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Introduction

Detailed quantitative comparisons of different cellular states are a key prerequisite
for obtaining a firm understanding of the molecular basis behind various complex
cellular pathways. The molecular mechanisms of interest can range from those
underpinning regulatory consequences of a triggered signal cascade to those
responsible for malignant cetlular behaviour, such as in tmours. Different levels of
quantitative comparisons of cellular states relevant to these and other processes
have now become established over the past few years.

Regarding the so-called “transcriptome’, quantification has been well established
for many years (Schena er al., 1995). Single gene products can be quantified using
qRT-PCR and even the complete entity of different transcriptomes are now quantita-
tively comparable in one single gene chip experiment. But, due to poor correlation
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between the transcriptome and the proteome (Gygi er al., 1999a; Huber et al., 2004},
no general statements can be deduced from guantitative mRNA resuits in respect o
changes in protein expression. In addition to the lack of correlation between the
amount of anmRNA species and its corresponding protein, mRNA expression analyses
are blind to post-transcriptional modifications of proteins (Ideker ez al., 2001). Thus,
until now, a molecular analysis of a particular celluiar state has had to be carried out
atthe protecome level. The higher chemical complexity of mixed protein systems makes
the proteome not as easily quantifiable as the transcriptome but, within the past decade,
several approaches have made quantitative comparisons between proteomes possible
by high-throughput experimentation (Aebersold and Mann, 2003).

In general, ali these approaches dealing with protein quantification have to solve
several general problems. Firstly, the complexity of the proteome has to be reduced
to a size that can feasibly be analysed, at best without losing valuable information
and sensitivity. Secondly, the information gained in an experiment has to be inter-
preted by high-throughput analysis. Finally, the method has to be reproducible so as
to be able also to detect minor changes in protein levels.

2D gel electrophoresis-based quantification technigues

The first attempt at protein quantification that met many of the above prerequisites
was two-dimensienal gel electrophoresis (2D-GE) (Klose, 1973; (' Farrell, 1975).
Here, the complexity of a protein mixture is reduced by isoelectric focusing and
subsequent size separation of the proteins. After separation of the proteins, they are
stained in a gel, then isolated, enzymatically digested, and finally identified by
MALDI-TOF-based peptide mapping (James er al., 1993; Yates ef al, 1993).
Although 2D-GE coupled to MS analysis is, in general, a valuable approach in
quantitative proteome analysis, the classical quantitative 2D-GE has some major
drawbacks. The lack of reproducihility between different gels hampers the distine-
tion between variations of the sample and the system. The sensitivity of the system
is limited, e.g. due to the type of protein dye chosen for protein visualization and
also to limits in protein recovery from the gel (Gygi et al., 2000). A major improve-
ment in quantitative 2D-GE was achieved by Unlu and co-workers (Unlu er al.,
1997). These researchers intreduced ‘difference gel electrophoresis’ (DIGE), facili-
tating the analysis and comparison of several samples in a single 2D gel with
increased sensitivity and reproducibility, In this approach, up to three samples are
pre-labelled with spectrally different fluorescence dyes; the samples are then mixed
and separated in the same gel. Consecutive ‘spot’ detection is then carried out with
a scanner after laser excitation of the fluorescence dye. However, protein identifica-
tion is still carried out after isolation and enzymatic digestion of each spot by
MALDI-TOF. A major issue with 2D-GE proteomics that remains, therefore, is that
of high-throughput protein spot selection and analysis. At least for gels stained with
Coomassie Blue this can, in principle, be automated using robots (Yin er al., 2004},
although both accuracy and sensitivity are still key issues.

