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bstract

As a complementary approach to two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), multi-dimensional chromatography sep-
ration methods have been widely applied in all kinds of biological sample investigations. Multi-dimensional liquid chromatography (MDLC)
oupled with bio-mass spectrometry (MS) is playing important roles in proteome research due to its high speed, high resolution and high sensitivity.
roteome analysis strategies mainly include bottom-up and top-down approaches which carry out biological sample separation based on peptide
nd protein levels, respectively. Electrophoretic methods combined with liquid chromatography like IEF-HPLC and HPLC-SDS-PAGE have been
uccessful applied for protein separations. As for MDLC strategy, ion-exchange chromatography (IEX) together with reversed phase liquid chro-
atography (RPLC) is still a most widely used chromatography in proteome analysis, other chromatographic methods are also frequently used in

rotein pre-fractionations, while affinity chromatography is usually adopted for specific functional protein analysis. Recent MDLC technologies
nd applications to variety of proteome analysis have been achieved great development. A digest peptide-based approach as so-called “bottom-up”

nd intact protein-based approach “top-down” analysis of proteome samples were briefly reviewed in this paper. The diversity of combinations of
ifferent chromatography modes to set up MDLC systems was demonstrated and discussed. Novel developments of MDLC techniques such as
igh-abundance protein depletion and chromatography array were also included in this review.
 2008 Elsevier B.V. All rights reserved.
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. Introduction

With the demands of proteome analysis, high-resolution
nd high-throughput peptide/protein-based separation technolo-
ies are undergoing great development. As an orthogonal
ighly resolving separation technique, two-dimensional poly-
crylamide gel electrophoresis (2D-PAGE), introduced more
han a quarter century ago [1,2] still plays a central role in

any analysis of proteome samples such as cell lines, tissues
r biological fluids. But the 2D-PAGE has some limitations
n protein analysis for high- (>150 kDa) and low-molecular
eight (<10 kDa) proteins as well as those of proteins with

xtreme pI values. Another limitation of 2D-PAGE is that it
annot be coupled on-line with MS to achieve a fast multi-
imensional protein separation and identification [3]. As a result,
ulti-dimensional liquid phase-based separation methods using

ifferent electrophoretic and chromatographic techniques have
een greatly developed as complementary methodologies. The
easibility of multi-modular combinations of HPLC, isoelectric
ocusing (IEF), chromatofocusing (CF), capillary electrophore-
is (CE) as well as combinations of different HPLC modes
rovides numerous options for the separation of protein com-
lexes and peptides.

There are basically two strategies in multi-dimensional sep-
ration systems used in proteomic research, one is called
bottom-up” and the other is “top-down” approach. The “shot-
un” approach is one of the typical “bottom-up” strategy which
s based on reversed phased or multi-dimensional liquid chro-
atography separations of tryptic digests of a whole protein

ample coupled on-line with electrospray mass spectrometry is
xcellent for identifying a large number of proteins [4–7]. Such
strategy has made a great contribution in the research area of

xpression proteomics. While the “top-down” method is based
n the separations of intact protein complexes, therefore it is able
o get molecular information about the intact protein and may
e advantageous for the detection of proteins’ post-translational
odifications (PTMs) [8]. Multi-dimensional separation meth-

ds are carried out either on peptide or on protein level according
o their prospective goals.

Many reviews on multi-dimensional separation strategies
ere published to provide a comprehensive view of the
evelopment and application of these technologies in pro-
eome investigations [3,9–11]. Here we have briefly reviewed
ecent development and application of multi-dimensional liquid
hased chromatography in proteomic research. Chromato-
raphic together with electrophoretic methods as well as MDLC

ystems are still the promising methodologies for proteome
esearch. Improvement and innovation of multi-dimensional
iquid-based separation methods have been made continuously
or better settlement of various kinds of proteome investigations.
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DLC strategies in either bottom-up or top-down approach for
roteome researches will be mainly concerned. Novel usages of
DLC such as high-abundant protein depletion and chromatog-

aphy array will also be discussed.

. Bottom-up approach

The research of proteome is much more complicated than
enome research mainly because of the complexity of proteome
amples. As far as we know, no single chromatographic or
lectrophoretic procedure to date possesses the peak capacity
equired to resolve such a complex mixture into its individual
omponents [10]. Nevertheless, multi-dimensional separation
trategies still make it possible to resolve such problems. Among
ll these methods, peptide-based separation approach are of
idely used since peptides possess greater solubility in a wider

ange of solvents and are hence easier to separate than proteins.

