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based metabolite profiling technology

Joachim Kopka ∗

Max Planck Institute of Molecular Plant Physiology, Department Molecular Plant Physiology (Prof. L. Willmitzer),
Am Muehlenberg 1, D-14476 Golm, Germany

Received 15 June 2005; received in revised form 20 October 2005; accepted 1 December 2005

Abstract

Gas chromatography–mass spectrometry (GC–MS) based metabolite profiling of biological samples is one of the key tech-
nologies for metabolite profiling and substantially contributes to our understanding of the metabolome. While the technology is in
increasing use it is challenged with novel demands. Increasing the number of metabolite identifications within existing profiling
platforms is prerequisite for a substantially improved scope of profiling studies. Clear, reproducible strategies for metabolite
identification and exchange of identifications between laboratories will facilitate further developments, such as the extension of
profiling technologies towards metabolic signals and other technically demanding trace compound analysis. Using GC–MS tech-
nology as an example the concept of mass spectral tags (MSTs) is presented. A mass spectral tag is defined by the chemometric
properties, molecular mass to charge ratio, chromatographic retention index and an induced mass fragmentation pattern such
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s an electron impact mass spectrum (EI-MS) or secondary fragmentation (MS2). These properties if properly documented will
llow identification of hitherto non-identified MSTs by standard addition experiments of authenticated reference substances even
ears after first MST description. Strategies are discussed for MST identification and enhanced MST characterization utilizing
xperimental schemes such as in vivo stable isotope labelling of whole organisms and open access information distribution, for
xample the GMG internet platform initiated in 2004 (GMD, http://www.csbdb.mpimp-golm.mpg.de/gmd.html).
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. Introduction

Since the crystallization of the metabolomics
Oliver et al., 1998; Tweeddale et al., 1998) or metabo-
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nomics (Nicholson et al., 1999) concept gas chro-
matography hyphenated to mass spectrometry has
developed into a widely spread basic and general
metabolomics technique. From the early proposal as a
key technology for metabolite profiling (e.g. Jellum et
al., 1975; Jellum, 1977, 1979) GC–MS is now applied
as a routine technology for the screening of apparent
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or up to now hidden metabolic phenotypes in func-
tional genomic studies of plants (e.g. Trethewey et
al., 1999; Fiehn et al., 2000; Fiehn, 2002; Roessner
et al., 2001; Fernie et al., 2004; Roessner-Tunali et
al., 2004; Trethewey, 2004) or microbes (e.g. Barsch
et al., 2004; Stephanopoulos et al., 2004; Strelkov et
al., 2004). Publications utilizing GC–MS are rapidly
increasing since the year 2000 and laboratories which
enter the metabolomics field add GC–MS to their suite
of technology platforms. This decision is facilitated by
low costs compared to CE–MS, LC–MS, or LC–NMR
instrumentation, unsurpassed chromatographic repro-
ducibility and resolution, highly repeatable mass spec-
tral fragmentation upon electron impact ionization
(EI) and few, if any, matrix effects. The downside of
GC–MS technology appears to be the requirement for
chemical derivatization prior to quantitative analysis.
However, this requirement for the chemical modifica-
tion of those compounds which are not volatile per se
may – in the long run – be turned into the advantage
of exploiting selective chemical enrichment and frac-
tionation for the profiling of trace compounds in the
presence of bulk metabolites (e.g. Mueller et al., 2002;
Birkemeyer et al., 2003; Schmelz et al., 2003, 2004).

Metabolomic studies and respective key technolo-
gies, such as GC–MS, now have fully emerged in bio-
logical science and add to our capability to describe and
functionally assess biological systems with increasing
resolution at the levels of the genome, transcriptome,
and proteome. The vision of a fully comprehensive
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teomics, the science of metabolomics has a rich history
in flux measurement and modelling. The dynamics of
transcription or translation, such as transcript turnover
and protein stability, are technically accessible to stud-
ies of specific transcriptional or translational regula-
tion. But multi-parallel measurements in these fields
are far from routine. While the field of transcript regula-
tion is currently revolutionized by the recent discovery
of the function of micro-RNAs and small interfering-
RNAs, the modelling and our understanding of the
regulation of metabolite accumulation appears at least
in microbial organisms to be much more advanced.