LC--MS-based quantification techniques

I order to circumvent difficulties arising from the 2D gel electrophoretic separation
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of proteins, alternative quantitative proteomic technigues have been developed.
Common to all of these techniques is the replacement of gel electrophoresis hy
liquid chromatography (LC) for protein separation and reduction of complexity.
Generally speaking, the proteins in all techniques are enzymatically digested prior
to separation, peptides are separated chromatographically and directly analysed
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Figure 2.1, Schematic representation of slable-isotope labelling sites for protein labelling in
quantitative proteomics. Light isotope marks are shaded in grey. heavy isotope marks in black, and
unmarked amino acids are white. (a} and (d) Metabolic tabelling: proteins are labelled melabolically
by incorporation of “N. 'C or isotope-labelled amino acids present in the cell culture medium. (h)
and (e) Side chain modification: proteins are labeiled at specific side chains with isotope-
containing reagents. The reagents can also contain affinity tags for selective enrichment of tagged
proteins. {¢) and (f) Terminal modification: proteins are labelled C- or N-terminally using. e.g.
enzymatic cleavage in H,"0O or chemical modification at the N-terminus. with isotope-containing
reagents. Metabolic labelled samples and samples with side chain modifications arc digested after
isotope labelling, whereas for terminal medification, the samples are labelled during or after
digestion. Afterwards. samples are quantitatively analysed by mass spectrometry (d—{. ratio
determination). For metabolic labelling and side chain modification. various differences in the
distance between light and heavy modified peplides (d and e). 2s well as unmodificd peptides {d.
peptide 4 and e. peptide 3}, can be observed. Terminal modification shows a more uniferm peptide
pattern as no ummodified peptides emerge and distances between light and heavy modified
peptides are equal (f). In a final step, peptides are sequenced by tandem MS/MS experiments (d—
f, sequence analysis).
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with an on-line coupled mass spectrometer (EC-MS). At some point during this
pathway — depending on the approach selected — the peptide mixture ideally needs
to be differentially labelled with 1sotope-coded tags. This approach is advantageous
in several respects. On the one hand, peptide separation and data acquisition are
automated per se, and therefore high-throughput analysis is easily possible. On the
other hand, the method is highly reproducible, and therefore sensitive, even to minor
changes in protein levels.

The fundamental obstacle in quantification by mass spectrometry is the lact that
the signal yielded by a peptide in an MS experiment does not correlate to its total
amount, and furthermore, the measurement is not accurately reproducibie in con-
secutive experiments. This s true for MS experiments, irrespective of the ionization
technigue or the MS device used (Lill, 2003). The ionization efficiency ol a specilic
peptide depends on the peptide sequence and on the nature and amount of
co-eluting peptide features, which are not necessarily constant, especially when
analysing quantitative differences between proteomes. This obstacle is circum-
vented by using isotope-coded labels that differ in mass but not in their
physico-chemical behaviour on an LC column (Zhang ef al., 2002). Therefore, both
species of a differentially-labelled peptide elute at the same retention time from the
chromatography column, but are distinguishable in the mass spectrum recorded due
to their different isotope-coded abels. In this case. the ionizatien efficiency for both
peptide species is equal, and relative quantification is possible. This approach can
also be used principally for absolute quantification (AQUA) (Gerber er al., 2003),
provided thas one isotopically-labelled peptide species is a spiked peptide of known
amourt.

Practically, the basic principle of the procedure as outlined above comes in
several variants, differing mainly in the kind of label itself and in the place of label
introduction (Figure 2./a—c). I the following section, the various isotope-coded
modification reagents that have been developed in recent years are discussed. Then,
we consider in detail examples of quantitative results using the particular technique
of differential N-terminal isotope coding (dNIC).

METABOLIC LABELLING

Metabolic labelling of proteins occurs during protein biosynthesis within the cell
(Figure 2.1a). Therefore, cells have to be grown in media enriched in the stable
isotopes PN (Oda er al., 1999; Washburn et af., 2002) or 3C (Stocklin er al., 2000),
or in media which are supplemented with isotope-incorporated amino acids, such as
D -leucine (Ong er al.. 2002) and arginine with various levels of "*C and "N, e.g.
UC,-Arg, "C-"N -Arg (Andersen ef af., 2005) or "N ,-Arg (Ringrose er al., 2004)
{(Figure 2.2).

The use of “N-enriched media has been found to provide an accurate quantifica-
tion method and is more frequently used than “C-modified media. In order to reduce
difficulties and expense in preparing “N-enriched media for mammalian cells, the
use of stable isotope labelling by amino acids in cell culture (SILAC) for differential
proieomics was introduced in 2002 by Ong and colleagues (Ong er al., 2002),
Several gquantitative analyses have been carried out ranging from an analysis of
proteome cynamics of the nucleolus (Andersen et al., 20035) and proteome changes
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Figure 2.2. Structure formulac of isolope-bearing modification reagents described in this
review. Siles bearing heavy isotopes in the respective heavy isotope reagents are marked with X. Y.
and Z. For (urther details regarding the reagents. see the respective sections of the text, *The heavy
cICAT reagent contains rine “C-utoms out of the ten C-atoms in total. The exact position of these
nine 'C-atoms is & corperate secret of Applied Biosystems, Framingham, MA. USA.

in muscie cell differentiation (Ong er al., 2002) to repertoire changes of the major
histocompatibility complex class I (MHC-T) peptides after Salmonella enterica
infection (Ringrose er al., 2004).

