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Integration of Chromatography and Peptide
Mass Modification for Quantitative

Proteomics

Thomas C. Hunter* and Michael P. Washburn

Proteomics, Torrey Mesa Research Institute, San Diego,

California, USA

ABSTRACT

In the past few years the field of quantitative proteomics has generated

intense interest by promising to determine the protein expression differ-

ences of 100s, and eventually 1000s, of proteins between two samples.

A wide variety of methods have been reported, which alter protein=
peptide masses in a fashion compatible with mass spectrometry. Each

method modifies the masses of proteins=peptides at different points in an

experimental scheme, providing a researcher with a variety of tools to

choose from. When these methods are coupled with chromatography

based approaches to proteomics, the relative abundances of 100s of

proteins may currently be determined. As chromatography based proteo-

mics advances and is coupled with the protein=peptide mass modification

methods described herein, the hope is that comprehensive quantitative
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proteomic analyses will be possible on cells from any organism grown in

culture or extracted from a tissue.

Key Words: Multi-dimensional chromatography; MudPIT; Quantitative

proteomics.

INTRODUCTION

While two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)

remains the most widely implemented separation method in proteomics,[1–3]

there is growing interest in alternate approaches to 2D-PAGE. Several biases

of 2D-PAGE result in limited capabilities of the technology to detecting and

identifying low abundance proteins,[4–6] proteins with extremes in isoelectric

point and molecular weight,[7,8] and very hydrophobic proteins.[9,10] Even

though two-dimensional differences in-gel electrophoresis[11] has allowed for

improved quantitative proteomic analyses via 2D-PAGE,[11,12] the shortcom-

ings of 2D-PAGE continue to stimulate research in alternate approaches to

separation of complex proteomes for either qualitative or quantitative analyses.

Chromatographic approaches to the separation of proteomes are being

widely pursued as an alternate methodology to 2D-PAGE. While a variety of

multidimensional chromatographic approaches to separating proteins and

peptides have been described,[3,13–16] proteomic analyses via multidimensional

protein identification technology (MudPIT) have resulted in the detection and

identification of 1484 proteins from Saccharomyces cerevisiae (yeast)[17]

and more than 2400 proteins from both Oryza sativa (rice)[18] and Plasmodium

falciparum (malaria).[19] Multidimensional protein identification technology

was first described as DALPC by Link et al. as a method for the rapid analysis

of S. cerevisiae ribosomes.[20] Subsequent methodological improvements[21]

resulted in the detection and identification of 1484 proteins from the proteome

of S. cerevisiae.[17] In MudPIT a complex peptide mixture is prepared from a

whole cell lysate of a sample and directly loaded onto a biphasic microcapillary

column packed with reversed phase and strong cation exchange packing

materials. The MudPIT column is interfaced with an HPLC pump and mass

spectrometer, allowing for the nearly simultaneous separation of peptides and

generation of mass spectral information necessary for subsequent peptide

identification.

Initially, the main criticism of MudPIT and of many of the multidimen-

sional approaches being investigated was that they were not quantitative by

nature. However, there has been intensive research into quantitative proteo-

mic methods, which can be directly implemented into a chromatographic

based separation method with the intent of eventually detecting, identifying,
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and quantifying thousands of proteins from any given sample. Effectively,

each quantitative proteomic method is a peptide mass modification method.

In a quantitative proteomic analysis, cells from a variety of organisms may be

grown under at least two different conditions expected to alter protein

expression levels. In order to determine the relative abundance of a peptide

from the same protein from two different cell states by mass spectrometry, the

masses of identical proteins from each sample need to be modified in such a

manner that the same peptide from the same protein but from each different

sample has a unique mass to charge ratio (m=z). This way, each peptide has a

unique intensity that can be compared to the other in order to determine the

relative abundance of the proteins from the two samples. Proteins or peptides

from each sample, therefore, need to be labeled as ‘‘light’’ and ‘‘heavy’’ in

order to carry out this process. In a quantitative proteomic analysis, the mass

spectrometer serves the dual purpose of determining the relative abundances

of two peptides from the same protein from two different cell states, and of

generating the necessary information to determine the identity of the peptide

and, therefore, the protein from the original sample. At the end of the

experiment, therefore, a researcher obtains a list of proteins from two different

cell states and the relative abundance of each protein between each cell state.