Despite multiple efforts at establishing diverse
and competing metabolite profiling techniques, a
fully comprehensive metabolome analysis of small
molecules is and will – perhaps for a long time –
remain a vision to be approached (Sumner et al., 2003;
Bino et al., 2004; Birkemeyer et al., 2005). Metabolites
are highly chemically diverse as compared to proteins,
RNA, and DNA. No single common analytical technol-
ogy can currently be envisioned to cover all metabolite
classes. Thus, the current feasible approach is a com-
bination of minimally overlapping and within analyt-
ical limits non-biased profiling analyses dedicated to
roughly uniform compound classes (e.g. Nikiforova et
al., 2005).

In conclusion the high diversity of chemical com-
pounds, especially the specific biological use of stereo-
and geometric isomers, as well as the demand for
multiple analytical technologies currently poses three
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etabolome analysis of relative changes in metabolite
ool sizes and metabolic flux, recently termed flux-
me (Fischer and Sauer, 2003; Sauer, 2004), may be
alled the fourth significant addition to the field of
-omics” technologies. Multi-parallel metabolite anal-
ses contribute two highly important and novel aspects
o functional genomic and molecular physiology inves-
igations. (1) Metabolites are the same molecular entity
rrespective of the organism which makes use of them.
hus, the role of metabolites and their interaction with
ther system levels can be investigated without the typi-
al ambiguity arising from orthologous and paralogous
equences. The function of metabolites and the phylo-
enetic change in the use of metabolites are now both
pen to be analyzed. Common or differential use of
etabolic signals may be found in comparative stud-

es across species and phylum boundaries. (2) Other
han the fields of genomics, transcriptomics, and pro-
rand challenges to the science of metabolomics. (1)
etabolomic technologies allow multi-parallel analy-

is of hundreds of metabolites. However, the majority
f covered metabolic components in metabolite profiles
s still non-identified (Schauer et al., 2005a). Thus, the

ajor challenge, even more so in other technologies
han GC–MS, is the identification of the flood of hith-
rto non-identified metabolic components. (2) Well-
nown key metabolites and signalling compounds are
till not accessible by routine multi-parallel profiling
ethods. Low metabolite concentration, unique chem-

cal properties, such as chemical instability, and result-
ng laborious and time-consuming means of chemical
nalysis may be seen as the main obstacles which
urrently exclude these compounds from most com-
rehensive studies (Kopka et al., 2004). Therefore, the
econd challenge may be phrased as the demand for
ulti-parallel profiling analyses targeted to important
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signalling compounds and crucial but not yet accessi-
ble metabolic intermediates. (3) All of the above tasks
can only be achieved through a highly cooperative
and interactive metabolomics community and thus the
demand and challenge emerges to establish an efficient
exchange of metabolite identifications (Kopka et al.,
2005; Schauer et al., 2005a) and quantitative results.

In the following the GC–MS technology will be used
to exemplify major aspects of these challenges. The
subsequent discussion will be biased towards GC–MS
technology, but many aspects will be put under general
scrutiny. Thus, a contribution to the ongoing discus-
sion and development of common concepts within the
metabolomics community is intended.

2. Current developments and solutions

2.1. Compound identification: from mass fragment
to metabolite

The first discovery of metabolic markers, such as
the early increase of maltose during 1 h cold-response
of Arabidopsis thaliana ecotype Col-0 (Kaplan et al.,
2004) is initially made through observation of a statis-
tically significant change in detector response. In mass
spectral technologies this detector response is equiv-
alent to an ion current, usually the ion current of a
selected mass fragment, such as m/z = 160 (Fig. 1A),
at a defined chromatographic retention time which can
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tor response. This mass fragment alone is hard if not
impossible to unambiguously identify in different lab-
oratories. Therefore, the mass fragment needs to be
linked to a full GC–EI-MS mass spectrum. This mass
spectrum, the result of an induced mass fragmenta-
tion of an initial molecular ion (M+), is in the fol-
lowing called mass spectral tag (MST). Of any given
MST, both MS and RI information are prerequisite for
unambiguous compound identification in the context of
multiple co-eluting compounds from typically complex
biological extracts (Wagner et al., 2003). In LC–MS,
CE–MS, or MALDI-TOF-MS the first observed mass
fragment is usually M+ or an adduct ion which can
be described by an exact mass, and may be further
characterized at MST level, for example by secondary
fragmentation (MSn) or post source decay (PSD).