A principal obstacle concerning metabolic labelling is that the number of heavy
atom-containing amino acids incorporated inlo one peptide is not deducible with-
out sequence information. Mass differences between isotopic labelled peptides
depend on the sequence varying from peptide to peptide (Figure 2.1a,d: compare
peptides [—). An additional restraint is the fact that highly abundant peptides
leading to just one MS signal are indistinguishable from any unlabelled peptides
(Figure 2.1d. peptide 4). This in turn dramatically reduces the impact of quantifiable
MS data if sequence information is not available.

CHEMICAL LABELLING

For proteomic samples that cannot be derived from in vitro cultured cells, the
metabolic Jabelling approach is not applicable. These samples can be chemically
modified with isotope labels at their terminus or at side chains. This chemical
modification can be divided into side chain modifications (Figure 2.1b,e) and
terminal modifications (Figure 2.1c,f). The major difference between side chain
modification and terminal meodification is not only the modification reagent (sec
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Figure 2.2 ANIC and ICPL) but also the number of peptides available for modifica-
tion, and thus for quantification. After side chain labelling, onfy peptides containing
the targeted amine acid are modified, and the number of labels per peptide is also
sequence dependent (Figure 2.1b,e, compare peptides 1-4), whereas terminal label-
ling introduces exactly one label in every peptide (Figure Z./¢,f: compare peptides
1—).

SIDE CHAIN LABELLING

Favourite targets for specific madifications of side chains are the amino group of
lysine residues or the thiol group of cysteines. In principle, proteins are first isolated,
then modified and digested enzymatically, and subsequently subjected to MS
analysis (Figure 2.15).

ICAT and cICAT

In 1999, Gyei and colleagues introduced the first isotope-coded affinity tag (ICAT)
{Gygi er al., 1999b). The ICAT reagent consists of a biotin tag, an isotope carrying
linker, and a reactive sulfhydryl group for the attachment of the ICAT reagent to
reduced cysteine residues. The biotin tag allows the purification of labelled peptides,
reducing the sample complexity on the one hand and omitting singular signals for
the analysis of differences in the Saccharomyees cerevisiae proteome induced by
galactose or ethanol as carbon source on the other {Gygi er al., 1999b); the ICAT
reagent itself has some resiraints. The biotin isotope tag is relatively large (442 Da)
and can result in incomplete peptide sequence information (Lill, 2003). Further-
more, the purification via the biotin—avidin interaction is susceptible to non-specitic
binding and incomplete efution (Moseley, 2001), and finally, the eight deuterium
atoms of the heavy ICAT reagent were seen to cause a relatively strong isotope cffect
on the chromatography column, which could partially resolve isotopic peptide pairs
(Tao and Aebersold, 2003). These problems were largely resolved with several
improvements to the ICAT reagent. The cleavable ICAT (cICAT, Figure 2.2) hastwo
major improved features. Firstly, it contains an acid-cleavable linker, which allows
removal of the biotin tag from the labelled peptide. This removal of the biotin
decreases the mass of the ICAT for MS analysis and results in better interpretable
peptide fragmentation spectra. Additionally, the isotope effect in chromatography
has now been omitted by replacement of the deuterium with *C-isotope labels
(Hansen er al., 2003).

ICROC and ALICE

Several other strategies vary the basic idea of ICAT modification. For isotope-coded
reduction off a chromatographic support (ICROC, Figure 2.2), proteins are also
reduced and cleaved with trypsin (Shen er af., 2003). In this way, the cysteine-
containing peptides thus generated are covalently coupled to pyridyl disulfide
beads. After washing, the cysteine peptides are eluted using a reducing agent.
Following this, the free cysteine thiol groups are alkylated with either N-ethyl or N-
D_-ethyl-iodacetamide and subjected to LC-MS for quantitative analysis.



