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Abstract: The invention of new ionization techniques namely electrospray ionization and matrix-assisted
laser desorption/ionization combined with the development of novel mass spectrometer analyzers and evolving
isotope-ratio mass spectrometry have fueled the presence and use of modern mass spectrometric methodologies in
many bioanalytical laboratories. Consequently, over the past two decades, a steadily increasing number of
quantitative methods employing stable isotope labeling techniques have been reported, including prominent
examples of methods to determine differential expression of proteins in disease studies, new-born screening for
metabolic disorders, and tracing drugs or dietary compounds and their respective metabolites. Labeling
biomolecules for quantitative studies using mass spectrometry has several challenges, including potentially
insufficient labeling efficiency, ionization suppression, chromatographic separation of labeled and non-labeled
compounds, and isotope exchange with the environment. It is not surprising that method development to
minimize or eliminate existing limitations represents a very active and dynamic research area. Copyright © 2007

John Wiley & Sons, Ltd.
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Introduction

The discovery of stable isotopes and their subsequent
use as labels are tightly connected with mass spectro-
metry’s evolution: early mass spectrographs developed
by Thomson and Aston enabled their discovery.' The
first reported metabolic tracer studies with deuterium
in the mid-1930s by Schoenheimer and Rittenberg?
were soon complemented with ‘unusually sensitive’
mass spectrometric procedures,®* and expanded to
the use of '°N.>® The combination of gas chromato-
graphy with mass spectrometric detectors (GC-MS) led
to a tremendous breadth of stable isotope labeling
applications,! similar to those witnessed after the
inventions of electrospray ionization (ESI) by Fenn
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et al.” and matrix-assisted laser desorption/ionization
(MALDI) by Tanaka et al.® and independently by Karas
and Hillenkamp® '° during the late 1980s. The combi-
nation of separation techniques like liquid chromato-
graphy (on- or offline) with ESI and MALDI and the
introduction of a variety of novel tandem or hybrid
mass spectrometers, allowing the isolation and con-
trolled fragmentation of gas-phase biomolecule ions,
have further accelerated the progression of stable
isotope labeling techniques in bioanalytical research.
The steep incline in publications related to stable
isotope labeling and mass spectrometry starting in
the early 1990s coincides with the introduction of
MALDI and ESI (see Figure 1) and these techniques are,
besides other technological advancements, responsible
for an increased interest in this subject. This selective
review will summarize a number of basic principles
underlying stable isotope labeling techniques in quan-
titative modern bioanalytical mass spectrometry,
present an evaluative overview of the potentials and
limitations of labeling methods, and demonstrate their
performance with particular applications.
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Figure 1 Number of publications per year versus publication year for publications related to mass spectrometry and stable
isotope labeling. The literature search was done with the keywords ‘stable isotope label* and ‘mass spectrometry’ individually for
every publication year with the ISI Web of Knowledge database search program (portal.isiknowledge.com).

Differential protein expression measured by
mass spectrometry

In 1999, Gygi et al. demonstrated that results from
gene expression studies cannot necessarily be em-
ployed to deduce respective protein expression levels.'!
Modern mass spectrometry had been previously ap-
plied for protein identification but generally not for
quantitative studies, mostly due to lack of adequate
standards. Protein quantitation in biological samples
faces several challenges: ionization efficiency variation
for even slightly structurally different biomolecules
(e.g. different amino acid sequence in peptides'?) and
the complexity of the ionization process (ESI or MALDI),
potentially resulting in ionization suppression,'3-!*
generally do not permit the use of external calibration
methods. Figure 2 shows a general schematic for
sample preparation procedures in comparative protein
quantitation studies. Table 1 summarizes some im-
portant labeling reaction schemes typically employed
in protein quantitation studies. An overview follows
with the main stable isotope labeling methodologies in
quantitative proteomics.

Isotope-coded dffinity tags (ICAT)

Described in 1999 by Gygi et al., isotope-coded affinity
tags (ICAT) are chemical reagents that show the
popularity of mass spectrometry for proteomic analysis
and are alternatives to '°N labeling with 2D gels'® with
three elements: a specific chemical reactivity (directed
toward free cysteine thiols), an isotopically coded linker
(heavy deuterium or light hydrogen), and an affinity tag
(biotin-based for avidin affinity isolation). The system is
simple in principle®!: protein samples from two sepa-
rate states are reduced, derivatized with light or heavy
reagent, samples are combined and digested into
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peptides, tagged peptides are isolated via an avidin
affinity column and then separated and analyzed by
liquid chromatography-mass spectrometry (LC-MS)
and LC-MS/MS. Relative quantities of eluted peptides
are determined by calculating the ratio of the peptide
pairs’ signal intensities that have the same sequence
and are identified by their heavy and light ICAT mass
difference.

