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Abstract

Proteomics, the characterization of the proteome, is conceptually simple but technically challenging. Development of such technologies as
mass spectrometry, multidimensional protein separation, and DNA sequencing has allowed the new field of proteomics to flourish. Proteomic
analysis relies on a set of techniques chosen on the basis of the biological question. In any proteomic analysis, the first and most important task
is the separation of a complex protein mixture, i.e. the proteome. Chromatography, one of the most powerful methods of separation, employs
one or more inherent characteristics of a protein—its mass, isoelectric point, hydrophaobicity or biospecificity. This review emphasizes high-
performance liquid chromatography as an integrated part of technologies used to study the proteome, discusses the capabilities and limitations
of current instruments, and highlights the potential of multidimensional liquid chromatography in proteomic analysis.
© 2004 Elsevier B.V. All rights reserved.
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analytical technique. Itis a central technology in many fields
of applied science such as the synthesis of drugs and pharma-

Chromatography has been used for centuries as ameans c)(feutics, purification of the products of organic synthesis, as

separation and, over time, has developed into a sophisticatecYV_e” as food science, clinical chemistry and forensic science.
Liquid chromatography has been used to separate organic

* Corresponding author. Tel.: +1 613 533 6000x75045; molecules, DNA or peptides and proteins. _
fax: +1 613 533 6880. The success in analysis of DNA has lead to the sequencing
E-mail addressir@post.queensu.ca (I. Neverova). of a number of genomes from archaea, prokaryotes, and eu-

1. Introduction
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karyotes, including the human genome. Now that the Human
Genome Project is nearing completion, the next demanding
large scale project is the “Proteome”. The proteome is the
time- and cell-specific protein complement of the genome,
encompassing all proteins expressed in a cell at any given
time, including protein isoforms as well as co- and post-

translational modified (PTM) forms. The study of the pro-

teome is, compared to the genome, much more daunting for
several reasons. While the genome of the cell is constant,

. . : Proteins Peptides
nearly identical for all cglls of an organ or organism, and Methods P Methods
consistent across a species, the proteome is extremely comy — or for
plex and dynamic as it continuously responds to such exter- | proteins peptides
nal factors as other cells, nutritional status, temperature, drug LC w x AC
treatment, to name only a few. As a result, there is no fixed 2DLC «— —» 2DLC
proteome. Therefore, any analysis of the proteome is a “snap- 2.DE & A CcE

shot.” Moreover, study of a proteome is complicated by the

dynamic range of protein expression within the proteome; it Stable isotope

. uv, :
may vary by as much as 7-12 orders of magnitude compared g orescence labeling,
to only five orders of magnitude for DNfL—3]. ICAT

The diversity and extent of proteome complexity will
not gnd cannot be solyed by a single technology. Proteomic MALDLTOF LC-ESI MSIMS
studies over the last five years demonstrate that the most or ESI MS LC-FTI-CR MS

effective proteomic analysis of even the simplest biological
system uses a combination of protein separation and iden-
tification techniques. To achieve the most comprehensive
protein separation, old techniques have been refined and
new ones introduced. As the result, the field of proteomics
is evolving rapidly. In this review, we outline the role of
chromatography, in particular liquid chromatography, as a
means of protein separation in proteomic analysis. Fig. 1. Summary of technologies used at each step of proteomic analysis of
intact proteins or complex mixture of peptides. Abbreviations: AC, affinity
chromatography; LC, liquid chromatography; 2-D LC, two-dimensional lig-
uid chromatography; 2-DE, two-dimensional gel electrophoresis; CE, cap-
illary electrophoresis; ICAT™, isotope-coded affinity tag; MS, mass spec-
trometry; LC—ESI MS/MS, liquid chromatography—electrospray ionization
Since the term “proteomics” was coined in 1995 by tandem mass spectrometry; LC-FT-ICR, liquid chromatography—Fourier
Wilkins and co-worker§4,5] as the study of a proteome ex- trans_form-i'on cyclotron resonance mass spectrom_etry; MALDI-TOF MS,
pressed by a specific genome, the exploration of prOteomiCSmatrlx—asslsted laser desorption ionization-time of flight mass spectrometry.
has been expanding with each new study. Early proteomic
research concentrated on cataloging of proteins and developthat it now incorporates the profiling of protein expression
ment of protein databases; over 6000 scientific papers havdevels, identification of proteins and their modifications,
made important contributions to this fie]él]. To date, the characterization of protein interactions based on knowledge
proteomes of numerous prokaryotic and eukaryotic speciesof their structure as well as the functional relations of
have been analyzef-12], resulting in extensive protein individual proteins or all proteins in the context of the
databases of these organisms. With the sequence of humanell/organ/organism. Any protein related projects would
genomd13] it is possible now to undertake large-scale pro- benefit from the knowledge and expertise accumulated in
teomic projects focused on human cells, organelles, specificdifferential expression, structural and functional proteomics.
tissues and organs. The general strategy in proteomic research includes
The number of proteins expressed by the approximately sample preparation, protein or peptide separation, their
30,000 human genes can be up to 100 times greater duddentification, and data interpretatioriFig. 1). Sample
to the known diversity of mRNA processing as well as preparation is the first critical step that affects the outcome of
to post-translational modifications of proteins. More than the entire proteomic analysis. Several liquid chromatography
100 protein modifications are known and more will likely techniques used to pre-fractionate samples are mentioned
be discovered14]. A full understanding of the molecular below. The next step is protein separation. For adequate
mechanisms involved in health and disease progression willrepresentation of the proteome, only multidimensional
require the identification of all forms of each proteininvolved separation techniques can provide resolving capability
in cellular processes. Proteomics has expanded to the poinin thousands of protein species and have proven to be