A MST represents – in a strict sense – the chem-
ical analyte not the native metabolite per se. In the
case of the chosen example (Fig. 1), maltose is subject
to methoxyamination and per-silylation. The resulting
derivative structure is shown in Fig. 1D. The intro-
duced C N double bond creates two analytes, namely
the E- and Z-isomers, which are resolved by GC–MS
(Fig. 1A–C). The distinction between metabolite and
the analyte(s) which represent(s) this metabolite is
result of the GC–MS immanent requirement for chemi-
cal derivatization. Other MS-based technologies seem-
ingly monitor the native metabolite. But these direct
means of analysis may also have inherent and in cases
multiple analytes which arise from the formation of
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e standardized to units of retention time indices (RI).
he relative change in response is routinely calculated
s a response ratio of the baseline-corrected area or
lternately the baseline-corrected height of the chro-
atographic peak divided by height or area of the

ame peak from biological reference samples, which
re routinely included in metabolite profiling experi-
ents (Fiehn et al., 2000; Roessner et al., 2001).
In the following all information is exemplified

hich is required for the full repeatability of an exper-
ment in different laboratories using either the same
echnology, an alternate instrumental profiling plat-
orm, or a conventional targeted and fully quantitative
nalytical technology.

The first observation in MS-based profiling, here
ermed a mass fragment, has the properties, mass (or

ore precisely mass to charge ratio), chromatographic
etention index and an abundance measured as a detec-
dduct ions or from different ionization states.
In conclusion, metabolite identification programs

f profiling platforms must document the full chain
f evidence from a selected mass fragment, to MST
fingerprint” and analyte structure. Those metabolic
omponents which are not yet identified should be doc-
mented by specific MST identifications, comprising
fragmentation pattern, RI, and, if possible, precise
ass of the molecular ion, for future identification.
S technology platforms will differ in their respective

apability to record such MST data. Most importantly
common understanding of the exact level of isomeric
ccuracy in metabolite determination is required for
he exchange of identifications and tests of quantitative
eproducibility.

The fact that metabolites occur in multiple bio-
ogically relevant or synthetic isomers is common
lace. For example, maltose of biological sources has
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Fig. 1. An unbroken chain of evidence is required for reproducible metabolite identification in complex GC–MS chromatograms. (A) Metabolite
profiling relies on the quantification of selected mass fragments with specific chromatographic behaviour using base line corrected peak area or
height. (B and C) Each mass fragment, arrows indicate the selected m/z 160, belongs to a mass spectral tag (MSTs), i.e. a fingerprint of induced
mass fragmentation at a defined retention index (RI) indicative of the underlying chemical compound. (D) These compounds, so-called analytes,
are chemical derivatives which represent metabolites in GC–MS analyses. Chemical derivatization may produce more that one product. In this
example the two E- and Z-geometrical isomers (1) are formed by methoxyamination. Chromatography and derivatization determine the level
of isomeric accuracy at which a metabolite can be monitored. (E) In routine GC–MS profiles d- and l-stereoisomers cannot be distinguished
because of lacking chromatographic separation, reducing-end anomer information of sugars (2) is lost, but resolution of glycosidic anomers (3)
is usually maintained.

d-configuration. Routine profiling GC–MS, however,
like most LC and CE methods does not allow stereo-
selective detection. In addition, reducing sugars form
�- and �-anomers (Fig. 1E) and may exist in equi-
librium with an open-chain form. All these variants
are stably transformed into the same analyte after
chemical modification for GC–MS or cannot be ana-
lyzed without disturbing the native equilibrium. Other
anomeric structures, such as glycosidic bonds are fixed
and are maintained throughout chemical derivatization
and analysis. Thus, cellobiose and maltose can be dis-
tinguished by GC–EI-MS.