In 2002, Zhou et al. reported the development of a
similar system with a solid phase capture and
release®?: solid phase synthesis attaches aminopro-
pyl-coated glass beads to a photocleavable linker,
which is attached to an isotopically labeled leucine
molecule (containing either hydrogen or deuterium
atoms, with a mass difference of 7), and a sulthydryl-
specific iodoacetyl group is attached. A direct compar-
ison to ICAT using protein from the yeast Saccharo-
myces cerevisiae in response to galactose induction
showed several advantages: one step to combine
peptide isolation and stable isotope incorporation;
removal of non-covalently associated molecules
through a stringent solid phase wash; robustness to
proteolytic enzymes or strong denaturants or deter-
gents; potential to use multiple tags with many samples
in one experiment (i.e. amenable to other amino acid
tags); uncomplicated MS/MS fragmentation due to the
tag’s small size and chemical nature; and the ability to
perform additional chemical and enzymatic reactions
to the solid-phase bound peptides. Similarly, there are
reagents that incorporate a visible tag, allowing
electrophoretic monitoring, a photocleavable linker
removed prior to MS analysis, and an isotope tag
incorporating '*C or !°N atoms to ensure precise
comigration of light and heavy tagged peptides in
HPLC.?® These reagents reduce the tagged peptide’s
size, providing a preferred mass range for more efficient
MS detection.
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Figure 2 General schematic of protein or peptide labeling in quantitative proteomics. Two equal amounts of tissue (A + B), e.g.
healthy versus diseased, to be compared in terms of specific protein abundances are labeled with the chemically identical labeling
reagents differing in stable isotope content. Signals arising from the same protein or peptides labeled with heavy or light labeling
reagents are utilized for comparative quantitation. Housekeeping proteins that should be equally abundant in both tissue samples
can be used for control or adjustment purposes. The digestion step can also be administered before HPLC separation (‘shotgun’

peptide analysis).

ICAT provides a ‘gel free’ alternative to the use of '°N-
labeling with 2D gel separation coupled to mass
spectrometry®*; a ‘one shot’ analysis of control and
experimental samples, eliminating errors introduced
when samples are not treated identically, allowing for
relative quantitative comparisons to be made,?® and
providing quantitative time course-based studies of
biological processes.>® However, only cysteine residue-
containing peptides are labeled,” creating various
limitations: inability to detect post-translational mod-
ifications®® and failure of complete alkylation by
iodoacetamide-based reagents.?*! Peptides of interest
must co-migrate with the standards within the LC
portion of the LC MS/MS method, presenting signifi-
cant problems with the original do/dg ICAT reagents
but nearly completely circumvented by the use of a
13Co-coded reagent.®®*? The label's biotin portion
causes complicated MS/MS fragmentation spectra
addressed by the creation of an acid-cleavable site to
remove the biotin prior to MS/MS analysis.”® The
protocol must be optimized on a per-sample basis for
ICAT reagent concentration, influence of protein,
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sodium dodecyl sulfate (SDS), urea concentrations on
the labeling reaction and reaction time*® all requiring
significant technical competency, not to mention ac-
cess to suitable, often very expensive, research infra-
structure.®® ICAT technology provides relative
quantitation of one peptide under two conditions, not
the concentration of one protein relative to another in a
single state.>®

A great testament to a technique’s robustness
and acceptance is its application to biological questions
—ICAT’s applications are too numerous to itemize here.
In Gygi et al.’s seminal ICAT paper, protein expression
differences were measured in S. cerevisiae grown with
different carbon sources — ethanol versus galactose.'®
Han et al. used ICAT to identify and measure abun-
dance of 491 proteins in microsomal fractions of
human myeloid leukemia cells in naive and in vitro
differentiated states.** The ICAT technique demon-
strated a method to determine composition, changes in
composition, and changes in the abundance of protein
complexes via use of RNA polymerase II pre-initiation
complex and STE12 protein complexes from yeast cells

J Label Compd Radiopharm 2007; 50: 1124-1136
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Table 1 Reaction schemes of labeling methods for protein quantitation

1. Alkylation of free thiols on cysteine residues:

CH

H2N CH2

Labeling reagent

0
2
-HI
. hs~ R . S R
e Nl 7
HN cH,  CH,

Cysteine residue with free thiol in

protein/peptide backbone (also reduction of disulfide linkages)

Examples for labeling reagents: ICAT,'® acrylamide'® and iodoacetamide.!”