.1. LC coupled with electrophoretic techniques

Electrophoretic methods are usually combined with chro-
atographic separation approaches because of the orthogo-

ality, high resolution and compatibility with chromatography.
algley et al. developed an on-line capillary isoelectric focus-

ng combined with nano-reversed phase liquid chromatography
n an automated and integrated platform for cell heterogeneity
roteome research [12]. CIEF fractions were loading directly to
rap columns packed with C18 RPLC by using two 6-port micro-
alves. Ten micrograms of digested proteins extracted from
lioblastoma multiforme tissue were loaded in CIEF–nano-
PLC-ESI-MS/MS run, and 6866 fully tryptic peptides corre-

ponding to 1820 distinct proteins were identified. Compared
ith multi-dimensional HPLC runs like SCX–RPLC approach,
IEF–nano-RPLC method provides better resolution and

equires less loading sample amount because of the ultrasensitive
nd excellent separation capability of capillary IEF. It is reported
hat the percentage of identified peptides present in more than
ne CIEF fraction is significantly less than that obtained from
on-exchange chromatography fractions [13]. Balgley et al. also
tilize on-line CIEF–nano-RPLC-ESI-MS/MS for characteriza-
ion of the human salivary proteome [14]. Micro-scale solution
soelectric focusing (�sol-IEF) coupled with analytical narrow-
ange 2D-PAGE has been successfully used to improve detection
f low-abundance proteins [15]. Westman-Brinkmalm et al.
nvestigated �sol-IEF as the pre-fractionation method prior to
C–MS/MS without cleaning up the buffer or detergent of the

igested IEF fractions. This approach received better results
han single LC–MS/MS separating approach and was also com-
arable to the results of �sol-IEF coupled with 2D-PAGE in
nalysis of proteins from a glioma cell line [16]. Aebersold’s
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ig. 1. MudPIT electrospray interface including a biphasic micro-capillary col-
mn, packed with SCX and RP packing material connected to a micro-cross
19].

roup reported the utilization of free-flow electrophoresis (FFE)
s a pre-separation method before �RPLC-MS/MS instead of
on-exchange separation of peptides for protein analysis [17].
ome on-line LC-CE systems were also reviewed by Stroink et
l. [18]. Further discussion will not be taken since this paperwork
oncerns mainly about MDLC systems.

.2. Multi-dimensional LC separation methods

.2.1. Hybrid-phase chromatography separations
Bi-phase column was first introduced by Yates et al. [19–21]

s on-line multi-dimensional protein identification technology
MudPIT) where the SCX and RPLC materials are sequentially
acked into a single micro-capillary column (Fig. 1). Similar
rocedures were reported for the separation of other biological
uids or cells [22–26]. Zeng et al. [27] reported an integrated
olumn that consisted of one strong cation-exchange column
nd one reversed phase column. These two columns were con-
ected directly to fulfill an on-line SCX–RPLC-MS/MS analysis
f mouse liver proteins. Nine pH gradients generated from cit-
ic acid–trimethylamine buffer or 10 mM citric acid–ammonium
ydroxide buffer were utilized instead of salt gradients which
s commonly used in sample elution of SCX column so that
CX fractions can be loaded directly into RPLC column.
he exclusion of salt removal steps in traditional SCX–RPLC
n-line or off-line separation approach is the key point to
chieve fast 2D-LC separation and MS/MS identification. On
his basis Zeng’s group developed a SCX and SAX (strong anion-
xchange chromatography) combined pre-fractionation strategy
alled Yin-Yang multi-dimensional chromatography. It was used
o provide an unbiased profiling of protein expression and phos-
horylation of mouse liver tissue [28]. Peptides generated from
CX column with elution buffer at pH 2.5 were further separated
y SAX column which also used a series of pH gradient buffer
or gradient elution. Thereafter SAX fractions together with
ther SCX fractions were analyzed by nano-RPLC-MS/MS.
his Yin-Yang MDLC was demonstrated to bare comprehensive
eparation ability towards peptide complexes with wide-spread
I values.

Jiang et al. used a SCX trap column instead of commonly used
P trap column for automated on-line nanoflow RPLC-MS/MS
eparations [29]. SCX trap column was employed to play the
ole of RP trap column to gain higher peak capacity. On the
ther hand, SCX trap column was coupled with nanoflow RPLC-
S/MS to fulfill multi-dimensional separations by introducing

t
o
a
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everal volatile salt gradient steps to elute peptides bound to SCX
rap column gradually. Another application of this SCX trap col-
mn system was investigated by Wang et al. in the same research
roup [30]. Since SCX trap column was used instead of RP trap
olumn, good separation performance as well as good proteomic
overage was presented. Especially, basic and hydrophilic pep-
ides with pI > 4.5 and GRAVY < −0.5 were found to be more
fficiently analyzed.