Several peptide mass modification methods, compatible with chromato-

graphy, have been described in the past few years under the general heading of

quantitative proteomics. These methods can be placed into three general

classes: metabolic labeling,[22–31] site specific amino acid modification of

proteins or peptides,[32–41] or C-=N-terminal labeling.[42–48] All of these

methods have different entry points into a quantitative proteomic scheme,

with metabolic labeling introducing the label into the samples at the earliest

time in an experiment, and site-specific peptide labeling introducing the label

at the latest point in a scheme. In principle, experimental error introduced by

differential sample handling should be minimized by using metabolic labeling

strategies vs. other approaches, but this has not been proven. The goal of this

review is to introduce the reader to each of these methods and to describe their

implementation, either proven or potential, into a quantitative proteomic

scheme utilizing non-gel based separations of proteins or peptides.

Metabolic Labeling

Full metabolic labeling, with stable isotopes of proteins and selective

incorporation of stable isotopes into proteins, are widely used methods in

structural biology to prepare samples for analysis by nuclear magnetic

resonance (NMR) analysis.[49–51] In full metabolic labeling, cells whose

growth media can be controlled are grown under two conditions; one with a
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media with naturally abundant isotopes (referred to as ‘‘light’’ media) and the

other with a media enriched for a heavy isotope like 15N (referred to as

‘‘heavy’’ media) (Fig. 1). By carrying out a full metabolic labeling experiment,

each amino acid from each protein then has a distinct mass from its counter-

part grown in the other media. An alternate approach to metabolic labeling is

to use rare isotope depleted media and normal media for the comparison of

two cell states.[23] However, this method is limited in its use to very high-

resolution mass spectrometers like Fourier transform ion cyclotron resonance

mass spectrometry (FTICR), because when a media is depleted of rare isotopes

there is very little shift in m=z of peptides since there is little rare isotope in a

normal media to begin with.

As mentioned earlier, metabolic labeling is the earliest entry point into a

quantitative proteomic scheme (Fig. 1). Early implementations of metabolic

labeling in quantitative proteomics used gel electrophoresis and spot excision

as the protein isolation method.[22,24] Oda et al. identified proteins that were

altered in expression between two strains of S. cerevisiae grown in 14N or 15N

media, and determined the phosphorylation levels of a specific protein in the

same sample.[22] While this method used one-dimensional gel electrophoresis

and relatively few proteins were detected, identified, and quantified, it

demonstrated the potential impact of metabolic labeling in quantitative

proteomics.

Since these descriptions, quantitative proteomics by full metabolic label-

ing has been used in chromatography based proteomics approaches, rather

than electrophoretic separations. Full metabolic labeling has been demon-

strated using reversed phase-liquid chromatography (RP-LC) coupled directly

FTICR on D. radiodurans[25,28] and mouse B16 cells,[25,30] and using MudPIT

on S. cerevisiae.[31] Since the information for relative abundance determina-

tion and peptide identity determination is contained within the mass spectro-

metry data, electrophoresis based approaches are not necessary when alternate

separation methods like RP-LC or MudPIT are used.

As an alternative to whole proteome metabolic labeling, isotopically

enriched single amino acids may be used for the selective metabolic labeling

of a cell type for a quantitative proteomic analysis (Fig. 1). Again, these

approaches to cell labeling have been widely used in the structural biology

field, and have recently begun to be applied to quantitative proteomics. Jiang

et al. have described the single amino acid isotopic enrichment of S. cerevisiae

with D10-Leu in an attempt to overcome slow growth problems with metabo-

lically labeled minimal media.[27] Ong et al. have carried out a similar

approach where mammalian cell cultures were prepared with D3-Leu or

normal Leu.[29] In both of these manuscripts, the authors used gel electro-

phoresis to separate out the protein bands and, upon band isolation, analyzed

the protein spot identity and relative abundance of proteins via mass spectro-
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Figure 1. Quantitative Proteomic Analysis via Metabolic Labeling. In metabolic

labeling, cells may be grown to either completely enrich all the proteins from one

growth condition using as isotope like 15N[22,24,25,28,30,31] or cells may be grown to

specifically enrich proteins in media containing a stable isotope labeled single amino

acid.[26,27,29] In both cases, once the cellular growth is completed the labeling process is

completed. After cell lysis and generation of complex protein mixtures, a protein

mixture made of 50% protein from one cell growth and 50% protein from the second

cell growth is generated. From this point forward a single sample has been generated

which will be prepared for mass spectrometry analysis.