LC-MS-based protein and peptide quantification using isotope labels 27

The use of acid-labile isotope-coded extractants (ALICE, Figure 2.2) (Qiu et al.,
2002} also circumvents the need for biotin/avidin-based purification of cysteine
peptides. Cysteine-containing peptides derived from tryptic digests are linked via
their thiol groups to the ALICE reagent, which, in addition to a thiol group, also
contains an isotope-coded linker and an acid labile unit, covalently coupled to an
inorganic resin. After linking the cysteine peptides to the resin, they are washed,
cluted by acid treatment, and analysed sequentially.

PhiAT

The principle of ICAT has been conveyed also to the quantitative analysis of
phosphorylated proteins using phosphoprotein isotope-coded affinity tags (PhIAT).
In 2001, Oda and colleagues developed a labelling strategy for phosphorylated
proteins with a reagent resembling ICAT (Qda er al., 2001). Proteins were subjected
to tryptic digestion, thiol groups of cysteine residues were oxidized to cysteic acid
and thus blocked from further reactions. Phosphate residues were removed by 8-
elimination using high pH conditions, This elimination results in a replacement of
the phospho group with an unsaturated residue to which ethanedithiol (EDT) is
added. Finally. a biotin-bearing linker structurally related to the ICAT linker is
introduced to the free thiol group of the EDT. The additional steps of processing are
the same as those for the ICAT labelled peptides considered above, namely biotin-
based purification, followed by subsequent elution and LC-MS analysis. This
approach is easily applicable for quantification using EDT- H, and EDT-D, for the
induction of isotope-bearing tags (Figure 2.2 for peptide modlflcanon (Goqhe ef
al., 2002).

ICPL

The purification of cysteine peptides to reduce the complexity of the peptide
mixture by some 10-fold is a major advantage of the ICAT method, but can also
becorme one of its pitfalls. The reduction of complexity leads also to a reduction of
proiein coverage, as cysteine is one of the rarest amino acids. For example, approxi-
mately 66% of all £. coli open reading frames contain less than five cysteine residues
(Schmidt er ai., 2005).

Apart from thiol groups occurring in cysteine residues, the more frequently
occurring amino groups in, for example, tysine residues are also open to modifica-
tion in a selective way. More than 80% of ali proteins have a high lysine content and
are therefore available for isotope-coded protein labelling (ICPL, Figure 2.2) using
cither D -nicotinic acid (Schimidt er af., 2005) or (, -nicotinic acid (Hochieitner ef

al., 2005} as the modifying reagent. Similar to cyetemc based quantification
approaches, in the case of lysine, the proteins are first modified, then mixed and
digested. As lysine modification impairs protein digestion with trypsin, proteins
have to be digested with other proteases, such as endoproteinase Glu-C,

Although the higher protein coverage of the ICPL technique can be very valuable,
some limitations are intrinsic to this approach. Unlabelled peptide portions are not
separated from the modified peptide pool, and thus singular peptide peaks in LC—
MS analysis derive from highly abundant peptides as welt as from unmodified ones.
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Additionally, multiple labelling of one peptide is likely to be due to the fact that
lysine is a frequent amino acid. This multiple labelling in turn complicates identifi-
cation of peptide pairs (Figure 2.1¢).

TERMINAL LABELLING

In principle, terminal labelling has one major advantage as every peptide is labelled,
and thus all peptides are available for quantification. Protein labelling after diges-
Ltion bears the restraint that mixing of samples occurs at a later stage, compared with
all other approaches (Figure 2.1¢), thus rendering it per se more prone to artifacts
due to a separated sample preparation.

Enzymatic digestion in the presence of H#0

One of the first strategies used for quantitative comparisons of protein samples was
the enzymatic digestion of protein preparations in *O-labelled water, marking the
C-terminus of the generated peptide by a mass shift of 2 Da compared to peptides
digested in H,'°0O (Stewart et al., 2001; Yao e af., 2001). Although this approach is
elegant and fast, there are some restraints. The small change in the peptide mass due
to the incorporation of "0 results in an overlay of the isotope pattern of light and
heavy tagged peptides. Furthermore, the 2 Da mass dilference between differen-
tially-tagged peptides can be altered due to rebinding of trypsin to peptidic arginine
and lysine residues after cleavage. The rebinding leads to the incorporation of a
second O into the peptide (Reynolds et al., 2002), complicating the quantitative
analysis of the sample.

