °C (source) EI + mode, 4 min solvent delay 

 Scans per second  3 (mass range 50–650  m / z ) 

 MS electron energy  70 eV 
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   3.    Once processed integrate each spectra across 0.04 ppm regions 
(buckets) between 0.5 and 4.5, and 5.1 and 10.0 ppm 
(i.e., excluding the water area). Intelligent bucketing may also be 
used and bucket sizes may be varied if desired ( see   Note 17 ).   

   4.    To account for any difference in concentration between sam-
ples, normalize each spectral region either to a specifi c peak 
(e.g., the TSP) or to a set value, e.g. 10,000.      

    Table 3  
  List of commonly identifi ed organic phase fatty acids using GC-MS   

 Potential retention 
time (min)  Name 

 Suggested 
diagnostic ions 

 12.42  Decanoic acid (10:0)  101, 143, 155 

 14.42  Undecanoic acid (11:0)  87, 157, 169 

 16.25  Lauric acid (12:0)  143, 155 

 18.03  Tridecanoic acid  143, 185, 197 

 19.77  Myristic acid (14:0)  157, 169 

 21.41  Pentadenanoic acid (15:0)  143, 171, 213, 256 

 21.80  Nonanedioic acid  143, 152, 185 

 23.00  Palmitic acid  199, 227, 270 

 23.39  Palmiteleic acid (9c-16:1)  152, 194, 236 

 24.52  Heptadecanoic acid (17:0)  143, 241, 284 

 24.95  Heptadecenoic acid (10c-17:1)  152, 208, 250 

 25.96  Stearic acid (18:0)  149, 255, 298 

 26.26  Oleic acid (9c-18:1)  180, 222, 264, 296 

 26.36  Octadecenoic acid (18:1)  180, 222, 264, 296 

 26.90  Linoleic acid (9c, 12c-18:2)  150, 220, 263, 294 

 27.32  γ-Linolenic acid (6c, 9c, 12c-18:3)  150, 194, 265 

 27.37  Nonadecanoic acid (19:0)  143, 269, 312 

 27.81  α-Linolenic acid (9c, 12c, 15c-18:3)  236, 278, 310 

 28.73  Eicosanoic acid (20:0)  143, 283, 326 

 29.99  Di-homo-γ-linolenic acid (8c, 11c, 14c-20:3)  107, 150, 204, 320 

 30.30  Arachidonic acid (5c, 8c, 11c, 14c-20:4)  150, 207, 263 

 31.24  Eicosapentanoic acid (5c, 8c, 11c, 14c, 17c-20:5)  131, 147, 215 

 31.40  Docosanoic acid (22:0)  143, 199, 255, 311 

 31.73  Docosaenoic acid (13c-22:1)  133, 207, 236, 320 
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      1.    GC-MS and LC-MS chromatograms should again be  processed 
using suitable software, for instance QuanBrowser (Thermo 
Electron Corporation) or MarkerLynx Applications Manager 
(Waters).   

   2.    Processing GC-MS data will vary slightly depending on the 
instrument; however, the fi rst step will be to go through  several 
chromatograms to deconvolute, identify and integrate each 
peak individually, using suitable software, e.g., MarkerLynx 
Applications Manager Version. An automated macro can then 
be created using retention time data to speed up the process 
( see   Note 18 ).   

   3.    Aligned peaks with the same mass/retention times across the 
datasets along with their normalized intensities and combine 
into a single data matrix for further analysis perhaps though 
the use of free software such as XCMS (  http://metlin.scripps.
edu/XCMS/    ).   

3.7.2   Chromatograms

   Table 4  
  Suggested liquid chromatography and mass spectrometry parameters   

 Injection volume  10 µL 

 LC column  2.1 mm × 10 cm Symmetry C 18  column at 40 °C 

 Desolvation gas 
temperature 

 250 °C, maintained at a fl ow rate of 500 L/h 

 Elution settings  Flow rate of 600 µL/min and a linear gradient of 0–20 % B (0.5–4 min), 
20–95 % B (4–8 min). Solvent composition held at 95 % B for 1 min 
then returned to 100 % A, where A = 0.1 % formic acid (aq.) and B = 0.1 % 
formic acid in acetonitrile. The column eluent is then split so that 
approximately 120 µL a minute enters the mass spectrometer 

 MS parameters  Lock mass of leucine encephalin used via LockSpray interface at 
a concentration of 0.5 ng/µL in 50:50 acetonitrile–water + 1 % formic 
acid for positive-ion mode, and 1 ng/µL in 50:50 acetonitrile–water 
for negative-ion mode, at 30 µL/min 

 Number of scans 
per second 

 Two in both positive and negative ion modes, made over 10 min 

 Mass range  50–850  m / z  

 Cone gas fl ow rate  50 L/h 

 Cone voltage  30 V 

 Capillary voltage  3.2 kV (positive-ion mode) and 2.6 kV (negative-ion mode) 

 Solvents  90 % methanol (wash solvent) 0.1 % formic acid (purge solvent) 

 Lock spray frequency  5 s (lock mass data averaged over ten scans) 
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   4.    Normalize to a set value such as total peak area, a specifi c peak 
area or integer (e.g. 10,000).   

   5.    Export peak area/height/ID data to suitable statistical soft-
ware such as the SIMCA-P package (Umetrics, Umea, Sweden) 
for processing ( see   Note 19 ).      

 
 The analysis of a large number of biological samples by any tech-
nique will usually produce an equally large, and frequently, com-
plex data set. Such “multivariate data” consists of measurements of 
a range of metabolites (variables) from a number of individuals or 
samples (observations) under a series of conditions (classes). As a 
large number of changes in metabolite concentration may correlate 
with class separation, some form of data reduction technique is 
usually necessary in order to simplify the data set and make the 
trends and patterns within it obvious. Thus, in metabolomics, 
chemical analysis is usually carried out in conjunction with pattern 
recognition algorithms to decipher the most signifi cant changes 
that accompany a given modifi cation, pathology or biological 
response. 

 Typical metabolomic experiments produce large amounts of 
data and handling such complex datasets is an important step that 
has impact on the extent and quality at which the metabolite iden-
tifi cation and quantifi cation can be made, and thus on the ultimate 
biological interpretation of results. Various chemometric data 
reduction techniques for managing, visualizing and interrogating 
large multivariate datasets exist but the foremost in metabolomic 
analysis are Principal Components Analysis (PCA) and the related 
regression method, Partial Least Squares Discriminate Analysis 
(PLS-DA). 

 For GC and LC data individual peak areas may be used as vari-
ables. For NMR, each spectrum is data reduced into separate 
“buckets” (by convention set at a width of 0.04 ppm) spanning the 
spectral width (but excluding the water peak). The spectra are then 
reduced into the principal components of greatest variation and 
then mapped into multidimensional space. PCA creates new vari-
ables, or “components”, from weighted sums of original variables 
in such a way that relatively few of the components contain most 
of the variance in the original data. Graphical data display of the 
resulting “model” in two or three dimensions using the compo-
nents as axes may then reveal similarities and differences between 
samples that would not be obvious from direct perusal of the origi-
nal variables. An advantage of PCA over some other chemometric 
methods, e.g. non-linear mapping or neural network analysis, is 
that the weightings applied to variables (“loadings”) in construc-
tion of the components can provide information as to which vari-
ables are responsible for differences between biological sample 
groups and hence possibly lead to the identifi cation of specifi c bio-
markers for the biological perturbation under study. 

3.7.3  Multivariate Data 
Analysis and Pattern 
Recognition
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 Both univariate and multivariate statistics are utilized in the 
fi eld of metabolomics. It is an often overlooked fact that the same 
statistical standards apply to metabolomics experiments as to any 
other type of quantitative analysis. To obtain meaningful results, 
one must have a suitable number of biological replicates and appro-
priate statistical tests for the type of experiment conducted should 
be used. There are several ways to calculate the “appropriate” 
number of replicates. Roberts et al. [ 18 ] for example recommend 
the use of a power calculation that integrates technical reproduc-
ibility, baseline biological variability, and expected differences.

    1.    Ensure each variable is (mean) centered (usually automatic) 
and appropriate scaling is applied. For GC-MS univariate scal-
ing may be used for NMR data  Pareto scaling  is more appropri-
ate but these are not fi xed.   

   2.    Analyze datasets using both unsupervised methods such as 
Principle Component Analysis (PCA) and supervised 
approaches such Partial Least Squares Discriminant analysis 
(PLD-DA).   

   3.    Ensure that all models are suitable validated if necessary for 
instance by using permutation tests or leave one out analysis [ 34 ].   

   4.    Identifi cation of major metabolic perturbations within the pat-
tern recognition models can be achieved via analysis of corre-
sponding loadings plots and Variable Importance in the 
Projection (VIP) scores for the variables.    

  Many popular software packages exist to carry out such 
 multivariate analyses. These include SIMCA-P, (Umetrics, Umeå, 
Sweden), Pirouette (InfoMetrix, Woodinville, USA), and Matlab 
(The MathWorks Inc., Nantick, MA, USA). R (  www.r-project.org    ) 
is an interesting alternative as both SIMCA and Matlab are rather 
expensive. The R user page has a very good user manual, refer-
ences and documentation but programming is still time  intensive. 
Alternatively, there are numerous R packages which are freely 
 available; some even come with graphical user interface (e.g. Bio 
conductor). 

 For the interested reader the package developed in the fi rst link 
includes PCA/PLS-DA, and the program at the second link may 
be used to carry out PCA in Excel.

    1.      http://www.biomedcentral.com/1471-2105/10/363    .   
   2.      http://sourceforge.net/apps/mediawiki/imdev/index.

php?title=Main_Page    .     
 Increasing interest in metabolomics has led to great interest in 

related data processing. A wide variety of methods and software 
tools have been developed for metabolomics during recent years, 
and this trend is likely to continue. New analytical and bioinfor-
matics technologies and techniques are continually being created 
or optimized, signifi cantly increasing the  cross -disciplinary capabili-
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ties of metabolomics. This wealth of metabolic information can be 
used to mine the multitude of molecules which exist in nature with 
the focus of chemical synthesis, providing a platform for  discovery -
 driven  research to uncover lead compounds for further chemical 
optimization and development leading to new products. Therefore, 
once metabolites or groups of metabolites of interest have been 
identifi ed, synthetic organic, natural product, material, and medic-
inal chemists are tasked with both discovering new compounds 
and effi cient routes of synthesis.    

4     Notes 

     1.    All equipment must be thoroughly cleaned between each 
 sample to avoid cross contamination.   

   2.    The samples must be well covered and thoroughly mixed with 
the solvents in order for the extraction to work.   

   3.    Unlike methanol, chloroform is immiscible with water, so 
although they can be stored in the same vial you will need to 
make sure to add each separately.   

   4.    One of the most impressive uses of  1 H NMR spectroscopy was 
the detection of ~50 metabolites in lymphocytes [ 35 ]. A com-
prehensive review of the use of NMR spectroscopy in meta-
bolic profi ling is Fan’s review of the subject [ 36 ].   

   5.    The TSP serves as an internal chemical shift reference and the 
spectrometer fi eld frequency lock is provided by the D 2 O. The 
amount of buffer will depend on the sample, the exact amount 
will vary depending on sample type and may be determined via 
trial and error during method development. NMR data 
(peak shifts) are susceptible to changes in pH so it is an impor-
tant factor to keep in mind.   