Using tandem anion/cation-exchange columns can rapidly
enerate positively charged, negatively charged and neutral frac-
ions [31], thus proteins or peptides with extensive pI values can
e obtained and detected. To some extent, hybrid-phase columns
ike SCX–RPLC or RPLC with SCX trap column exhibit higher
eak capacity and wider dynamic range than single-dimensional
PLC column. Nevertheless, the incompatibility of the elution

onditions of different ion-exchange chromatography (IEX) as
ell as IEX/RPLC columns limits the use of these “hybrid” 2D-
C systems in comprehensive proteome separation. Only pH
radients or volatile salt gradients are allowed in these systems
hat will limit the separation ability of IEX columns.

.2.2. Ion-exchange chromatography–RPLC
IEX together with RPLC has become an example of orthogo-

al 2D-LC analysis. The total peak capacity in this 2D separation
an be greater than 5000 and high-sensitivity peptide identifica-
ion may therefore be achieved because of increased resolution
nd the resultant decrease in peptide overlap [32]. Among vari-
us kinds of 2D-LC techniques, the combination of SCX mode
eparation in the first dimension and RP separation in the second
imension is the dominant separation technology of today. As a
lassical proteome research strategy, this SCX–RPLC approach
rovides thousands of biological information as a complement
o traditional 2D-PAGE approach.

Fujjj et al. described a typical on-line SCX–RPLC workflow
n their publication [33]. Stepwise salt elution using ammonium
ormate was employed for SCX separations and resulted frac-
ions were subjected to RPLC-MS analysis after concentration
nd desalting. Vitali et al. [34] also used SCX–RPLC-MS/MS
trategy to identify highly expressed proteins from Bifidobac-
erium infantis. A comprehensive view of the gene complement
f B. infantis was obtained by this analysis. Digested proteins
ere first separated through a SCX column and the fractions
ere collected every minute. After drying and resuspending,

ractions were further separated and identified through a home-
ade RPLC coupling with Q-TOF mass spectrometer. Ru et al.

35] run digested human urine sample 10 times using a Mud-
IT strategy for proteomic profiling. The relatively less amount
f sample loading than 2D gel or gel-LC-based strategies was
chieved. Nagalla et al. [36] investigated human cervical-vaginal
uid (CVF) proteome utilizing SCX–RPLC-MS/MS as well as
ne-dimensional gel electrophoresis analysis. A functional clas-
ification of human CVF proteome was made and compared
ith serum and amniotic fluid proteomes to provide a poten-
ial biomarker data foundation. Skipp et al. [37] did a research
f Chlamydia trachomatis by a combination of 2-DE, MudPIT
nd SDS-PAGE-nano-RPLC-MS/MS strategies. Among these
hree approaches SDS-PAGE-nano-HPLC-MS/MS presented



1 togr.

t
t
u
t
l
a
i

M
i
c
m
d
a
o
s
t
h
a
M
l
S
S
w

T
t
e
e
t
t
d
r

2
t

p
w
a
c
t
s
r
o
p
m
o
a
u

a
s
a
n
t
i

t
a

h
m
h
d
f
a
t

2

a
h
m
A
i
t
u
t
s
l
e
(
t
t
l
w
a
c
a
c
i
c
a
f
M
t
s

w
m
t
d
A
a

w
r
n
l
s

26 J. Tang et al. / J. Chroma

he best performance in detecting components of expressed pro-
eome. Except for SCX–RPLC separation, McMullan et al. [38]
sed SAX column to separate soluble proteins of Geobacillus
hermoleovorans T80 sub-proteome first, the fractions were col-
ected, concentrated and digested into peptides to be further
nalyzed by RPLC-ESI-MS/MS. A total of 294 proteins were
dentified through this approach.