Acerylation and TMAB
Acetylation of free amino groups in a peptide is both chemically simple and
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Figure 2.3, Recoveries of different peptide derivatives. The four synthetic peptides {AETSYVEKVL.
KLSLGLPGL, SLGLQLAKY, and VLDPRGIYL) present in equimolar concentrations were either
acetylated, guanidinated and acetylated, or guanidinaled and nicotinylated. After complete
derivatization, cach peptide mixture was combined with the initial non-modified peptide mixture
(Lthus expecting equimolar yields of both species) and quantified by nanospray-ESI-MS analysis.
This figure has been adapted. with permission, from Lemmel o af. (2004).
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quantitative, hence easily facilitating the introduction of an isotope-coding tag into
a peptide. Several protocols have been described for either the specific acetylation
of the N-terminus after blocking free amino groups in lysine side chains (Lemmel ¢/
al., 2004; sce also dNIC section) or the non-specific acetylation of all free amino
groups in a peptide (Che and Fricker, 2002), which is less favourable for analysis,

Irrespective of the specificity of the reaction, acetylation dramaticaily reduces the
nucleophilic character of the modified amino group, resulting in highly ineffective
ionization efficiencies of the acetylated peptides (Figure 2.3). Therefore, other N-
terminal modification reagents. which preserve a positive N-terminal charge, are
more desirable.

One exampie of such a reagent is 4-trimethyl-ammoniumbutyryl (TMAB, Figuie
2.2), which aiso reacts with every free amino group (Zhang et af., 2002). In 2005, Che
and co-workers used this reagent without blocking lysine side chains for the success-
ful quantification of neuropeptides in mice (Che et al., 2005).

dNIC

In 2004, Lemmel and co-workers introduced an approach for providing a differential
N-terminal isotope coding (dNIC) selectively at the N-terminus (Lemmel ef al.,
2004). To prevent isotope labelling of lysine side chains. these amino groups are
selectively guanidinated at a pH above 10.5 using O-methylisourea (Beardsley and
Reilly, 2002): a workflow ilfustrating this process is shown in Figure 2.4. The
peplides are desalted on C,columns and afterwards the dNIC label is introduced
solely at the N-terminus. This approach s advantageous in several respects. Every
peptide is modified with exactiy one dNIC label, meaning that single LC-MS events
cannot emerge from unlabelled peptides but can only arise from singularly existing
peptides in one of the samples. The dNIC label is very light {110 Da) and thus
does not have the same problems incurred by the use of ICAT labels in respect of
peptide sequencing. Furthermore, the dNIC label, as well as the guanidination
process, enhances MS sensitivity (Keough ef af., 2000: Brancia er al., 2001 ), which
quantitatively compensates for losses occurring during peptide Tabelling (Figure
2.3.

Peptide quantification using ANIC

QUANTITATIVE ANALYSIS OF MHC-I LIGANDS

MHC-I molecules are cell surface proteins presenting a non-covalently bound
peptide (Saper et ai.. 1991). These MHC ligands, which mainly derive from
endogenous proteins. are displayed primarily to cytotoxic T cells for
tmmunosurveillance (Zinkernagel and Doherty, 1974). Several fealures of MHC
ligands exclude them from ICAT-based quantification but make them perfectly
suited for N-terminal modification using the dNIC approach. The MHC-bound
peptides range in size from 810 amino acids (Rammensee er al., 1993) and seldom
contain cysieine residues (as can be seen from the MHC ligand database at
www syfpeithide). Thus, all ICAT-based approaches are not suited for quantitative
MHC analysis. Fortunately. the complexity of an MHC ligand preparation is
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sufficiently small so as to negate the need for reduction prior to LC-MS analysis.
Ringrose and co-workers have therefore used metabolic labelling with "N-arginine
to analyse differential HLA-B#2704 peptide presentation after Salmonella enterica
infection (Ringrose et al., 2004). The HLA-B*2704 molecule binds mostly peptides
which present in their second position an arginine as a so-called ‘anchor residue’. In
this way. all isolated HLA-B#2704 ligands were differentially marked at position
two. This approach is not generaily conferrable to other MHC ligand pools as most
MHC motifs are not restricted to one specific amino acid in their anchor positions in
contrast to the arginine anchor in HLA-B*2704 presented peptides. A metabolic
labelling with a more abundant amino acid would generate the same problems as
described above for metabolic fabelled proteins. Due to the fact that protein cover-
age of MHC-bound peptides is very low per se, it is. in this context, particular]y
important that virtually every peptide is quantitatively analysable. Therefore, a
quantification based on lysine side chain labelling, such as ICPL. which has no
separation of labelled peptides from unlabelled peptides. would also be inadequate.

