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Stable isotope tagging methods provide a useful means of determining the relative
expression level of individual proteins between samples in a mass spectrometer with
high precision (coefficients of variation less than 10%). Because two or more samples
tagged with different numbers of stable isotopes can be mixed before any processing
steps, sample-to-sample recovery differences are eliminated. Mass spectrometry also

allows post-translational modifications, splice variations and mutations (often
unnoticed in immunoassays) to be detected and identified, increasing the clinical
relevance of the assay and avoiding the issues of non-specific binding and cross-
reactivity observed in immunoassays. Several stable isotope tagging methods are
available for use in proteomics research. We discuss the advantages and
disadvantages of each technique with respect to biomarker discovery, target
validation, efficacy and toxicology screening and clinical diagnostic applications.

) Now that we know that gene expression does not
always correlate with protein expression [1], pro-
teomics — the large-scale, high-throughput identifi-
cation and quantification of proteins - is playing an
increasingly important role in drug discovery and
development. Proteomics is used for the discovery
and validation of new therapeutic or diagnostic
targets (biomarker discovery), the efficacy and toxi-
cology screening of new drug candidates, and patient
diagnostics or profiling before therapy selection
(theranostics). Recent developments in stable isotope
protein tagging technology and have made mass
spectrometric detection applicable to both global
profiling (an open method) and affinity enrichment
(a closed method) proteomics. Open methods, such
as global profiling, have proven useful for biomarker
discovery, where the research objective is to find
proteins associated with a disease state [2] or toxi-
cological reaction [3]. Closed methods, such as
immunoassays (IAs) or protein—protein interaction
(baiting) strategies, enrich low-abundance proteins
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so that they can be detected; they are particularly
useful in efficacy or toxicology screenings and
patient profiling (theranostics), and form the back-
bone of the $11.2 billion in vitro diagnostics
industry [4].

A major issue in global proteomics methods is the
limited dynamic range of the detection methods
(Figure 1). Proteins exhibit a very wide range in
concentrations, with a dynamic range of 10° in
bacteria [5] to 107-108 in human cells [6] to at least
102 in plasma [7]. Since there is no technique to
amplify low-abundance proteins comparable to the
polymerase chain reaction for nucleic acids, both
gel and mass spectrometry (MS) methods often fail
to detect low-abundance proteins [8]. For example,
proteomic characterization of nipple aspirate fluid
(NAF) of the healthy breast using MudPIT [9] failed
to reveal kallikrein 3 (PSA). Yet IAs show that PSA
is present at significant concentrations in NAF from
the healthy breast [10]. Baiting (an affinity-enrich-
ment-MS strategy) can be used to identify biomarker
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Drug Discovery Today ments can vary widely from sample to
sample and day to day in mass spectrom-
FIGURE 1

Sensitivity and resolution limits of current global proteomic profiling methods. The solid bars denote

etry, variability in relative abundance (i.e.
where the counts are scaled relative to the

the limits without sample pre-fractionation or high-abundance-protein depletion.The dashed bar denotes

extensions of the dynamic range possible with sample pre-fractionation or high abundance protein
depletion techniques.@The concentration range for current FDA-approved plasma diagnostic assays is
adapted from data provided by Anderson [46].PThe limits of clinical relevance are calculated based on one
protein copy in the volume of a mammalian cell (=1 x 107'2 L) or one copy per mL of plasma.<One
dimensional proteomic analysis assumes MS of tryptic peptides with no pre-separation. 9Multi-dimensions
of proteomic analysis assumes a one to three stages of chromatographic separation (e.g. His- or Cys-tag
enrichment, followed by reverse phase and strong ion exchange chromatography). ¢The term variants
includes splice variants, mutations and post-translational modifications.The colored bars denote the
current detection or resolution limits, adapted from Kenyon et al. [8].The plasma concentrations for human
serum albumin (HSA),immunoglobulin G (IgG), tissue plasmogen activator (TPA), and tumor necrosis factor

alpha (TNFa) are shown for reference.
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function and to associate the biomarker with a disease path-
way through identification of other proteins with which
it interacts, a targeted biomarker discovery activity.

Mass spectrometric approaches are often further divided
into top-down and bottom-up methods (Figure 2, Box 1).
Top-down is a term used to describe the analysis of the
intact protein by MS with the goal of characterizing
mutations, splice variations and post-translational mod-
ifications (protein variants). Bottom-up methods involve
the digestion of the intact protein before mass spectro-
metric analysis of the resulting peptides. The primary goal
here is to determine the relative expression of the par-
ent protein between two samples (differential display).