   6.    Ensure the lids of the sample tubes are tightly sealed as the 
TMS derivatives are very susceptible to hydrolysis (e.g. by 
moisture in the air).   

   7.    Low fi nal sample volumes may require the use for vial inserts 
to ensure the autosampler (if used) can reach the sample.   

   8.    All instrument settings given here are designed as starting points. 
They may be refi ned by the individual over time as appropriate.   

   9.    While fragmentation patterns may possibly indicate which 
 sub-family of sugars a component may belong to, they are not 
defi nitive for specifi c isomers. Mass spectra without retention 
times are thus not reliable for identifying sugars in mixtures and 
care should be taken when using the library search routine.   

   10.    Make sure to only use MilliQ water and to keep it topped-up if 
you are using a heating block. Tap water will leave mineral 
deposits as it evaporates which will, at the very least, cause 
 problems with the heating block. Not keeping the water level 
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topped up will result in unequal distribution of heat and 
 possibly diffi culty retrieving the vials from the block if using 
standard sized equipment.   

   11.    It is advisable to use glass vials rather than plastic Eppendorf 
tubes for this derivatization step (which involves high tempera-
tures). Plastic tubes often give noisier chromatograms and 
extra peaks (most likely plasticizers) compared to glass vials.   

   12.    As the density of organic layer will increase the more chloro-
form is used it is often worthwhile keeping both layers if one is 
not sure which one is which. As a rule of thumb the organic 
layer will dry much faster than the aqueous layer.   

   13.    Many lipids exist as structural isomers and thus mass spectra 
without retention times are not reliable for identifying com-
pounds by themselves and should be used in conjunction with 
suitable standards for retention time matching (Table  3 ).   

   14.    Higher injection volumes and/or lower split ratios will give 
larger peaks in the resulting chromatograms. However, they 
are also more likely to generate overlapping peaks as well as 
increase the risk of sample carry over. As a rough guide the 
correct injection volume/split ratio should give peaks that are 
well separated from baseline and which no do not overlap ( NB : 
This is not always possible).   

   15.    A suitable alternative reference peak may be utilized if required 
(for example chloroform in organic phase spectra).   

   16.    In most NMR software it is also possible to export spectra or 
FIDs as text based fi les which can then be processed with home 
written software using even quite simple programs such as 
Tcl/Tk (  http://tcl.sourceforge.net/    ).   

   17.    Some workers recommend buckets of 0.001 ppm. This often 
works well but note that increasing the number of buckets also 
increases the number of datapoints/variable which in turn 
increases the risk of a statistical error.   

   18.    If computer automation is used be sure to check all peaks in all 
chromatograms are aligned correctly.   

   19.    Any method used must be applied consistently to all chro-
matograms/samples.         
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    Chapter 19   

 Strategies in Biomarker Discovery. Peak Annotation by MS 
and Targeted LC-MS Micro-Fractionation for  De Novo  
Structure Identifi cation by Micro-NMR 

                         Philippe     J.     Eugster    ,     Gaëtan     Glauser    , and     Jean-Luc     Wolfender    

    Abstract 

   In metabolomic studies the identifi cation of biomarkers is a key step but represents a serious bottleneck 
since the  de novo  identifi cation of natural products is a lengthy process. A strategy for the dereplication and 
peak annotation of plant biomarkers is presented based on high resolution mass spectra acquired on a 
quadrupole-time-of-fl ight mass spectrometry coupled to ultra-high pressure liquid chromatography and 
chemotaxonomy information. A rational approach for the targeted LC-MS micro-isolation of biomarkers 
followed by  de novo  identifi cation by NMR at the microgram scale is described, based on gradient transfer 
from the analytical scale and chromatographic modelling. The methodology is illustrated by the identifi ca-
tion of various stress biomarkers of the plant wound response using  Arabidopsis thaliana  as a model.  

  Key words     UHPLC-Q-TOFMS  ,   Biomarker identifi cation  ,   Peak annotation  ,   Dereplication  , 
   Arabidopsis   ,   Wounding  

1      Introduction 

 Metabolomics plays an increasingly important role in natural 
 product research [ 1 ]. Within systems biology, this holistic approach 
actually provides the most “functional” information of the “omics” 
technologies [ 2 ]. Metabolomics represents a new way of interro-
gating biological systems since it is an unbiased data-driven 
approach that may ultimately lead to hypotheses and new biologi-
cal knowledge. 

 In typical metabolomic studies, complex crude natural 
extracts are compared by using various analytical methods that 
generate metabolic fi ngerprints [ 3 ]. For this, the main approaches 
are either based on nuclear magnetic resonance (NMR) [ 4 ] or 
mass spectrometry (MS) [ 5 ]. MS is often used in hyphenation 
with chromatographic techniques such as gas chromatography 
(GC-MS) or high performance liquid chromatography (LC-MS). 



268

Since primary and secondary metabolites have a wide chemical 
diversity, no single analytical method that provides a complete 
survey of all metabolites in a given organism exists at present [ 6 ], 
and combinations of methods are more and more used for metab-
olomics. Once data are recorded and preprocessed, the compari-
son of a suffi cient number of fi ngerprints is performed with either 
unsupervised or supervised multivariate data analysis (MVDA) 
methods that may reveal features in the dataset that can be linked 
to biomarkers [ 7 ]. These features correspond to peak intensities 
of NMR chemical shifts,  m/z  ions and/or chromatography reten-
tion times according to the approach used. 

 One of the main diffi culties in metabolomics resides in the 
correct identifi cation of the biomarkers highlighted in the peak 
lists generated by MVDA. This usually represents a bottleneck in 
such an approach since, unlike for proteomics, the structure deter-
mination of low molecular weight compounds does not follow 
generic rules, and no freely accessible comprehensive MS/MS 
database provides unambiguous dereplication for natural prod-
ucts. Despite many efforts, the identifi cation of biomarkers still 
relies on the interpretation of the MS or NMR data obtained. 
This is especially true for secondary metabolites that are often spe-
cies specifi c [ 4 ]. 

 In this chapter, a practical approach for biomarker peak 
 annotation by LC-MS is presented. The strategy proposed relies 
on a high resolution LC-MS profi ling allowing the unambiguous 
determination of molecular species, the calculation of the corre-
sponding molecular formulae and fi ltering for validation. 
Dereplication is then based on database cross searching taking into 
account chemotaxonomic considerations. Additional information 
from UV photodiode array (UV-PDA) and/or MS/MS spectra is 
also integrated to support online identifi cation. For the  de novo  
identifi cation of unknown biomarkers, a rational and rapid LC-MS 
micro-isolation approach is described that provides microgram 
amounts compatible with further at-line micro-NMR structure 
determination and/or bioactivity assessment. Due to the complex-
ity of natural extracts, the purifi cation of metabolites present in low 
concentrations is especially critical [ 8 ]. The micro-isolation strat-
egy relies on the optimization of the chromatographic analysis 
using ultra-high pressure liquid chromatography (UHPLC) thanks 
to modelling software [ 9 ] and further transfer to semi-preparative 
LC conditions with MS detection [ 10 ]. 

 The approach described is based on UHPLC coupled to 
quadrupole- time-of-fl ight mass spectrometry (Q-TOFMS), but is 
generic and may be adapted to other types of high resolution 
LC-MS instruments.  

Philippe J. Eugster et al.
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2    Materials 

  For extractions, sample preparations and dilutions, methanol 
(MeOH), acetonitrile (ACN), and isopropanol (IPA) of analytical 
or HPLC grade and water of milli-Q quality (18.2 MΩ cm at 
25 °C) are recommended. Solvents and additives of LC-MS quality 
should be used for UHPLC-Q-TOFMS analyses ( see   Note 1 ). 
Solvents for semi-preparative LC-MS micro-isolation should be of 
HPLC grade ( see   Note 2 ).

    1.    Solvents for sample preparation prior to UHPLC-Q-TOFMS 
analysis: IPA, MeOH:H 2 O 85:15 (v/v) and MeOH 100 %.   

   2.    Final dissolution solvent for sample injection: MeOH:H 2 O 
(70:30).   

   3.    UHPLC and semi-preparative LC-MS mobile phases: 
A = water + 0.1 % formic acid (FA), B = ACN + 0.1 % FA.   

   4.    Solvents for sample preparation prior to biomarker isolation: 
IPA, MeOH, MeOH:H 2 O (5:95), MeOH:H 2 O (70:30).   

   5.    NMR solvent: methanol- d  4  (CD 3 OD) ( see   Note 3 ).    

         1.    Ball mill with 2 cm diameter stainless steel balls (e.g., Retsch 
MM200, from Schieritz & Hauenstein AG, Arlesheim, 
Switzerland).   

   2.    Centrifuge.   
   3.    Centrifugal or nitrogen evaporator.   
   4.    Ultrasonic bath.   
   5.    SPE cartridge 100 mg (Sep-Pak C18, Vac 1 cc, 100 mg, 

Waters, Milford, USA) with vacuum manifold.   
   6.    Weighed 2 mL microcentrifuge tubes.   
   7.    Glass vials (5 mL).   
   8.    Pipettes and pipette tips.   
   9.    HPLC vials and caps.      

      1.    UHPLC system able to withstand a maximal pressure of 
1,000 bar and equipped with a binary or quaternary pump and 
a column oven maintaining constant temperature (e.g., Waters 
Acquity UPLC).   

   2.    Q-TOFMS instrument hyphenated with the UHPLC system 
through an electrospray (ESI) interface (e.g., Synapt G2 from 
Waters) ( see   Note 4 ).   

   3.    Acquity UPLC BEH C18 (150 × 2.1 mm I.D., 1.7 µm particle 
size) column (Waters) with an Acquity UPLC BEH C18 Van 
guard (5 × 2.1 mm I.D., 1.7 µm particle size) pre-column 
(Waters).      

2.1  Solvents 
and Reagents

2.2  Equipment

2.2.1  Sample 
Preparation and Extraction 
for UHPLC-Q-TOFMS 
Analysis

2.2.2  UHPLC-Q-TOFMS 
Analysis

Strategies in Biomarker Discovery
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      1.    MassLynx 4.1 for LC-MS raw data processing (Waters) or any 
software adapted to the MS analyzer used.   

   2.    Seven Golden Rules Excel-based software, freely available [ 11 ] 
(  http://fi ehnlab.ucdavis.edu/projects/Seven_Golden_Rules/
Software/    ).   

   3.    Databases for dereplication based on molecular formulae 
(The Dictionary of Natural Products (DNP) (Chapman & 
Hall/CRC Press)) ( see   Note 5 ).   

   4.    Osiris 4.2 for HPLC modelling (Datalys, Saint-Martin-
d’Hères, France) ( see   Note 6 ).      

      1.    Important amount of fresh plant tissue for separation scale-up 
(e.g., 500 g in the case of  Arabidopsis  leaves) ( see   Note 7 ).   

   2.    Big mortar and pestle.   
   3.    Erlenmeyer (2 L).   
   4.    Agitation plate or magnetic agitator.   
   5.    Large size fi ltration paper and fi lter funnel.   
   6.    Rotative evaporator.   
   7.    Ultrasonic bath.   
   8.    LiChroprep RP-18, 40–63 µm (50 g) (Merck, Darmstadt, 

Germany).   
   9.    Glass column for open chromatography with frit (porosity 4) 

and vacuum assembly.      