II. Labeling of primary amines in proteins or peptides:

0}
J]\ H‘N/H X1XZCH\N/CHX1X2
|
|

X, X, CH2 CI:HZ

+ ' CH

Labeling (I_‘,H2 - 72

reagent CH

A CIIH2 -H,0 R, 72

Ho| H CH, X;X,CH | Mo CH

\ |
N—CH—CO—N—CH—CO— R,

. [ 2
N—CH—CO—N—CH—CO —=R,
X,X,CH

Primary amine (either N-terminus of protein/peptide or sidechain of lysine residue)

Examples for labeling reagents: aldehydes,'®!° N-acyloxy-succinimide esters of acids,'® isothiocyanates,'® guanidating reagent
and imidazole-based reagents, 19 tandem mass tags (TMT)2° and iTRAQZl.

IIl. Enzymatic C-terminal incorporation of 80 during/after protein proteolysis

First incorporation of '#0:
(a) R;—-CO-NH-Ry+HO-Enzyme — R;-CO-O-Enzyme+HsN-Ry
(b) R-CO-O-Enzyme+H, 20 - R;-CO-'®0H+HO-Enzyme

22-26,

Second incorporation of '0: (occurs only with certain enzymes, e.g. trypsin, and under specific conditions)

(c) R;-CO-"80H « — R;-C'®0-0OH
(d) R,-C'80-OH-+HO-Enzyme — R,-C'80-O-Enzyme
(e) R;—-C'80-0-Enzyme+H, 80 — R;-C'®0-'®0H+HO-Enzyme

IV. Derivatization of carboxyl groups of proteins or peptides to methyl esters

R-COOH+HO-CXj3 (e.g. methanolic HCl) —_p,0 R-COOCXj3

V. Other methods:

18,27,

Metabolic introduction of labeled amino acids into proteins in vivo (e.g. 15N—labeling,28 SILAC?9)
Total synthesis of peptide standards with introduced labels (AQUA>°)

in different states.*®> Oda et al. used ICAT methods to
systematically identify drug targets for a novel class of
anticancer agents undergoing phase II clinical trials.*®
The technique has also been applied to proteomic
profiling of cellular extracts and organelles.>*

Absolute quantification standards (AQUA)

Absolute quantification (AQUA) of proteins and pep-
tides®® uses internal standard peptides synthesized

Copyright © 2007 John Wiley & Sons, Ltd.

strategically to correspond to proteolytic peptides of a
protein and may be prepared with covalent modifica-
tions such as phosphorylation, acetylation, methyla-
tion, etc. AQUA peptides are the ideal quantitative
internal standard being chemically identical to their
naturally occurring counterparts. The procedure in-
volves internal standard selection, synthesis with
incorporation of a stable isotope (*3C, !®N, etc.), and
analysis by MS/MS to deduce its fragmentation
pattern and set the single reaction monitoring (SRM)

J Label Compd Radiopharm 2007; 50: 1124-1136
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requirements to measure a precursor to product ion
transition. The internal standard quantifies precisely
being part of the entire sample preparation process,
from protein removal from a sample, digestion, and LC-
SRM. A specified fragment ion’s abundance is mea-
sured by ultimately comparing abundance of known
AQUA peptide to the native peptide. Validation experi-
ments demonstrated that protein migration and tryp-
sinization in polyacrylamide gels were efficient and
essentially complete while partial digestion or missed
trypsin cleavages must be considered in internal
standard design. This issue is addressed by utilizing
synthesized internal standards that concomitantly
account for fully or partially tryptic native peptides.
Although a very time and technically intensive proce-
dure, AQUA provides powerful data.

Stable isotope labeling by amino acids in cell
culture (SILAC)

In 2002, Ong et al.?® described SILAC, which capita-
lizes on mammalian cells’ inability to synthesize a
number of amino acids naturally, hence cell culture
medium is enriched with ‘essential’ amino acids,
supplying isotopically labeled deuterated leucine
(Leu-ds). Leucine is the most abundant amino acid, is
readily available, and provides distinction between
leucine and isoleucine. Two batches of the same cell
line are cultured with non-deuterated versus deuter-
ated Leu media, complete Leu-d3 incorporation occurs
after five doublings in the cell lines, and labeled and
unlabeled cultures are harvested and mixed together,
digested enzymatically, and quantitated by MS.*” MS-
based identification and relative quantitation are un-
complicated because each Leu-containing peptide
either incorporates all Leu or all Leu-d; and the
corresponding heavy and light peptide pairs co-elute
chromatographically.*® SILAC is based on a similar
principle, so-called ‘residue-specific’ mass tagging,
previously demonstrated in Escherichia coli and S.
cerevisiae for protein identification purposes**°! and
has been demonstrated with numerous amino acids:
fully '3C-labeled arginine,®? '3C-methionine-ds,?® ly-
sine-d,,>* 13Cg-tyrosine,®® methionine-ds, serine-ds,
and tyrosine-d,,®° and glycine-d,.*°