Affinity-enrichment-MS approaches have been success-
fully applied to top-down proteomics [11-15], but have not
been quantitative unless coupled to an additional assay
(e.g. surface plasmon resonance) [16-17]. Recent advances
in stable isotope ratio tagging technology appear to have
finally enabled quantitative (stable isotope) affinity-en-
richment-MS assays in both top-down and bottom-up
proteomic approaches.
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highest-abundance peak in the mass spec-
trum) has been observed to be <20% [18]
and as low as 10% [2] for the Ciphergen
ProteinChip®. Stable isotope methods
circumvent the problem of varying sample
recovery. A stable isotope version of a
chemical exhibits the same ionization
efficiency as its lighter counterpart because
they are essentially the same chemical
entity. Except for deuterium [19-20], most
stable isotopes do not impart recovery dif-
ferences through other analytical methods (e.g. chro-
matography or electrophoresis), but are easily distin-
guished and quantified in mass spectra.

Stable isotope ratio mass spectrometry (SIRMS) has a
long history in nutritional science [21-22]. Hellerstein first
applied the in vivo incorporation of stable isotopes to
measure the rates of protein synthesis and destruction [23],
a technique ultimately adapted by Ong et al. for the stable
isotope labeling by amino acids in cell culture (SILAC) for
protein differential display. [24] Gygi et al. suggested the use
of stable isotope chemical tags (ex vivo) as a way to perform
protein differential display, coupling this with affinity
enrichment of the SIRMS tag itself [25]. SIRMS approaches
using chemical tagging are the focus of this review because
of their widespread applicability to any sample. SIRMS
tagging for proteomics is rapidly evolving and we review
each of the various SIRMS proteomic technologies in the
following sections, discussing their advantages and limi-
tations for various proteomic applications (e.g. biomarker
discovery, target validation, efficacy and toxicology
screening, patient profiling and clinical diagnostics).
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SIRMS technologies for global proteomics

['80]-Water

The pioneering SIRMS proteomic method, the use of a 1:1
mixture of [1°O]:[180] water during protein digestion, was
originally used to determine the C-terminal peptide after
digestion [26-27]. It was adapted for protein differential
display by performing a tryptic digestion of one sample
with [1°O] water and a second sample with [!80] water
[28]. The two digests were mixed and the relative abun-
dances of individual peptide pairs determined by MS
(Figure 3). A disadvantage of this approach is the slow
back exchange of [1°O] water and ['80] water with the
terminal isotope-labeled hydroxyl group s once the two
digests are mixed. However, both trypsin-catalyzed back
exchange and pH-mediated exchange can be suppressed
for up to 24 h with the addition of 1-5% formic acid [29].
To avoid problems with back exchange, samples must be
processed quickly to obtain the best quantitative results.
Since the C terminus is only labeled by back exchange
with [180] water, the C-terminal peptide typically remains
undetected when the ['80]-water methodology is applied
in global profiling applications.

Global internal standard technology

In an effort to design a global proteomic tagging system,
Regnier and co-workers [30-31] developed global internal
standard technology (GIST) (Figure 3). GIST involves the
proteolytic digestion of control and experimental sam-
ples, tagging of the resulting peptides (usually with
deuterated and nondeuterated versions of acylating
agents) and mixing of the labeled peptides, followed by

quantification by mass spectrometry [30]. The strategy
is frequently combined with liquid chromatography (e.g.
RP-HPLC) to reduce the complexity of the resulting mass
spectrum. Almost all peptides in a complex mixture have
been shown to be reproducibly labeled with deuterated
([?H],) and non-deuterated (['H],) versions of N-acetoxy-
succinimide (NAS), which labels primary amino groups
(i.e. N termini and lysine sidechains) [30]. Only the N-ter-
minal peptides of proteins blocked at the N-terminus not
containing lysine will not be labeled. For this reason,
Regnier suggests trypsinization in the presence of ['30]
water for either the control or the experimental sample
before acylation of the primary amino groups, since the
C termini of N-terminal-blocked peptides will still be dif-
ferentially labeled and the N terminus of the C-terminal
peptide (which is not ['80]-labeled) will still be acylated
[32]. With this additional step, the technology theoretically
encodes all the peptides from any complex protein sample.

An issue with the GIST is the variable difference between
the masses of light and heavy tagged peptides. The mass
difference in the paired peptides (i.e. heavy versus light)
depends on the number of acylated sites in the peptide,
which varies from 3 to 13 amu for single charge states
[32], making automated peak-finding problematic in the
absence of sequence information. On the other hand, the
specific mass shift, once identified, can give vital infor-
mation regarding the number of lysines and position of
the peptide within the protein (i.e. N-terminal, internal
or C-terminal), which can lead to faster and less ambigu-
ous protein identification.

Another issue is the use of ['H]/[2H] isotopes and their

Tryptic

Bottom-up methods
digest ?