      1.    For pre-fractionation: XBridge BEH C18 (150 × 19.0 mm 
I.D., 5.0 µm particle size) column, or another column with the 
same phase chemistry than the analytical column previously 
used ( see   Note 8 ).   

   2.    Fraction collector that can hold 120 × 10 mL tubes.   
   3.    For fi nal purifi cation: Two XBridge BEH C18 (250 × 10.0 mm 

I.D., 5.0 µm particle size) columns, or other columns with the 
same phase chemistry than the analytical column previously 
used ( see   Notes 8  and  9 ).   

   4.    Semi-preparative HPLC system, such as the Varian 9012 
(Varian, Palo Alto, CA, USA), or another semi-preparative LC 
system able to deliver a 10 mL/min fl ow.   

   5.    Column oven adapted to semi-preparative columns (40 °C) 
( see   Note 10 ).   

   6.    96-well deep plates (1 mL per well).   
   7.    Splitter able to divide the fl ow and maintain a 50 µL/min fl ow 

rate in the MS instrument ( see   Note 11 ).   
   8.    For LC-MS isolation monitoring: MS detector, such as TSQ 

7000 (Thermo Fisher Scientifi c, Inc., Waltham, MA).        

2.2.3  Data Processing

2.2.4  Sample 
Preparation and Extraction 
for LC-MS Isolation

2.2.5  Optional Pre- 
fractionation and Targeted 
LC-MS Isolation

Philippe J. Eugster et al.
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3    Methods 

 The following protocol has been devised for biomarker identifi ca-
tion either based on UHPLC-Q-TOFMS data only (peak annotation) 
or complete  de novo  structure identifi cation based on LC-MS 
 targeted micro-isolation and subsequent micro-NMR analysis. 
A prerequisite for this protocol is the localization of a biomarker of 
interest in the metabolite profi ling chromatogram of a representa-
tive crude extract. Localization is performed by extracting the ion 
trace corresponding to a specifi c feature [ m/z  × retention time 
(RT)] found in the loadings after the MVDA of a classical LC-MS- 
based metabolomics study ( see , for example, ref.  12  and  Note 12 ). 
We will refer to it as “biomarker of interest” in the following steps. 
The process is illustrated by the identifi cation of biomarkers in the 
aerial parts of the model plant  Arabidopsis thaliana  (Biomarkers  A  
and  B  for the dereplication process and Biomarker  C  for the isola-
tion procedure) but may be applied to other plants and metabolite 
types provided that slight adaptations are made. 

        1.    Harvest and weigh approximately 500 mg of the fresh plant 
tissue of interest ( see   Note 13 ).   

   2.    Put the fresh plant tissue, 5 mL of IPA and a 2 cm diameter 
ball in the jar of the ball mill ( see   Note 14 ).   

   3.    Extract for 2 min at 30 Hz using the ball mill.   
   4.    Collect the content of the jar in centrifuge tubes, without the 

balls, centrifuge for 4 min.   
   5.    Collect the supernatant; dry it under nitrogen at 40 °C or 

using the centrifugal evaporator to obtain the crude extract.      

       1.    Dissolve the crude extracts (2–10 mg) in 0.7 mL MeOH:H 2 O 
(85:15), with ultrasonic bath if needed.   

   2.    Place a C18 SPE cartridge on the manifold chamber. Prepare a 
glass vial under the cartridge to collect the conditioning and 
equilibrating solvents.   

   3.    Condition and equilibrate the cartridge by washing with 1 mL 
MeOH 100 % and then 1 mL MeOH:H 2 O (85:15), under 
vacuum. Adjust the pressure to obtain an elution rate of about 
one drop per second. Discard the eluate.   

   4.    Place a weighed 2 mL microcentrifuge tube in the 5 mL glass 
vial, under the cartridge.   

   5.    Load the dissolved extract on the cartridge ( see   Note 15 ) and 
elute it. Wash with 0.8 mL MeOH:H 2 O (85:15).   

   6.    Evaporate the collected eluate to dryness using a centrifugal 
evaporator or under a gentle nitrogen fl ow.   

3.1  Sample 
Preparation for 
Dereplication Based 
on UHPLC-Q-TOFMS

3.1.1  Extraction 
Procedure

3.1.2  Sample 
Preparation

Strategies in Biomarker Discovery
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   7.    Weigh the 2 mL microcentrifuge tube to assess the yield of the 
SPE extraction.   

   8.    Dissolve the extract in MeOH:H 2 O (70:30) ( see   Note 16 ).       

        For metabolite localization and dereplication, a generic high 
resolution UHPLC-Q-TOFMS (3 %/min slope) 30 min gradient 
is used ( see  second column of Table  1  and  Note 17 ). Other 
parameters are as follows:

     1.    Flow rate: 460 µL/min.   
   2.    Column and autosampler temperatures: 40 °C and 10 °C, 

respectively.   
   3.    Injection volume: 2.0 µL.   
   4.    PDA: 10 Hz at least, over 210–600 nm.    
     
 Perform calibration using for example a sodium formate solution 
in the 100–1,000  m/z  range, in both positive (PI) and negative 
ionization (NI) modes ( see   Note 18 ). Check the mass accuracy by 
subsequent injection of any selected molecule. 

 Run two separated analyses using both PI and NI ESI modes 
( see   Note 19 ), with alternating scans at low and high collision 
energies (e.g., MS E ) ( see   Note 20 ). For the Synapt G2 Q-TOFMS 
(Waters), generic source parameters are as follows:

    1.    Voltages: capillary 2,500 V, cone 25 V, extraction cone −4.5 V 
and 3.0 V in NI and PI modes, respectively.   

   2.    Temperatures: source 120 °C, desolvation gas 350 °C.   
   3.    Gas fl ows: desolvation gas 800 L/h, cone gas fl ow 20 L/h.   
   4.    Mass range: 85–1,200 Da.   
   5.    Scan time: 0.2 s.   
   6.    Collision energy: 4 eV and ramp of 10–30 eV, both applied on 

the transfer region of the collision cell.   
   7.    Collision gas: argon, at a fl ow rate of 2.1 mL/min (pressure 

inside the collision cell 7.0 × 10 −3  mbar).   
   8.    Internal calibration (Lockspray™): infusing a 500 ng/mL 

solution of leucin-enkephalin at a fl ow rate of 7.5 µL/min.   
   9.    Lockspray™ scan time and frequency: 0.5 s and 15 s, respec-

tively, with data averaged over fi ve scans for mass correction.    

  A typical UHPLC-NI-ESI-TOFMS metabolite profi ling chro-
matogram (BPI trace) of the leaf extract of  A. thaliana  is presented 
in Fig.  1 . All biomarkers that are identifi ed by the procedures 
described below (Biomarkers  A – C ) have been labelled by their 
corresponding  m/z  ions.

      Figure  2a–h  illustrates some steps of the dereplication of the Biomarker 
 A  ( m/z  545.2596), which was detected in NI mode in the metabolite 
profi le of  A. thaliana , following leaf wounding (Fig.  1 ).

3.2  UHPLC-Q-TOFMS 
Analysis

3.2.1  UHPLC Gradient 
Conditions

3.2.2  Q-TOFMS 
Conditions

3.3  Data Processing

Philippe J. Eugster et al.
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     Table 1  
  Gradients used for UHPLC-TOFMS analyses and pre-fractionation on semi-preparative scale   

 %B  Time (min)  Time (min) 

 90 min UHPLC gradient  30 min UHPLC gradient 
 Pre- 
fractionation  

  5.0    0.0   0.0 

         

   0.0 

  5.0    0.0   0.0    1.0 

 95.0   90.0  30.0  113.9 

 95.0  100.0  40.0  152.0 

  5.0  100.5  40.5  155.0 

  5.0  110.0  50.0  190.0 

            

     In a given ESI spectrum, molecular species ions may be present 
either as protonated or deprotonated molecules ([M + H] +  or 
[M–H] − ) or may form dimers or higher oligomers, or adducts with 
solvents, molecules present in the solvents, or LC-MS additives. 
Moreover, the most intense peak does not always correspond to 
[M + H] +  or [M–H] − . In addition, ions that are not related to the 
biomarker of interest may be present. The procedure below 
presents ways to fi nd the MW of an unknown peak based on both 
PI and NI MS spectra in typical situations.

    1.    Highlight the peak of interest from the chromatogram by 
extracting its trace with an adapted mass range window 
(e.g., 0.02 Da) ( see  Fig.  2a–d  and  Note 21 ).   

   2.    Combine the spectra containing the mass of interest 
( see   Note 22 ).   

   3.    Determine the presence of adducts and/or dimers, and ensure 
the molecular weight (MW) based on the following rules:
   (a)    Look for adducts, detected by the presence of both 

[M + H] +  and [M + adduct] +  or [M–H] −  and [M + adduct] − , 
depending on the ionization mode ( see  Fig.  2e, f  and  Notes 
22  and  23 ). Table  2  provides a list of the most frequently 
encountered adducts using ACN + FA mobiles phases and 
an ESI source.

      (b)    Check for the presence of dimers, characterized by 
[2M + H] +  or [2M–H] −  depending on the ionization mode, 
or higher oligomers.   

3.3.1  Determination of 
the Molecular Weight

Strategies in Biomarker Discovery
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  (c)    Compare results of PI and NI modes, if both are available: 
the resulting molecular weight (MW) should be the same.   

  (d)    If only one single ion species is present, check the corre-
sponding MS E  spectrum to verify the possible loss of 
adducts.        

        1.    Use the elemental composition tool provided in MassLynx (or 
another MS software) to obtain putative molecular formulae 
from the molecular ion species recorded. Work on combined 
spectra only ( see   Note 22 ).
   (a)    Set the minimum number of elements to 0 and the maxi-

mum to 200 for C, H, O, N, and S ( see   Note 24 ).   
  (b)    Set the mass tolerance as three times the usual mass accu-

racy of the instrument (e.g., 3 × 1–2 = 5 ppm for the Synapt 
G2). Table  3  illustrates the number of molecular formulae 
corresponding to the [M–H] −  and [M + H] +  ions (Fig.  2e, f ) 
( m/z  499.2549 and  m/z  501.2708) of Biomarker  A  used 
as example in Subheading  3.3.1 , as well as for Biomarker 
 B , containing CHONS. As shown, the number of calcu-
lated molecular formulae for a given exact mass around 
500 Da may exceed 100 if a large tolerance window 
(15 ppm) is used and if CHONS elements are considered 
( see   Note 25 ).

           2.    Export the calculated molecular formulae and correct them 
according to the ionization mode used (add or remove an 
atom of adducts in NI or PI ESI, respectively).      