All these restraints, which hamper metabolic and side chain labeiling, do not
apply 1o the dNIC approach {Figure 2.4), as it is independent of amino acid compo-
sition, with ali peptides available for quantification (Figure 2.{c).

KINETICS OF MHC-1 LIGAND NICOTINYLATION

Peptide modification, either at the amino groups of lysine side chains or at the N-
terminus with N-nicotinoyloxy-succinimide (NIC-NHS} esters. is performed from
between | h (Hochleitner et af., 2005) and 2.5 h {(Munchbach er al., 2000; Schmidt ef
al., 2005). In order to optimize reaction time and NIC-NHS usage, we have investi-
galed nicotinylation kinetics in a pulse-chase experiment (Figure 2.5). A mixture of
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Figure 2.5. Kinetic analysis of peptide nicotinylation. A mix of cight synthetic peptides was
guanidinated and aflerwards subjected Lo nicotinylation for 15 min in lotal. First. peptides were
pulsed with 10 M H_-NIC [or different times indicated in the diagram. Afterwards, H -NIC was
removed and, for the remaining time, 10 mM D -NIC was added for chase. Far each peptide and
point in time. ratios of peptides modilied with light and heavy sicotinic acid were calculated. The
fitting functien empioyed is indicated in the diagram.
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eight synthetic peptides (4 nmol each peptide) was (on-column) modified within 15
min in total, with 10 mM of fight or heavy nicotinylation reagent at a flow rate of 35
ul/min, For pulsing, the pre-guanidinated peptide mix was incubated for 10 s to 15
min with H-NIC. The chase was carried outl by repiacing light nicotinylation
solution with D -NIC to give a total nicotinylation time of [5 min. For kinetic
analysis, the H,-NIC to D,-NIC ratio of modified peptides was determined by mass
spectrometry. Summarizing the results, a nicotinylation efficiency of 99% was
achieved for every synthetic peptide after {5 min. and thus in this way, the protocol
for the dNIC approach could be optimized.

APPROPRIATE MIXING OF dNIC-LABELLED MHC LIGANDS

Adequate mixing of the samples prior to quantitication analysis is one of the most
crucial steps for every quantitative application. Regarding adequate mixing, meta-
bolic tabelling is generally advaniageous, as with no other isotope labelling methed
can different samples be mixed so early in the workflow (Figure 2. fa). For quantita-
tive analysis, total cell preparations can be normalized 1o equal cell number or total
protein content, directly mixed, and processed together. This early mixing proce-
dure reduces any artificial protein quantification differences resulting from variations
in sample handling. Principally, terminal modification implies a later mixing than
all other modification techniques, but this does not apply to MHC-I ligand samples.
MHC-I ligands are shore peptides, therefore an enzymatic digestion step is surplus.
Nevertheless, accurate determination of total MHC ligand content is difficult,
Before acid treatment of immunoprecipitated MHC, the total amount of MHC can be
determined, and hence the quantity of the isolated MHC ligands thereof can only be
roughly deduced.

Due to the sensitivity of LC-MS-based dNIC quantification experiments, a more
accurate determination of total peptide content of a sample prior to mixing is
required. As peptide nicotinylation introduces a strongly UV-absorbing nicotinic
acid into every peptide, the total amount of peptide in a sample can be determined
by UV-absorption at 262 am. To prove that this densitometric-based mixing is, in
principle, appropriate for LC-MS guantilication experiments, pools of synthetic
peptides have been differentially labelied and mixed in fixed ratios according to
their OD,, . Afterwards, the actual peptide ratios were determined by MS. It detail,
6, 12, and 24 nmol of six synthetic peptides were modified, either with light or heavy
nicotinic acid. After elution from the C, columns, the OD, , ~values were deter-
mined for each sampie, whereas an equally treated sample without peptide served as
the blank. According to their optical densities, the samples were mixed in two ratios
of 1:1 and 0.8:1, respectively. The actual peptide ratios were determined by mass
spectrametric analysis (Table 2. 1). The results from this experiment demonstrate that
UV absorption-based peptide mixing is accurate for nicotinylated peptides, as the
relative error was as low as 8%, which is in a range similar to that obtained with other
isotope-based quantification strategies (Gygi et al., 1999b).

