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Abstract

Proteomics represents a significant challenge to separation scientists because of the diversity and complexity of proteins and peptides present
in biological systems. Mass spectrometry as the central enabling technology in proteomics allows detection and identification of thousands
of proteins and peptides in a single experiment. Liquid chromatography is recognized as an indispensable tool in proteomics research since it
provides high-speed, high-resolution and high-sensitivity separation of macromolecules. In addition, the unique features of chromatography
enable the detection of low-abundance species such as post-translationally modified proteins. Components such as phosphorylated proteins
are often present in complex mixtures at vanishingly small concentrations. New chromatographic methods are needed to solve these analytical
challenges, which are clearly formidable, but not insurmountable. This review covers recent advances in liquid chromatography, as it has
impacted the area of proteomics. The future prospects for emerging chromatographic technologies such as monolithic capillary columns, high
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temperature chromatography and capillary electrochromatography are discussed.
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1. Introduction

“Proteomics” is sometimes defined as the analysis of part
or all of the protein complement of a complex biological sys-
tem at any given moment. With the elucidation of the human
genome sequence, attention has focused on gaining an un-
derstanding of the gene products themselves, the proteins.
However, the understanding of the diverse structural charac-
teristics and interactions of proteins represents a significantly
greater analytical challenge than that posed by nucleic acid
sequence analysis required for acquisition of the genome se-
quence.

It is well known that the basic analytical requirements in
proteome analysis are high sensitivity, high resolution, and
high throughput along with high-confidence protein identifi-
cation. Proteins must also be quantified and post-translational
modifications identified[1]. To reduce sample complexity
prior to mass spectrometry, one of two approaches is usu-

chromatographically resolved (characterized as “bottom-up”
proteomics[3]). In both cases, separation technologies play
a critical role in protein identification and analysis.
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tected on 2D-PAGE. It was recently estimated on the basis of
codon-bias distribution that more than half of all proteins in
the yeast proteome are not detectable by 2D-PAGE analysis
[9].

Because of its high resolving power, reproducibility and
its compatibility with electrospray mass spectrometry (MS),
high-performance liquid chromatography (HPLC) represents
an attractive alternative to 2D-PAGE for the separation of
both proteins and peptides. Another attractive feature of liq-
uid chromatography (LC) is the broad selection of stationary
and mobile phases. This feature makes LC a versatile and
fundamentally important tool in proteomics. During the last
few years, a number of LC techniques have appeared in the
literature. A variety of modes have been used both alone and
in combination. Reversed-phase, ion-exchange, affinity and
size-exclusion chromatography[11–13] in addition to other
LC methods share several important characteristics. In com-
parison with gel-based separation methods, sample handling
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teins and peptides can be achieved by orthogonal steps of
chromatography (2D- or 3D-LC)[14]. Because of the high
resolving power of LC, ion-suppression effects in MS (caused
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Two-dimensional (2D) polyacrylamide gel electropho
is (PAGE) is currently widely used to separate and to q
ify intact proteins[4,5] because thousands of proteins
e separated in a single analytical run. 2D-PAGE offers
dvantage that radioactive or fluorescence tagging ca
sed for the detection of post-translational modifications

or measurement of differential protein expression in ce
ar populations that differ in their physiological, metabo
r disease states[6]. Recently, two-color fluorescent labeli

echniques analogous to those used for detection of m
evels in microarray format, termed as 2D difference
lectrophoresis (DIGE), have been introduced for diffe

ial quantitation in 2D-PAGE[7]. 2D-PAGE analysis has e
bled the identification of many proteins from a vast var
f sources and has continued to serve as the “workh

echnique in proteomics[7,8].
However, it is widely recognized that 2D-PAGE-ba

ethods also suffer from several technical limitations.
hough advances have been made, reproducibility rema
oncern. Highly acidic and basic proteins and hydroph
roteins are generally difficult to detect in 2D-PAGE se
ations[9]. Sensitivity and dynamic range, i.e. the abso
mount of proteins that can be loaded onto the gel are lim

10]. Therefore, low abundance proteins are usually no
y overlapping signals from high and low abundance i
an be reduced or even eliminated. It is possible to enrich
bundance proteins or peptides presented in complex s
ixtures within a wide dynamic range of concentrations

ng selected LC methods.
This review will focus on the current practice of LC

pplied to proteome analysis, including single and m
imensional chromatography coupled with mass spect
try (MS and/or tandem MS). New LC methods and t
otential to aid in enhanced identification and analysi
ellular proteins are also addressed.