3.3.2  Extraction of 
Molecular Formulae

Time5.00 10.00 15.00 20.00 25.00 30.00

%

0

100 ESI-

0

Biomarker A
545.2596

Biomarker C
445.2066

Biomarker B
492.1032

  Fig. 1    High resolution UHPLC-TOFMS metabolite profi ling (BPI trace) of 
 Arabidopsis thaliana  (crude leaf isopropanol extract). Separation was carried out 
on an Acquity BEH C18 (150 × 2.1 mm; 1.7 µm particle size) column with a 
5–95 % ACN gradient in 30 min at 40 °C, and detection was performed by 
TOFMS in the NI mode. Biomarkers  A – C , used to illustrate the metabolite identi-
fi cation process, are labelled on this chromatogram       
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  Fig. 2    Dereplication procedure for the unknown Biomarker  A  in an  A. thaliana  extract following leaf wounding. 
Localization of its main  m/z  ions ( m/z  545.2596 and  m/z  501.2708) in the corresponding NI ( a ) and PI ( b ) 
UHPLC-TOFMS chromatograms and corresponding extracted ion chromatograms ( m/z  ±0.01 Da) ( c  and  d ). 
The isomer also detected is not discussed in more details. According to the spectra in NI mode ( e ),  m/z  
545.2596 represents the formate adduct [M + HCOO] − , while  m/z  535.2303 corresponds to [M + Cl] − , and  m/z  
499.2549 to [M–H] − . Comparison with the PI mode ( f ) confi rms this, and [M + H] + , [M + NH 4 ] + , and [M + Na] +  
were at  m/z  501.2708,  m/z  518.2955, and  m/z  523.2514, respectively. This combined information provides 
the unambiguous MW determination of Biomarker  A  (average monoisotopic MW: 500.2620). The inset in ( e ) 
represents an expansion of the isotopic pattern recorded for the [M–H] − , the peak height ratios were used 
during heuristic fi ltering for molecular formulae determination. The hit obtained for Biomarker  A  ( h ) by the 
database search is confi rmed by the fragments recorded in the high energy CID NI-TOFMS E  spectrum ( g )       
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  As shown above, high mass accuracy measurements alone do not 
provide unambiguous molecular formula assignment for a given 
biomarker. Thus additional fi ltering is needed to reduce the 
number of possible hits and validate the molecular formula 
assignment. In this respect the application of heuristic fi ltering 
with the Seven Golden Rules [ 11 ] represents a rational approach.

    1.    Import all molecular formulae into the Seven Golden Rules 
software Excel sheet [ 11 ] ( see   Note 26 ).   

   2.    On the spectrum, measure the isotopic pattern, i.e., the height 
of the  13 C 1 ,  13 C 2 , and  13 C 3  peaks of the biomarker, expressed as 
a percentage of its main  12 C peak. Report it in the dedicated 
fi eld of the Excel sheet.   

   3.    Set the isotopic pattern error as the ratio of the background to 
the intensity of the main peak of the marker, as a percentage 
but at least 3 %.   

   4.    Click the “1) Autofi ll,” “2) Calc” and “3) Check” buttons ( see  
 Note 27 ). Copy the remaining molecular formulae that are 
highlighted in blue in the “Pubchem”—“Found” column.    

3.3.3  Heuristic Filtering

   Table 2  
  List of commonly found adducts in ESI PI and NI modes, using acetonitrile 
as organic modifi er and formic acid as additive   

 Type of ions  Ion mass 

 Positive ionization mode 

 [M + H] +   M + 1.007276 

 [M + NH 4 ] +   M + 18.033823 

 [M + Na] +   M + 22.989218 

 [M + K] +   M + 38.963158 

 [M + ACN + H] +   M + 42.033823 

 [M + ACN + Na] +   M + 64.015765 

 [2 M + H] +   2 M + 1.007276 

 Negative ionization mode 

 [M–H] −   M − 1.007276 

 [M + Cl] −   M + 34.969402 

 [M + HCOO–H] −   M + 44.998201 

 [M + HCOO + Na–2H] −   M + 67.987419 

 [2 M–H] −   2 M − 1.007276 

 [2 M + HCOO–H] −   2 M + 44.998201 

  All ions are singly charged 
  Note : comprehensive list of adducts may be found in literature [ 11 ,  13 ,  14 ]  
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  In the examples discussed in Table  3 , application of heuristic 
fi ltering reduces the number of possible formulae for Biomarker 
 A (MW 500) from 26 to 2 and 27 to 2 in PI and NI modes, respec-
tively (C 25 H 40 O 10  and C 22 H 32 N 10 O 4 ) and from 47 to 1 for 
Biomarker  B  (MW 493, C 16 H 31 NO 10 S 3 ) ( see   Note 28 ).  

       1.    Perform a search of the remaining molecular formulae in the 
Dictionary of Natural Products: 

 This step may be used to discard molecular formulae not 
corresponding to previously reported natural products. For 
Biomarker  A , this discards C 22 H 32 N 10 O 4  and the only remain-
ing formula is C 25 H 40 O 10  ( see   Note 29 ). For Biomarker  B , the 
unique proposed formula was found to match with existing hits 
in the Dictionary of Natural Products. 

3.3.4  Database Search

    Table 3  
     Number of potential molecular formulae corresponding to the dereplicated ion and using different 
mass windows. Biomarker  B  was detected in NI mode only. Spectral accuracy is discussed later   

 Biomarker  A  (dn-OPDA-MG MG, MW 500, C 25 H 40 O 10 ) 

 Mass window (ppm) 

 ESI + ( m/z  501.2700)  ESI − ( m/z  499.2543) 

 With CHO  With CHONS  With CHO  With CHONS 

 15  2  74  2  79 

 10  1  49  1  53 

  5    1       26    1    27  

 3  1  15  1  16 

 1  1   6  1   4 

  5  +  heuristic fi ltering    1     2  a    1     2  a  

 Biomarker  B  (glucohirsutin, MW 493, C 16 H 31 NO 10 S 3 ) 

 Mass window (ppm) 

 ESI − ( m/z  492.1032) 

 With CHO  With CHON  With CHONS 

 15  0  36  140 

 10  0  27  95 

  5    0    14    47  

 3  0  7  27 

 1  0  3  10 

  5  +  heuristic fi ltering    0    0    1  b  

   a The two remaining molecular formulae were C 25 H 40 O 10  and C 22 H 32 O 4 N 10  
  b The remaining molecular formula was C 16 H 31 NO 10 S 3   
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 Based on such validated molecular formulae assignment, 
peak annotation can be made by cross search with chemotaxo-
nomic information of the plant studied.   

   2.    Perform a cross search with validated formulae and chemo-
taxonomic keywords (e.g., species, genus, family) in the 
Dictionary of Natural Products or other databases. 

 For Biomarker  A , a cross search based on C 25 H 40 O 10  and 
“ Arabidopsis ” and “ thaliana ” provided one single structure 
only, the    galactolipid dn-OPDA-MG MG ( see  Fig.  2h  and  Note 
30 ). For Biomarker  B , the same cross search based on 
C 16 H 31 NO 10 S 3  provided one structure only, the glucosinolate 
glucohirsutin.      

  The use of collision induced dissociation (CID) spectra may 
provide additional structural information on the biomarker of 
interest. With the MS E  acquisition described above, this information 
can be retrieved as follows:

    1.    Verify which fragments generated in the high energy MS E  
acquisition have identical retention times to the [M + H] +  or 
[M–H] −  ions and discard those which are not perfectly aligned 
( see   Note 31 ). Compare CID MS spectra from the high energy 
MS E  with those compiled in existing databases such as 
Massbank or ReSpect for Phytochemicals ( see   Note 32 ).   

   2.    Alternatively, determine whether the fragments obtained may 
be described by means of rules of possible fragmentation 
mechanisms.    

  The CID spectrum of Biomarker  A  displays two main diagnos-
tic fragments ( see  Fig.  2g, h ) that confi rm the peak annotation 
made based on molecular formula and chemotaxonomy cross 
search.  
 
 The use of UV-PDA spectra as an additional fi lter for dereplication 
is advantageous provided that the biomarker is present in suffi cient 
amount. Many UV-active natural products such as polyphenols 
exhibit characteristic chromophores [ 15 ] that can be exploited to 
strengthen the peak annotation.

    1.    Compare both UV-PDA spectra and wavelength(s) of maxi-
mum absorption ( λ  max ) of the biomarker of interest with values 
reported for the hits previously obtained (Subheading  3.3.4 ). 
Discard candidates whose values do not match with the experi-
mental spectrum or  λ  max  ( see   Note 33 ).    

  No UV information could be obtained for Biomarker  A , while 
Biomarker  B  displayed a UV-PDA spectrum comparable to the 
one of glucohirsutin.  

3.3.5  Additional 
Information from MS/MS

3.3.6  Additional 
Information from UV-PDA
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  At this stage, the number of putative structures for a given 
biomarker is usually relatively limited. Confi rmation of the identity 
of the analyte may be thus obtained by injection of the standard, if 
it is commercially available or if synthesis if applicable. The 
following protocol provides a way to ascertain peak identifi cation 
based on standard.

    1.    Prepare a 5 µg/mL solution of the standard in an adapted sol-
vent (preferably in the same solvent as previously used for the 
analysis of the extract, i.e., MeOH:H 2 O (70:30)).   

   2.    Inject 2 µL of this solution in the previously used UHPLC-Q-
TOFMS conditions (Subheadings  3.2.1  and  3.2.2 ). If neces-
sary, adjust its concentration ( see   Note 34 ).   

   3.    Verify that the retention time of the biomarker of interest and 
of the standard does not vary by more than 1 %, and that 
adducts and dimers are similar in both cases; provided that the 
intensity of the main peak is similar ( see   Note 35 ).   

   4.    Further confi rm or infi rm the identity by spiking the extract 
with the standard. Only one peak should be visible in the chro-
matogram when extracting the specifi c trace.       

  
 The targeted LC-MS isolation procedure presented here is used 
for NMR  de novo  identifi cation of biomarkers that cannot be anno-
tated by the dereplication approach described above. The proce-
dure is only based on HPLC methods and is adapted for isolation 
of microgram amounts of the biomarker of interest, a scale com-
patible with full characterization by state of the art micro- NMR 
methods [ 16 ,  17 ]. This procedure is adapted from ref. [ 8 ] and is 
illustrated by the isolation of Biomarker  C , a jasmonate synthe-
sized in  A. thaliana  in response to wounding ( see  Fig.  3 ).
    
 The sample preparation for the micro-isolation of the biomarkers 
of interest is based on an upscale of the procedure used for the 
UHPLC-Q-TOFMS metabolite profi ling described under 
Subheading  3.1.1 .

    1.    Harvest ( see   Note 13 ), weigh and grind using a mortar and 
pestle approximately 500 g of fresh plant tissue ( see   Note 7 ).   

   2.    Extract with 1 L of IPA during 3 h at room temperature, under 
agitation ( see   Note 36 ).   

   3.    Filter on paper, keep the eluate.   
   4.    Extract the residue once again in the same conditions, fi lter.   
   5.    Combine and evaporate both eluates using the rotative evapo-

rator to obtain the crude extract.    

         1.    Dissolve the crude extracts (about 5 g) in 40 mL MeOH, with 
ultrasonic bath if needed.   

3.3.7  Confi rmatory 
Analysis

3.4  Targeted LC-MS 
Isolation

3.4.1  Extraction and 
Sample Preparation for 
Biomarker Micro-Isolation

3.4.2  Extraction and 
Sample Preparation for 
Biomarker Micro-Isolation
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  Fig. 3    LC-MS isolation procedure of the Biomarker  C  ( m/z  445.2066 in NI mode). 
Two UHPLC-NI-TOFMS gradient runs of 1 %/min slope ( a  and  b ) and 3 %/min slope 
( c ) were performed using an Acquity UPLC BEH C18 (150 × 2.1 mm; 1.7 µm particle 
size) column with a 5–95 % ACN gradient at 40 °C. ( d ) Simulated chromatogram 
calculated based on the modelled isocratic condition 27 % ACN (inset in  d ) by the 
Osiris software. ( e ) Isocratic UHPLC-TOF-MS analysis of the enriched Fig. 3 (con-
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   2.    Add 10 g of LiChroprep RP-18, mix, evaporate to dryness 
using the rotary evaporator.   