Chromatography and Peptide Mass Modification 2289

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



metry.[27,29] Very few proteins were detected, identified, and quantified in each

analysis, limiting the biological impact of each study. However, both of these

approaches are amenable to chromatography-based approaches to proteomics,

since the relative abundance measurement comparing the protein abundance

from two samples is made in the mass spectrometer. For example, Berger et al.

have recently described the comparative analysis of S. cerevisiae cultured in

media containing either 13C-Lys or unlabeled lysine by RP-LC=FTICR.[26] To

date, the focus of the published research of single amino acid stable isotope

labeling has been limited to method development rather than biological

inquiry. Generally, this is also the case for full metabolic labeling. However,

both isotopic labeling methodologies have the potential to be applied to a wide

variety of biological problems.

Post-Translational Labeling

Site specific amino acid modification of proteins or peptides[32–41] or

C-=N-terminal labeling[42–48] are post-translational labeling approaches. By

using a post-translational approach to quantitative proteomics, one can analyze

a wider variety of systems than with metabolic labeling, since one does not

need to exquisitely control growth media. Using post-translational methods,

one should be able to analyze tissues from mammalian systems, whereas this

cannot be done with metabolic labeling strategies. The general strategy for

post-translational labeling schemes is to: (1) differentially label samples with

isoforms of the labeling agent; (2) mix the differentially labeled samples;

(3) chromatographic separation of the labeled mixture; and (4) determine the

ratio of peptide isoforms by mass spectrometry.

The primary challenge in the development of these methods is the need to

minimize the resolution of the peptide isoforms during chromatographic

fractionation and mass spectrometric analysis.[52,53] Therefore, the methods

must be simple, and robust and produce a population of differentially labeled

peptide isoforms that retain the same physical–chemical characteristics with

respect to chromatographic retention time and ionization, in order to obtain

an accurate measure of the relative abundance of the peptide isoforms pairs.

Furthermore, the differential label must produce spectra such that algorithms,

such as SEQUEST,[54] which correlate observed spectra with theoretical

spectra, are capable of making proper identifications.

Specific Amino Acid Modification

Foremost among the post-translational labeling methods and quantitative

proteomics methods in general, is an approach based upon a class of reagents
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termed isotope-coded affinity tags (ICATs).[32] An ICAT reagent consists of

three functional elements: (1) a cysteine specific reactive group; (2) an

isotopically labeled region; and (3) a method for affinity purification of the

labeled proteins or peptides (Fig. 2). The four major steps in ICAT analysis are

shown in Fig. 3. Briefly, the cysteine residues in the samples of interest

are reduced and derivatized with either an isotopically light or heavy version

of the ICAT reagent. The derivatized samples are then combined and digested

with a protease resulting in both labeled and unlabeled peptide fragments. The

labeled peptide fragments are then purified by affinity chromatography,

fractionated by reversed-phase chromatography, and analyzed by tandem

mass spectrometry, which provides both qualitative analysis and the relative

abundance of the peptide isoforms in the samples. It has been estimated that in

yeast there are approximately 350,000 tryptic peptides, and that approximately

30,000 of these peptides contain at least one cysteine residue.[42] The

reduction in sample complexity that occurs using the ICAT system may be

advantageous when dealing with highly complex samples. However, this

method will preclude analysis of non-cysteine containing proteins and 100%

of any single protein.

Since the first version of ICAT, there have been a number of permutations

and improvements to the core technology. One such adaptation has been the

introduction of a solid-phase capture of cysteinyl peptides from complex

mixtures.[41] In this format, the most significant changes are the use of

aminopropyl-coated glass beads and an O-nitrobenzyl photo-labile linker for

UV mediated release of the captures cysteinyl peptides.[41] The preliminary

study of this system indicated that a greater number of proteins were identified

using this system in a comparative study with the avidin-based system.

Figure 2. Structure of Isotope Coded Affinity Tags. The ICAT reagent consists of a

biotin group linked to a cysteine reactive group.[32] The linker may be deuterated eight

times or protonated at each site allowing for the generation of D0- or D8-ICAT. The

differential masses of the linker group allow for the use of ICAT in a quantitative

proteomic scheme.
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Figure 3. Quantitative Proteomic Analysis via Isotope Coded Affinity Tags. As with

all quantitative proteomic methods, the key is to introduce a sample into the mass same

protein but from different growth conditions. When using ICAT, whole cell lysatspec-

trometer that has a different m=z for the same peptide from these two different cell

growths or tissue types may be prepared and upon the generation of the complex

protein mixtures, the cysteines of each sample are differentially labeled.[32,33] After

ICAT labeling, a protein mixture made of 50% protein from one cell growth or tissue

type and 50% protein from the second cell growth or tissue type is generated. Typically,