. The role of liquid chromatography in proteomics

.1. Liquid chromatography–mass spectrometry

Currently, most LC separations in proteomics are don
PLC mode, because of its compatibility with MS[10]. The
obile phase in RPLC normally contains a mixture of

er and a water miscible organic solvent such as aceton
cid (formic, acetic or trifluoroacetic) is added to the mo
hase to render all of the component proteins and pep
ositively charged and denatured and to reduce unw
ally taken prior to protein identification: (1) proteins are
first separated, then digested (this may be characterized as
“top-down” proteomics[2]); (2) in “shotgun” proteomics, a
complex protein mixture is first digested. Peptides are then

and preparation are minimal. Proteins or peptides digests
separated by RP-HPLC and can be introduced directly in
the mass spectrometer through electrospray ionization (E
for identification and analysis. Increased resolution of pr
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ionic interactions with the stationary phase. Trifluoroacetic
acid concentrations are limited because of its ion suppressive
effects. The chromatography step could be viewed as a “de-
salting” step prior to introducing a protein or peptide sample
into the MS. However, the increase in resolution offered by
LC separation greatly enhances MS detection of sample com-
ponents. High-resolution separation of components reduces
the number of co-eluting analytes and therefore reduces ion
suppression in MS[1]. Although relatively complex mixtures
can be well separated in RPLC, the analysis of mixtures in
proteomics experiments containing thousands of peptides or
proteins has demanded development of separation techniques
with higher resolution.

2.1.1. “Ultra” high pressure capillary RPLC–MS
It has been demonstrated that “ultra” high pressure

HPLC can dramatically increase separation speed and
hence decrease analysis time[15,16]. At the back pres-
sures of 20 000 psi (1 psi = 6894.76 Pa), efficiencies up to
570 000 plates m−1 were obtained using a column packed
with 1.5�m non-porous isohexylsilane-modified (C6) sil-
ica beads[15]. “Ultra” high pressure HPLC was combined
with a hybrid-quadrupole time-of-flight (Q-TOF) MS or
a Fourier transform ion cyclotron resonance (FTICR)-MS
through a nano-ESI interface[17–19]. A 87 cm× 14.9�m
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some cases, identification of a single peptide has proven ad-
equate for the identification of a protein[23]. On the basis of
these observations, a new concept called “accurate mass tag”
(AMT) was introduced for proteome-wide protein identifi-
cation to obviate the use of MS–MS in protein identification
[23]. AMT uses identification of a single peptide whose mass
can be measured with high-mass accuracy using FTICR-MS
and is unique among all of the possible peptides predicted
from a protein. This approach strongly depends on the accu-
racy of high mass measurement and employs a single high-
resolution capillary LC separation combined with FTICR-
MS to validate polypeptide AMTs[23]. In this pioneering
work, a large fraction of the measured peptide masses can be
designated as AMTs at extremely high mass accuracy (ca.
1 ppm) according to the analysis results of the proteins and
their tryptic peptides predicted fromSaccharomyces cere-
visiaeandCaenorhabditis elegansgenomes. For example, at
0.1 ppm mass accuracy, for predicted peptides with a mass of
about 2000 units, approximately 65% forS. cerevisiaehave
unique masses and therefore can act as AMTs to identify a
unique protein. This approach was also applied to the global
analysis ofDeinococus radiodurans. The authors claimed a
high (61%) coverage of the predicted proteins from this or-
ganism[24].
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orous silica particles[19]. Separation of a proteolytic d
est of soluble yeast proteins gave peak capacities
bout 1000 at a back pressure of 10 000 psi. Recen

orts to increase sensitivity have applied a micro-solid-p
xtraction (MicroSPE) step followed by capillary LC co
led to an FTICR-MS through a nanoscale ESI inter