   3.    On the bottom of the open column, place 40 g of LiChroprep 
RP-18, condition and equilibrate with 250 mL of MeOH and 
MeOH:H2O (5:95) respectively, and place above the mixture 
of extract and LiChroprep RP-18 previously prepared ( see  
 Note 37 ).   

   4.    Add 250 mL MeOH:H 2 O (5:95) and elute by applying an 
adapted vacuum to obtain an elution rate of about 10 mL/min 
( see   Note 38 ).   

   5.    Elute the compounds with 250 mL MeOH:H 2 O (70:30) at 
the same fl ow rate ( see   Note 39 ).   

   6.    Evaporate to dryness to obtain the enriched extract, weigh.   
   7.    Dissolve the enriched extract in 500 µL MeOH:H 2 O (70:30).      
 
 A pre-fractionation step in gradient mode is recommended to 
ensure the optimal purifi cation of minor compounds in the fi nal 
isolation step. For this purpose, the original UHPLC gradient 
(3 %/min slope gradient) is transferred to the semi-preparative 
scale with the following conditions ( see   Note 40 ).

    1.    Stationary phase: XBridge BEH C18 (150 × 19.0 mm I.D., 
5.0 µm particle size).   

   2.    Mobile phase: water and ACN, both with 0.1 % FA, using the 
gradient described in the third column of Table  1  ( see   Note 41 ).   

   3.    Flow rate: 10 mL/min.   
   4.    Column temperature: 40 °C.   
   5.    Injection volume: 150 µL ( see   Note 42 ).   
   6.    Divert 0.1–1 % of the fl ow to the MS detector using a fl ow 

splitter ( see   Note 43 ).   
   7.    Collect the fractions every minute (10 mL per fraction) in 

tubes, for 120 min.   
   8.    Determine which fraction(s) contains the biomarker of interest 

based on extracted ion chromatogram obtained by MS detec-
tion ( see   Note 44 ).   

   9.    Verify the presence of the biomarker of interest in the collected 
enriched fractions using the UHPLC-TOFMS method 
described in Subheading  3.2 .   

   10.    Combine and evaporate fractions containing the biomarker of 
interest and dissolve it in MeOH:H 2 O (70:30).    

3.4.3  Optional 
Pre-fractionation

tinued) fraction containing  m/z  445. Geometrical transfer to the semi- preparative 
scale on two XBridge BEH C18 (250 × 10 mm; 5 µm particle size) columns ( f ) 
ensured the same selectivity ( see   d – f ) and provided pure microfractions containing 
Biomarker  C  fi nally identifi ed as OPC-4-glucose by further NMR experiments ( g )       
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    To achieve the semi-preparative purifi cation of biomarkers,  optimal 
separation conditions were predicted and tested at the analytical 
scale using HPLC modelling software ( see   Note 6 ). Figure  3  
illustrates the method.

    1.    Analyze the enriched fraction by UHPLC-TOFMS using the 
3 %/min slope gradient (30 min) used previously ( see  
Subheading  3.2.1 ).   

   2.    Run a second gradient in the same conditions but with 1 %/
min slope ( see  Fig.  3a, b ), according to the gradient 
described in the fi rst column of Table  1  ( see   Note 45 ). MS 
conditions are identical to those used in Subheading  3.2.2  
( see   Note 46 ).   

   3.    Localize and note the retention time (RT) of the biomarker of 
interest, and of all other compounds that elute in the same 
retention time window (±1 min for the 30 min gradient and 
±3 min for the 90 min gradient) in both chromatograms ( see  
Fig.  3b, c ).   

   4.    In Osiris software, provide the following information:
   (a)    The LC conditions as described in Subheading  3.2.1 .   
  (b)    The dwell volume (approximately 120 µL for the Acquity 

UPLC system).   
  (c)    The column’s dead volume (approximately 375 µL for the 

Acquity UPLC 150 × 2.1 mm, 1.7 µm column) ( see   Note 
47 ).   

  (d)    A random value for the area of the peak (for example, 1).   
  (e)    RT of the biomarker of interest and the neighbor peaks in 

both conditions ( see  Fig.  3b, c ).       
   5.    Determine the optimized separation in isocratic mode and 

using the same column and mobile phase as described in 
Subheading  3.4.1  ( see  Fig.  3d ). If an error occurs, modify the 
maximal retention factor value ( k ) up to 99.   

   6.    Inject the pre-fractionated sample in the modelled conditions 
in UHPLC-TOFMS, and verify the separation of the bio-
marker of interest ( see  Fig.  3e ). If the separation is not satisfac-
tory, model a new separation with slightly different conditions 
using the Osiris software.    

   
 The same setup as used in Subheading  3.4.2  is employed except 
that a longer column and 96-well plates (2 mL/well) are used 
micro-collection.

    1.    Connect two XBridge BEH C18 (250 × 10.0 mm I.D., 5.0 µm 
particle size) columns together with very short (30 mm) PEEK 
tubing ( see   Note 48 ).   

3.4.4  Gradient Modelling 
and Optimization

3.4.5  LC-MS Purifi cation
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   2.    Inject 150 µL of the pre-purifi ed sample using the following 
conditions:
   (a)    Flow rate 3.5 mL/min.   
  (b)    Isocratic separation as modelled by the Osiris software.   
  (c)    Oven temperature: 40 °C.       

   3.    Collect fractions every 30 s in 96-well plates.   
   4.    Identify the fractions containing the biomarker of interest, 

based on extracted ion chromatograms from the MS monitor-
ing of the semi-preparative separation. Figure  3f  illustrates the 
separation obtained after injection of the enriched fraction 
containing the biomarker of interest.   

   5.    Check the presence of the biomarker of interest in the fractions 
predicted by the model, using the UHPLC-Q-TOFMS 
method described in Subheading  3.2 .   

   6.    Combine the fractions containing the pure biomarker of inter-
est, dry them using the centrifugal evaporator or under gentle 
nitrogen fl ow.    

    
 The micro-isolation procedure described above typically yields a 
few tenths or hundreds of µg of biomarkers. With such amounts, 
weighing is often not possible, but the samples are compatible with 
further micro-NMR analysis. For micro-NMR measurements, sam-
ples may be dissolved in 5 µL of deuterated methanol or another 
appropriate solvent. Such solution can be measured on a micro- 
fl ow probe (Protasis, Marlboro, MA, USA) [ 18 ] or in 1 mm capil-
lary tubes. Typical hydroxyjasmonates spectra yielded by micro-fl ow 
CapNMR using such a procedure are illustrated in [ 8 ]. In the illus-
trated example, the structure of Biomarker  C  was elucidated as 
3-oxo-2-(2Z-pentenyl)cyclopentane-1-butyric acid-1-O-β-glucose 
(OPC-4-Glucose, Fig.  3g ), a new wound biomarker, based on the 
complementary MS/MS and  1 H NMR data obtained [ 19 ].   

4    Notes 

     1.    Ultra-high purity solvents are required to ensure low back-
ground noise in the LC-MS chromatograms and to maintain 
good instrument performances.   

   2.    For micro-isolation it is important to verify that HPLC solvent 
purity is good enough to prevent signal interferences in the 
micro-NMR spectra of semi-preparative LC-MS blank samples.   

   3.    CD 3 OD is adapted for the dissolution of most biomarkers 
eluting in reversed phase C18 separations. Other alternative 
solvents such as CDCl 3  or DMSO may be used to solve solubil-
ity issues.   

3.5  Micro-Flow NMR 
Analysis
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   4.    A Q-TOFMS system is necessary for selective MS/MS frag-
mentation experiments. Metabolite profi ling may also be 
recorded on a TOFMS (e.g., LCT Premier from Waters).   

   5.    Other databases containing natural product molecular formu-
lae and information related to their origin ( family ,  genus , and 
 species ) can be used (e.g., SciFinder,   https://scifi nder.cas.org    ).   

   6.    Other commercially available HPLC modelling software can 
be used.   

   7.    It is diffi cult to estimate the amount of plant that is required to 
fi nally isolate a few tenth of µg of biomarkers, since MS detec-
tion is largely compound dependent. As a rule of thumb, 
approximately 1,000 times more plant material is needed for 
the micro- NMR detection of given peaks of the LC-MS 
metabolite profi les.   

   8.    The same phase chemistry in both analytical (UHPLC) and 
semi-preparative scales is mandatory to maintain the same 
selectivity [ 10 ,  20 ].   

   9.    The use of two columns coupled in series provides a good com-
promise at the  semi- preparative scale between high chromato-
graphic resolution and reasonable elution times [ 21 ]. If high 
resolution is not mandatory, shorter columns may be used.   

   10.    To ensure predictable chromatographic transfer, temperature 
has to be controlled at both the analytical and semi-preparative 
levels.   

   11.    A splitter with adjustable split ratio or a T-piece with tubing of 
adapted length may be used after careful measurement of the 
split ratio. For 10 mL/min fl ow rate (pre- fractionation step) a 
1:200 ratio is advisable, while for 3.5 mL/min (high resolu-
tion isolation step) a 1:70 ratio can be used.   

   12.    This metabolite dereplication process is illustrated for specifi c 
biomarkers but can be applied to any LC peak in a metabolite 
profi ling chromatogram.   

   13.    If the metabolites that need to be identifi ed are sensitive to 
enzymatic reactions, the fresh plant tissues have to be frozen in 
liquid nitrogen immediately after harvesting.   

   14.    Isopropanol was selected since it is miscible with water con-
tained in the fresh leaves and since it extracts both relative apo-
lar and polar metabolites. Other solvents such as MeOH or 
MeOH–water mixtures may be considered according to the 
physicochemical properties of the biomarkers of interest.   

   15.    A SPE procedure is advisable for the removal of chlorophyll 
and other interfering apolar compounds for reversed phase 
LC-MS metabolite profi ling. Such compounds are strongly 
retained in standard reversed phase conditions and may alter 
the chromatographic performances and reduce column’s life-
times after multiple injections.   
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   16.    Such injection solvent usually dissolves the extract. Its elution 
strength will not affect UHPLC separation since only a small 
volume is typically injected (2 µL). In case of solubility issues, 
the injection solvents should be adapted.   

   17.    This gradient is generic for many separations of complex mix-
tures, since it represents a good compromise between maximal 
peak capacity and reasonable gradient time [ 21 ].   

   18.    This calibration has to be performed once a week for instru-
ments of new generation such as the Synapt G2 from Waters, 
or daily for older platforms such as the LCT Premier from 
Waters. Refer to manufacturer’s recommendations.   

   19.    On the Synapt G2 Q-TOFMS, PI and NI modes cannot be 
acquired in alternating scans during the same analysis. On MS 
instruments that can alternatively switch to PI and NI modes, 
MS accuracy, and acquisition frequency are affected and, in our 
opinion, high quality data can only be obtained by performing 
separated PI and NI analyses with the current technology.   

   20.    This acquisition mode provides MS fragmentation of all 
metabolites in an untargeted manner when high collision 
induced dissociation (CID) energies are used. This informa-
tion is useful for the dereplication process.   