« Partial sequence coverage
* May miss PTMs

» Tandem MS can identify unknown proteins

effect in RP-HPLC. It is apparent that sig-
nificant substitution of [*H] for [2H] in most
tags changes the retention times of labeled
species in RP-HPLC, which confounds the
MS analysis, resulting in inferior quantifi-
cation [19]. The use of [12C]/[*3C] instead
of ['H]/[?H] in the coding tags eliminates

Protein @ kl/

MS fragmentation
of intact protein ¢

Top-down methods
» Complete sequence coverage
* See all PTMs
* Map all PTMs on backbone
« Requires protein identification before analysis

ofelo

FIGURE 2

Schematic drawing (adapted from Kelleher, [56]) illustrating the difference in amino acid sequence
coverage between top-down and bottom-up mass spectrometry (MS) proteomic methods.

In bottom-up methods (top panel) the protein is digested and the resulting peptides chromatographed
(for desalting and sample simplification), involving a possible loss of peptides prior to MS analysis.The
protein is identified by tandem MS fragmentation. In top-down methods the intact protein is ionized and
fragmented in the mass spectrometer such that all fragments are represented in the resulting spectrum.
Therefore, top-down methods are more likely to see post-translational modifications (PTMs), such as
phosphorylations or glycosylations (represented schematically in the diagram).

this problem entirely [33-34].

Because GIST acylation tags also react
with primary amino groups (e.g. lysine
residues), they can reduce ionization ef-
ficiency in positive ion mode for many
peptides [19]. This problem can be cir-
cumvented by the incorporation of a non-
nucleophilic basic site or other site of pos-
itive charge into the acylation tags, such as
[3-(2,5-dioxopyrrolidin-1-yloxycarbonyl)-
propyl]-trimethylammonium chloride or
reactive imidazoles (['H],/[?H], versions)
[19,35,36].

Isotope tags for relative and absolute
quantification (iTRAQ™)

A common complaint about global stable
isotope profiling strategies is the time
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BOX 1
Top-down versus bottom-up proteomics

Mass spectrometric proteomics are often divided into top-
down and bottom-up methods (Figure 2). Bottom-up
methods involve the digestion of the intact protein before
mass spectrometric analysis of the resulting peptides. Most of
the protein analysis by mass spectrometry involves bottom-
up proteomics.The advantage of bottom-up proteomics is
that the masses of single charge state species are small
enough to be used for fragmentation and identification of
the parent protein (tandem MS sequencing) [54]. Another
advantage is that more accurate masses can be assigned to
the peptides because their smaller mass-to-charge ratio
places them in a higher-resolution region of the mass
spectrometer. This facilitates peptide mass mapping for
protein identification [55]. A disadvantage of bottom-up
methods is that some peptides are not recovered during
sample clean up, are too small or poorly ionized and are
consequently not seen in the mass spectrum.This limits
sequence coverage and the ability to discern protein
variations. Furthermore, in global proteomic profiling, the
separation challenge is increased because the average 45
kDa protein yields 35 tryptic peptides.

Top-down is a term used to describe the analysis of the
intact protein by mass spectrometry [56]. Top-down
methods, [56-57] involve isolation of one or more charge
states of an intact protein.The intact protein is lightly
fragmented to yield a series of overlapping peptide fragments.
When the primary sequence of the protein is known, the
fragment ions can be reassembled, much like the reassembly
of a restriction digest map of DNA. Fragments that do not
match the mass expected from the primary sequence
indicate sites of post-translational modifications, mutations
or splice variants. Because of the overlaps in the peptide
fragments, the specific sites of such modifications can be
pinpointed. The disadvantages of the top-down method are,
first, that the protein primary sequence must be known to
reassemble the fragment ion map; second, that the method
typically requires an expensive Fourier transform inductively
coupled resonance (FTICR) mass spectrometer; and third, a
single chemical species is spread over multiple charge states,
limiting sensitivity and increasing the sampling time required.

Recently,a mass defect tag method for determining the N-
and C-terminal amino acid sequence of intact proteins, called
inverted mass ladder sequencing (IMLS™) [51], has been
reported, which may lead to easier application of top-down
methods to unknown proteins.