20]. Fig. 1 depicts MicroSPE–nanoLC–ion trap-MS–M
pectrum from 0.25 ng (A) and 10 ng (B) injections o
einococcus radioduranslysate tryptic digest sample. In th

eport, some proteins were identified at a level of 0.5
his technique may therefore enhance the sensitivity an
and the scope of analysis to smaller cell populations
ossibly to single mammalian cells[10]. A fully-automated
apillary LC–9.4 T FTICR was recently developed to
rove the throughput of proteome analyses[21]. This high
fficiency RPLC–MS strategy has also been success
xtended to 2D-LC to increase the peak capacity fu
22].

The “ultra” HPLC approach offers a wide range of
lications, and is highly attractive for those situations wh
equire ultra-high sensitivity such as those done with lim
ample quantities[19]. The limitations of this approach a
hat it requires special high pressure pumping equipmen
hat its peak capacity is still too low to adequately res
omplex mixtures often encountered in proteomics.

.1.2. Protein identification by accurate mass tags usin
C–Fourier transform ion cyclotron resonance MS

A unique protein is theoretically identified by discov
f several peptides in tandem MS (MS–MS) experiment
omprehensiveness, and throughput of proteomic mea
ents[23,25] and also has suggested a possible way
olypeptide identification from the largest genomic datab
et available[26]. Current limitations to this approach inclu
he necessity of expensive and complex instrumentation
he continued difficulty in the detection of low-abunda
roteins in the presence of proteins at significantly hig
oncentrations.

.1.3. Elution-modified displacement chromatography–
Most chromatographic separations are carried ou

ng linear elution chromatography. That is, components
oaded onto the stationary phase in the linear portion of
inding isotherms and are eluted in (more or less) sym
ical “Gaussian” distributions. Although linear elution ch
atography can lead to the concentration of peptides
roteins, the final relative concentrations of the sepa
omponents remain the same as they were in the ori
ixture. That is, linear elution chromatography does no

ow for selective enrichment of low-abundance compon
n complex mixtures.

Non-linear chromatography (displacement chromato
hy) [27], which has received relatively little attention sin

ts invention more than 60 years ago, was shown to allow
nhancement of the concentrations of low abundance

ides in a tryptic digest of recombinant human growth
one (rhGH)[28]. Using displacement chromatography
as shown that trace peptides in rhGH tryptic digests

esenting chemically modified peptides present at less
.1% were enhanced in concentration relative to the

or tryptic peptides. The enhanced concentration of t
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Fig. 1. Total ion chromatograms and selected MS–MS spectra of MicroSPE–nanoLC–ion trap-MS–MS from 0.25 ng (A) and 10 ng (B) injections of a
D. radioduranslysate tryptic digest sample. Reprinted with permission from[20].

modified peptides allowed their isolation and further char-
acterization by MS methods.

More recently, we showed the application of elution-
modified displacement chromatography (EMDC) to the anal-
ysis of complex peptide mixtures such as a tryptic digest
of serum proteins[29,30]. EMDC improves upon traditional
displacement by reducing the time necessary for the exper-
iment from several hours to minutes and it allows selec-
tive enrichment of low-abundance components in complex

mixtures. EMDC therefore represents a novel approach to
displacement separations in which elements of elution and
displacement chromatography are combined to offer a new
one-dimensional (1D)-LC technique for the analysis of com-
plex peptide mixtures[29,30]. Rapid and selective trace en-
richment and high-resolution separations were achieved in a
single chromatographic step using EMDC. This non-linear
chromatographic technique is a hybrid technique combin-
ing features of elution and displacement chromatography.
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Techniques that allow for enrichment of trace peptides and
proteins are critically important in view of the wide dynamic
concentration range of the proteome, which is estimated to
be as high as 1012 in blood serum for example[29]. EMDC
allowed detection and identification by MS–MS of 5 fmol
of a marker peptide mixed with a tryptic digest of rhGH at
weight ratios between 1:105 and 1:106. In the same study, the
marker peptide was detected when mixed at low femtomol
levels with a tryptic digest of crude bovine serum proteins. In
another experiment, a trace amount (20 fmol) of rhGH digest
was added to a tryptic digest of bovine serum proteins. Five
tryptic peptides were detected in a single chromatographic
step by EMDC performed on a conventional 15 cm× 75�m
i.d. RP-HPLC column coupled through a nano-electrospray
interface with an ion trap MS[29]. Since enrichment and sep-
aration could be attained simultaneously in a single run, the
analysis speed was increased dramatically over 2D-LC tech-
niques. This data compared favorably to a study[31] in which
a 2D-LC technique was used to separate a similar mixture.
The EMDC separation was performed in less than 1 h while
the 2D-LC experiment required more than 1 day to complete
while identifying a comparable number of peptides.