   21.    Extraction of ion traces at ±0.01 Da (0.02 Da window) reduces 
suffi ciently the noise without loss of data using modern (Q-)
TOFMS analyzers. For MS instruments providing a 5 ppm 
accuracy of higher, this window can be set to 0.05 Da.   

   22.    Combining spectra increases mass accuracy and provides better 
ion statistics. For high mass accuracy measurement, depending 
on the instrument used, working with very intense ions may 
cause saturation and  m/z  shifts. In such a case, combine less 
intense spectra on the edges of the chromatographic peak only.   

   23.    If usually [M + H] +  or [M–H] −  ions are selected for the deter-
mination of elemental  composition, any other ion species may 
be used, but the molecular formula should be corrected 
according to the type of adducts generated.   

   24.    Most natural products contain only those fi ve elements. 
According to the adducts observed, one Na +  or K +  can be 
added to the list. Maximum number of CHONS can be over-
estimated (200) since molecular formulae will be fi ltered later. 
If based on chemotaxonomic information the search may be 
restricted to CHO only, the number of hits is considerably 
reduced. A link between MW and maximal number of given 
element for natural products is provided in ref. [ 11 ].   

   25.    15 ppm is selected on purpose here as an extreme case since a 
5 ppm tolerance windows may be practically applied in routine 
for well-calibrated instruments of the last generation.   
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   26.    This procedure can alternatively be performed online on freely 
accessible website:   http://maltese.dbs.aber.ac.uk:8888/
hrmet/search/gr.html    .   

   27.    Chemically nonviable formulae are discarded based on various 
fi lters, such as hydrogen/carbon ratio or Lewis rule [ 11 ].   

   28.    As shown, molecular formulae assignment may still be ambigu-
ous even after heuristic fi ltering and require search in natural 
product databases.   

   29.    This step is valid only if the biomarker of interest was previ-
ously reported in databases. One should not completely 
exclude the presence of an unknown biomarker. In this case, a 
 de novo  identifi cation procedure is necessary ( see  
Subheading  3.4 ).   

   30.    The structure assignments made are only putative. However, 
if data previously reported in the database correspond to the 
same plant species the chances for a correct assignment are 
important. In the frame of a previous chemotaxomic study, 
verifi cation of the peak annotation by further isolation of stan-
dard revealed a very good prediction of such approach [ 22 ]. 
In the case of Biomarker  A , another isomer is also present 
(Fig.  2c, d ) with a similar MS/MS spectrum. The dereplica-
tion made on MS data alone does not provide information on 
the stereochemistry of such compounds that are likely 
diastereoisomers.   

   31.    On the Synapt G2, linkage between precursor and product 
ions may be automatically made by use of the “MS E  data 
viewer” software. Selective additional MS/MS experiments 
may be performed if precursor and fragment ions cannot easily 
be linked.   

   32.    It should be noted that these databases contain relatively few 
spectra and the risk of false-positive matches is therefore high. 
Moreover, CID mass spectra acquired on different mass spec-
trometers may differ [ 23 ]. Unfortunately, no generic MS/MS 
library with free access exists for natural products and this rep-
resents a serious bottleneck for biomarker identifi cation. 
 In-house  libraries may, however, provide very good match but 
are limited by the number of standards at hand [ 24 ].   

   33.    Absorption maxima may shift according to the solvent used. 
The UV-PDA spectra obtained in gradient mode may thus be 
slightly different from those reported in pure solvent in 
databases.   

   34.    The intensity in ESI strongly depends on the nature of the 
analyte. The mentioned 5 µg/mL concentration is an average 
value providing appropriate intensity for the majority of the 
compounds. On the Synapt G2, appropriate intensity is com-
prised between 10 3  and 10 6  cps.   
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   35.    The spectrum pattern varies with the concentration of the bio-
marker of interest. For example, a high concentration may 
result in higher probability of dimerization.   

   36.    For large-scale extraction, a maceration step instead of ball mill 
extraction is advisable and was shown to provide similar extract 
composition.   

   37.    This corresponds to a solid introduction of the extract on a 
large C18 adapted SPE column (3–4 cm diameter).   

   38.    This step aims at eliminating highly polar compounds in order 
to concentrate the sample.   

   39.    This procedure is similar to that made at the analytical level 
with SPE (Subheading  3.1.2 ) and is aimed at the removal chlo-
rophyll and other interfering apolar compounds.   

   40.    Different software packages are available to calculate gradient 
transfers. Here, a freely available Excel-based program was 
used [ 10 ].   

   41.    An initial hold was introduced to take into account the differ-
ences in dwell volume between the systems.   

   42.    Injection volume is adapted in proportion to the volume of the 
column.   

   43.    A make-up fl ow may be added to dilute the mobile phase 
directed to the MS and avoid saturation effects. Delay between 
MS detection and fraction collection have to be minimized fi rst.   

   44.    MS detection is important at the semi-preparative scale for the 
monitoring of the separation, to ensure a specifi c collection of 
the fraction containing the biomarker of interest based on its 
characteristic  m/z  ion. It is necessary to verify that the fl ow 
reaches the collection tubes and the MS detector at the same 
time, to ensure proper fraction collection.   

   45.    Osiris software requires at least two chromatograms with elu-
tion retention factors ( k  e ) of 3 and 10 approximately. This cor-
responds to gradient slopes of 1 %/min and 3 %/min in the 
present case.   

   46.    This comparison of the 1 %/min and 3 %/min gradient can be 
made on a specifi c enriched fraction, but may also be per-
formed on the crude extract directly, to calculate optimized 
separation conditions for several biomarkers at the same time.   

   47.    To obtain this value, a porosity of 0.7 was assumed.   
   48.    The selected column has the same phase chemistry as the ana-

lytical UHPLC-Q- TOFMS used at the analytical level. This is 
important to ensure similar selectivity as shown by comparing 
Fig.  3e, f . A very long column (500 mm) was selected to ensure 
a high chromatographic effi ciency ( see   Note 9 ).         
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Chapter 20

Statistical Analysis of Metabolomics Data

Alysha M.De Livera, Moshe Olshansky, and Terence P. Speed

Abstract

Statistical matters form an integral part of a metabolomics experiment. In this chapter we describe several 
important aspects in the analysis of metabolomics data such as the removal of unwanted variation and the 
identification of differentially abundant metabolites, along with a number of other essential statistical 
considerations.

1  Introduction

Statistical considerations inevitably play a vital role in a metabolomics 
experiment from the beginning through to the end. The aims in the 
statistical analysis of a typical metabolomics data matrix can be the 
identification and quantification of metabolites, the discovery of dif-
ferentially abundant metabolites under different conditions (groups 
or factors of interest), classification where the factors of interest are 
 predefined and the basis for classification needs to be identified, cluster 
analysis where the factors of interest are unknown a priori and need 
to be discovered, or correlation analysis where the correlations 
between metabolites or certain variables within or across certain 
 factors of interest need to be determined.

A metabolomics experiment consists of several key stages and 
starts with abiological question of interest. A suitable metabolomics 
approach, suchas the target analysis, metabolite profiling, metabolo-
mics, or metabolic finger/footprinting [1, 2], needs to be chosen. 
The nature of the metabolomics data, hence, the statistical consid-
erations depend on this chosen metabolomics approach. For exam-
ple, in  target analysis a small and well-defined set of knownmetabolites 
(targets) which belong to certain classes (e.g., sugars, aminoacids, 
nucleotides, flavonoids, alkaloids, or fatty acids) are measured usin-
gone particular analytical platform [3]. In metabolomics, on the 
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otherhand, a large number of metabolites either identified or 
unidentified are measured using several analytical platforms [2] 
such as the nuclear magneticresonance (NMR) spectroscopy, gas 
chromatography–mass spectrometry(GC–MS), and liquid chroma-
tography–mass spectrometry (LC–MS). Inaddition to detecting as 
many metabolites as  possible, the use of severalanalytical platforms 
allows the option of integrating the measurements on thesame 
metabolites, taking into account the between and within 
platformvariation [4].

In the design of the experiment, the researcher has to consider 
a balance between practical and statistical matters [5, 6]. For example, 
biological replication where samples are taken from different 
 subjects within factors of interest is required in order to extrapolate 
the conclusions from the experiment to a wider population of 
 subjects, and technical replication where samples are taken from 
the same subject and split onto different subsamples is required to 
provide estimates of technical variability. However, it may not be 
possible to obtain the desired number of replicates due to restric-
tions involved in collecting the samples or the cost involved in 
running the samples. Careful attention should also be paid to 
 randomization and other experimental factors which can be con-
founded with the biological factors of interest. For instance, the 
collection, preparation, or extraction of biological samples belong-
ing to different factors of interest on different days may introduce 
a component of day variation which can interfere with the interest-
ing biological variation. In addition, the use of controls [5], which 
is often overlooked in the metabolomics literature, should play an 
important role. The controls provide the researcher with a gold 
standard relative to which their statistical methods can be assessed. 
For example, the performance of a statistical method in identifying 
differentially abundant metabolites can be assessed by the use of 
positive control metabolites which are known to be changing and 
the use of negative control metabolites which are known not to be 
changing between factors of interest.

Data preprocessing then starts from a set of raw data files 
acquired from the instruments, each corresponding to a single 
 biological sample. Mass spectrometry data is acquired as a time 
series of mass spectral scans, where each scan consists of a series of 
m ∕ z intensity pairs [7], and NMR data contains a set of sine/cosine 
waves measured as a function of time decaying toward zero inten-
sity at an exponential rate [8]. The goal of the preprocessing step 
is to obtain a data matrix from these raw data files that is suitable 
for downstream statistical analysis [7, 9] which consists of metabo-
lite abundances of the samples, often under various factors of 
 interest. Although most of the preprocessing software contain a 
simple normalization step, we recommend omitting this step 
and handling normalization as a part of the statistical analysis as 
described in Subheading 5.

Alysha M.De Livera et al.
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2  Missing Values

Depending on the chosen metabolomics approach, a typical 
metabolomics data matrix contains a substantial amount of missing 
values (around 10–40 %) [10], which can affect up to 80 % of all 
variables [11]. These missing values can arise due to both biological 
and/or technical reasons. For example, the missing metabolite 
abundances may be lower than the threshold used in the detection 
algorithm, or may not be present in the samples due to genuine 
biological reasons, or may have occurred due to analytical/technical 
errors. We describe below some of the commonly used methods 
for handling missing values in metabolomics data matrices. A com-
bination of these approaches is often used, depending on the 
nature of the data, possible reasons for the missing values, and the 
purpose of the statistical analysis. Prior to using these approaches, 
it is important to reduce the number of missing values as much as 
possible by using an effective preprocessing procedure. For example, 
a secondary peak picking method can be used for LC–MS data to 
fill in missing peaks which are not detected and aligned [12].

 1. Excluding the variables containing missing values from the 
analysis

Discarding the variables with missing values clearly leads to 
loss of valuable information [13]. However, if values are miss-
ing in most of the samples of a variable in all factors of interest, 
it may be sensible to exclude it from the analysis. For exam-
ple, [14] employs a “80 % rule” in which a variable is kept if it 
has  non-missing values for at least 80 % of all samples. Care 
must be taken in applying this rule, as the missing values appear-
ing only in some of the biological factors of interest may indi-
cate differentially abundant metabolites. After this treatment, 
there will still be a substantial amount of missing values in the 
data [14], which needs to be handled using one or more 
approaches described below.