The approach is simple, inexpensive, and accurate,
and can be used with any cell culture system or lab and
standard equipment in a proteomics lab.%® Incorporat-
ing the essential labeled amino acids into cell cultures
has numerous advantages: no peptide labeling steps
(maximizes initial starting material, minimizes manip-
ulations after harvesting), no differences in labeling
efficiency between one sample to another (nearly 100%
incorporation of the labeled or unlabeled amino acids),

Copyright © 2007 John Wiley & Sons, Ltd.

numerous peptides from the same protein confirm
relative change in the protein, peptide-labeling is
sequence-specific since the tag arises from a stable
isotope-containing amino acid rather than isotopic
nuclei, and observation and quantitation of changes
in small proteins are possible.?® MS/MS spectra are
easy to interpret since fragmentation patterns of the
labeled and unlabeled peptide pairs are identical
except for the predicted mass shift specific to the
labeled amino acid’s location.*” Relative to ICAT, SILAC
(with Leu) labels a much larger degree of tryptic
peptides — estimated to be up to 50% based on relative
abundance of cysteine to leucine, and approximately
14 amino acids/peptide that is sequenced by MS.?°

However, it is simply impossible to completely label
all of a proteome’s proteins,*®-5¢ spectral interpretation
can be complicated by mixtures and sequence-depen-
dent mass shifts (generally solved by software),® and
conversion of the incorporated amino acid into another
by the cell's own metabolism leads to unpredictable
isotope dilution, partial loss of labeling, and different
mass shifts®9:257 (circumvented by using amino acids
that do not ‘isotope scramble’,?” or a cell-free protein
synthesis system that incorporates amino acids
in vitro°®). A significant clinical impediment is that
SILAC cannot be used in vivo.>°

SILAC provides comparisons of closely related cell
states, for example, '3C-methionine-d; to observe
methylation in vivo®® or '*Cg-tyrosine-labeled media
to quantitate changes in a chronic myeloid leukemia
kinase’s (BCR-ABL) phosphorylation state and its
substrates in response to Imatinib treatment.’® One
study quantitated >700 phosphopeptides in yeast
treated with a '®Cg-arginine and '3Cg-lysine-labeled
pheromone, including 139 differentially regulated by a
factor of at least 2.°° Other applications include
labeling plant cells from Arabidopsis thaliana to study
glutathione S-transferase expression in response to
salicylic acid-induced stress,?* and the effect of miR-
NA-1 on the HeLa cell proteome, which demonstrated
that 12 out of 504 investigated proteins were repressed
by miRNA-1 transfection.®°

Isobaric labeling reagents

The idea of isobaric labeling reagents was first demon-
strated by Thompson et al. in 2003, employing small
peptide groups with guanidino functionality (tandem
mass tags or TMTs).2° Figure 3 shows the basic
isobaric label scheme - the clever isobaric design
requires MS/MS analysis to create the reporter ions
that are essential for quantitative comparison of
samples as is described in more detail below.

J Label Compd Radiopharm 2007; 50: 1124-1136
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Figure 3 Basic principle of isobaric labeling reagents (TMTs?® or iTRAQ?'). Analog peptides from two different samples (A + B)
labeled with the isobaric labeling reagents differ only in their reporter region and have the identical precursor ion (e.g. [M + 2H]**)
m/z value. Upon collision-induced dissociation (CID) they form different mass reporter fragment ions. For peptides of differing
abundances in the two samples, the relative intensity of reporter ion A ([Rep.A]") to reporter ion B ([Rep.B]") will differ accordingly,
provided that the ionization efficiency of the reporter fragments A and B is similar.