2. Proteomics and its tools
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superior to one-dimensional approaches. Until recently, two- to mine large data sets produced by multidimensional sepa-
dimensional gel electrophoresis (2-DE) was the technique ration and identification techniques, high capacity computer
most often used for protein separation. In the first dimension, systems and diverse bioinformatics approaches that allow rig-
proteins are focused according to their inherent charge, orous qualitative and quantitative analysis are under active
or isoelectric point (pl). Proteins are then resolved in the development.
second dimension based on their relative molecular masses
(My), typically by sodium dodecylsulfate—polyacrylamide
gel electrophoresis (SDS—PAGE). The limitations of 2-DE 3. Liquid chromatography as a method of protein
in detecting low abundance proteins, very small or large separation
proteins, as well as basic and membrane/hydrophobic pro-
teins[15-17] as well as difficulties with automation of the Liquid chromatography techniques (e.g., ion exchange,
process, have forced researchers to look for other methods ofize exclusion, affinity, and reversed-phase), as well as elec-
protein separation, such as liquid chromatography coupledtrophoretic separation in liquid-phase techniques (capillary
to mass spectrometry (LC-MS). isoelectrofocusing (IEF), capillary zone and free-flow elec-
An analyte delivered to a mass spectrometer has to betrophoresis (FFE)) are well known methods of protein separa-
ionized either by electrospray (ESI) or matrix-assisted laser tion and extensively described in the literat{t8—24] Each
desorption ionization (MALDI) prior to its mass analysis. type of LC has already undergone numerous developments
Analyte molecules can be of any mass and nature—smalland improvements. The development of reversed-phase high
organic substances, oligonucleotides, polymers, peptides, operformance liquid chromatography (RP-HPLC) will be used
intact proteins. The accuracy of mass detection, which moreas an example to illustrate its progression and potentials for
precise for small rather than for large molecules, is an impor- proteomic analysis.
tantfactor for protein identification. Moreover, massaccuracy =~ Modern RP-HPLC utilizes a wide selection of chromato-
for intact proteins is over a range such that any modification graphic materials to separate proteins and peptides. The
that results in only a small change to the total mass of the choice of packing material has the greatest impact on the
protein will be within the error of the method. Therefore, separation and resolution of the proteins or peptides of in-
modified and non-modified forms of the protein could not be terest. The separation efficiency of the packing material is
distinguished. Since mass accuracy is best over the low masgletermined by particle size, pore size, surface area, station-
range, analysis of peptides rather than intact proteins allowsary phase, as well as the chemistry of the substrate surface.
for superior mass detection and consequently, protein iden-The most popular materials for RP-HPLC column packing
tification. For identification, proteins can be digested with are based on spherical silica. Typically, particle sizes of 3 and
endoprotease(s) either directly in the 2-D gel or in the liquid- 5um are used for analytical separation of proteins, peptides
phase before fractionation for MS analysis. Although diges- or other small molecules. Separation efficiency increases by
tion of the protein produces a complex mixture of peptides, it 30—40% when particle size is reduced from 5 t@m for
is beneficial due to increased overall solubility by elimination the same column leng{l25]. Particles that are smaller than
of non-soluble, most often extremely hydrophobic peptides. 3 um, which are both difficult to produce in uniform size and
An assignment of detected peptides to the corresponding propack into a column, elevate backpressure beyond the pressure
tein is achieved by comparing their masses to the theoreticallimit of most commercially available HPLC systems.
masses of peptides obtained by in silico digest of the en-  Unlimited access of the substrate to the surface of the pack-
tire protein database. This method, based on the detection ofng material is achieved by increasing the available surface by
peptides masses obtained following enzymatic digestion of ameans of expanded porosity of the particles. Depending on
single protein or a mixture of proteins and known as peptide pore size, which can vary from 60 to 380over 90% of the
mass mapping or peptide mass fingerprinting (PMF) is a first available surface can lie within the pores. In order to generate
step in protein identification. a perfectly homogeneous surface, the quality of the silica has
More rigorous protein identification requires an amino been improved so much that the highest purity type B silica
acid sequence of at least few peptides. Analysis of these pep-articles are synthesized from metal-free reagents. To ensure
tides viatandem MS (i.e. more than one mass analyzer, hencehe retention of the substrate by the silica-based particles, the
MS/MS) can reveal not only the amino acid sequence and, in surface is modified by alkyl chains varying in length from
some case, the sites of pos-translational modifications as wellC4 to Cig. The G g bound phase is the most popular as it of-
as previously unrecognized splice variants and protein iso- fers retention and selectivity for a wide range of compounds
forms. These features of MS/MS permit unambiguous protein containing different polar and non-polar groups on their sur-
identification. Both approaches, PMF and MS/MS, compare face. G and G phases are used preferentially for separation
the resulting set of peptide masses and/or sequences of thesef proteins, Gg for separation of peptides. There are also
peptides against those in existing databases. Accordingly, thesilica-based packing materials available for many different
availability of comprehensive protein databases based on thehighly hydrophobic interactions, for example, acidic, basic,
sequence of known proteins or deduced from genomic datahalogenated or phenol[@5] as well as ionic with minimal
is indispensable to the success of proteomic studies. In ordeydrophobic charactg6].
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An innovative approach to packing material for RP- gel-filled gigaporous packing materials has been introduced.
HPLC is based on a novel surface-modified polymer- Most recent materials are developed on base of nonporous
based separation media. By introducing two kinds of particles such as grafted polymeric partid@8]. The cores
polymers—polymeric selectors into monosized polystyrene of these particles are synthesized from a hydrophobic poly-
particles—Kaya and co-workef27] were able to evaluate  mer which is then coated with a hydrophilic neutral polymer.
the responses of this packing material to such stimuli as tem-Grafted chains, bearing groups with different functionalities,
perature and pH. In that study, the stimulus-response behaviorare then covalently attached to the polymeric hydrophilic sur-
of the matrix was based on formation or disintegration of the face. The resulting particles are overdf and can have dif-
complex between two polymeric selectors (polyacrylamide ferent shapes, providing a surface area sufficiently large for
and poly(methacrylic acid)) due to changes in either temper- effective interaction with substrates. For example, cation ex-
ature or pH. When the complex between polymers is formed, change column packings based on pellicular polymeric parti-
the property of the matrix is hydrophobic; as soon as the com- cles grafted with ion exchange polymeric chains have proven
plex breaks down (at high pH or high temperature), each poly- to be extremely useful for high-resolution separation of a vari-
mer is hydrated and the matrix becomes hydrophilic. This ety of differentially charged protein isoformBi§. 3). Future
system employs water as a mobile phase and does not requiréevelopment of this type of stationary phase will undoubtedly
organic solvents or modifiers that can change protein compo-benefit proteomic analysis.
sition (i.e. eliminate existing PTM or, in contrast, artificially Another aspect of renewed interest for RP-LC is the de-
modify amino acids). Studies of the properties of this new pendence of proteomics on the ability to resolve complex
material and modifications to how it is prepared demonstrate peptide mixtures for downstream MS analysis. Since the ini-
thatit has potential for separation of biological molecules. Al- tial application of RP-LC for peptide separation in 193],
though this particular type of packing material has not been numerous advances have increased peptide recovery, selec-
tested for its ability to separate biological molecules, another tivity, and resolution through discovery of ion-paring agents,
stimulus-responsive material, paNssopropylacrylamide,