required for separation of the peptides to prevent con-
founding overlaps in the mass spectrum. ABI (www.
appliedbiosystems.com) recently announced iTRAQ™,
which is potentially more cost-effective than GIST because
up to four samples can be screened simultaneously with
four isotopically distinguishable reagents (Figure 3) [37].
The iTRAQ methodology utilizes isobaric tags containing
both reporter and balancer groups. The reporter is quan-
titatively cleaved during collision-induced dissociation
(CID) to yield an isotope series representing the quantity
of a single peptide of known mass from each of up to four
different samples. This quantification group (the reporter)
is ‘balanced’ by a second group (the balancer) depleted of

www.drugdiscoverytoday.com

BOX 2
Stable isotopes

Normally, an element has an equal number of protons and
neutrons. However, when extra neutrons are found in the
nucleus of an element, this is referred to as an isotope of the
element, and the mass of the isotope is increased by the
number of neutrons added. For example the normal version
of carbon ['?C], atomic mass = 12.000000 g/mol, has six
protons and six neutrons. In nature, however, 1.1% of all
carbon atoms contain an extra neutron (i.e. have six protons
and seven neutrons), atomic mass = 13.003355 g/mol, and
are designated ['*C].Therefore, the formula weight,
comprising the weighted sum of all the natural isotopes of
carbon, is 12.011037 g/mol.

When too many extra neutrons are added, such as carbon
with six protons and eight neutrons (['4C]), the nucleus
becomes unstable and the element becomes susceptible to
radioactive decay with the release of a, 3 or y radiation. For
example, [*C] decays (with a half-life of 5568 yr) when one of
its neutrons converts to a proton, liberating a high-energy
electron ( particle) to become ['*N], atomic mass =
14.006763 g/mol (seven protons and seven neutrons).
Isotopes that do not undergo decay are called stable
isotopes. Commonly used stable isotopes include ['3C], ['°N],
['80] and [2H] (deuterium).

the same stable isotopes, which maintains each isotopic tag
at exactly the same mass. Since the peptide remains attached
to the isobaric tags until CID is conducted, the peptide is
simultaneously fragmented for sequence identification.
The current generation of iTRAQ reagents labels lysine
residues and the N termini of peptides, meaning that most
peptides are multiply labeled (as with GIST). Therefore,
iTRAQ suffers the same peptide overabundance problem
and must be coupled with one or more dimensions of
chromatographic or electrophoretic separation before MS
analysis to limit the number of isobaric tagged peptides
in the first MS dimension. The advantage of iTRAQ over
these methods is that the label is cleaved in the tandem
MS before quantification. This means that competing
untagged isobaric peptides do not interfere with quan-
tification as they do in GIST or ['80]-water methods.
Because differences in peptide levels can only be deter-
mined after tandem MS, the first MS dimension cannot be
used to pre-screen peptides for differential expression
before tandem MS identity determination. Therefore, each
and every peptide must be subjected to tandem MS analy-
sis, making iTRAQ both time-consuming and sample-
intensive for biomarker discovery applications. Furthermore,
any untagged isobaric chemical noise may confound
tandem-MS sequencing of the iTRAQ labeled peptides.
Another issue with this method is the problem of
protein variants. Any variant of the peptide of interest
will not be isobaric with the same tagged peptides from
control samples. Such non-isobaric peptides can be
detected by their absence, but may be falsely interpreted
as down-regulation of the parent protein. Furthermore, such
peptides may be isobaric with other peptides, confounding
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the interpretation of expression levels or sequences of other
peptides. However, in target validation, patient profiling
or toxicological screening applications, where the masses
of the peptides are known, iTRAQ™ is potentially very
cost-effective.

As bottom-up proteomic methods, GIST, iTRAQ and
['80O]-labeling strategies are designed to isotopically encode
virtually all of the peptides from a protein digest. However,
with all these strategies, the very large number of labeled
peptides resulting from clinical tissue samples (up to
350,000) very easily exceeds the resolution capacity of the
MS, even when coupled to multi-dimensional liquid chro-
matographic separations. Thus, peptide quantification
is confounded by the co-elution of isobaric peptides [38].
Most examples in the literature utilize GIST in combina-
tion with affinity techniques to substantially reduce the
complexity of the peptide mixtures and allow more
accurate differential display quantification, such as the
enrichment of histidine-containing GIST peptides using an
immobilized metal affinity column (IMAC) and cysteine-

containing GIST peptides by reversible covalent attachment
to thiopropyl Sepharose 6B resin [38-39]. These peptide-
selection techniques are equally applicable to iTRAQ and
[180O]-water global proteomic strategies. It is apparent that,
for meaningful data to be generated, affinity enrichment
followed by multidimensional chromatography to reduce
sample complexity is essential for any global peptide
labeling strategy used to analyze a complex proteome.

Isotope-coded dffinity tags (ICAT™)
An alternative method to reduce the complexity of protein
mixtures is the ICAT™ strategy developed by Aebersold and
co-workers [25,40]. ICAT selectively targets cysteines, but
can be expanded to any residue to which a tag can be
conjugated (Figure 3). The tag contains an iminobiotin
moiety for affinity clean-up prior to subsequent HPLC
separation(s) and MS analysis. Therefore, only peptides
that contain cysteine are analyzed.