A different set of four isobaric tagging reagents?
(iTRAQ) were introduced in 2004 by Ross et al. to
measure proteins relatively and quantitatively in multi-
plex from various complex mixtures. An iTRAQ mole-
cule is composed of a reporter group, based on N-
methylpiperazine and of m/z 114.1, 115.1, 116.1, or
117.1 moieties and a balance group of mass 28-31, so
that the combined mass of these two groups is a
constant 145.1 Da (achieved utilizing different isotopic
enrichment with !3C, !®N, and '%0), and a peptide-
reactive (NHS ester) group. The isobaric tag reacts to
form an amide bond with any peptide amines (either
the N-terminal or ¢-amino group of lysine) which on
collision-induced dissociation (CID) fragments simi-
larly to form backbone peptide bonds. The technique
allows for comparisons between four different states: a
mixture of four identical peptides (e.g. each sample
subjected to a different growth condition) each labeled
with a different isobaric label subjected to MS, appears
as one unresolved precursor ion with the same m/z,
while upon CID, the four reporter group ions appear as
their distinct masses, allowing for relative concentra-
tion determination of each of the four peptides from
their respective reporter ions’ intensity. Upon CID, all
sequence-informative fragment ions remain isobaric
because along with the loss of the reporter group, the
balance group (a carbonyl) is lost as a neutral loss.
iTRAQ is distinct as quantitation is performed at the
MS/MS, rather than the MS stage. The reporter group
masses can be minimally contaminated by background

Copyright © 2007 John Wiley & Sons, Ltd.

low-mass fragments that accompany peptide fragmen-
tation either by MALDI or ESI-based tandem mass
spectrometers.?! The MS spectra and MS/MS ion
series of the derivatized peptides are indistinguishable,
relying on the low-mass MS/MS signature ions for
identification and providing exquisitely simple MS/MS
interpretation and quantitation.?! The method cur-
rently allows for multiplexing up to four sample states
simultaneously, with a soon to be released kit for eight
states.?!! This technique is highly robust and repro-
ducible, with intra-protein peptide mean and standard
deviations between 15-17% and highly consistent
measured expression ratios in samples of multiple
yeast strains.?! Quantitative variability arising from
separate peptide mixtures analyzed by sequential 2-D
LC-MS analysis is eliminated,®? and compared to ICAT,
peptide coverage is significantly increased, the chem-
istry used to tag can be applied to any peptide with a
free amine,?! and to peptides that are sterically
hindered. iTRAQ studies have incurred problems with
the time-ion selector resolution of the MALDI-TOF /TOF
and there is a greater likelihood of potential error
sources during sample processing since samples from
different states require separate processing up to
tryptic digestion.®® The seminal iTRAQ paper by Ross
et al. demonstrated the technique’s use for global
protein expression of a wild-type versus two mutant
yeast strains.?! Discarding protein identifications
made on single, unique peptides resulted in analysis
of 685 proteins identified by two or more significant

J Label Compd Radiopharm 2007; 50: 1124-1136
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peptides, with high concordance level between indivi-
dual peptides measuring relative quantitation for the
same protein, and further statistical impositions dis-
played 62 and 48 up-regulated proteins and 23 and 29
down-regulated proteins for the mutant strains.?!
Sachon et al. report the use of iTRAQ to quantitate
synthetic phosphopeptides and those of o- and f-
casein, showing iTRAQ’s compatibility with phospho-
peptides and phosphoproteomic separation techni-
ques, but raising a potential bias against large,
multiply phosphorylated peptides.®*%° Other groups
utilized iTRAQ to measure changes in E. coli protein
expression in response to rhsA induction®® to discover
and identify potential markers for endometrial cancer
from clinical samples,®” identify and quantitate bone
marrow stromal cell proteins from individuals consid-
ered ‘normal’ versus leukemic,®® and time course
effects of a drug candidate on a protein.®® iTRAQ’s
infancy means many novel studies are still being
explored.

Oxygen-18 labeling in comparative protein
quantitation

Fenselau’s group introduced *#0-labeling for compara-
tive protein expression studies in 2001.22 '#0-labeling
is attractive due to relative low costs and no need for an
additional specific labeling reaction. One of the two
protein mixtures to be compared is simply enzymati-
cally digested in '80-enriched water (H,'®0), the
proteolytic hydrolysis reaction incorporates one or two
180 atoms (depending on the employed enzyme and
other factors, see Table 1) into the C-terminal residue’s
carboxyl group of the proteolytic peptide®? and the
resulting peptides are 2 or 4 Da higher in mass than
their equivalent non-labeled counterparts. '0-labeling
has no significant effect on chromatography retention
properties, i.e. labeled and non-labeled peptides co-
elute, so after combining the labeled and non-labeled
peptide samples, ion intensities can be directly com-
pared in LC-MS and LC-MS/MS experiments.?> Stu-
dies revealed that even after digestion completion, the
C-terminus is still recognized as a substrate by the
proteolytic enzyme and '®0/'®0 back-exchange reac-
tions can occur,?® especially when using trypsin.?* This
characteristic can be advantageously exploited since it
allows post-digestion labeling, eliminating the require-
ment to dry samples before digestion and allowing for
optimization of '80-labeling with a minimum of
H, '80.22 Storms et al. recently reported heat deactiva-
tion of trypsin to avoid back exchange after '®O-
labeling.?® A very detailed and comprehensive review
on the subject of '®0-labeling strategies in quantitative