PNIPAM) and its copolymers, have been used to separate

steroids and organic acids under conditions of controlled HbE 4x35min @ 3 mL/min
temperature change during RP-HPI£8,29] A packing

material with PNIPAM selector, in water, exhibited thermo- HbA

reversible conformational transfer from random coil to glob- HbS

ule; hence, the surfaces of the particles changed from hy-1 60 HbC

drophilic to hydrophobic, attenuating hydrophobic interac- ] ‘
tion between the stationary phase and solufég. (2). Im- =
provements in separation will be achieved when an artificial HbF L/U N

material with appropriate stimulus-responsiveness that is spe-
cific for a given biological sample will be developed.

Porous packing materials work well for such relatively 00 20 40 6.0 80
small substrates as small proteins and peptides obtained by HbA min
proteolytic digestion of proteins. However, high molecular ay HbA 2
weight proteins or extensively modified proteins (for exam- HbS HbC

ple, glycosylated proteins) have fairly large radii that cause
peak broadening when using conventional porous particles.
To minimize this, an array of macroporous, gigaporous, and

-
)
-, @
0
D S T T T T ]
T > 320C W 0 5 10 15 20 25
—_ Min
— Z
T < 320G Fig. 3. Cation-exchange chromatographic separation of four haemoglobin
variants including fetal, sickle cell, normal, and C haemoglobins. Column:
@‘ Posltivaty aiargetl poyiner 250 mmx 4 mm ProPat¥ SCX-10 cation exchanger. Eluents: (A) 10 mM
sodium phosphate and 2 mM potassium cyanide atpH 6.0; BO0.5 mM sodium
chloride, 10 mM sodium phosphate and 2mM potassium cyanide at pH
@ Negatively charged substrate

6.0. Gradients: at 1 mL/min 0-50% (B) in 30 min. Inset: fast separation of
] ] ] ) haemoglobin variants on short column (4 35 mm) at 3 mL/min flow
Flg. 2. Schematic representatlon of temperature-responswe Chromatogra-rate. Reprinted fron[Bo]’ with permisgion. Copynght release 2004 W||ey_
phy. VCH.
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(a) 1Bkyv X3S Soum 900054 (c)

Fig. 4. Scanning electron micrographs of monolithic silica in fused-silica capillaries prepared in @n288) 100um, (c) 75um, and (d) 5G.m capillary.
Reprinted fron{33], with permission.

high porosity of silica particles, and surface modification of of mobile or stationary phase can solve this problem. In gen-
packing materials. However, separation speed has not im-eral, decrease of runtime from 60 to 6 min for separation of an
proved until recently. Modern mass spectrometers can nowentire digest mixture or screening many new drugs is a very
acquire spectra in a second and consequently can accomattractive feature for high throughput analysis in pharmaceu-
modate higher rates of delivery of analytes than current LC tical developmenf36] and proteomics. By reducing the size
systems can produce. Hence, high-speed RP-LC packing maefthe columns to micro-size (capillary) and maintaining high
terials are in demand. In porous materials, separation speedlow rate of 1 ml/min, Tanaka and co-workers demonstrated
is limited by the rate of analyte transfer between the mobile that monolithic silica columns, under favorable conditions,
phase and stationary liquid in the pores of the matrix particles. performed better than conventional particle-packed columns
To enhance mass transfer, silica monolith columns were intro-[37]. This type of column can be easily adapted for LS-MS
duced[32—-34] These columns are comprised of continuous providing that the eluent stream is split for continuous MS
rod of silica-based gel which is made of highly interconnected analysis and collection of the analyte for later analysis. Thus,
network of large and small size pores created by a “sol-gel” high-speed RP-LC will be of great value for peptide separa-
process. The macroporesygh diameter) allow fast flow of  tion in proteomics.