With ICAT, protein samples from healthy and diseased
(or perturbed) sources are denatured, reduced and labeled
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FIGURE 3

The global profiling techniques: ['80]-water, GIST, iTRAQ and ICAT. Stable isotope tagging techniques used for global proteomic profiling include: ['80]-water
labeling through tryptic digestion, global internal standard technology (GIST), isotope tags for relative and absolute quantification (iTRAQ), and isotope-coded
affinity tags (ICAT).The stars indicate the position of the label on the peptides.The lighter-isotope-encoded sample is shown in blue and the heavy-isotope-
encoded sample is shown in red. Representative mass spectra (MS) of the mixed labeled peptide samples are correspondingly color coded.T, and T .indicate the
protein N- and C termini, respectively. K and C indicate lysine and cysteine residues, respectively.
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separately. All cysteines in the healthy sample are modified
with one isotopic version of the tag, and the cysteines in
the perturbed sample are tagged with the opposite isotopic
reagent. The protein samples are then mixed and prote-
olyzed. Cysteine-tagged peptides are enriched by affinity
chromatography of the iminobiotin tag through an avidin
column and are subsequently chromatographed by
RP-HPLC, alone or in combination with ion exchange
liquid chromatography such as strong cation exchange
(SCX), and introduced into a mass spectrometer for quan-
tification of expression differences. Further analysis of
differentially expressed peptides by tandem MS allows
sequencing and identification of any differentially expressed
peptides.

ICAT has been successfully used in several applications;
these include the determination of microsomal protein
levels in human myeloid leukemia cells undergoing phar-
macologically induced differentiation [41] and the identi-
fication of changes in the protein composition of lipid rafts
isolated from control and stimulated Jurkat T cells [42], and
cleavable ICAT (cICAT) reagents have been used to identify
protein expression differences in cystic fibrosis [43].

The original ['H]- and [?H]-isotopic ICAT tags led to
variable retention times in RP-HPLC for the same peptide
[33]. This issue has been rectified in the second-generation
ICAT reagents, which incorporate [>C] and ['3C] isotope
pairing. The iminobiotin affinity tag can also be problem-
atic. Excess label or any endogenous biotin in the sample
matrix (e.g. serum) may reduce the affinity column capac-
ity because of competition for binding sites. Furthermore,
ICAT peptides are sometimes isobaric with non-tagged
peptides eluting from the affinity chromatography step,
leading to false-positive and false-negative detections.

The ICAT tag itself can lead to collisional energy losses
during fragmentation leading to sequencing difficulties
[44]. The third-generation (cICAT) ICAT reagents contain
an acid-cleavable group between the biotin and the iso-
topically labeled linker so that a smaller attachment group
is left on the cysteine residue after acidification, allowing
more robust fragmentation and sequencing analysis [45].

A serious disadvantage of any peptide-selective strategy
(e.g. ICAT or cysteine- or histidine-selective enrichment
in either GIST or ['80]-water methods) is the potential
under-representation of proteins. In a recent review,
Zhang et al. estimated 96.1% protein coverage for Cys tags
and 97.3% theoretical coverage for His tags in human
proteins [45]. Therefore, most proteins in any mixture
would be represented by at least one cysteine- or histidine-
containing peptide. However, even for proteins that con-
tain cysteine or histidine, there is the strong possibility
that tryptic fragments containing these residues may not
ionize efficiently in the mass spectrometer or may not
be recovered through the affinity or HPLC chromatogra-
phy, thus leading to populations of proteins that are
not represented in ICAT analysis, or in peptide-selective
GIST or ['8O]-water analyses. Even with the low relative
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abundances of cysteine and histidine, the number of pep-
tides from a tissue sample must still be further reduced by
one or two dimensions of HPLC before MS analysis.

An even greater problem resulting from peptide-selective
ICAT, GIST or ['80]-water strategies is a loss of peptide
redundancy for a given protein species. Any protein vari-
ation affecting the enriched peptide, or its recovery during
sample preparation, may result in a false-positive or false-
negative detection event since the expected peak pair
would not be seen. Since only one or a few peptides (those
containing the relatively low-abundance cysteine or
histidine) are used as representatives of the protein, there
may also be important, clinically relevant structural features,
such as post-translational modifications, that are completely
missed unless these features are located in the cysteine- or
histidine-containing peptide subset.