Copyright © 2007 John Wiley & Sons, Ltd.

proteomic projects has been published by Miyagi and
Rao.?®

Other stable isotope labeling methods for
quantitative proteomics

Numerous other labeling methods useful in quantita-
tive proteomics and with similar challenges and
limitations as described above have been recently
published. These include (with no intention to be
complete) the differential dimethyl labeling of free
amino groups,'®7%7* esterification of carboxylic
groups,'®2” or acrylamide labeling methods for free
cysteine thiols in peptides or proteins.'®

Further reading on quantitative techniques in
proteomics

For more detailed and extended information on the
important topic of stable isotope labeling methods in
quantitative proteomics, we would like to bring the
recent reviews of Julka and Regnier,!93%75 Yan and
Chen,”® MacCoss and Matthews,”” Righetti et al.,!”
Ong and Mann,”® Leitner and Lindner,”® Moritz and
Meyer,?® and Fenselau®® (which includes a section of
metabolic protein labeling via nutrients) to the reader’s
attention.

Drug screening, metabolite tracing and
quantitation using stable-labeled isotopes

The drug discovery process is lengthy and costly. Once
a target mechanism for a particular disease has been
identified and validated, the selection of potential drug
candidates to regulate such target starts earnestly.
Most standard drug development programs consist of
first assessing toxicity and therapeutic ranges of
selected compounds. These pre-clinical activities in-
volve animal studies in which preliminary toxicity tests
are carried out within the same protocol testing a
compound’s pharmacokinetic (PK) properties. A com-
pound with the desired efficacy and therapeutic range
with low or no toxicity and suitable PK behavior then
undergoes investigation into its absorption, metabo-
lism, distribution, and excretion (ADME). During the
ADME phase, stable isotopes provide a clear advantage
over other means of drug screening and metabolism
studies.

One of the first surveys on the applications of stable
isotopes in drug metabolism studies was carried out by
Baille,3! followed by three reviews by Browne,32-%% Pons
and Rey,®* and Abramson.®® Although these reviews
are now dated and looked at selected aspects such as
the economics of drug development, pediatric clinical

J Label Compd Radiopharm 2007; 50: 1124-1136
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pharmacology, and drug metabolism, they summarized
the main uses of stable isotope labeling studies in mass
balance and general ADME studies. Three main
approaches have been put forward through the years
including: tracer studies, isotope ratio monitoring
studies, and isotopic pattern recognition. Lately, these
approaches have been applied to measuring intact
metabolic fluxes in toxicology®®®” and functional
genomic and biochemical phenotyping.®” These devel-
opments have been only made possible by the advent of
modern mass spectrometry, particularly, advances in
atmospheric ionization techniques and associated
technologies such as high-throughput hyphenated
chromatographic methods.®® The initial and ever pre-
sent advantage of using non-radioactive isotopes in
ADME and mass balance studies enables applications
to in vivo human studies including topics in pregnancy
and pediatric pharmacology.

Tracer studies

Examples of tracer studies can be found as early as
1972 when Knapp et al. introduced the use of the

OO @—

Addition of drug and labeled
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so-called ‘twin-ion’ technique to identify the metabo-
lites of nortriptyline (see Figure 4).%° Here, a mixture of
labeled and non-labeled drug is administered to the
subject (in vivo) or added to a cell culture or microsomal
preparations (in vitro). Subsequent chromatographic
and mass spectrometric analysis of the various pools
(plasma, liver tissues, urine, etc.) permits the identifi-
cation of the parent drug and its metabolites. The
selection of the labeled sites on the drug is critical in
this approach. Based on the molecular structure of the
drug, deuterium (D)- or carbon (13C)—appropriate labels
can be made. Detection of sample ion clusters sepa-
rated by the same mass difference as that between the
drug and its labeled analog (twin ions) permits the
confirmation of a metabolite’s presence. The key to this
technique is that the molecular structure resulting
from the metabolic transformation must keep the same
labeled site or sites as on the labeled drug. A similar
technique was employed by Brazier et al.®® where °N-
and '°C-labeled and non-labeled theophylline was
administered to infants and the labeled and non-
labeled metabolites (caffeine) were detected as a
twin molecular ion clusters at 194 and 197 m/z,