Limitations of EMDC are that the column must be re-
generated after each run and that the separation requires
much more sample (up to 1000 times as much) than a cor-
r ent of
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Fig. 2. MudPIT electrospray interface including a biphasic micro-capillary
column, packed with SCX and RP packing material connected to a micro-
cross. Reprinted with permission from[3].

2.2.1. Ion-exchange chromatography–RPLC
Ion-exchange chromatography (IEX) has long been used

for protein and peptide analysis and is often used as the first
dimension in 2D-LC separations. An example of orthogonal
2D-LC–MS analysis of peptides was described recently[33].
Peptides were separated in the first dimension using gradient
elution cation-exchange chromatography. Fractions were col-
lected and aliquots of each were separated using RP-HPLC
coupled directly to ESI-MS. The combination of IEX–RPLC
has the following characteristics: (1) IEX offers high capac-
ity; (2) both IEX and RPLC offer high resolution; (3) most
2D-LC systems use RPLC as the second dimension because
of its compatibility with ESI-MS; (4) both chromatographic
modes provide high separation efficiency[10,33]. The total
peak capacity in this 2D separation can be greater than 5000
[33] and high-sensitivity peptide identification may therefore
be achieved because of increased resolution and the resultant
decrease in peptide overlap. Using this approach, 213 and
280 proteins were identified from human brain glioma cells
[34] and A431 epidermal cancer cell line[35], respectively.
The limitation of 2D-LC techniques is primarily related to
the time required to achieve the separations. Since many in-
dividual first dimension fractions must each be fractionated in
long (e.g. 2 h) RPLC gradient elution runs, complete 2D-LC
runs may require several days to complete.
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he displacement chromatography operating regime. Se
olumns may be used, however in a series of EMDC runs
an cover the entire range of a conventional elution separ
hile affording the opportunity to achieve low abunda
eptide detection.

.1.4. Limitations of one-dimensional approaches
Although 1D-LC has been proved to be an economic

ffective way for protein and peptide identification, its ap
ation in proteomics is relatively restricted by the comple
f the samples. Samples in proteomic analyses often co

housands of proteins. After proteolytic digestion, pept
umbering in the hundreds of thousands must be sepa
his exceeds the analytical range of most 1D-LC meth
ecause of insufficient peak capacity[32]. Therefore, multi
imensional separations are often required.

.2. Orthogonal chromatographic techniques in
roteomics

To improve resolution, multi-dimensional liquid ch
atography is routinely used and has developed rapidly
ost widely used methods involve two orthogonal steps,

he second RPLC column directly coupled with mass s
rometry (2D-LC–MS). In these methods, RPLC is alm
lways preceded by ion-exchange chromatography. In
ific applications, such as the detection of phosphopep
ffinity techniques are used in the first chromatographi
ension. Size exclusion has also been used in the fir
ension[3].
An innovative approach to 2D chromatography term
multi-dimensional protein identification technology” (Mu
IT) (Fig. 2) was introduced[3,4]. In this approach, a prote
ixture is digested with trypsin and peptides are sepa
sing a “hybrid” 2D-LC column coupled to a tandem m
pectrometer. The “hybrid” column used in the MudPIT te
ique contains zones of strong cation-exchange (SCX
ctadecyl silica stationary phases both packed into a f
ilica nanospray tip. The effluent from the column is spra
irectly into the mass spectrometer. MudPIT was applie
rofile the whole proteome of theS. cerevisiaestrain BJ5460
rown to mid-log phase. Some basic proteins from this or