SIRMS technologies for affinity-enrichment methods
A critical limitation of all global proteomic profiling meth-
ods is the dynamic range of concentrations of proteins (and
resultant peptides) in tissue samples, which has been
argued to be as much as 12 [7] to 17 [8] orders of magnitude
(i.e. 1 protein copy per ml of plasma compared to 10'7
copies of serum albumin per ml [46]) in human plasma.
Mass spectrometers have a very limited dynamic range
(two to three orders of magnitude) by comparison. While
subcellular fractionation, high-abundance protein deple-
tion and peptide separations applied before MS analysis
may extend the effective dynamic range by a few orders
of magnitude [8], global proteomic studies often fail to
identify known biomarkers because they are present at
too low an abundance to be detected by MS. The solution
to this dilemma is a targeted proteomic strategy that
utilizes affinity or baiting strategies to selectively enrich
lower-abundance proteins. Such affinity enrichment
before MS analysis has only successfully been reported for
intact proteins [12], with quantification of the target
protein requiring the use of some other spectrometric
method [16].

Bottom-up global profiling strategies also require
reassembly of the target protein from those peptides seen
in the MS, which leaves significant gaps in the sequence
coverage and misses many protein variations, particularly
where cysteine- or histidine-residues are selectively enriched.
Such reassembly can yield ambiguities in protein identifi-
cation even with extensive sequence coverage by tandem
MS [47]. By targeting the intact protein instead of a peptide,
the entire amino acid sequence is covered in the MS, even
if the protein is digested on the enrichment surface before
MS analysis. Since global profiling strategies typically
require some amount of chromatographic separation to
reduce the sample complexity, they are more easily coupled
to electrospray MS. Affinity capture of tagged proteins,
particularly in a microarray format, is more easily coupled
directly to MALDI-MS because the sample complexity is
significantly reduced, even with on-chip digestion.
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BOX 3
The mass defect

Although an element is defined by the number of nucleons
(protons and neutrons) contained in its nucleus, when these
nucleons come together to form an atom some energy is
liberated as a result of the efficiency with which these nucleons
are packed together.The amount of energy liberated depends
on the number of nucleons packed together into the nucleus
(i.e.differs for every element and isotope of an element in the
periodic table). From Einstein’s theory of relativity, this nuclear
binding energy has a mass equivalent.Therefore, each element
of the periodic table has an actual mass that differs slightly
from the mass expected based on the number of nucleons
that comprise its nucleus (Figure i). By convention, this mass
defect is defined as zero for '>C and the mass defects of all
other elements are scaled to this standard.This mass difference
is what accounts for the energy released upon nuclear fission
or fusion. For example, combining two deuteriums (4.028204
Da) to form [*He] (4.002603 Da) liberates 0.025601 amu as
energy (1.10'2 J/mol [2H]).

Mass defect (amu)

| |

c o o o
P o o o
o G oS o

FIGURE i

Elements commonly found in biomolecules (e.g.C,H,N and
0) have negligible mass defects. However, the mass defect of
those elements with atomic numbers between 35 (Br) and 63
(Eu) differs by almost —0.1 amu from that of '2C, which is easily
resolvable in today’s high resolution time-of-flight (TOF) and
Fourier transform (FT) mass spectrometers.When a mass
defect element (e.g. Br) is used to tag a protein, the resulting
protein or tagged peptides resulting from the protein are
effectively shifted by -0.1 amu from any untagged proteins or
peptides in the mass spectrum [48]. With sufficient mass
spectrometric resolution, mass defect tagged peptides can be
quantitatively deconvolved from non-tagged peptides. This
principle underpins IMLS, a top-down sequencing method
[51,58].When stable isotopes are used in conjunction with a
mass defect element in the tag, this forms the basis of the
isotope-differentiated binding energy shift tags (IDBEST)
method [49-50]. Most of the transition and lanthanide series
metals also impart a mass defect to tags that contain them as
chelates, such as element-coded affinity tags (ECAT) [52] and
metal-coded affinity tags (MeCAT) [59].

Drug Discovery Today

The periodic table of the elements presented in mass defect relief. The mass defect of the most abundant stable isotope of each element is

shown based on the ['2C] = 0 mass defect standard [50].

Isotope-differentiated binding energy shift tags (IDBEST™)

Stable isotope methods like ['80] water, GIST and ICAT
are not easily adapted to affinity-enrichment-MS because
the tagged peptides are isobaric with untagged species aris-
ing from tryptic digest of the enrichment probe (e.g. anti-
body or bait protein) or blocking agents. However, two
recent advances in stable isotope tagging technologies
may finally enable quantitative affinity-MS methods in
either bottom-up or top-down strategies. By incorporating
a mass defect element (Box 3) into stable isotope paired
tags (i.e. IDBEST), tagged proteins (or the resultant tagged
peptides) are shifted by -0.1 amu in the mass spectrum

from all untagged peptide species [48-50]. The ability to
distinguish mass-defect-tagged species from untagged
chemical noise has been independently demonstrated by
several groups [51-53], including the quantitative recovery
of the tryptic peptides of stable-isotope-paired mass-defect-
tagged bovine serum albumin from Escherichia coli whole
cell lysate tryptic digest with a 4% quantitative error, [49]
and recovery of IDBEST-labeled PSA (labeled on primary
amino groups) from human serum (Figure 4).