In order to perform a valid comparison of different
profiling methods, each method must clearly define and
document the precise level of isomeric accuracy and

metabolite separation, which is achieved. For exam-
ple, if the maltose measurement by GC–MS profiling is
compared to LC-based profiling or to an enzyme assay,
the chromatographic separation of different disaccha-
rides must be previously characterized or – in the case
of enzyme assays – possible side reactions and alternate
substrate specificities must be communicated.

2.2. Selective compound quantification: the
benefit of stable mass fragmentation in GC–EI-MS

In GC–EI-MS the initial M+ ion is highly frag-
mented and usually of rather low abundance. This
unavoidable property of GC–EI-MS strongly reduces
the potential sensitivity and increases the complexity of
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Fig. 2. Multiple mass fragments of the same MST allow independent verification of quantitative changes. (A) Mass fragments which belong
to the same MST, for example m/z 160, 361, and 480 of MPIMP-ID 274001-101, exhibit a concentration-independent fragmentation pattern.
Deviations from the resulting linear correlation of fragment abundance occur beyond upper and lower detection limits and can be used to eliminate
non-selective mass fragments of multiple co-eluting compounds. (B) Response ratios which are based on multiple mass fragments independently
generate the same profile of relative quantitative changes. In this example GC–MS detector responses were normalized to the amount of sample
and to the response of an internal standard, such as ribitol. Normalized response ratios were calculated using the average normalized response
of all samples in this experiment as quotient denominator. Data were taken from the compound validation process of Kaplan et al. (2004).

resulting chromatograms. In addition the strong frag-
mentation increases the risk of occurrence of identical
mass fragments which may arise from common sub-
structures of co-eluting analytes. Indeed, in GC–MS
profiles of complex samples each selected mass frag-
ment is best tested for its unambiguous selectivity.
The task is highly similar to establishing gene iden-
tity in transcript profiling experiments through the use
of multiple oligonucleotides or gene specific primer
pairs. In GC–EI-MS the strong fragmentation can be
exploited to verify fragment specificity and selectiv-
ity. All mass fragments which constitute a MST can
be independently used to quantify the relative change
in the pool size of the respective compound (Fig. 2).
The specific mass fragments of a MST exhibit strictly
linear changes in abundance. The linear range or repro-
ducible fragmentation may extend across more than
four orders of magnitude (Fig. 2A). Non-selective

mass fragments and those exhibiting high noise can
be excluded by deviation from the axiom of linear-
ity. Thus, the GC–MS profiling inherent fragmentation
allows independent validation of relative metabolite
changes by use of multiple alternate mass fragments
(Fig. 2B).

2.3. Linking metabolite profiles to public
databases

Reconciliation of metabolite profiles with metabo-
lite definitions made by public databases such as KEGG
(Kanehisa et al., 2004), BRENDA (Schomburg et al.,
2004), MetaCyc (Krieger et al., 2004), the PubChem
project (http://pubchem.ncbi.nlm.nih.gov/), or the
chemical abstracts service (CAS, http://www.cas.org/)
is certainly advised to improve our common
understanding of metabolites, metabolic processes,

http://pubchem.ncbi.nlm.nih.gov/
http://www.cas.org/
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regulation, and pathways. However, all presently avail-
able databases have non-reconciled, and in part redun-
dant or ambiguous metabolite definitions. Especially
metabolite isomers are distinguished at different levels
of precision. Thus, a Babel of competing compound
ontologies is created.