sm with high isoelectric points are very difficult to separ
nd identify by 2D-PAGE[36]. In the MudPIT experimen
540 peptides were assigned to MS spectra, leading t
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identification of a total of 1484 proteins. Peptides were identi-
fied employing search algorithms, such as SEQUEST[37] or
similar search protocols that interface directly with databases
such as NHLBI or SWISSPROT[4]. MudPIT was also used to
identify soluble and membrane proteins from crude rat brain
homogenate[38]. The membrane was treated at high pH, and
then digested with proteinase K, a robust non-specific pro-
tease. The peptide mixture produced was analyzed by using
MudPIT, resulting in the identification of 1610 proteins, 454
of which were predicted membrane proteins. This strategy
appears very appealing in the comprehensive identification
of protein components from various sources[11].

Most recently, an ultra-high-efficiency SCX–RPLC–MS–
MS (measured chromatographic peak capacities were greater
than 10 000) was introduced[22] for characterization of the
human plasma proteome. High-efficiency nanoscale RPLC
with chromatographic peak capacities of about 1000[20],
as well as SCX LC was used to obtain ultra-high-efficiency
separations in conjunction with MS–MS. Using this method,
from a total of 365�g of human plasma, up to 1682 human
proteins were identified.

2.2.2. Other two-dimensional chromatography
techniques
2.2.2.1. Affinity chromatography–RPLC.Post-translational
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the stationary phase. Peptide digests of phosphorylated pro-
teins are loaded onto the column followed by washing and
selective elution.

On-line micro-IMAC–ESI-MS for the analysis of low lev-
els of bovine casein (less than 30 pmol) was reported[40].
IMAC capture was followed by RPLC with on-line detection
of eluted peptides by ESI-MS. Sensitivity was shown to reach
250 fmol of injected peptide[41].

The advantages of IMAC over other affinity technolo-
gies are ligand stability, high protein loading, mild elution
conditions, simple regeneration, high applicability under de-
naturing conditions and low cost[42]. However, the speci-
ficity of the technique is still questionable. Furthermore, de-
tection of low-abundance phosphopeptides is hindered in
part because of interference by non-phosphorylated histidine-
containing peptides at higher loading levels[30]. To prevent
non-phosphorylated peptide binding to the IMAC column
through carboxyl groups, a protocol of converting peptides
to methyl esters prior to analysis was developed recently
[54]. With this approach, more than 1000 phosphopeptides,
as well as 383 phosphorylation sites were identified from
S. cerevisiaewhole cell lysate in a single analysis. This ap-
proach is also very sensitive. Phosphopeptides at low fem-
tomol levels and phosphoproteins with low codon-bias were
identified, because binding of non-phosphorylated peptides
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roteolytic processing play important roles in the beha
nd interactions of cellular proteins. One of the central g

n proteomics is to understand the location, timing and ex
f these modifications. However, modified proteins are so

imes present at very low concentrations and are ther
ifficult to detect and characterize in complex mixtures c

aining high concentrations of other cellular proteins. Pro
hosphorylation is often substoichiometric, with individ
roteins modified to levels of 10% or less on a molar b

39]. In addition, phosphorylated peptides undergo ne
oss of phosphate during MS, which can further limit th
etectability[39]. Affinity chromatography is an effectiv
nd reproducible method to specifically isolate targeted
bundance proteins and peptides. Immobilized metal af
hromatography (IMAC)[40–42]and immunoaffinity chro
atography (IAC)[43–45]have proven particularly effectiv

n the capture of phosphopeptides. Lectin affinity chroma
aphy [46,47], and inhibitor affinity chromatography[48]
ave also received some attention in the analysis of
lex proteomes. IMAC has been successfully used fo

solation of phosphorylated proteins or peptides from c
lex mixtures. For phosphopeptide analysis, IMAC utili

mmobilized Fe(III) or Ga(III) ions to selectively retain pho
horylated proteins and peptides[49]. This method relies o
igh affinity interaction between transition metal ions
hosphorylated side chains of serine, threonine or tyro