The technological developments of the coupling LC with
ALDI make MALDI-MS/MS a powerful strategy in protein

dentification. Beeumen’s group [39] adopted off-line 2D-LC
oupled to MALDI-TOF-TOF mass spectrometry approach for
yelin protein identification. Myelin protein extraction was

igested and first separated through capillary SCX column
nd followed by nano-RPLC. RPLC fractions were spotted
nto MALDI targets and analyzed by MALDI-TOF-TOF mass
pectrometry. Less loading amount and better detection of pro-
eins including membrane proteins, low-abundant proteins, and
ighly basic proteins were achieved and compared to 2D-PAGE
pproach. Hattan et al. [40] testified the feasibility of MALDI-
S/MS in coupling to HPLC for the analysis of whole cell

ysates of wild-type yeast by three different LC workflows:
CX–RPLC, high-pH SAX–RPLC and RPLC (intact protein)-
CX–RPLC. The flexibility and reproducibility of the whole
orkflows were demonstrated through this work.
IEX–RPLC strategy plays a robust role in MDLC system.

he combination of IEX–RPLC has the following charac-
eristics: (1) IEX offers high sample capacity; (2) RPLC is
xcellently compatible with MS; (3) both modes provide high
fficiency [41,42]. The only limitation of this technique is the
ime required to achieve the separations. Since fractions of
he first dimension must be separated further in the second
imensional RPLC gradient elution runs. The whole runs might
equire several days to complete [30].

.2.3. Miscellaneous two-dimensional chromatography
echniques

Some other 2D-LC modes, size exclusion chromatogra-
hy (SEC) coupled with RPLC as MDLC separation systems,
ere also reported [43–45] and used successfully in proteomic

nalysis of yeast [46], immunoglobulin fusion proteins [47],
ytochrome b6f complex [48] and complex protein or pep-
ide mixtures. Rieux et al. [49] developed a multi-dimensional
eparation set-up with a restricted access material (RAM), a
eversed phase trap column, to remove albumin for analysis
f peptide neurotransmitter. RAM is used in chromatogra-
hy for the separation of low-molecular-weight analytes from
atrix components like albumin based on the combination

f size exclusion and adsorption. High efficiency removal of
lbumin (99.7–99.8%) was realized through this separation set-
p.

Qian et al. [50] developed an automatic immobilized metal
ffinity chromatography (IMAC) capillary RPLC-ESI-MS/MS
ystem, by which all procedures needed in phosphopeptide

nalysis including IMAC enrichment, RPLC separation, and
anospray MS/MS, can be done automatically under the con-
rol of the MassLynx program. The platform was applied to the
dentification of phosphorylation sites of recombinant human

w
b
l
c
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elomeric repeat binding factor 1 treated with kinase in vitro,
nd two phosphorylation sites are defined.

Affinity column for high-abundance proteins depletion in
uman plasma are widely investigated. Novotny’s group [51]
ade a lectin microcolumn to investigate glycoproteins in

uman serum. Serum sample after six highest abundant proteins
epletion was further preconcentrated through a lectin column
or glycoproteins. The trapped glycoproteins were eluted and
nalyzed utilizing LC–MS. About 271 glycoproteins were iden-
ified.

.2.4. Three-dimensional chromatography techniques
Two-dimensional chromatography is not enough to sep-

rate all peptides in complicated proteome samples. Ultra
igh-resolution/peak capacity is always important to identify
ore proteins, especially those low-abundance proteins [12].
lthough organelle proteome analysis is an efficient way to

dentify more proteins as did by Zhang’s group for nuclear pro-
eome in C57 mouse liver tissue [52], a pre-fractionation are
sually demanded for low-abundance protein identifications. A
hree-dimensional (3D) chromatography in coupling to MS/MS
ystem was reported using SEC as pre-fractionation prior to on-
ine SCX–RPLC-ESI-MS/MS [53]. Normal human liver protein
xtracts was tryptic digested before and after SEC pre-separation
Fig. 2). This SEC–SCX–RPLC method has been demonstrated
o have great improvements in both proteome coverage and pro-
ein identification confidence in comparing to 2D-LC–MS. A
ot of mid- and low-abundance proteins as well as proteins
ith extreme MW or pI were found in this work. Both pre-

nd post-proteolytic separations were studied to reveal that 3D
hromatography was more effective for complicated proteome
nalysis. Both strategies were recommended to use for compli-
ated samples, and post-proteolytic procedure was more efficient
n protein identifications. Conrads et al. [54] used WAX or WCX
olumns as pre-fractionation step prior to SCX–RPLC-MS/MS
nalysis for mouse serum proteome research. Additional pre-
ractionation step enhanced the throughput and resolution of

DLC system, therefore made it possible to detect more pro-
eins especially mid- and low-abundance proteins in biological
amples.