the eluent while the fine pores (13 nm) offer the surface area  The instrumentation that comprises a modern HPLC sys-
required for the separation proceBg&y. 4). Monolith material tem has been improved and optimized to achieve accurate
has a total porosity of over 80% that facilitates high perme- and reliable solvent delivery over wider flow rate ranges, to
ability, good surface area, and enhanced mass transfer due tainimize the dead-space of the system, and to allow for effi-
convection and not diffusion, resulting in practically no loss cient sample introduction through development of injectors
in peptide resolution, peak elution volume and concentration and autosamplers. Traditional UV-vis photodiode array de-
of analyte with flow rates ten times higher than conventional tection allows to obtain UV spectra of the separated com-
rates (10 ml/minversus 1 ml/minfFig. 5). According to Reg- pounds as they elute. However, one cannot differentiate by
nier and co-worker§35], separation of tryptically digested UV spectra alone if two or more proteins or peptides are
bovine cytochrome C on Chromolithjg&column had only  co-eluting. Under these circumstances, only a mass detector
one negative feature—carry over of analyte due to slow des-can distinguish different compounds in the same fraction. As
orption of a small portion of the total analyte. The selection a result, new types of detectors—mass spectrometers—have
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0.7- 5 are passed through a RP microcolumn in a pipette tip (Zip-
Tip). Elution of peptides from gg-bound phase with high
0.6 concentrations of organic solvent(s) allows one to purify
051 3 2 and concentrate a sample. Affinity chromatography has been
€04. 8 used successfully to enrich certain type of peptides: phos-
: 5 phopeptides with immobilized metal affinity chromatogra-
& 0.31 1 phy (IMAC) microcolumns, biotinylated cysteinyl peptides
0.2 2 4 captured with avidin, glycopeptides seized by glycans. Affin-
' ity and immunoaffinity treatment of the sample prior to MS
0.1 analysis can be applied to whole proteins as well. This ap-
0 J . . , . proach not only reduces the complexity of the protein mixture
@A ° 10 A 5 60 but also enriches low-abundance proteins. From a technical
0.6 standpoint, these off-line sample preparations are well suited
for further MALDI-MS analysis. Various examples of are
0.5 described in reviews by Lee and LES] and Issaq38].
In ESI, a liquid flowing from a capillary in the presence
£ 041 of a high electric field causes charge separation during for-
§ 03 mation of a plume of droplets. ESI requires the delivery of
substrates for ionization in the flow of a volatile and very pure
0.2 1 solvent to ensure formation of true ions, not charged clusters
o1 H ﬁ or particles. The smaller the size of the droplet, the more
' rapid is the formation of ions at the higher charge density.
0 : , : , ‘ Ideally, for 100% efficient ionization, the flow and concen-
0 1 2 3 4 5 6 tration of the sample should be in the range that provides