The current solution to this dilemma, instead of
inventing new metabolite ontologies, is the precise
evaluation of the capability of each metabolite profil-
ing platform for isomer separation. The analytically
correct level of isomeric accuracy of each metabo-
lite can then be defined. Subsequently, all appropri-
ate indices from the different public databases may
be used for a detailed metabolite characterization and
finally the valid linkage of profiling data to respec-
tive public database information. For example, the two
methoxyaminated and per-silylated maltose analytes
in GC–MS profiles, namely MST 274001-101 and
277002-101 (Fig. 1A–C), may be characterized and
defined to represent the sum of at least the following, in
part redundant database indices: KEGG|C00208 (mal-
tose), KEGG|C00897 and KEGG|C01971 (�- and �-
maltose), CAS|69-79-4 (maltose), and PubChem|3508
(maltose). This information can be modelled in rela-
tional database designs as a typical many to many rela-
tionship, such as the framework suggested by Jenkins
et al. (2004).

2.4. Two strategies for MST identification
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USA, http://www.palisade-ms.com/). These libraries
contain only a small fraction of metabolically relevant
compounds, lack yet non-identified MSTs and most
importantly – except for NIST05 – do not provide
information on chromatographic retention behaviour.
Chromatographic retention, however, is essential for
unambiguous identification of MSTs from metabolite
profiles. Mass spectral match alone – while suitable for
mass spectral classification – is insufficient for identi-
fication (Wagner et al., 2003). The NIST05 mass spec-
tral library now provides RI information but does not
integrate RI information into an automated matching
procedure. Therefore, combined MS and RI matching
may now be seen as the next step of chemometric devel-
opment.

Two strategies currently prevail in metabolite iden-
tification. The first approach, which we might want to
call “top-down”, starts with a biological phenomenon
or a yet non-identified but validated metabolic marker.
The identification process continues with the tedious
enrichment of biologically active fractions, and, if
finally successful, reaches the goal of compound purifi-
cation, chemical characterization and ultimate proof
of structure by chemical synthesis. This process cer-
tainly does not fit to the ultimate demand to simul-
taneously identify hundreds or in the next wave of
GC × GC–MS instrumentation possibly thousands of
metabolites (Sinha et al., 2004a,b,c; Kell et al., 2005).

Thus, the “bottom-up” approach of establishing
chemical libraries of commercially available metabo-
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Strategies for a highly detailed identification of
itherto non-identified mass spectral tags will sub-
tantially increase the value of metabolite profiles
nd fully eliminate chemical artefacts from profiling
nalyses. Among the currently available collection of
bout 1000 non-redundant GC–EI-MSTs, which are
haracterized by fragmentation pattern and RI only
3.1% are chemically identified. The collection is still
ery small as compared to commercial mass spectral
ibraries, which may encompass as many as 163.198
on-redundant mass spectra (NIST05, National Insti-
ute of Standards and Technology, Gaithersburg, MD,
SA, http://www.nist.gov/srd/mslist.htm), more than
38.332 partly redundant MS entries (Wiley Publish-
rs, USA, http://eu.wiley.com/WileyCDA/Section/id-
047.html) or even 495.000 non-redundant mass
pectra but encompassing the previously mentioned
ibraries (Palisade Mass Spectrometry, Ithaca, NY,
ites and the brute-force mapping of these compounds
o metabolite profiling platforms currently represents
he first feasible path of fast metabolite identification.
nce established chemical metabolite libraries can be

pplied to characterize the scope of any metabolomics
echnology. The distribution of pure reference sub-
tances may prove to be a highly effective way of
stablishing comparability between laboratories using
ifferent technology platforms. For those laboratories
hich utilize common technologies, such as GC–MS,

lectronic platforms which facilitate the exchange of
etabolite identifications have already been estab-

ished (Kopka et al., 2005; Schauer et al., 2005a).
imilar approaches appear to be feasible for some
C–MS–MS technologies as well (Halket et al., 2005).
ne of the most important but not unexpected find-

ngs in establishing these libraries was the fact that
he temporal order of MSTs in GC–MS profiles was