Three-dimensional separation techniques are used in cases
here 2D approaches do not give satisfactory results. However,
ulti-dimensional chromatography as used in proteomics frac-

ionation generally does not exceed three dimensions due to the
ramatic increases of fractions to be managed and analyzed [55].
lso dilution effect of fractionations makes it harsh to carry out

ll dimensional separations.
Actually as a bottom-up approach, shotgun strategy has been

ell demonstrated to process moderate/high peak capacity and
esolution as well as the compatibility with MS. MDLC tech-
iques have been used widely due to their complete automation,
ow cost, high sensitivity and so on. These are the main rea-
ons for multi-dimensional proteins identification technology

idely applied to current analysis of mouse liver plasma mem-
rane proteins [56], mitochondria proteome of human fetal
iver [57], subcellular fractions from rat liver [58], SARS asso-
iated corona virus proteins [59], etc. Moreover, bottom-up
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Fig. 2. Diagram of SEC–SCX–RPLC approach. The flow of experimental information starting from cell lysate through data analysis is shown. Two NHL global
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rotein samples were prepared, either digested or non-digested, and subjected to
ation-exchange chromatography. The subsequent 240 peptide fractions were t
atabase using MASCOT [53].

pproach can also be used for biomarker discovery or func-
ional proteome research and proteome expression profiling. In
onclusion, multi-dimensional separation of peptides combined
ith mass spectrometry is an important and prospective area of
roteomic research.

. Top-down approach

One of the disadvantages in separating thousands and
ven millions of digest peptides is the increased complex-
ty of samples. Although peptide level proteome technologies
ffer better resolution and less sample discrimination than
D-PAGE, bottom-up approaches provide very limited “true”
olecular information of intact proteins, particularly for those

roteins with post-translational modifications [60]. While uti-
izing top-down approach, the overall sample complexity can be
ramatically reduced, and quantitative results and the PTMs can
e potentially obtained. A large portion of disease biomarkers
elieves to be low-abundance proteins. Peptides of the low-
bundant proteins are always covered by plenty of other peptides
n shotgun approach. Therefore, top-down approach has the
reat potential to enhance the proteomic research in biomarker
iscovery.

.1. LC coupled with electrophoretic techniques

As a basic separation mode in capillary electrophoresis, CIEF
ot only offers a rapid and high-resolution protein separation, but

lso affords a concentration factor of hundreds of times during
ocusing. Furthermore, CIEF provides a direct capillary inter-
ace for on-line combination with nano-RPLC in an integrated
nd multi-dimensional separation platform for resolving com-

t
b
t
m

rent SEC, removing urea, tryptic digestion of each protein fraction, and strong
nalyzed via RPLC-MS/MS, resulting in spectra that were searched against IPI

lex protein mixtures [61]. An on-line combination of CIEF
o nano-RPLC-ESI-MS/MS was developed by Lee’s group for
ntact yeast protein characterization [62]. Soluble fractions of
ntact protein from S. cereviseae were separated to nine frac-
ions which were subsequently parked to C18 trap columns to
ulfill on-line connection and separation with nano-RPLC-ESI-

S/MS. A total of 534 proteins with molecular weight between
and 70 kDa were identified from this intact protein-based

pproach. Liquid IEF combined with capillary LC separations
ere also reported [70]. This will be further discussed in Section
.3.

.2. Multi-dimensional LC separation methods

Xia et al. [63] developed a strategy for human plasma
roteome research. Pre-fractionation of human plasma pro-
eins using on-line strong cation-exchange chromatography and
eversed phase liquid chromatography (SCX–RPLC) was per-
ormed and followed by trypsin digestion and LC–MS/MS
dentification. A total of 1292 distinct proteins were success-
ully identified, among which some proteins known to be present
n serum at <10 ng/mL were detected. Hood et al. [54] devel-
ped a MDLC strategy that did not involve depletion of the
igh-abundance serum proteins. This involved the use of tan-
em anion- and cation-exchange chromatography followed by
ryptic digestion and �RPLC-MS/MS, resulting in the iden-
ification of 4567 unique proteins. These proteins represent
pproximately 16% of all mouse proteins; and 16 of the 34 pro-

eins involved in the �-catenim/Wnt signaling pathway could
e identified. Zabrouskov et al. [64] utilized SEC and SAX
o fractionate chloroplast proteins prior to Fourier transform

ass spectrometry analysis of the intact proteins. Sharma et
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ig. 3. Schematic outline of the separation of the tissue lysate proteins [68].

l. [65] investigated lysates from S. oneidensis using weak
nion-exchange chromatography combined with on-line RPLC-
T-ICR mass spectrometer. A set of 715 intact proteins was
etected using this protocol.