This mixing method was also successfully applied to mere complex samples, such
as total MHC ligands from tumour and normal tissue, modified with D -NIC or H -
NIC. respectively {Figure 2.6). Here, most MHC ligands seem to be equally presented
on tumour and autologous normal tissue, Assuming a Gaussian distribution of the
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Table 2.1 Proof of principle for densitometry-based mixing of peptides modificd with the dNIC
strategy. 42 nmol of a peptide mix consisting of the peptides indicated were guanidinated together
and split into portiens of 6, 12. and 24 nmol. These portions were separately madified with H -NIC
{6 and 24 nmol portion) and D-NIC ({2 nmol porlion). The optical density at 262 nm was
determined for cach sample after modification. (a) The 6 nmol and 12 nmal portions were mixed
according 1o their optical density i1 a 111 ratio. (b} The 12 and 24 nmol portions were mixed in a
0.8:1 ratio, respectively. The aclual peptide ratios were determined by MS: average and standard
deviation ol the measured ratios were calculated.

Amount of modified peptide % nmol 12 nmol 24 nmot 12 nmol
; Intensity ’ Intensity :

Peptide sequence NIC dNEC ratio NIE dNIC ratio
PGSYTYEWNFRKDVN 386 393 0.98 612 755 0.81
DVETQFNQYK 547 506 1.08 966G 1247 0.79
KLKEFIPKY 485 480 1.08 514 629 082
GLOEVKSSL . .. 636 607 1.15 1021 1251 0.82
VVOLTLAFR 683 1633 1.03 1777 2462 0.72
ILNSWNISK s ; 798 703 i.14 1286 1444 0.89
Average 1.08+0.06 0.8140.05
Expected 1.00 0.80

Absolute frequency (m)

6 4 =2 06 2 4

tumour )

2 Log ( normal

Figure 2.6. Densitemciry-based mixing of two compiex peplide samples after ANIC modifica-
tion. MHC-1 ligands were isolated from primary renal cell carcinema tumour and autclogous
kidney normal tissue, modified with D -NIC or H,-NIC. respectively. and mixed according to their
0D,,.,. it a I:] matio. A frequency count (bin size 0.7) of the logarithmized ratios of wmour- Lo
normal lisswe-derived ligands was performed and fitted using a Gaussian curve: mode and R arc
indicated within the figure.

logarithmized ratio of tumour- to normal tissue-derived peptides (R = 0.99), the
ratios can be further normalized setting the mode of the curve at zero.

APPLICATION OF dNIC: QUANTIFICATION OF TAP INDEPENDENTLY PRESENTED
PEPTIDES

The dNIC-modification strategy (Figure 2.4) was used for analysis of quantitative
comparisons of cell lines with defects in their antigen processing due to transporter
associated with antigen (TAP) deletion. For this experiment, equal amounts of MHC
ligand complexes were isolated from the TAP* cell line, LCL721.174, and from its
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Figure 2.7. Ratio determination of different MBC-I ligands derived from TAP-expressing or
TAP-deficient cells. From LCL721.45 (TAPY") and LCL721.174 (TAP") cells, MHC-1 ligands
were isolated and modified with H-NIC or D -NIC, respectively. Medified peptide pools were
mixed in a total peptide rato of ;] and subjected to LC-MS analysis. For the peptides indicated,
the relative amount of peptide derived from LCL721.174 was calcuinted.

TAP-expressing progenitor cell line, LCE721.45 (Koller er al., 1989). Afterwards,
peptides were eluted from the isolated MHC molecules. LCL721.174-derived
peptides were modified with the heavy nicotinylation reagent, and LCL721.45 with
the light reagent. MHC ligand ratios were mixed in a total peptide ratio of 1:1 by
densitometry. Two peptides from IFI30 and SSR1 have been identified previously
on LCL721.174 by Wei and Cresswell (1992). The presentation level of these two
peptides was compared between the two LCLs {Figure 2.7). The IFI30-derived
peptide, LLDVPTAAV (Figure 2.7a), and the SSRI-derived peptide,
VLFRGGPRGLLAVA (Figure 7b), were both more than 12-fold over-presented on
MHC-T melecules of LCL721.174. Due to quite different MHC ligand pools on both
LCLs, normalization using a Gaussian fitted ratio of LCL721.174- 1o LCL721.45-
presented peptides (compare with Figure 2.6) was not possible. It is notable that
peptides derived from MHC signal sequences are abundantly presented on MHC
molecules. The signal-derived peptide, MAPRTLVL, was found to be approxi-
mately twofold under-presented on the LCL721.174 (Figure 2.7¢). This suggests
that the IFI30- and SSRl-derived peptides were not over-represented due to
inadequate mixing of the samples burt reflect a biological over-presentation.