40,50–53]. In this technique, a stationary phase with an
obilized transition metal binding functionality (e.g. imid
iacetic acid) is first “charged” with either Fe(III) or Ga(II
he transition metals therefore form tight complexes w
s minimized. Other potential improvements include us
trong anion-exchange chromatography prior to IMAC
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Immunoaffinity chromatography is another powerful t
or the isolation and purification of phosphorylated pept
r proteins[43,44]. In this technique, the antibody, such
nti-phosphoserine, tyrosine or threonine, is immobilize
resin. Peptide digests of phosphoproteins are loaded

he column followed by washing and selective elution of
ntigenic peptides. The advantage of IAC is high select
ue to the high affinity of antigen–antibody interaction[44].

As mentioned earlier, glycosylation also plays an esse
ole in the functionality of many proteins and in various
ular processes, such as cell–cell recognition. Lectin affi
hromatography has proven to be one of the most pow
teps available for the isolation of specific classes of gl
roteins and can also be used to enrich glycopeptides[46,47].
ecause a wide variety of lectins are available, this techn
hould prove quite useful in the characterization of glyco
eins and glycopeptides. Lectin affinity chromatography
ombined with RPLC in a recent study of lymphosarcom
ogs. Fractions from RPLC were analyzed by both ma
ssisted laser desorption/ionization (MALDI) TOF-MS a
SI-MS. Using this method, two proteins, CD 44 and
electin, which are both known to participate in cell adhe
nd cancer cell migration, were identified[46].

.2.2.2. Size-exclusion chromatography–RPLC.Size-exclu
ion chromatography (SEC) is occasionally used as a
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Fig. 3. Schematic of the 2D-LC–LC–MS system showing the six SEC
columns, the new parallel column LC–LC interface, and the dual detec-
tion scheme of UV and mass spectrometry. Reprinted with permission from
[60].

dimension in 2D-LC separations. The technique, which sep-
arates proteins based on differences in their Stokes radii, has
often been ignored in proteome research because of its lim-
ited loading capacity and resolving power. This probably ac-
counts for the fact that few applications of SEC in proteome
research have appeared in the literature. However, SEC has
the advantages of high reproducibility, stability and relatively
short analysis time[57,58]. A few reports appeared using a
comprehensive 2D SEC–RPLC technique for proteome re-
search[59–61]. In these experiments, peptide fragments were
separated by SEC followed by RPLC. The chromatographic
separation system was coupled to an ESI-MS for on-line pro-
tein identification.

The experimental configuration is shown inFig. 3. The
sample was injected into the first of several (up to 12)
300 mm× 7.8 mm i.d. SEC columns connected in series.
Then, the eluted sample was alternately loaded in 4-min wide
plugs onto either of a pair of polystyrene–divinylbenzene
(PS–DVB) 2.1 mm i.d. RPLC columns for further separa-
tion. These two RPLC columns were used in parallel. One
desalts the sample from the SEC columns, and the other is
used for separation; eluted peptides travel directly through a
UV detector and then to the fraction collector. Unlike storage
loops or fraction collection[59], this novel LC–LC interface
joins two chromatographic dimensions effectively.

tem
w rote-
o val-
b eak
c phic
s .
1
i en-
s sion
c

More recently, SEC–RPLC was used successfully in pro-
teomics studies of yeast[62], immunoglobulin fusion pro-
teins[63], cytochromeb6f complex[64] and other complex
protein or peptide mixtures[32].

3. Role of chromatography in quantitative
proteomics

One of the goals in proteomics is to compare the rela-
tive amounts of different proteins in biological samples and
to correlate these differences with changes in physiological
state.

Many quantitative proteomics analyses have been per-
formed using 2D-PAGE coupled with MS or MS–MS. How-
ever, the limitations of 2D-PAGE have been discussed[65].
As outlined earlier, chromatographic separation can greatly
increase the sensitivity of MS detection and is a key element
in quantitative proteomics. A number of reviews have been
published recently[36,66–68], therefore the focus here will
be placed on chromatographic techniques as applied to quan-
titative proteomics.