ICAT is carried out after sample mixing by running off-line strong cation exchange

chromatography and collecting some number of fractions.[33,40] After affinity purifica-

tion to capture ICAT labeled peptides, each fraction is analyzed by RP-LC=MS=MS

where the RP-LC is directly coupled to the mass spectrometer.
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However, it was not established if the prior proteolytic digestion of proteins for

the bead solid-phase analysis played a role in the greater number of proteins

identified.[41] Another significant modification has been the incorporation

acid-labile linker groups to the original ICAT platform.[39] This system termed

‘‘ALICE’’ for acid-labile isotope-coded extractants uses the basic structure

ICAT structure with the addition of an acid-labile linker region. In this method,

peptides were released from the biotin conjugate by incubation in trifluoro-

acetic acid. Again, this method used a prior proteolytic digestion of the

proteins before capture and labeling, presumably to reduce steric hindrance

resulting from the relatively bulky nature of the reagent.[39]

There are several alternatives to the residue-specific modification of

cysteine, which include methods for differential modification of lysine[35,36]

and O-phosphorylated serine residues.[37] The phosphoprotein isotope coded

affinity tag (PhIAT) method has been shown capable of enriching and

identifying mixtures of low-abundance phosphopeptides.[37] The PhIAT

method uses a chemical modification of phosphorylated serine and threonine

residues to cysteine before introduction of a standard ICAT reagent.[37] The

mass-coded abundance tag (MCAT) approach uses a residue specific modi-

fication lysine residues by O-methylisourea to introduce a differential tag[36]

(Fig. 4). In addition, 2-methoxy-4,5-dihydro-1H-imidizole has also been used to

modify lysine residues for the purpose of introducing a differential mass tag.[35]

Each site specific amino acid modification method suffers from potential

problems such as difficulty in spectral interpretation, and unwanted side

reactions. One of the primary problems with the introduction of mass tags

such as MCAT is the difference observed in the retention time between the

Figure 4. Lysine modification via O-methylisourea. In the Mass Coded Abundance

Tagging reaction, C-terminal lysines are modified post-digestion by O-methylisourea to

generate homoarginine.[36] Labeling of one sample with O-methylisourea and mixing

this with an unlabeled sample allows for the determination of the relative abundance of

peptides from a mixture.
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peptide isoforms during reversed phase separations. It has been shown that

these changes in retention time can lead to very large errors in the quantitative

analysis.[52,53]

In spite of these limitations, the ICAT methodology has been successfully

applied to a variety of biological questions including studies of several cell

types, organelles, and different classes of proteins. Quantitative proteomic

analysis via ICAT has been coupled with cDNA array analysis to investigate

the galactose utilization pathway in S. cerevisiae[34] and to investigate the

mRNA and protein expression changes brought about by culturing

S. cerevisiae in either galactose or ethanol.[38] In addition, the ability of

ICAT to detect protein expression changes of peripheral and integral mem-

brane proteins has been demonstrated by analyzing the effect on 12-phorbol

13-myristate acetate on the microsomes of HL-60 cells.[33] A recent study has

used ICAT for a proteomics analysis of Myc oncoprotein function in

mammalian cells.[40] Expression differences among many functionally related

proteins were identified, including proteases, protein synthesis pathways,

adhesion molecules, cytoskeletal networks, and signaling pathways.[40]

Of all quantitative proteomic strategies, ICAT is the most mature, as demon-

strated by the successful use of ICAT in biologically driven analyses.

C-=N-Terminal Labeling Strategies

An alternative post-translational modification strategy to site-specific

amino acid labeling is the global modification of all proteolytic peptides in

a mixture. In general, these methods target the amino and carboxyl groups that

are generated during enzymatic proteolysis. Labeling of carboxyl groups

occurs through incorporation of 18O from H18O during proteolytic hydro-

lysis[43,45,48] (Fig. 5). Incorporation of two 18O into C-termini during proteo-

lysis introduces a 4 Da mass shift to labeled peptides relative to an unlabeled

analog. The label has been shown to be stable under MS conditions with very

little back exchange of 18O label with buffer.[43] This method has been

most successful when used in conjunction with ESI-quadropole (QTOF)

instruments. However, there are limitations to the rate and efficiency of

incorporation for the two 18O labels which varies between enzymes (trypsin

and chymotrypsin), labeling is also not universally consistent from peptide to

peptide, and there can be issues in spectral interpretation.[47] A C-terminal

modification method more amenable to lower resolution ion-trap type instru-

ments is methyl esterification of carboxyl groups, using either methanolic HCl

or the deuterated analog.[42] This method is a mixed-mode method falling into

two of the three general classes of quantitative proteomic methods since

aspartic acids, glutamic acids, and C-termini are modified.[42] Alternatively
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there are methods available for N-terminal labeling of tryptic peptides with