http://www.nist.gov/srd/mslist.htm
http://eu.wiley.com/wileycda/section/id-3047.html
http://www.palisade-ms.com/
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Fig. 3. Analysis of the composite residual error in predicting GC–MS retention time indices (RIs). (A) The accuracy of RI prediction from a
quadrupole GC–MS system (Kaplan et al., 2004) to a GC–TOF-MS system (Wagner et al., 2003) exhibits an average error ±4.81 RI units.
The difference of a local regression result and authenticated compound RIs (�RI) is plotted. Fatty acid trimethylsilyl esters (closed squares),
phenylpropanoids (grey triangles), and phenylpropanoyl-quinic acid conjugates (grey diamonds) are indicated. (B and C) Changes in metabolite
abundance induce a specific linear shift of compound RI. The slope appears to be a compound property. Plots exemplifying the effect of the
change in response ratios on RI were taken from the compound validation process of Kaplan et al. (2004).

highly repeatable and roughly independent of the
choice of GC–MS system or slope of temperature
ramp, given the same type of capillary column was
used. Nevertheless prediction of RI for unequivo-
cal identification of metabolite isomers, such as hex-
oses or disaccharides, still requires further refinement.
Fig. 3A shows the residual error of a RI predic-
tion by local regression compared to the authenticated
compound RI. In this case the standard deviation of
prediction accuracy was 5.98 RI units. Two MSRI
libraries available through GMD, http://csbdb.mpimp-
golm.mpg.de/gmd.html, were used for this analysis
(Kopka et al., 2005). A quadrupole GC–MS RI sys-
tem with an approximately 60 min temperature ramp
(e.g. Kaplan et al., 2004) was compared to 37 min
temperature ramp using the same column type but a
time of flight GC–TOF-MS system (e.g. Wagner et al.,

2003). The residual error in RI prediction is demon-
strated to be composite. On one hand, chemical com-
pound classes exhibit common trends of over or under
estimation, e.g. phenylpropanoids or phenylpropanoyl
conjugates compared to the almost perfectly predicted
class of fatty acid trimethylsilyl esters (Fig. 3A). A sec-
ond strong influence is brought about by differences
in analyte concentration. Changes in metabolite levels
induce a substance specific and concentration depen-
dent increase in RI as is demonstrated here for fumaric
acid and sucrose (Fig. 3B–C). In contrast to these exam-
ples RIs of other compounds may hardly respond to
changes in concentration (data not shown).

In conclusion, because of the limited RI predictabil-
ity each laboratory still has to perform standard addi-
tion experiments especially for the identification of
closely eluting metabolite isomers. For an improved

http://csbdb.mpimp-golm.mpg.de/gmd.html
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prediction of RI behaviour from MS-RI libraries at least
compound concentration and substance class need to be
considered.

2.5. The role of in vivo stable isotope labelling in
MST characterization

For the characterization of those mass spectral
tags which cannot be identified “bottom-up”, in
vivo stable isotope labelling will be an essential tool

(Birkemeyer et al., 2005). Accurate mass spectral
interpretation substantially reduces the number of
potential candidates for any given non-identified MST.
Isotope labelling does not directly yield the structural
information. However, fully labelled mass isotopomers
of metabolites yield unambiguous information on
elemental composition of the respective molecular ion
or induced mass spectral fragments and inherently
proof metabolic origin (Fig. 4). The example in Fig. 4
shows 13C, 15N, and deuterated mass isotopomers of
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ig. 4. Mass spectra of ambient, 13C-, D- and 15N-labelled MSTs help struc
abelled MSTs of glutamic acid, N-(trimethylsilyl)-, bis(trimethylsilyl) es
MPIMP-ID, 163001-101, 111, 211, and 311). Oryza sativa L. cv. Nippon
ethal to plants. Only partial labelling was possible, and labelling efficienc
C–TOF-MS profile, however, allowed extraction of a fully deuterated MS

ully labelled with U-13C-glucose. Ninety-eight percent 15N-labelled Spiruli
D, USA). Note that the non-silylated N–H hydrogen is exchangeable upo