TIC

drug
Metabolic output
o—
B =
oL
Biological Q .
system
]
]
O @
I L 11y
m/z m/z

m/z

Figure 4 Example of the twin-ion technique for metabolite identification using labeled (e.g. with deuterium) and
non-labeled drug applied to a biological system. The hypothetical drug is metabolized by the biological system by clipping the
molecule in half. Non-labeled drug; (O and [J), labeled drug (@ and [J), suspected metabolic product 1(Q), suspected metabolic
product 2(J), twin ion to suspected metabolic product 1(@). Mass difference between non-labeled and labeled drug and mass
difference between twin ions are the same as the number of deuterium on the labeled portion of the drug.
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corresponding to the native and tri-labeled caffeine,
respectively. More recently, Weidolf and Covey®! used
this approach to unravel the metabolism of the drug
omeprazole in the rat. Taylor et al.®*> demonstrated that
stable isotopes could effectively track and accurately
quantify metabolites in ADME studies. Although stable
isotopes provide a powerful approach to metabolite
identification, their application in metabolite charac-
terization is not as popular as it is in the study of the
metabolic fate of nutrients and other endogenous
substances such as lipids®® - one possible explanation
is the significant expense of the synthetic labeling
process.

Alternatives to the ‘twin-ion’ technique are needed
when the metabolic process leads to a molecular
structure that does not retain the same labeled sites
as the labeled parent drug, such as continuous flow
isotope-ratio mass spectrometry (CF-IRMS). CF-IRMS
has been successfully used in mass balance studies,®*
was initially proposed by Browne et al.,®® and consists
of carrying out mass balance studies by administering
stable isotope-labeled (*3C or '°N) drug and measuring
the (above background) isotopic pattern of '3C or °N in
biological fluids. Typically, samples of various biologi-
cal fluids or tissues are extracted and analyzed by gas
chromatography. Prior to introduction into the high-
resolution mass spectrometer, the effluent from the
chromatograph is directed to a reaction chamber in
which it is combusted into CO,, SO,, and N, where
applicable. The isotopic composition of each of these
gases is monitored by a magnetic sector mass spectro-
meter and compared with that of a standard of each
gas. The difference in the isotopic ratios between a CO,
peak generated from a sample and that of standard
CO; indicates that the detected peak corresponds to a
metabolite. Recent developments in this approach
include the design of an interface for direct introduc-
tion of the liquid chromatographic effluent into the
mass spectrometer, extending application to drugs and
metabolites not suitable for gas chromatographic
analysis.®® This new modification, also known as
chemical reaction ion mass spectrometry (CRIMS),
has shown to be as accurate, if not better, than
radioisotope scintillation counting.®”"'°° The attrac-
tiveness of CF-IRMS or CRIMS is that each compound
eluting from the chromatographic system is detected as
CO,, SO,, or NO,. Although useful in mass balance
studies, it reduces the mass spectrometer’s ability to
provide structural information.

H/D exchange studies

H/D exchange approaches have been popular in drug
development for quite some time, with most recent

Copyright © 2007 John Wiley & Sons, Ltd.

developments involving application to in vivo studies,
assessing metabolic fluxes or kinetics.®® Most drugs
undergo Phase I and Phase II metabolism. During
Phase I, mostly oxidative processes involving P450
enzymes result in hydroxylation, aliphatic hydroxyla-
tion, N-, O- and S-dealkylation, N-hydroxylation, N-
oxidation, sulfoxidation, deamination and dehalogena-
tion, most of which involve the loss of exchangeable
hydrogens. The determination of metabolite structural
information is assisted by deducing the number of
remaining exchangeable hydrogen atoms after meta-
bolic transformation. Under specific conditions, expo-
sure of a given sample to a deuterium source such as
?H,0 can result in H/D exchange. Modern approaches
include exposure of the liquid chromatographic effluent
of the sample extract to an on-line H/D exchange
system prior to entrance into the mass spectrometer. A
common configuration uses ?H,0 as part of the mobile
phase as a H/D exchange system. 1193

An exciting application of H/D exchange includes cell
proliferation studies for assessing drug efficacy. In
these applications a bolus of ?H,O is administered
concurrent with the application of the drug being
tested for in vivo or in vitro studies and pure water is
replaced with ?H,O throughout the study. At the
experiment’s end, tissues and/or cells are harvested
and a selected target marker (e.g. genomic DNA) is
isolated. The ?H enrichment of the selected marker is
determined by mass spectrometry and compared to a
non-enriched standard to assess enrichment level, a
factor that can be used to deduce the level of cell
proliferation. %6108