B) Minutes less than one analyte molecule per droplet. Conventional low
. . o flow columns have been replaced with microcolumns, hence
Fig. 5. Reversed-phase chromatograms of bovine cytochoomygtic di- . . . .
gest at low flow rates of (A) 1.0ml/min with 60 min gradient and (B) microES| (LESI). The reduction Qf the column S_mtemal di-
10.0 ml/min with 6 min gradient. Mobile phase composition ranged from ameter from 1 mm to 7hm permits a decrease in flow rate
5 to 60% acetonitrile in the presence of 0.1% TFA. Gradient volume was from 50 to 0.3ul/min [39]. These microcapillary columns are
constant at 60 column volumes. Only moderate loss of separation efficiency packed into fused-silica capillary tubing with outlet diame-
was observed at high mobile phase velocity (A vs. B). Reprinted [B3f) ters as small as8m and provide routine detection levels in
with permission. the low-femtomole range for peptides. Typical microcolumns
are packed with 1-gm diameter reversed-phase materials,
become a preferred choice for the identification and char- most commonly Ggsilica-based matrices. To eliminate leak-
acterization of biomolecules separated by LC. Over the last gge of packing material, sintered silica particles are used as
decade, LC-MS, as one of the most technically demandingfrits. Preparation of columns with this type of frit is difficult
systems, has been refined to such an extent that it is availablexnd frits themselves can interact with peptides or proteins,
to a broad range of research laboratories. causing peak broadening. Mann’s group achieved high suc-
cess rates of column preparation using the principle of stone
bridge arch stabilityf40]. An “arch” of particles above the
4. Developments in liquid chromatography for MS outlet formed at low pressure at the beginning of the packing
analysis process serves as a stable structure to retain the particles in
the capillary but without clogging it. The idea of using self-
The most commonly used interfaces between LC systemassembled particles as the frit at the outlet of the tapered end
and the MS analyzer are matrix-assisted laser desorption ion-column is an example of a technical improvement in LC that
ization and electrospray ionization devices. minimizes post-column dead volume, decreases peak width,
MALDI requires off-line sample deposition onto the tar- and provides highly efficient peptide analysis for proteomics.
get plate where it will be co-crystallized with the organic ma- It is also reflects the general trend of interfering as little as
trix suitable for excitation by laser to produce single charged possible with the sample of the interest to ensure its compre-
ions. Even though MALDI-MS is considered to be a robust hensive analysis.
method of detection in the presence of salts and detergents, EIS sources with flow rates in the microliter per minute
their levels have to be substantially lower than those result- range appear to be sensitive to the concentration of the sam-
ing from routine biochemical manipulations. The most com- ple. To increase sensitivity, nanoelectrospray (nanoESI) was
mon application of LC in preparing a sample for MALDI introduced in 199441]. By reducing the internal diameter
is to ‘clean’ a peptide mixture obtained by tryptic digest. of the capillary from 150 to 1pm and, consequently, the
To remove salts and other contaminants, peptide mixturesflow rate to 20-46)l/min, the efficiency of ionization in-
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creased-100-fold. This also meant that samples as small as showed the importance of high intrinsic resolving power of
1l could be analyzed in-30 min. To achieve these condi- true two-dimensional separation. A paper chromatography
tions, high-efficiency narrow (am) and long (upto 80cm)  performed in two dimensions is an example. In terms of peak
columns equipped with a short pre-column of larger diame- capacity, this system has a resolving power of several hun-
ter provides a flow rate of 2Ql/min at 10,000 psi and at the  dredq47,48] Eventhough two-dimensional column systems
same time offer zeptomole detection limits for protd#]. to further enhance peak capacity were proposed at that time,
With flow rates in this range, the challenge is to maintain they did not surpass other two-dimensional separation tech-
high-efficiency separation that can process typical sampleniques. Interestingly, Gidding stated at the time, that “the 2-
volumes and be effectively coupled to MS analyzer. D electrophoretic techniques will provide the largest known
Capillary LC based on silica monolithic stationary phases peak capacity, numbering in thousanf#3]. He is still right.
has become more popular in the proteomic analysis of com-2-DE has been used for protein separation since 1975 when
plex samples because it demonstrates excellent separatioiKlose[49], O’'Farrell[50] and Scheelg1] almost simulta-
performance for peptides and proteins, is adjustable for low neously published the methods based on isoelectric focusing
and high flows, is robust, contains easily regenerated pack-in the first dimension and gel electrophoresis in the second.
ing material, and can be integrated in fully automated LC-MS This method became dominant for the study of complex pro-
systems. Due to the low backpressure, capillary columns cantein mixtures, especially with the possibility of identifying
be up to 1 m long, allowing an increase in separation effi- proteins from spots through advancements in MS. However,
ciency, especially for complex mixtures. 2-DE is biased toward higher abundance proteins with in-
Given that the peptides and proteins separated by the LCtermediate pl and molecular weight. As a result, to enhance
technique of choice are delivered in a liquid-phase for their and compliment 2-DE, non-gel-based multidimensional ap-
identification by one or more mass analyzers, LC-MS of- proaches have been pursued.
fers fast analysis of minute samples, flexibility for different In traditional 2-D LC, almost any combination of columns
LC separation methods, and automation for high through- with different retention properties is availablg. 6). Since
put analysis. This makes the combination of LC and MS in- most current 2-D LC systems are interfaced with mass spec-
valuable for large-scale proteomic projects directed toward trometers, the choice for the first dimension separation has to
human proteins, cells and tissues. be complemented by reversed-phase chromatography in the
second dimension because, in this case, the samples, eluted
from the RP column, are in the most desirable form for in-
5. Multidimensional approach jection into the mass spectrometer. In this type of analysis,
the most suitable candidates for the primary chromatographic
Historically, biochemists have targeted a specific protein, separation include size-exclusion chromatography and ion-
and isolated and analyzed it using in vitro and/or in vivo as- exchange chromatography. In 1997, Opiteck ef%2,53]
says and models. In the post-genomic era of biology—the erareported a 2-D system based on eight serially connected size-
of proteomics—the goal is to monitor all protein interactions, exclusion columns coupled to two parallel RP columns. By
all PTMs, and determine how these changes alter proteinalternating two RP columns between loading and analyzing,
function as a result of upstream, downstream and/or parallelthey allowed all the effluent from the size-exclusion columns
processes that occur in the system. The question arises: “Areto be fractionated by RP chromatograpliyg( 7). Proteins
we technologically equipped for this task?” in the final eluent were monitored by a UV detector. Plotting
No single chromatographic or electrophoretic method (the UV signal intensity during size-exclusion separation against
main methods in protein separation) is capable of completeretention time, the authors were able to produce a 2-D chro-
resolution of such a complex protein mixture as the proteome. matogram that strongly resembled the format of a stained 2-D
However, by employing two or more orthogonal separation gel. Despite the fact that this system lacked the resolution ca-
methods which are based on different mechanisms of sepapacity of 2-DE, it was useful for isolating over-expressed
ration, success is possible. This concept was initially sug- proteins of interest from bacterial cell lysates.
gested by J.C. Gidding, whose work on multi-component  2-D LC analysis of a highly complex peptide mixture was
chromatograms led him to a more global view and the con- demonstrated by Patterson and co-work@e$. To sepa-
cept of multi-dimensional protein separati@3—46] In his rate peptides derived from digestion of conditioned media, a
article titled “Concepts and comparisons in multidimensional strong cation-exchange (SCX) column in combination with
separation,” he states that “the term of multidimensional sep- an analytical RP column was used. AgGrapping column
aration (should be viewed) in a broad context, which requires was placed between these two columns to concentrate an-
first that components be subjected to two or more largely in- alytes and to divert the flow of IEC buffer away from the
dependent separation displacements. However, a second criRP column which was coupled to a mass spectrometer. The
terion is imposed: the separation must be structured such thaback-flushing of the trapping column into an analytical RP
whenever two components are adequately resolved in any oneolumn using an organic solvent gradient allowed separation
displacement step, they generally remain resolved through-of the peptides and their subsequent analysis by tandem MS.
out the process[43]. Publications at the start of the 1980's  This particular combination produced a 40% increase in the
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number of peptides and identified proteins compared to an un- 100%