The isotope-coded affinity tag (ICAT) technique takes
advantage of differential tagging of cysteine residues in
proteins with stable isotopes followed by affinity and ion-
e l
i PLC
c ch-
n eins
b red is
t d is
e ts ap-
p t in
c

tion
w rful
m apart
f the
n de-
t to the
s sup-
p other
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c es.

CAT
s din
a bel-
i eads
t ance,
a non-
c

ech-
n ed in
t
m or a
s lysine
This comprehensive high-resolution 2D-LC–MS sys
ith six standard SEC columns was used to map the p
lytic fragments created from the tryptic digestion of o
umin (Mr 44 000) and bovine serum albumin (66 000). P
apacities up to 495 were attained. This 2D chromatogra
ystem compared favorably to a single 25 cm× 2.1 mm i.d
D-RPLC system with a peak capacity of only 45[60]. An

ncrease in the effective column length of the first dim
ion by 50%, and tripling the length of the second-dimen
olumns gave theoretical peak capacities up to 1500[61].
xchange chromatography[65,69,70]. Peptides in individua
on-exchange fractions are then identified using online R
oupled to MS. Although the cysteine specificity of this te
ique causes it to ignore approximately 5–10% of all prot
ecause they contain no cysteine, the advantage offe

hat the complexity of peptide mixtures to be analyze
normously reduced. This is because cysteine represen
roximately 5% or less of the total amino acid conten
ellular proteins[65].

The complexity reduction produced by covalent reac
ith cysteine-containing peptides is potentially a powe
ethod to investigate certain aspects of the proteome

rom its original use in quantitative proteomics. Because
umber of peptides is substantially lower, the ability to

ect low-abundance proteins should be enhanced due
ignificant reduction of peak overlap and therefore of ion
ression in MS. The design of novel reagents to target
eptides with specific characteristics can greatly simplify
hromatographic tasks faced in global proteome analys

Despite many improvements, the disadvantages of I
till remain. ICAT as currently configured still requires avi
ffinity and ion-exchange chromatography steps after la

ng before the final LC–MS separation can be done. This l
o a loss of some peptides, especially those in low abund
nd therefore reduces the sensitivity of the method while
ysteine-containing contaminants are still present.

Besides ICAT, many other stable isotope coding t
iques applied in quantitative proteomics have appear

he literature and have been extensively reviewed[71]. In
ost cases, N-terminus or C-terminus of the peptide,

pecific amino acid in the sequence, such as cysteine or
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is selected to label. Chromatographic steps, e.g. affinity, SCX
and RPLC are usually utilized for fractionating the coded pro-
tein digests[36,71]. Separated peptides are then measured
quantitatively using mass spectrometry. In the meanwhile,
most research work is focused on designing isotope-coded
reagents to target peptides with specific characteristics to
greatly simplify the chromatographic tasks faced in global
proteome analyses. Less effort has been put to improve the
chromatography performance. Problems, such as separation
of heavy and light sample components, co-elution of multi-
ple peptides due to the lack of resolution, and no enrichment
of low-abundance species, need to be solved in order to gain
accurate and comprehensive quantitative measurement.

Since the detection and identification of all proteins seems
impossible because the stable isotope coding techniques
are designed to identify a subset of peptides (for example,
cysteine-containing peptides), a global protein identification
and quantification technology was introduced by using 2D
SCX–RPLC–MS–MS of protein digests for quantification
[35,72]. However, the weakness of this technology could be
the inaccurate quantitation caused by overlapping of individ-
ual peaks due to the unresolved sample components.

4. Conclusions and perspectives
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Fig. 4. Chromatographic profiles of tryptic digests of�-lactoglobulin A (A)
and methionyl human growth hormone (B). Reprinted with permission from
[81].