As an example of a peptide whose MHC-1 presentation is TAP dependent, Figure
2.7d shows the ratio of the peptide, DGPRVRFV, derived from the alpha unit of a
homeologue to the phenylalanine-tRNA synthetase (FARSLA). The isotopic pattern
of this peptide derived [rom LCL721.45 overlays with the signal of the potential
peptide from LCL721.174. But the identical experiment using switched modifica-
tions between the two peptide pools suggests that this peptide is not presented on
LCL721.174 («<0.5%, data not shown).
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In this exemplary dNIC quantification experiment, the observed dynamic range of
dNIC-based quantification was about three orders of magnitude, a range that concurs
with other isotope-based LC-MS quantification experiments (Gygi ef al., 1999b).

AUTOMATIZATION OF PEPTIDE QUANTIFICATION USING dNIC LABELS

The dNIC strategy labels every peptide and introduces a mass shift from light to
heavy modification reagent of 4 Da, independent of the peptide sequence. This
constant mass difference, and the isotopic effect of the peptides modified with the
deuterium-bearing nicotinic acid, can be used for reliable automated analysis of
peptide pair ratjos. This makes the dNIC quantification approach well suited for
high-throughput experiments,

FACILITATED DE NOVO SEQUENCING BY dNIC LABELLING

Apart from the fact that N-terminal modification with heavy and light nicotinic acid
cnables quantitative comparison of two samples, it also facilitates de novo peptide
sequencing. Identical peptides modified with light and heavy dNIC reagent resuft
in identical MS/MS spectra, except that every fragment containing the N-terminus
differs in mass by 4 Da. Taking advantage of that fact, we could de novo sequence
the MHC ligand, IITKEVLAP, which origins only in an expressed sequence tag
{EST) corresponding to a yet unknown protein (Figure 2.8). The modified
synthetic peptide (Figure 2.8a) displays an identical fragmentation pattern com-
pared to the MHC ligands isotated from the LCL721.174 cell line moedified with
light or heavy medification reagent (Figure 2.8b/c). Another feature of
nicotinylation facilitating sequencing is the fact that the N-terminal b-ion (Figure
2.8d) becomes observable in MS/MS fragmentation spectra. Normally. N-terminal
bl-tons {Figure 2.8d) are not generated during peptide fragmentation, as b-ion
generation requires cyclic transition states (Yalcin et al., 1995). Instead, b2-ions
are generally well observable. As nicotinylation introduces a new peptide bond at
the N-terminus, the b2-ions generated from nicotinylated peptides contain only
nicotinic acid and the N-terminal amino acid, and thus make the N-terminal amino
acid easily identifiable.

Conclusions

Although there is still much room for further improvements regarding, for example.
quantification of very low abundant proteins or peptides and automation, quantita-
tive comparisons of proteins using LC-MS has, during the past decade, clearly
become a well-established technique.,

Several different modification reagents cover a broad range of biological applica-
tions, from total proteome comparisons using ICAT or JCAT-linked technigues to
reagents suited for phosphoprotein or MHC ligand quantification. Common to all
these techniques is good reproducibility and sensitivity, as well as a broad dynamic
range, all needed for accurate quantification experiments. Therefore, it can be
expected that protein quantification will be used more frequently in the futare,
tackling multifaceted problems in various biological systems, and that it will
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Figure 2.8, Facilitated de nove sequencing of the modilied peptide ITKEVLAP using the dNIC
approach. (a) MS/MS fragmentation spectrum of synthetic IITKEVLAP modified with D,-NIC
after guanidination. (b) MS/MS fragmentation spectrum of ITKEVLAP isolated from LCL721.174,
also modified with D -NIC after guanidination. {¢} MS/MS [tagmentation spectram of guanidinated
and H-NIC modified HTKEVLAP, isolated from LCL721.174. (d) Nomenclature of MS/MS
fragments derived Irom moditied HTKEVLAP.

increasingly complement the large availability of quantitative mRNA data (Ideker
etal., 2001).
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