fractionated control. In example of 2-D LC separation shown 2 100

in Fig. 8, tryptic peptides obtained from proteolysis of whole { 3
cell yeast extract were also separated by SCX chromatogra- 15 \ s 8
phy in first dimension and RP LC in second dimension. More N i lsg %
than 12,000 unique peptides were sequenced and more thar & 35% \ S
1600 unique proteins were identified from a single sample 05 v g
[39]. This approach allows a large-scale screening of samples 5% “ i
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Fig. 8. Multi-dimensional peptide chromatography permits the analysis of
thousands of proteins from a single sample. In the example shown, 1 mg of
whole cell yeast extract was proteolysed with trypsin under reducing con-
ditions. (A) The highly complex peptide solution was separated in the first
dimension by strong cation-exchange chromatography with UV detection

fraction
collector

Fig. 7. Schematic representation of 2-D LC/LC/MS system showing the 8
SEC columns arranged in series for an effective column length of 2.4 m,
the parallel 33 mm-long PR-LC columns in the LC/LC interface, and the
location of the UV detector prior to fraction collection. Reprinted &2y,

with permission.

and fraction collection every minute (solvent A, 5mM phosphate buffer,
25% acetonitrile, pH 3.0; solvent B, the same as A with 350 mM KClI). (B)
The collected fractions were then analyzed individually by the nanoscale mi-
crocapillary LC/MS/MS techniques. Reprinted fr¢8®], with permission.
Copyright release 2004 John Wiley & Sons Ltd.
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for protein identification. For a more detailed description of absolutely pure in order to minimize any side effects on the
the various coupled 2-D LC systems, we recommend reviewsimmune system. Efficient purification of small to multi-gram
by Liu et al.[55] and by Wang and Hana$b6]. amounts of this crude synthetic peptide is achieved through
One technical limitation to a multidimensional LC system 2-D LC using a combination of RP and ion-exchange dis-
is the requirement of at least two divert valves and pumps. As placement chromatograplfy8]. Multidimensional LC is an
such, more complex 2-D LC systems suffer from a lack of au- essential analytical and preparative chromatographic tool in
tomation due to the need for multiple sample loops, splits and the pharmaceutical industry. The need for increasing high
switching valves used to transfer samples between columnsthroughput screening of biological fluids such as plasma,
and to correct flow rates. Moreover, to achieve true orthogo- urine, saliva or bile for drug tracking, metabolites and other
nal separation in 2-D LC system, the resolution obtained in small molecules has driven the development of sequential
the first dimension step has to persist through the second di-and parallel HPLC systems with various combinations of RP,
mension. Resolution is also affected by manipulations of the solid-phase extraction (SPE), restricted access media (RAM)
eluate flow between the columns. This problem was solved SPE, and immunoaffinity columiis9]. Along with high res-
in Yates’s laboratory with the creation of the biphasic col- olution and sensitivity, multidimensional LC systems offer
umn[57]. The merging of the different stationary phases into adequate high throughput and reproducibility and are easily
a single column eliminated the multiple manipulations and coupled to detection systems such as MS and NMR.
made the system amenable to automation. A biphasic col-
umn is a capillary (10Q.m internal diameter) packed with  6.2. Liquid chromatography in clinical proteomics
strong SCX resin followed by RP resin. The proteins loaded
on a biphasic column are separated in the first dimension by  Using proteomic approaches and technologies to search
charge (SCE chromatography) and in the second dimensionfor biomarkers of a disease for diagnosis, prognosis and risk
by hydrophobicity (RP). The process involves increasing salt stratification, as well as for monitoring the effectiveness of
concentration elutions, alternated with a ramp of organic sol- treatment is termed clinical proteomif&0]. The quest for
vent to elute analytes to the RP resin. Further separation onsmall molecules, peptides, or proteins secreted into body flu-
this resin is accomplished by a gradient of organic solvent. ids (particularly plasma or serum) represents the next level of
Analytes, eluted from the RP matrix, are directed into the separation complexity over purification of a single analyte.
ESl interface of a tandem mass spectrometer. Thus, the prodn this situation, the protein(s) of interest must be isolated
tein separation is achieved orthogonally and in automatedfrom plasma containing many proteins with a huge dynamic
mode. This unique biphasic column-based technique pro-range of concentration®1]. The most direct approach in
vided the foundation for a process called multidimensional this case is affinity chromatography due to its extreme se-
proteinidentification technology (MudPIT). Thistechnology, lectivity based on the molecular recognition between ligand
to date, is the most successful at global analysis of complexand target. Removal of high abundance proteins (including
protein mixtures. albumin and IgG) is the key strategy in multi-component
Inthe past, various technologies have shown promise as alimmunoaffinity-based protein subtraction chromatography
ternatives to 2-DE in terms of resolution and high-throughput (IASC), introduced by Anderson and co-workers specifically
in proteomics. With the emergence of the combination of for analysis of plasmg2]. This method facilitates the search
nanoflow high-performance capillary LC-MS, attention is for low abundance biomarkers by removal of the dozen most
now being refocused on utilization of multi-dimensional abundant proteins from plasma.
liquid-phase based separation of proteins. Affinity chromatography is a powerful tool for study of
protein—protein interactions. Most common affinity ligands
are peptides, oligonucleotides (RNA or DNA fragments) and
6. Applications of chromatography as a part of antibodies that can be generated by high-throughput com-
proteomic analysis binatorial biochemistry63], although aptamers, lectins, bi-
otin, and metals are also widely used. Furthermore, there
Chromatography is the most versatile technique available are numerous examples of affinity-based separation of pro-
for protein and peptide separation and can be used for sin-teins, glycoproteins, peptides containing cysteine, trypto-
gle analyte purification or profiling and analysis of complex phan or metheonine, histidine-tagged proteins and peptides,
protein and peptide mixtures. In this section, we provide a and phosphopeptides purified using metal-containing resins
few examples of how LC can be utilized according to the [64,65]