N-hydroxysuccinimide[44] or 1-Nicotinoyloxysuccinimide esters.[46] In fact,

coupling 18O labeling and N-terminal labeling methods for protein expression

profiling produced the more comprehensive results than when either method

was used alone.[47]

Challenges Ahead

Most of the descriptions of peptide mass modification methods as

quantitative proteomic tools have focused on method development and

‘‘proof of concept’’ studies with limited biological applications. One potential

reason for this is the challenge posed by the data analysis. Site-specific amino

acid modification methods such as ICAT alter the mass of peptides by a

Figure 5. C-terminal digestion modification with 18O. 18O may be incorporated into

the C-terminus of a peptide during digestion with enzymes like trypsin, endoproteinase

Lys-C and endoproteinase Glu-C.[43] A simplified version of this reaction scheme is

shown. (1) To begin, the peptide needs to be digested in 18OH2 in order to then

incorporate 18O. The serine in the active site of the proteases listed attacks the carbonyl

carbon in a peptide bond. (2) Next, 18OH2 attacks the protein-protease intermediate also

at the carbonyl carbon displacing the NH group on the peptide bond. (3) As a result, a

peptide with a single 18O has been generated. (4) A repeat of steps 1 and 2 is needed to

drive the reaction to completion as shown in (5) where two atoms of 18O have now been

incorporated into the peptide C-terminus. Labeling of one sample with 18O by digesting

in 18OH2 and mixing this with the other sample digested in 18O depleted water allows

for the determination of the relative abundance of peptides from a mixture.
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defined mass that can be scanned for in the raw mass spectrometry data,[33]

which simplifies relative abundance determinations. In principle, this approach

should be able to be implemented when stable isotope labeling with single

amino acids. For example, when D10-Leu, for example, is used in the growth

media there should be isotopic peak pairs 10 amu apart for þ1 peptides, 5 amu

apart for þ2 peptides, and 3.33 amu apart for þ3 peptides. When full

metabolic labeling is employed, however, finding the peak pairs is difficult

unless one knows the identity of one of the two peptides and you calculate the

predicted m=z of the other isotopic peak pair based on the number of nitrogen

atoms in a particular peptide.[31] Wang et al. have proposed a method termed

inverse metabolic labeling, where each of two experimental samples is labeled

with heavy and light reagents and analyzed with the corresponding both

‘‘heavy’’ or ‘‘light’’ fraction from the other experimental sample.[55,56] By then

comparing the mass spectra obtained from each pair, wise comparison of

‘‘heavy’’ and ‘‘light’’ samples, peptides whose abundances are altered between

samples are readily observed.[55,56] While this method assists in the identifica-

tion of proteins with expression changes, software would be needed to

implement this analysis on highly complex mixtures. Advanced software is

needed to carry out an analysis where a 15N labeled S. cerevisiae cell culture,

for example, is compared to a 14N labeled cell culture because the m=z

separation of a pair of 14N and 15N peptides varies depending on the peptide

sequence. While this has been done in conjunction with developing MudPIT

into a quantitative proteomic tool,[31] currently there are no commercially

available sources for software to carry out this task.

CONCLUSIONS

Quantitative protoemic approaches utilizing chromatography rather than

electrophoresis are garnering great interest in the proteomic and biological

communities. A variety of approaches are currently available to a researcher

and can generally be compared to each other as having different entry points

into a quantitative proteomic scheme. The proof of concept of many quanti-

tative proteomic methods have been established, but the implementation of

these methods as part of a biological inquiry has been rarely demonstrated,

except in the case of ICAT.[32–34,38] The quantitative proteomic methods

described in this review have the potential to profoundly impact biology, but

several issues remain. If quantitative proteomic methods are to truly carry out

comprehensive analyses where 1000s of proteins are detected, identified, and

quantified from any given sample, continued method development for

improved separations of complex mixtures is essential since the largest

quantitative proteomic analysis published to date identified and quantified
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528 proteins.[40] Furthermore, there has been little literature based discussion

and presentation of data describing the sample-to-sample reproducibility of

any of the methods described in this review, and, as mentioned previously,

software is needed to analyze the chromatograms generated from quantitative

proteomic analyses of highly complex samples.[31,33] These issues will need to

be dealt with in order for any method to become widely accepted by the

biological community.
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