.3. Novel and comprehensive usages of MDLC techniques

Depletion of high-abundant proteins is always the bottle-
eck in the area of biomarker discovery. Some new strategies
f high-abundant protein depletion were proposed in addition to
idely used immuno-affinity depletions. Gradiflow [66] is capa-
le of separating proteins of different molecular weight and pI
alues to achieve the depletion of albumin in human plasma.
asinger et al. [67] adopted Gradiflow strategy as the pre-

ractionation step prior to 2D-LC–MS/MS analysis of human
lasma proteome. Zhang’s group [68] developed a novel strat-
gy of multi-dimensional chromatography separation in intact
rotein level for the depletion of high-abundant proteins existed
n rat liver tissue extraction, as shown in Fig. 3. Protein samples
ere first separated with a SCX column and fractions were col-

ected every 2 min. Then SCX fractions were loaded onto RPLC
olumn, respectively. Peak intensity of RPLC chromatogram
etected by UV absorption detection was used to distinguish
igh-abundant proteins from mid- and low-abundant proteins.
PLC fractions with peak intensity above 0.1AU were taken
s high-abundant proteins and depleted. After separations, frac-
ions of high-abundance proteins were tryptically digested and

S/MS analyzed, whereas other fractions defined as mid- and
ow-abundant proteins were pooled together and submitted for
urther RPLC-MS/MS analysis (Fig. 4). The number of identi-
ed proteins was increased about three times in comparing to
2D-LC due to the depletion of high-abundant proteins. This

trategy was demonstrated to be more universal and low cost for
roteome analysis.

Variety of combination of pre-fractionations for intact pro-
eins are capable to gain better resolutions and result in better

nalysis for samples of complexity and wide-span of dynamic
ange. Qian et al. compared five approaches for the charac-
erization of human serum proteome [69]. Six proteins with
ighest abundance were depleted and the serum was further ana-

c
e
p
l
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yzed using different combination of separation methods such
s chromatography/2D-PAGE, on-line or off-line LC–LC–MS
pectrum. Different approaches bring up different information of
ample’s proteome. Meanwhile, selection of separation strate-
ies can improve system resolution effectively. Barnea et al.
70] evaluated three pre-fractionation methods including SCX
hromatography, SDS-PAGE and liquid phase IEF prior to 1D
r 2D capillary LC separation. Hoffman et al. [11] evaluated
omprehensive multi-dimensional separation strategies. Utiliz-
ng more than two dimensions of fractionation can effectively
rofile the low-abundance proteins in plasma proteome research.
hen the goal of proteome analysis is to find as many proteins as

ossible, the use of different pre-fractionation methods are quite
ecessary. Boyes et al. [71] integrated LC and PAGE methods
or human serum proteome analysis. High protein recovery was
aintained in pre-fractionation step so as to realize unbiased

nd reproducible analysis results. LC coupled with PAGE was
lso evaluated by Marcus et al. in analysis of membrane pro-
ein from mouse brain [72]. One-dimensional RPLC separation,
D SCX/RPLC separation, PAGE/SCX/RPLC separation and
D-PAGE strategies were assessed in this work. MDLC strat-
gy seems to be less discriminating for hydrophobic membrane
roteins and it is a complementary to 2D-PAGE for profiling of
any proteome samples.
Chromatography used as pre-gel electrophoresis is quite

ffective to reduce sample complexity. Ottens et al. [73]
resented a dual-phase ion-exchange chromatography as a
re-fractionation method prior to polyacrylamide gel elec-
rophoresis/reversed phase liquid chromatography tandem MS
pectrometry. The dual-phase ion-exchange chromatography
olumn named CAX contained both cation- and anion-exchange
edia together to achieve a better recovery of proteins than

ingle-phase IEX columns. Extract proteins from 1 mg cerebel-
um and cortex tissues were loaded to the column, respectively
nd the fractions were collected every minute and submitted to
urther analysis by SDS-PAGE for comparison of cerebellum
nd cortex proteomics. More than twice of the differential pro-
ein spots were observed through CAX-PAGE-RPLC-MS/MS
pproach. Hanash’s group [74] have implemented an orthog-
nal three-dimensional intact protein analysis system coupled
ith protein tagging and immuno-depletion of abundant pro-

eins to quantitatively profile the human plasma proteome. After
mmuno-depletion, dyed and mixed proteins were subsequently
eparated by IEF, RPLC and SDS-PAGE. Differences in the
bundance of resolved proteins were determined based on dye
atios. This strategy was applied to profile the plasma pro-
eome for changes with acute graft versus host disease (GVHD),
nd the allogeneic bone marrow transplantation. Using capil-
ary HPLC ESI Q-TOF MS, 75 proteins were identified in the