Since the task of proteomics is to analyze thousands of pro-
teins simultaneously, high-speed and high-throughput sepa-
ration and identification are required. Current protocols, such
as 2D-PAGE or 2D-LC–MS requires hours to days to com-
plete. A central theme in this area is to increase the speed of
separations. High-speed chromatographic separations have
been achieved using elevated temperature and non-porous
pellicular stationary phases to reduce solvent viscosity and
to improve column mass transfer characteristics[75–80]. In
one study, a protein mixture was successfully separated at
80◦C in 20 s using a column packed with 2�m non-porous
silica microspheres[81]. The separations of the tryptic di-
gests of�-lactoglobulin A and methionyl human growth
hormone were obtained in 1 and 3 min, respectively, un-
der the conditions above, as shown inFig. 4. Issaeva et al.
[82] reported rapid separation of a six-protein mixture us-
ing a commercially available non-porous, granular RP silica
stationary phase. The complete separation was achieved in
only 6 s. Elevated temperature enhances both speed and ef-
ficiency of LC separations of proteins and peptides by en-
hancement of kinetic and transport properties in the column
[83,84].

Another emerging LC technique for proteomics is CEC.
CEC is a “hybrid” technique that combines aspects of LC and
capillary electrophoresis (CE)[85]. Some promising results
h
H sep-
a slow
d sep-
a ck
o ono-
l ss of
C s
p s in
t ation
This paper has reviewed recent development of li
hromatography coupled with (tandem) MS and perti
echniques in proteome research. LC techniques have d
ped dramatically and their importance in proteomics
een established. Liquid chromatography plays an impo
ole in proteomics, however improved methods will be
uired to advance understanding of cellular function u
roteomics techniques. The objective of chromatograp
roteomics is to provide high-resolution, high-speed, h
ensitivity and high-specific separation of extremely c
lex mixtures and to facilitate mass spectrometry dete
nd quantitative measurement. Technologies that hav
ibited promise include novel monolithic stationary pha

n capillary columns, high-temperature separation and c
ary electrochromatography (CEC).

Monolithic stationary phases have been developed
sed in capillary columns as an alternative to granular pa
eds. Monolithic columns have attracted a great deal of i
st because of their ease of preparation, reliable perform
ood permeability and versatile surface chemistry[73]. Sil-

ca based capillary monolithic reversed-phase columns
een successfully applied in proteome research[74]. Becaus

he porosity of monolith can be easily controlled by adj
ng the composition and concentration of the porogens, h
orous monoliths have been made and high-speed LC se

ion was achieved by running at high flow rates at reason
ack pressures. The resolution of peptide mapping was
imilar to that achieved by packed bed columns. In addi
onolithic columns do not require frits. They can there
e coupled directly to the mass spectrometer and are
tationary phases in CEC.
-

ave been shown in protein and peptide separations[73,77].
owever, CEC has so far not been used successfully to
rate very complex peptide mixtures. Reasons for the
evelopment of CEC in the area of protein and peptide
ration include difficulty of column fabrication and the la
f suitable instrumentation. The development of new m

ithic stationary phases is expected to facilitate the progre
EC of proteins and peptides[86]. Separation on microchip
romises to provide high-throughput separation platform

he future. Because they are both electrokinetic separ
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techniques, development of capillary-based CEC technolo-
gies will suggest ideas for the development of better separa-
tions using the microchip platform which may be used in a
high throughput mode.
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189.
[85] Cs. Horv́ath, J. Chromatogr. A 887 (2000) 1.
[86] Y. Li, R. Xiang, Cs. Horv́ath, J.A. Wilkins, Electrophoresis 25 (2004)

545.


	The role of liquid chromatography in proteomics
	Introduction
	The role of liquid chromatography in proteomics
	Liquid chromatography-mass spectrometry
	"Ultra" high pressure capillary RPLC-MS
	Protein identification by accurate mass tags using LC-Fourier transform ion cyclotron resonance MS
	Elution-modified displacement chromatography-MS
	Limitations of one-dimensional approaches

	Orthogonal chromatographic techniques in proteomics
	Ion-exchange chromatography-RPLC
	Other two-dimensional chromatography techniques
	Affinity chromatography-RPLC
	Size-exclusion chromatography-RPLC



	Role of chromatography in quantitative proteomics
	Conclusions and perspectives
	Acknowledgements
	References