 2. Replace by a small predetermined value
Here, a small predetermined value is used to replace the 

missing abundances. For instance, GeneSpring MS software- 
Agilent Technologies uses a value of 0.01 [11], and many 
 others [10, 14, 15] simply use one or half of the minimum 
value in the entire data matrix. This method generally assumes 
that the missing abundances are lower than the threshold used 
in the detection algorithm, and a small value that is greater 
than zero is used to mimic this effect and to allow for any 
transformations to be carried out. A better alternative to this 
strategy is to replace these missing values by a random number 
between zero and the minimum value of the entire matrix. 
If the values are missing in all samples within a specific factor 
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of interest for example, this will allow for essential within group 
variability that is required for some statistical approaches (e.g., 
t tests) to be carried out.

 3. Leave as missing
Some statistical approaches such as t-tests, fold changes, 

and more generally linear modeling can accommodate missing 
 values [16]. Leaving the missing values as they are without 
replacing them should only be done for those values which are 
not assumed to be below the detection limit.

 4. Replace by the mean or the median across different samples
Here, the missing values are simply replaced by the mean 

or median of the metabolite abundances across different sam-
ples, often within a factor of interest [13, 17], assuming that 
the metabolite’s abundances are similar across the samples.

 5. Estimating the missing data by various algorithms
Some of these algorithms include weighted k-nearest neigh-

bor algorithm (KNN) [18], Bayesian principal component analy-
sis (BPCA) [19], and multivariate imputation by chained 
equations (MI) [20]. These methods are often used prior to 
statistical approaches which require a complete data matrix 
(e.g., principal component analysis). A discussion on the perfor-
mance of these methods for metabolomics data is given by [11].

3  Transformations

Abundances of metabolites in a data matrix are usually heteroscedastic 
and have a right skewed distribution. Therefore, an appropriate 
transformation is needed to obtain a more symmetric distribution 
and achieve a realistic variation component that is independent of 
the magnitude.

The metabolomics literature have discussed various transforma-
tions such as log, cubic, and square root as ways of handling these [15, 
21], all of which belong to the family of power transformations [22]. 
It is often found that a log transformation is adequate for statistical 
purposes [16]. Although further gain in homoscedasticity may be 
obtained by using other power transformations, this comes at the cost 
of losing the simplicity of using a log transformation. For example, 
addition or subtraction on log scale corresponds to multiplication 
and division on original scale, making normalization and interpreta-
tion simple and straightforward.

The log transformed data does not need to be further scaled for 
the methods that we present in Subheading 6 for the identification 
of differentially abundant metabolites. However, for certain classifi-
cation and clustering methods mentioned in Subheading 7, further 
scaling may be needed.

Alysha M.De Livera et al.
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4  Visualizing the Data

The log transformed data matrix can then be visualized using 
 various plots, in order to observe possible variation, clustering 
 tendencies, trends, and outliers. One way of doing this is the use of 
across group or within group relative log abundance (RLA) plots [4].

Across group RLA plots can be obtained by standardizing the 
metabolites by removing the median from each metabolite across 
all factors of interest. The boxplots of these scaled metabolites then 
provide a way of comparing the behavior of metabolites between 
groups, hence can give an indication of variation in the data across 
groups. For example, the top panel of Fig. 1 shows the across 
group RLA plots for the GC–MS data set described by [23], which 
consists of 48 leaf samples obtained from 9 different plant species 
with 5–7 biological replicates for each. Refer to [23] for more 
details. Comparisons of the boxplots show that the metabolite 
abundances in the G. pruinosa and H. kanaliense plant species tend 
to be higher while those of P. douarrei tend to be lower compared 
to those in the rest of the plant species. These differences may be 
indicative of the variation in the weight of the leaf samples.

For within group RLA plots, each metabolite is scaled by 
removing the median within each factor of interest. Boxplots of 
these can be used to visualize the tightness of the replicates within 
groups, and should have a median close to zero and low variation 
around the median. The bottom panel of Fig. 1 shows the within 
group RLA plots for the leaf data set. The replicates in the H. aus-
trocaledonicus and G. hirsuta plant species seem to be slightly more 
variable than those in the other plant species.

In addition to the above figures, the use of figures related to 
multivariate statistical analyses (e.g., principal component analysis, 
hierarchical cluster analysis, multidimensional scaling) mentioned 
in Subheading 7 can reveal any outlying samples, metabolites, and 
clustering tendencies in the data matrix.

5  Normalization

The purpose of normalization is to identify and remove unwanted 
variation seen in the raw metabolomics data, in order to focus on 
the biological variation of interest. It is an important part of metab-
olomics data analysis, as every metabolomics experiment is exposed 
to various sources of unwanted variation and the results obtained 
in subsequent data analysis can vary depending on the normalization 
method used to remove the unwanted variation [16].

The sources of unwanted variation seen in metabolomics data 
can occur due to both experimental and biological reasons. 
Unwanted experimental variation can arise from human error 

5.1 Sources of 
Unwanted Variation
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(e.g., sample extraction and preparation), within instrument 
variation (e.g., temperature changes within the instrument, 
 sample degradation, or loss of performance of the instrument 
during long run of samples), between instrument variation, 
 different batches, different laboratories, and different analytical 
platforms. Unwanted biological variation (e.g., the number of 
cells, concentration of biofluid) is also commonly encountered in 
metabolomics data, and is sometimes confounded with the 
 factors of interest, making it difficult to extract only the unwanted 
variation component. Both the biological and experimental 
unwanted variation can be unobserved as well as observed. For 
example, due to long run of a large number of samples, it may 
not be possible to allocate a batch number for the samples, or the 
batch that each sample belongs to may not be known. Similarly, 
the unwanted biological variation may be observed (for example 
as weight or volume of the samples or the number of cells), and 
also may be unobserved (for instance in the form of cell sizes or 
concentration of biofluid).
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Fig. 1 Figures showing across group RLA and within group RLA plots of the normalized log transformed  
GC–MS data described by [23]
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Normalization methods available for metabolomics data can be 
divided into several main categories: (1) the use of internal or 
external standards, (2) the use of scaling factors, (3) the use of 
quality control (QC) samples which are composed of identical 
amounts of a representative pool of all the samples, and (4) the use 
of non-changing metabolites which may also include internal or 
external standards. In what follows, we describe normalization 
approaches available for each category.

 1. The use of internal or external standards
Internal or external standards are compounds which are 

added to each sample before and after extraction, respectively. 
The methods which use internal or external standards are lim-
ited in their ability to handle only some of the unwanted varia-
tion. For example, the external standards are not able to 
capture the unwanted variation occurred in the process of sam-
ple preparation. In addition, the unwanted biological varia-
tion, which is sometimes confounded with the factors of 
interest, is also ignored.

Single Internal Standard Method

The simplest of the normalization methods is the use of a 
Single Internal Standard (SIS) [24], and the normalized log 
abundances are obtained by subtracting the log abundance of 
the single internal standard from the log metabolite abundances 
in each sample. The SIS method implicitly assumes that every 
metabolite in a sample is subject to the same amount of 
unwanted variation, simply measured by a single internal stan-
dard, and is often found to be inadequate in removing unwanted 
variation. The variation in the abundance of an internal stan-
dard may not arise from the unwanted variation alone, but can 
be dependent on its chemical properties [25]. Other sources of 
variation can arise from inadequate chromatographical separa-
tion and ion suppression [26, 27]. As a result, it is sometimes 
seen in practice that multiple internal standards do not correlate 
strongly with each other. Hence, depending on which com-
pound is used as the internal standard, the results obtained 
from subsequent statistical analysis for the identification of dif-
ferentially abundant metabolites can vary. Moreover, even if the 
single internal standard perfectly describes the unwanted varia-
tion associated with the experiment, subtracting the log abun-
dances of the single internal standard from the log abundances 
of each metabolite will lead to normalized values with higher 
variability, although the bias of the estimates may be reduced.

The use of multiple standards helps to overcome some of the 
issues explained above, and in particular leads to lower variability 
of the normalized abundances [27]. The importance of using 

5.2 Normalization 
Methods
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more than one standard for measuring unwanted instrumental 
variation has been noted by several authors in the recent litera-
ture [4, 25–27], introducing several normalization methods 
using multiple standards as described below.

Retention Index Method

One approach is to choose different internal standards according 
to the proximity of retention times to certain metabolite 
classes [25] and then use the SIS method to normalize within 
classes. Retention time, however, does not necessarily describe 
all chemical properties leading to unwanted variation [27].

 Normalization Using Optimal Selection of Multiple Internal 
Standards

Another normalization approach was presented by Sysi-Aho 
et al. [27], in which they select the optimal combination of 
multiple internal standards using multiple linear regression. 
In this, they fit a linear model to log transformed abundances 
of each metabolite with a design matrix consisting of columns 
corresponding to mean centered internal standard log abun-
dances and a column of ones representing an intercept term. 
In estimating the coefficients for the unwanted variation 
term, the model implicitly assumes that the mean centered 
multiple internal standard abundances are orthogonal to the 
experimental factors of interest. If this assumption is violated, 
it is possible that the biological variation of vital interest may 
also be removed along with the removal of the unwanted 
variation term.

 Cross Contribution Compensating Multiple Standard 
Normalization

Redestig et al. [26] argue that the unwanted variation implied 
by the internal standard is influenced by contamination from 
the rest of the metabolites, and hence the direct use of internal 
standards for normalizing can also remove the true signal of 
interest. The authors refer to this concept as cross contribution 
and present Cross Contribution Compensating Multiple 
Standard Normalization (CCMN). Their model consists of 
several steps. First, each metabolite is transformed to have mean 
zero and variance one to give z-transformed log metabolite 
abundances. Then any direct dependence of the experimental 
factors on the abundances of the internal standards is removed 
using multiple linear regression with a design matrix consisting 
of observed factors of interest. This step assumes that the 
experimental factors of interest have direct influence on the 
internal standards and are independent of any unwanted varia-
tion implied by the internal standards. Any cross contribution 
occurred via other metabolites in this step is also ignored [26]. 

Alysha M.De Livera et al.
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PCA is then performed on the residuals of the above regression 
model to obtain the row scores vectors for each sample, denot-
ing the unwanted variation. Under the assumption that these 
score vectors are orthogonal to the factors of interest, the 
unwanted variation component is removed, using multiple lin-
ear regression with the scores vectors forming the design 
matrix. The normalized metabolite abundances are then 
obtained by reversing the preprocessing steps.

 2. The use of a scaling factor
Two of the commonly used methods which do not use any 

internal standards are the normalization to a total sum [28] 
and normalization by the median [29] of each sample. The 
total sum method scales each sample so that the sum of squares 
of all abundances in that sample equals one. The median 
method scales each sample so that the median of the metabo-
lite abundances in the sample equals one. The use of the 
median method is found to be more practical than the sum 
method, especially in situations where several saturated abun-
dances may be associated with some of the factors of interest. 
Other similar scaling methods include normalization by unit 
norm [30] and normalization to the total ion current [31]. 
These methods rely on the self-averaging property [27]. For 
instance, it is assumed that an increase in the abundances of a 
group of metabolites is balanced by the decrease in abundances 
of metabolites in another group. However, in many practical 
applications this property does not hold [26, 27].