icro- to femtomolar ranges that exhibited quantitative differ-
nces between the pre- and post-GVHD samples. Kakisaka et
l. [75] investigated the aberrant expression of plasma proteins
n patients with pancreatic cancer by multi-dimensional liquid

hromatography and 2D fluorescence two-dimensional differ-
nce gel electrophoresis (DIGE). Six high-abundance plasma
roteins were depleted by use of an immuno-affinity column, and
ow-abundance ones were separated into five fractions by anion-
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Fig. 4. (a) Separation chromatogram of rat liver tissue lysate proteins by 1D SCX. Fractions were collected every 2 min automatically from 3 to 127 min, and
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ollection time of fraction was demonstrated in the magnified illustration. (b) T
f rat liver proteins sample. In total, 62 fractions were obtained from the first d
art high-abundance proteins were as labeled [68].

xchange chromatography. The fractionated plasma proteins
ere subjected to 2D-DIGE with highly sensitive fluorescent
yes. Finally 33 different proteins between non-cancer bearing
ealthy donors and patients with pancreatic cancer were found
ncluding 27 up-regulated and 6 down-regulated in cancer. The
p-regulation of leucine-rich alpha-2-glycoprotein (LRG) was
ot previously identified in pancreatic cancer. It has a clinical
ignificance as a cancer biomarker.

. Chromatography array technology

Array-based electrophoretic strategies such as protein chips
nd capillary electrophoresis array have been successfully
pplied in genome and proteome research with their high
hroughput and fast analysis time. Chromatography array tech-
ology has some challenges because of the complexity and high
equirements for HPLC systems. However, many progresses

ave been made toward this area. Horn et al. [76] presented a
igh-throughput procedure for proteome research of native con-
tituents. Human serum sample was first separated with SEC
olumn in a mild condition and collected in 96-well microplate.

u
R
s
u

LC elution profile of SCX fraction 3. (c) 3D display of SCX–RPLC separation
ional separation of SCX, which were separated by RPLC further. Positions of

inety-six anion-exchange columns (AEC) were arranged just
s 96-well microplate to separate SEC fractions in a parallel
ay. All fractions were submitted for quantitative assay and
S identification. The use of microplate as a medium made

t possible to fulfill a high-throughput array separation. This
an even increase the system resolution by the adoption of a
hird separation dimension. Our group developed a capillary
rray RPLC-based multi-dimensional separation systems cou-
led with MALDI-TOF-MS/MS for high-throughput proteome
esearch [77,78]. It includes a SCX column as the first dimension
nd 10 parallel capillary RPLC columns as the second dimen-
ion [77]. The schematic diagram was shown in Fig. 5. Multiple
hannel interface was fabricated. Digested proteins extracted
rom liver cancer tissue were analyzed by the system. Over 1202
roteins were found with only one-tenth time needed in com-
on 2D-LC system. An automated and optimized system was

urther developed [78]. Capillary SCX chromatographic col-

mn was used as the first dimension and 18 parallel capillary
PLC columns were integrated as the second separation dimen-

ion (Fig. 6). Peptides bound to the SCX phase were eluted
sing gradient elution. Effluents were sequentially transferred
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ig. 5. (A) Schematic diagram of column array-based 2D-LC system, (B) post-

nto each subset of precolumns. After salt fractionation peptide
ractions were concurrently back-flushed from the precolumns
nd separated simultaneously with 18 capillary RP columns.
C effluents were directly deposited onto the MALDI target
lates for subsequent MALDI experiments. An 18-fold increase
n throughput compared with serial-based 2D-LC system was

ealized by this new system. The effectiveness of array-based

DLC/MS platform for separation and identification of a com-
lex proteome sample demonstrated that it would be a powerful
igh-throughput way for large-scale proteome research.

ig. 6. Schematic diagram of the array-based 2D-LC–MS/MS system [78].
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n micro-valve was open, and (C) post-column micro-valve were closed [77].

Except for all the discussion and review above, MDLC
hromatography separation science has been also used for
rotein–protein interaction [79], traditional Chinese medicine
esearch [80–85], etc. The effects for chromatography separation
onditions are also studied. Garcı́a studied the effect of mobile
hase additives on sensitivity in the analysis of peptides and
roteins by HPLC-ESI-MS [86]. Wang et al. evaluated various
hromatography conditions including alkyl chain length in the
tationary phase, capillary column temperature, and ion-pairing
gent, on intact protein separations for top-down proteomics
87]. While Millea et al. investigated the effect of protein mixture
eparation using linear and step gradients in the first dimension
f IEC-RPLC strategy [88]. Comprehensive multi-dimensional
iquid chromatography techniques were summarized in a review
ublished lately [89].