complexity of a biological system. Recent advancements in surface-enhanced laser desorp-
tion/ionization (SELDI), which involves retaining proteins
6.1. Liquid chromatography for small molecules on a solid-phase chromatographic surface (ProteirfCaip

ray) and direct detection of the retained proteins by time-of-
The task may be as simple as purification of peptides, hor- flight (TOF) MS, is an example of “proteomics on a chip”
mones or small proteins as pharmaceuticals. For example, thg66,67] Although not a classical form of chromatography, it
synthetic peptide fragment of human interleuginmust be does involve selection of proteins or peptides based on their
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chemical properties prior to analysis by MALDI. SELDI is curring in cellular signaling. In addition to its use as protein
advantageous for rapid screening of minute samples. For ex-separation tool, FFE has also been used to separate cellular
ample, body fluids obtained from patients can be analyzed organelled74,75] To date, this technique is not readily in-
for differences in profile$68]. Unfortunately, the level of  terfaced with MS. However, in the future, a combination of
detection still remains in the low picomole range and the FFE and RP chromatography could be made compatible with
ability to identify proteins from SELDI is still challenging MS.
[69], unless affinity chromatography is used as a selection The multidimensional separation achieved by biphasic
criteria. Whether appropriate specificity can be achieved by column chromatography in combination with MS, used in
protein/peptide profiling without identification of candidate the MudPIT approach, has led to the identification of 1484
biomarkers is not cled70] until further validation is carried  proteins in a soluble part &. cerevisiaeell lysate, includ-
out on large unbiased cohorts. ing low-abundance proteins, proteins with extrerhegiues,
and proteins with transmembrane domdirg]. In a typical
6.3. Complimentary approaches—expanding the view of  MudPIT experiment, the entire protein sample is subjected to
the proteome proteolytic digestion prior to separation. Trypsin is the com-
mon choice for the digest because it cleaves specifically at

Analysis of the entire proteome of a cell, organ or or- lysine or arginine—two highly abundant amino acids found
ganism is difficult if not impossible, particularly in higher throughout the sequences of most proteins. There are several
order eukaryotes such as man. The most common approachieasons for identification of proteins at the peptide level: (i)
today is to divide the cell into parts or subproteomes, thereby to increase the overall solubility of the sample; (ii) accurate
simplifying protein separation and identificatiffil]. Even masses of intact tryptic peptides can be used for unambigu-
s0, subproteomes such as mitochondria, nucleus, cytoplaseous protein identification; and (iii) sequencing of peptides via
mic/soluble cellular pools can have 1000's of proteins. In tandem MS may reveal the sites of PTM, previously unrec-
this case, multidimensional protein separation is required. ognized introns, or splice variants and protein isoforms. The
For example, cytosolic proteins from cancer cell line have digestion produces aneven more complex mixture of peptides
been identified by Lubman and co-workers who have used 2-than in the original protein sample. As a result, thousands of
D LC systems comprised of an isoelectric focusing step in the peptides can be detected in each fraction submitted for MS
first dimension and a nonporous RP separation in the secondanalysis, including the unique subset of peptides separated by
followed by MS[72]. Proteins in the liquid-phase were sepa- the biphasic chromatography. The prime benefit of MudPIT
rated by isoelectric focusing into 20 fractions. Each fraction is that it facilitates high-throughput protein identification of
was then subjected to separation on a nonporqgsc@ated an extremely complex mixture by combining the resolving
silica-based RP column. This new packing material improves power of high-performance chromatography with the analyt-
protein recovery, speed of separation, and resolution. The elu-ical capacity of tandem mass spectrometry and bioinformat-
ate from RP was split between direct on-line analysis of whole ics. At the same time, the high-throughput of this technology
mass proteins by ESI-MS and off-line PMF by MALDI-MS s limited by the rate at which the MS can switch between MS
of enzymatically digested fractions. Since many of the pro- and MS/MS modes, thus “undersampling” eluting peptides.
teinsinthese human cancer samples were modified comparedin a typical experiment, only about 10—-20% of tandem mass
to their known masses in the database, only the combinationspectra lead with reasonable confidence to the identification
of accurate intact mass, pl and peptide mass mapping carof unique peptide$39]. In addition, the tens of thousands
produce a protein map of this cell line. This 2-D LC ap- of mass spectra produced in a single experiment demand ex-
proach improved the resolution of low molecular mass and tremely high processing capacity and bioinformatics support.
basic proteins compared to 2-DE of the same saifndp A new strategy for global protein analysis was recently