 3. The use of quality control samples
Several metabolomics literature have presented ways of 

using QC samples [32–36] for removing unwanted variation 
occurred during large-scale metabolomics experiments which 
span over a long period of time. The use of QC samples for 
normalizing can only adjust for certain forms of unwanted 
variation. For example, it can be used to correct for the drift in 
signal over time, but cannot accommodate unwanted variation 
occurred during sample extraction or preparation.

 4. The use of non-changing metabolites
Remove Unwanted Variation: RUV-2

RUV-2 method has been introduced for the purpose of 
identifying differentially abundant metabolites [4, 37] by 
accommodating both observed and unobserved unwanted 
technical/biological variation (refer to Subheading 6 for 
details). Instead of restricting only to internal or external stan-
dards, several non- changing metabolites are used in addition to 
measure unwanted variation. These non-changing metabolites 
should be present in the biological samples, exposed to the 
unwanted variation, and unassociated with the factors of inter-
est. In metabolomics data, such non-changing metabolites can 
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be discovered in various ways: Biological background of an 
experiment can provide insight into the metabolites which are 
known beforehand not to change with the experimental fac-
tors. The metabolites which correlate highly with the internal 
standards have been found to be good candidates for non-
changing metabolites. In addition, the contaminant metabo-
lites obtained from running blank samples and internal and 
external standards are also possibilities. As these non-changing 
metabolites are unaffected by the biology of the experiment, it 
can be safely assumed that any variation seen in these metabo-
lites are arising from unwanted variation alone. The unob-
served unwanted variation component for each sample is then 
estimated using these non-changing metabolites in classical 
methods of factor analysis. Therefore, this normalization 
approach attempts to ensure that the biological factors of inter-
est are not removed along with the unwanted variation, and it 
can be applied to situations where multiple internal standards 
are not available. The experimental and biological unwanted 
variation is accommodated in the model, and it deals with both 
the observed and unobserved unwanted variations [4, 37]. 

In some experiments, it may happen that the technical 
 variation is more prominent than the unwanted biological varia-
tion. In such situations, the use of metabolites which correlate 
highly with the internal standards as our only non-changing 
metabolites may not provide sufficient information to correct 
for the unwanted biological variation. We may also come across 
experiments where background information on non-changing 
metabolites is not available. A strategy for dealing with such 
experimental data is to fit the RUV-2 model in an iterative pro-
cedure. For example, we can use metabolites which highly cor-
relate with the internal standards as an initial set of non-changing 
metabolites to fit the RUV-2 model and rank the metabolites 
using adjusted p-values to identify a further set of non-changing 
metabolites. Then the refined set of non-changing metabolites 
can be used to refit the RUV-2 model.

The choice of an appropriate normalization method should con-
sider several aspects. First, it should depend on the data and the 
experimental design. For example, the internal or external 
standards- based methods should not be used for experiments 
where it is known that unwanted unobserved biological variation 
exists. Normalization to a total sum and normalization by the 
median should not be used for experiments where the self- averaging 
property of the metabolome is unlikely to hold, for example in 
some time course experiments. Second, it should also depend on 
the purpose of the statistical analysis. For example, the normalized 
abundances obtained from the CCMN and RUV-2 methods which 

5.3 Choosing  
an Appropriate 
Normalization Method
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use the biological factors of interest in the normalization approach 
should not be used for the purpose of clustering or classification 
methods where the factors of interest must be treated as unknown. 
Third, it is equally important to consider both variability and bias 
reduction approaches [4]. For example, the assessment of the 
effectiveness of a normalization method should not be based solely 
on the reduction of variability, such as the tightness of the repli-
cates or smaller coefficients of variation. Similarly, an increase in 
the number of differentially abundant metabolites found does not 
necessarily imply that a normalization approach improved the anal-
ysis. Depending on the association of the unwanted variation with 
the factors of interest, a good normalization approach can increase 
or decrease the number of differentially abundant metabolites [37]. 
Finally, the normalization method should not be carelessly chosen 
to best fit the expectations of the researcher (e.g., method mining 
as explained by [15]).

6  Identifying Differentially Abundant Metabolites

One of the main goals of the statistical analysis of metabolomics 
data is the identification of metabolites which are present in 
 significantly differential abundances between biological factors of 
interest. The design of a typical metabolomics experiment can be 
represented in terms of a linear model fitted to each metabolite.

Let Ym ×n be a matrix whose elements are the log transformed 
metabolite abundances obtained as described in the previous sec-
tions. The linear model can be described by 

Y X Wm n m p p n m q q n m n´ ´ ´ ´ ´ ´= + +g a e ,
 

(1)

with Rank[( | )]X W p q m= + < , ε ∼ N(0, σ2), and Cov(εi j, εi ′ j ′) = 0 
if i j ≠i ′ j ′. Here, X is a matrix with columns indicating observed 
factors of interest, W is a matrix containing factors corresponding 
to unwanted variation, γ and α are matrices with unobserved coef-
ficients determining the influence of a particular factor on the 
metabolites, and ε is a matrix containing the unobserved error 
component.

The term Wα can be optional. For example, if the unwanted 
variation has been adequately handled using a prior adjustment, this 
term can be excluded from Eq. 1. Otherwise, the columns of the 
matrix W can contain observed factors of unwanted variation such 
as the batch information or sample weights [4, 37–39]. In order to 
accommodate both the observed and unobserved variations, an 
alternative strategy is to estimate the matrix W using RUV-2 meth-
odology [4, 37] as was explained in Subheading 5.

Some of the distributional assumptions of the linear model can 
be summarized as follows: for metabolite j, the linear model has 
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residual variance σj
2 with sample value sj

2 which is assumed to  follow 
approximately a scaled chi square distribution with degrees of free-
dom dj. The coefficient estimator γ j

�  has the estimated covariance 
matrix given by Cov( )γ j j js� = U 2 , where Uj is a positive definite 
matrix. Often certain contrasts of coefficients are of biological 
interest to the researcher, and these are defined by 

b� j j= ′C ˆ ,γ
 

(2)

with the estimated covariance matrix Cov( )β j j js� = ′C U C 2 , where 
C is the relevant contrast matrix. These contrast estimators are 
assumed to be approximately normal with mean βj and covariance 
matrix C′UjC σj

2.
For example, the researcher may be interested in obtaining fold 

changes for pairwise comparisons of some of the factors of interest. 
This can be extracted using an individual contrast, say β̂ j , and the 
rank of the absolute value of these is often used to flag metabolites 
as differentially abundant. A disadvantage of using the fold changes 
for ranking metabolites is that it does not take the variability within 
each metabolite into account. If we do this, a highly variable 
metabolite with given average log fold change is treated no differ-
ently from a much less variable one exhibiting the average same 
fold change. A better choice for ranking metabolites is the use of 
ordinary t-statistic given by 

t
vj

j

j j

=
ˆ

ˆ /
,

β

σ
 

(3)

where vj is the corresponding diagonal element of C′UjC. A draw-
back of using the ordinary t-statistic is that the observations with 
small standard errors produce large absolute t-statistics even when 
the fold change is substantially small. This issue has been discussed 
in the literature by several authors [40–43], and one of the popular 
means of accommodating this is the use of moderated 
t-statistic [43] 

�
�

t
vj

j

j j

=
ˆ

/
,

β

σ
 

(4)

where the estimate ˆ
ˆ ˆ

.σ
σ σ

j
j j

j

d d

d d
=

+
+

0 0
2 2

0

 Here, the standard devia-

tion for each metabolite has been moderated across metabolites 
toward a common value using a simple Bayesian model, assuming 
an inverse chi square prior for the σj

2 with mean σ̂0
2  and degrees of 

freedom d0. The moderated t-statistic has a t-distribution with 
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degrees of freedom dj + d0 under the null hypothesis βj = 0, and is 
used in the same way as the ordinary t-statistic with the difference 
that the standard errors have been moderated across metabolites, 
taking into account the attributes of the whole ensemble of metab-
olites to support the inference about individual metabolites.

Several useful graphical illustrations for the comparison 
between the P. douarrei and G. pruinosa plant species of the leaf 
data set are shown in Fig. 2. Top left panel of Fig. 2 shows a plot 
of the moderated t-statistic versus the average log abundance of 
the metabolites. The metabolites with increased and decreased 
abundances are shown by the relatively large positive and negative 
t-statistics, respectively. Top right panel of Fig. 2 shows a plot of 
the log standard error against the absolute log fold change. The 
differentially abundant metabolites should have a high fold 
change and low standard error. The volcano plot is shown in the 
bottom left panel of Fig. 2, displaying the − log10 of the p-value 
against the log fold change. The differentially abundant metabo-
lites have large absolute − log10 p-values and log fold changes. 
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Fig. 2 Several graphical illustrations for the comparison between the P. douarrei and G. pruinosa plant species. 
The values were obtained using log transformed data
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These plots can be used as a means of visualizing differentially 
abundant metabolites which deviate markedly from the rest. For 
example, the metabolites marked in red have FDR adjusted (see 
the next paragraph) p-values of less than 0.05 and absolute fold 
changes of greater than 5. The bottom right panel of Fig. 2 shows 
a histogram of the p-values. In the absence of any differentially 
abundant metabolites, an ideal histogram of p-values obtained 
from a model should be uniformly distributed between zero and 
one. With the presence of some differentially abundant metabo-
lites, the ideal histogram should be uniformly distributed but 
with a peak close to zero.

As a metabolomics experiment consists of many metabolites, 
multiple hypothesis testing becomes an inevitable problem. We 
attempt to minimize the number of metabolites which are labeled 
as differentially abundant when they are not (false positives or type 
I error), and the number of metabolites which are not identified as 
differentially abundant when they actually are (false negatives or 
type II error). Common approaches include controlling the Family- 
Wise Error Rate (FWER) that is the probability of at least one type 
I error or the False Discovery Rate (FDR) that is the expected pro-
portion of type I error among rejected hypothesis. One of the well- 
known, simple, but very conservative methods which controls for 
the FWER is the Bonferroni adjustment in which the p-values are 
multiplied by the number of comparisons. Holm’s method [44] is 
a similar, but less conservative adjustment, in which the unadjusted 
p-values are ordered from the smallest to the largest and are con-
sidered successively to make adjustments at each step. A more 
powerful and less stringent adjustment is the Benjamini–Hochberg 
adjustment [45], which controls for the FDR. Other methods 
include those given by [40, 46–48], some of which are yet to be 
explored in the context of metabolomics data acquired from different 
metabolomics approaches.

7  Concluding Remarks

In this chapter, we have presented an overview of some of the main 
steps involved in the statistical analysis of metabolomics data. 
In addition to the methods discussed in the preceding sections, 
classification and clustering methods are particularly important. 
For example, classification can be used to determine whether a 
patient has a certain disease, or to distinguish between different 
disease subtypes, or to identify the regions where the plants have 
been grown. Some of the multivariate statistical approaches which 
can be employed for such classifications include Linear Discriminant 
Analysis [49], Partial Least Squares [50, 51], Support Vector 
Machines [52], Classification and Regression Trees [53], and 
Random Forests [54]. Clustering, on the other hand, is used to 
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discover previously unknown classes, for example, types of a dis-
ease or families of plant species. Most commonly applied methods 
are Principal Component Analysis, Multi Dimensional Scaling [55], 
Hierarchical Clustering, k-means clustering [56], and Self 
Organizing Maps [57]. The R codes for carrying out some of the 
methods described in this chapter will be available in the metabolo-
mics package for R [58].
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