. Concluding remarks

Multi-dimensional liquid chromatography has been widely
sed in all kinds of biological samples. MDLC coupled with
S is playing important roles in proteome analysis. The MDLC

nalytical strategies mainly include bottom-up and top-down
pproaches. Electrophoretic methods combined with variety of
iquid chromatography and MDLC also have been successful
pplied for protein analysis. New progressive strategies using
DLC techniques in high-abundance protein depletions and

hromatography array were also perspective in the future pro-
eome analysis. Some prospective applications using MDLC
trategies for protein–protein interaction studies [79], biolog-
cal sample analysis and traditional Chinese medicine analysis
80–85] also have great significance in analytical science.
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T. Wiebringhaus, H.E. Meyer, K. Marcus, J. Proteome Res. 6 (2007) 105.



1 togr.

[

[

[

[

[
[
[

[
[

[
[
[
[
[
[

32 J. Tang et al. / J. Chroma

73] A.K. Ottens, F.H. Kobeissy, R.A. Wolper, W.E. Haskins, R.L. Hayes, N.D.
Denslow, K.K.W. Wang, Anal. Chem. 77 (2005) 4836.

74] H. Wang, S.G. Clouthier, V. Galchev, D.E. Misek, U. Duffner, C. Min,
R. Zhao, J. Tra, G.S. Omenn, J.L.M. Ferrara, S.M. Hanash, Mol. Cell.
Proteomics 4 (2005) 618.

75] T. Kakisaka, T. Kondo, T. Okano, K. Fujii, K. Honda, M. Endo, A. Tsuchida,
T. Aoki, T. Itoi, F. Moriyasu, T. Yamada, H. Kato, T. Nishimura, S. Todo,
S. Hirohashi, J. Chromatogr. B 852 (2007) 257.

76] A. Horn, S. Kreusch, R. Bublitz, H. Hoppe, G.A. Cumme, M. Schulze, T.

Moore, G. Ditze, H. Rhode, Proteomics 6 (2006) 559.

77] C. Liu, X. Zhang, J. Chromatogr. A 1139 (2007) 191.
78] X. Gu, C. Deng, G. Yan, X. Zhang, J. Proteome Res. 5 (2006) 3186.
79] M. Babusiak, P. Man, R. Sutak, J. Petrak, D. Vyoral, Proteomics 5 (2005)

340.

[

[

B  866 (2008) 123–132

80] F. Yang, J. Quan, T. Zhang, Y. Ito, J. Chromatogr. A 803 (1998) 298.
81] L. Sheng, Y. Wang, R. Ma, G. Ding, H. Zhou, Chin. J. Nat. Med. 1 (2003)

61.
82] X. Chen, L. Kong, X. Su, H. Fu, J. Chromatogr. A 1040 (2004) 169.
83] X. Chen, L. Hu, X. Su, L. Kong, J. Sep. Sci. 29 (2006) 881.
84] X. Chen, L. Kong, X. Su, C. Pan, J. Chromatogr. A 1089 (2005) 87.
85] L. Hu, X. Chen, L. Kong, X. Su, J. Chromatogr. A 1092 (2005) 191.
86] M.C. Garcı́a, J. Chromatogr. B 825 (2005) 111.
87] Y. Wang, B.M. Balgley, P.A. Rudnick, C.S. Lee, J. Chromatogr. A 1073
(2005) 35.
88] K.M. Millea, I.J. Kass, S.A. Cohen, I.S. Krull, J.C. Gebler, S.J. Berger, J.

Chromatogr. A 1079 (2005) 287.
89] P. Dugo, F. Cacciola, T. Kumm, G. Dugo, L. Mondello, J. Chromatogr. A

1184 (2008) 353.


	Recent development of multi-dimensional chromatography strategies in proteome research
	Introduction
	Bottom-up approach
	LC coupled with electrophoretic techniques
	Multi-dimensional LC separation methods
	Hybrid-phase chromatography separations
	Ion-exchange chromatography-RPLC
	Miscellaneous two-dimensional chromatography techniques
	Three-dimensional chromatography techniques


	Top-down approach
	LC coupled with electrophoretic techniques
	Multi-dimensional LC separation methods
	Novel and comprehensive usages of MDLC techniques

	Chromatography array technology
	Concluding remarks
	Acknowledgements
	References