Reactive metabolites tfrapping using labeled
trapping agents

Stable isotopes are also used to identify metabolites
through labeled trapping reagents that permit the
capture of fast reactive metabolites as adducts, which
are then analyzed by mass spectrometry. A labeled
trapping reagent allows the unique identification of
these adducts by the ‘twin-ion’ approach. Recent
examples of this application include the use of labeled
glutathione as a trapping agent.'°®'1° Yan and Cald-
well'!! used this approach to detect, for the first time,
transient metabolites of drugs such as clozapine and
troglitazone. The labeling of the trapping agent enables
unequivocal detection of the transient metabolites by
means of neutral loss experiments. Although trapping
can be done with non-labeled trapping agents, trapping
with mixture of labeled and non-labeled agents pro-
vides the aforementioned advantage of the twin-ion
method.

J Label Compd Radiopharm 2007; 50: 1124-1136
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Use of stable isotopes as internal standards in
quantitative bioanalytical methods

By far the most popular application of stable isotopes
in the drug discovery process is as internal standards
in LC-MS methods for the determination of drugs and
their metabolites in biological fluids. Although the use
of this technique in quantitative analytical chemistry is
not new, initially used in gas chromatographic-mass
spectrometric methods, its use in LC-MS methods is
relatively new.!'? This is a natural consequence of
atmospheric pressure ionization techniques allowing
mass spectrometry to be adapted to analyze com-
pounds not amenable to GC-MS analysis with electron
impact ionization, due to their limited thermal stability
and/or relatively high polarities. Although potentially
costly, the synthesis of labeled analogs has the
advantage of providing highly suitable internal stan-
dards with very similar physical-chemical properties to
the analytes.''? Although modern LC-MS instruments
show improved reproducibility over their predecessors,
issues such as matrix effects, due to co-elution of
compounds not detected by the mass spectrometer, can
introduce unwanted analytical variability. Internal
standard is customarily added prior to sample pre-
paration to compensate for losses during this and the
chromatographic-mass spectrometric processes and to
account for matrix effects. Because mass spectro-
meters can distinguish between non-labeled analytes
and the labeled analytes used as internal standard,
stable isotopes make the ideal internal standards in
LC-MS-based bioanalytical determinations. The litera-
ture demonstrates this application on numerous occa-
sions and it is the method of choice for rugged LC-MS
bioanalytical determination of drug and their metabo-
lites in body fluids." !> !'® Issues remain with the use of
stable isotopes as internal standards in LC-MS meth-
ods: labeled compounds should not contain detectable
traces of the non-labeled compound, as the method’s
detection limit is affected by cross-contamination from
the internal standard, and potential signal suppression
of the co-eluting internal standard by its respective
analyte, relating directly to ESI, the most common
ionization technique used in LC-MS.''® Consideration
of these issues when using stable isotopes as internal
standard can improve the ruggedness and reliability of
LC-MS determinations.

Metabolic fluxes and isotopomers

An interesting and stirring development is the use of
stable isotopes in tracking metabolic fluxes by detect-
ing in vivo changes in the isotopomer configuration of a
drug or xenobiotic with time. The already-mentioned

Copyright © 2007 John Wiley & Sons, Ltd.
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work by Turner®® and Hellerstein®’ are concrete

examples of this technique and the approach consists
of determining the isotope pattern of the target entity
undergoing metabolic modifications. Combinatorial
approaches to mass isotopomer distribution analysis
(MIDA) have been successful in assessing changes
during the biosynthesis of polymers and other enti-
ties.®” The work of Turner®® has included the MIDA
type of analysis of xenobiotic transformation in vivo,
but to our knowledge, this promising approach has not
been applied to drug and/or pharmaceuticals.

Further reading on quantitative techniques in
metabolite tracing

For more detailed and extended information on the
important topic of stable isotope labeling methods in
quantitative metabolite tracing, we would like to bring
the recent reviews of Dettmer et al.'?® and Ando and
Tanaka,'?! to the readers’ attention.

Finally, it should be mentioned that novel quantita-
tive methods have been developed both for quantitative
proteomics and metabolite quantitation that do not rely
on stable isotope labeling. For example, these include
statistical methods in combination with ion or signal
intensities'??7'?* or accurate mass measurements in
combination with retention times.'25'2® However, due
to generally higher variability in the data acquisition
with these methods, compromises have to be made in
terms of accuracy.?*
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