n bold format.
tural elucidation of non-identified metabolites. This example shows
ter in head to tail view with the ambient mass isotopomer above
bare was labelled in vivo using deuterated water. Note that D2O is
y differed between compounds. Mass spectral deconvolution of a
T from a partially labelled sample. Saccharomyces cerevisiae was
na spec. was obtained from Spectra Stable Isotopes Inc. (Columbia,
n aqueous extraction. Major GC–EI-MS fragments are highlighted
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N-(trimethylsilyl)-glutamic acid di(trimethylsilyl)
ester, the major analyte of glutamate in GC–MS
metabolite profiling. Availability of multiply labelled
mass spectral tags of the same compound aids
interpretation of mass spectra irrespectively of the
organism used for labelling the metabolome. For
example, the fragment [M-117]+ = 246 of this test
case originates from inductive cleavage of either of
the terminal carboxyl moieties and contains one N
(246 → 247 amu), five C–H (246 → 251 amu), and
four C, either C2–5 or C1–4 (246 → 250 amu). Fragment
m/z = 128 is formed after cleavage of one, −117 amu,
and elimination, −118 amu, of the second carboxyl
group, as is indicated by a shift of 1, 4, and 3 amu
upon 15N, D, and 13C labelling, respectively. In the
case of non-identified MSTs a detailed interpretation,
similar to known compounds, is impossible, however,
the elemental composition of mass fragments and, if
present, M+ can be deduced.

2.6. The role of in vivo stable isotope labelling in
MST quantification

A fully isotope labelled metabolome may be used
as a quantitative multiplex chemical standard in pro-
filing analyses (Mashego et al., 2004; Birkemeyer et
al., 2005; Wu et al., 2005). Using this approach each
identified and non-identified compound is provided
with the perfect internal standard, namely a chemi-
cally identical mass isotopomer, for relative quantifi-
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enrichment schemes which remove bulk metabolites
such as glucose from microbial cultures or sucrose
from plant extracts. Removal of these bulk metabo-
lites will facilitate enrichment of trace compounds
and development of metabolite profiling protocols
for these hitherto not accessible compounds. Thus,
mass isotopomer standardization by in vivo labelled
metabolomes will ultimately extend the metabolite pro-
filing concept to known and potentially novel metabolic
signals.

Finally complex metabolite mixtures which are
standardized by stable isotope labelled metabolomes
may be regarded as the best experimental design to
ultimately establish reproducibility of metabolite pro-
files across technology platforms and between labo-
ratories. All technology or handling dependent vari-
ances of recovery, matrix suppression effects of mass
spectral ionization, and the enhancement of metabolite
measurements through chemical stabilization can ulti-
mately be controlled by use of differentially labelled
mass isotopomers.

Isotope dilution mass spectrometry will enhance
metabolomics technologies to the same or even a better
level of quantitative precision as is currently accepted
for semi-quantitative proteome or transcriptome pro-
files, which rely on differential fluorophor labelling,
such as difference gel electrophoresis (DIGE) of pro-
teins (e.g. Unlu et al., 1997; Van den Bergh and
Arckens, 2004), glass chip technology for transript
analyses (e.g. Lockhart et al., 1996; Lockhart and
W
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ation. However, in routine GC–MS profiling the high
osts of multiplex stable isotope internal standardiza-
ion appears to be hardly justified. Indeed, the gain
f quantitative precision in GC–MS based metabolite
rofiling was an improvement of the mean error from
.2% (6.9–9.7%) to 13.8% (5.5–33.4%) for metabo-
ites with and without specific isotope-labelled internal
tandards (Gullberg et al., 2004). A similar gain in
uantitative precision was reported for LC–MS–MS
Wu et al., 2005). The substantial advantage of a sys-
ematic use of mass isotopomers in metabolite profiling
tudies will be (1) besides better quantitative preci-
ion an extended linear range of quantification, espe-
ially at low concentrations (Wu et al., 2005) and (2)
mproved standardization of those mass spectral tech-
ology platforms which exhibit strong matrix effects.
ost importantly, (3) mass isotopomer standardiza-

ion will allow access to highly refined multi-step
inzeler, 2000) or isotope coded tagging (ICAT)
ethods for protein profiling (e.g. Gygi et al., 1999;
ebersold and Mann, 2003).
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