Hoffman et al.[74] published an interesting study on introduced; it uses a combination of high-efficiency capillary
cytosolic proteins-enriched extract obtained from a human LC and high-performance Fourier transform-ion cyclotron
colon carcinoma cell line where proteins were separated byresonance (FT-ICR) mass spectrometers coupled through an
free flow electrophoresis in the first dimension. The princi- electrospray interface. Exploration of various applications of
pal of FFE is based on continuous injection of sample into LC in combination with FT-ICR for characterization of com-
a carrier ampholine solution flowing as a thin film between plex protein mixtures, detection of PTMs and quantification
two parallel plates. By introducing an electrical field perpen- efforts are underway in the Environmental Molecular Sci-
dicular to the direction of flow, proteins are separated by IEF ences Laboratory at Pacific Northwest National Laboratory
according to their pl and finally collected through a 96 chan- (Richland, WA, USA) led by R.D. Smith and the National
nel tubing outlet. The advantages of this method are improvedHigh Magnetic Field Laboratory at Florida State University
sample recovery due to absence of solid membrane support¢Tallahassee, FL, USA) led by A.G. Marshall.
and an increased range of sample loading capacity varying FT-ICR MS offers an unrivaled mass resolving power
from analytical to preparative. By performing the IEF step (m/Am>10° for 5-10kDa species), sensitivity (attomoles
under non-denaturing conditions, this technique provides anto zeptomoles), and mass measurements accuracy (<1 ppm)
opportunity for studying protein complexes such as those oc-[42,77,78] Thus, it is possible to determine the mass of a
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peptide so accurately that it is unique among all possible heavy form where deuteriums replace hydrogens, and biotin
peptides predicted from a genome. LC-FT-ICR analysis affinity tag allowing tagged peptides to be purifiéd]. Two
has been performed on cytosolic tryptic peptides from protein mixtures are labeled separately with heavy versus
S. serevisiaeyielding >9000 peptides corresponding to light ICAT reagents, then combined and subjected to prote-
approximately 1000 proteins predicted from unique yeast olysis with trypsin. The ICAT reagent-labeled peptides of the
open reading frameg7]. This method, known as accurate same sequence from the two samples are chemically identi-
mass and time (AMT) tags, determines accurate mass andcal and behave similarly in the subsequent chromatographic
elution time for each peptide predicted from genome. These separation. Typically, RP LC-ESI-MS/MS is performed to
AMT tags serve as confident markers to identify peptides identify proteins and sequence peptides. The change in abun-
in subsequent samples without sequencing each peptidedance of each protein between the two samples is calculated
and result in much greater throughput. Dynamic range by comparing the areas under the curve in the elution profile
enhancement applied to mass spectrometry (DREAMS) for each of the two peptides having identical sequences but
technology employed during a LC—FT-ICR run provides an different masses due to isotopic substitution in ICAT reagent.
accumulation of low abundance species and their analysis,Since the entire quantification relies on the chromatographic
resulting in a 40% increase in the number of identified elution profile, the optimization of RP LC for high-resolution
putative peptides from yeast tryptic dig§s9)]. of peptides to obtain high accuracy and dynamic range for
It is important to note that all of the global approaches peptide quantification is essential and under constant scrutiny
described, recently termed “shotgun proteomics”, have [85]. For global quantitative comparisons of complex protein
only been applied to reasonably simple organisms. For mixtures, the ICAT method was applied to the quantification
experiments designed to identify as many components asof 491 membrane proteins from microsomal fractions of
possible, too high a level of complexity will result in a less non-differentiated and in vitro differentiated human myeloid
than complete survey of peptides in the mixture owning leukemia cells. This is the largest quantitative proteomic
to the duty-cycle time of the MS to perform sequences of analysis to datd86]. The development of less expensive
only chosen peptides. The alternative approach is to devoteand more efficient methods based on differential chemical
time to the separation step prior to mass spectrometric derivatization of the samples prior to separation and MS
analysis via extensive (sub) fractionation in order to detect analysis has also been reporf8@d—89] A multidimensional
all components present and fully utilize the dynamic range approach has also proven to be useful in these cases.
of the system. The lack of complete and accurate genome Nowhere in proteomics are the challenge so daunting
sequences for higher species will become more critical and the technology still so limited for defining the chemical
as the analysis of low abundance proteins increases anddentity and functions of modified protein forms, or PTMs.
unigue proteins are more frequently encountered. Therefore,For example, phosphorylation is one of the most common
techniques for enrichment of specific subpopulations of the PTM. The low stoichiometry of this modification and its con-

proteins and peptides will be very desirable. comitant occurrence at multiple sites constitute an analytical
and technical challenge. Glycosylation—another common
6.4. Quantitative approaches modification, responsible for cell-cell communication and

recognition, presents a challenge not only for identification of

The significance of quantitative changes of any form of the site but also determination of the glycan structure. Char-
a protein in a cell is tremendous, given the highly non-linear acterization of PTM remains relatively unexplored in modern
relation between the amount of these changes and their bi-proteomics, partly due to the lack of sensitive and sufficiently
ological consequences. From this point of view, quantitative robust methodologies. Nevertheless, there is little doubt
protein profiling is an important part in the proteomic analy- that, as with quantitative proteomics, multidimensional
sis of healthy versus diseased states. Protein quantification byapproaches will eventually permit identification of various
differential staining on 2-DE gels is a popular approach but PTM [90].
can be misleading since multiple proteins can be present in
one spot on a gel. Thus, tracking the protein responsible for
differential staining is difficult. To circumvent this problem, 7. Conclusions and future perspectives
changes in protein expression can be measured directly from
peptides. Recently developed methods for pair-wise protein  Effective peptides and proteins separation, quantification
quantification have employed stable isotope labdB0g-83] and identification have become the central topic in pro-
In 1999, Gygi et al[80] introduced the isotope-coded affin- teomics. Liquid chromatography in particular has undergone
ity tags (ICAT) method based on a three-dimensional extensive improvements and adaptations to become a mul-
chromatography (cation exchange, biotin affinity and tidimensional technique of proteins and peptides separation.
reversed-phase) of the peptides generated by enzymaticdAdvances in multidimensional chromatography along with
digestion of tagged proteins. The ICAT reagent consists of mass spectrometry will allow high-throughput analysis of
a thiol-reactive group that specifically binds to cysteine, a minuscule samples. Indeed, there is already high demand for
polyether linker synthesized in an isotopically normal or miniaturization of proteome analysis techniques. Microfab-
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