IDBEST allows affinity enrichment of low-abundance
targets in a low-cost protein microarray or a standard
microplate or in pipette tip chromatography assay formats.
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FIGURE 4

Raw spectrum

Recovery of prostate specific antigen (PSA)
present at 0.1 mg/mL in human serum by affinity
enrichment (monoclonal antibody bound to
agarose beads). The plasma sample was labeled
with the lysine reactive IDBEST reagent, 3-bromo-1-
(5-carboxy-pentyl)-pyridinium bromide-NHS ester
(BDPOPP) at a 20:1 molar ratio to lysine.The labeled
serum was incubated with mouse anti-PSA migG
bound to agarose beads.The complex was washed
and digested directly on the beads with both trypsin
and chemotrypsin.The supernatant was recovered
and desalted by reverse phase chromatography
(C18 column), lyophilized and resuspended with
a-cyano-4-hydroxycinnamic acid (CHCA), spotted
and analyzed on an MDS Sciex QSTAR®.The raw data
was deconvolved with the IDBEST software to
eliminate the spurious IgG peaks and identify the
mass defect peaks indicated (number of labels). The
isotope series (5 amu) corresponding to the 784.3
amu monoisotopic peptide was collected and
subjected to collision-induced dissociation (CID).The
corresponding tandem MS sequence is shown in the
inset, and identified as the N-terminal PSA peptide
(IVGGW).The numbered peaks in the inset correspond

0 to the parent labeled peptide (P, ), the parent
peptide minus the Br-pyridine (Br-Pyr) moiety of the
Mass defect spectrum label (1), the labeled b,-ion (2), the y,-ion minus the
800 Br-Pyr moiety (3), the b,-ion minus the Br-Pyr moiety
| 700 o Tandem MS (4),.the bf‘—ion minus the Br-Pyr anq H,0 FS),the
4000 |- v b b,-ion minus the Br-P)./r (6),Fhe b2-ion minus the
600} J [N Br-Pyr (8),and the b1-ion minus the Br-Pyr (10). Peaks
g \ 7 and 9 correspond to isotopically-labeled internal
gsoo b fragments VGG and VG minus the Br-Pyr moiety.
. £ 400
o 1

3000 i © 300} 20 / 6 c4 3 A ] there is no need for additional separation
% rsasw z j f V \ of the peptides before MS a.nalysis,. no
8 [ 100 Y matter h'ow complex the balt.. P.rev1ous
2000 - . NI l If L m \ 1 reports using the mass defect tags in inverted
I 000 o0 300 a0 a0 00 o 800 mass ladder sequencing (IMLS™) [51] show
m/z (amu) that certain mass defect tags survive MS
fragmentation processes, allowing tagged
peptide fragments to be discriminated by

1000 - 1350.5 (2) - -

L 1205.5 (2) the mass defect shift from untagged peptide
fragments in tandem MS, thus eliminating
the problem of capturing nearly isobaric

0 I Ay iy Imf Ly F chemical noise in the collision cell during

800 900 1000 1100 1200 1300 1400 tandem MS.

m/z (amuy) A potential problem with the mass defect

Drug Discovery Today | tag approach is the natural abundance of S

and P in peptides. Both S and P exhibit a

In such formats the IDBEST-tagged protein and the | -0.05 amu mass defect; therefore, multiple S or P atoms

untagged capture probe (antibody or bait protein) can be | in a peptide will cause that peptide to be isobaric with

digested together and the mass-defect-tagged peptides | mass-defect-tagged peptides. Br-containing mass defect

quantitatively deconvolved from the untagged chemical | tags overcome this issue by creating a matching isotope

noise peptides in the mass spectrum (Figure 5). The | series at both the [7°Br] and [3'Br] positions, providing a

resulting mass defect spectrum allows direct comparison | means of readily identifying false-positive mass defects.

of light and heavy tagged peptides in the first MS dimension, [51] Furthermore, a double mass-defect tag has been reported

with any differentially displayed IDBEST-tagged peptides [53] which increases the ability to resolve the tagged pep-

trapped and subjected to tandem MS for identification tides by —0.2 amu and creates a unique Br-triplet series for

(inset, Figure 4). Because only one, or a few, target proteins | each tagged species. The probability of any peptide con-
are recovered from a complex sample by the affinity step, taining more than two S or P atoms is low.
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FIGURE 5

Affinity enrichment SIRMS technologies: IDBEST and iTRAQ. Stable isotope tagging techniques used for affinity enrichment proteomic methods include:
isotope tags for relative and absolute quantification (iTRAQ) and isotope-differentiated binding energy shift tags (IDBEST).The stars indicate the position of the
label on the peptides.The lighter-isotope-encoded sample is shown in blue and the heavy-isotope-encoded sample is shown in red. Representative mass spectra
(MS) of the mixed labeled peptide samples are correspondingly color coded.T, and T .indicate the protein N- and C-termini, respectively.K and C indicate lysine

and cysteine residues, respectively.

iTRAQ for affinity-MS

iTRAQ reagents also have the potential to be used in sim-
ilar affinity-enrichment-MS strategies. Since the iTRAQ-

tagged peptides are only detected and quantified by tandem

MS, it should be possible to screen every peptide peak seen
in the first MS dimension by tandem-MS to identify those
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peptides resulting from the iTRAQ-tagged target protein(s).
The potential disadvantages of iTRAQ in this approach
are, first, that every peptide must be screened by tandem
MS, increasing sample analysis time and the amount of
sample needed, and, second, that isobaric peptides result-
ing from the capture probe can confound sequencing of
the tagged peptides. A monoclonal antibody will produce
120 tryptic peptides on average. Even if only half are seen
in the MS, and we assume that only 1 min per peptide is
required for tandem MS analysis of each peptide, this
means at minimum of 1 h of continuous analysis per sam-
ple is needed to identify and quantify all the iTRAQ-labeled
peptides from a single MALDI spot. This is not practical
since the sample will be completely consumed within a
few minutes. Furthermore, if an iTRAQ-tagged peptide is
isobaric with another peptide, both will be trapped during
tandem MS sequencing. The only difference between the
resulting tandem MS fragments arising from each peptide
will be the small balancer residue left behind after cleavage
of the iTRAQ reporter, making it difficult to distinguish
which fragment ions result from which peptide. These
issues may restrict the usefulness of iTRAQ for targeted
biomarker discovery applications, but are balanced by the
increased throughput made possible by the four-sample
multiplexing.

Either IDBEST or iTRAQ would be suitable for low-cost
target validation assays and toxicological or efficacy
screening, where the target mass(es) are known ahead of
time. However, iTRAQ would require a tandem MS to per-
form the analysis, whereas IDBEST would only require a
single stage MS (about half the instrumentation cost).
IDBEST would appear to be the only practical solution for
targeted biomarker discovery applications since the time
and sample amounts needed for tandem MS analysis of
every iTRAQ peptide would be prohibitive.

Conclusions

Although a relatively recent addition to the proteomics
scene, SIRMS proteomic methods have proven themselves
as highly quantitative tools with the ability to unam-
biguously identify both the protein and its variants and
to overcome the sample-to-sample recovery variabilities
associated with non-SIRMS MS-proteomic methods (e.g.
MudPIT and the Ciphergen ProteinChip®). Stable isotope
proteomic methods have until recently been limited to

global profiling strategies primarily focused on biomarker
discovery applications. One major challenge of global
profiling methods has been the need for sample simpli-
fication by affinity chromatography of the tag (e.g. ICAT
and cICAT) or selective enrichment of peptides contain-
ing low-abundance amino acids, and/or followed by
extensive liquid chromatography of the tagged peptides
(ICAT, GIST, ['80O]-water, and iTRAQ). These pre-MS
complexity-reducing methods are limited to biomarker
discovery applications as they are too expensive and time-
consuming to be used for target validation, toxicology
and efficacy screening, or patient diagnostics. The other
major challenge of global profiling strategies has been the
ability to reach down into the proteome for low abun-
dance biomarkers, which has limited the utility of global
profiling even for biomarker discovery.
Affinity-enrichment-MS methods are the logical exten-
sion of stable isotope ratio proteomics, but have not been
practical until recently because of the inability to sort bait
from target peptides in the mass spectrum. Affinity-
enrichment-MS now appears be in reach with the com-
mercial release of both IDBEST and iTRAQ. While iTRAQ
has not yet been applied to affinity-enrichment-MS
applications, Figure 4 illustrates the utility of IDBEST in
these applications. By enriching low-abundance proteins
or protein classes, the number of proteins (and resulting
peptides) is reduced to a number manageable within the
resolution of the mass spectrum without the need for
additional pre-separation. High-throughput affinity-
enrichment-MS in microarray, pipette tip and microtiter
plate formats is time- and cost-effective for target validation,
toxicology and efficacy screening, and patient profiling
applications. In addition, either baiting or affinity en-
richment strategies can be used for targeted biomarker
discovery applications to drill down to lower-abundance
proteins that have so far eluded global profiling strategies.
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