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Abstract
Proteomics is the large-scale study of proteins, particularly their expression, structures and functions.
This still-emerging combination of technologies aims to describe and characterize all expressed
proteins in a biological system. Because of upper limits on mass detection of mass spectrometers,
proteins are usually digested into peptides and the peptides are then separated, identified and
quantified from this complex enzymatic digest. The problem in digesting proteins first and then
analyzing the peptide cleavage fragments by mass spectrometry is that huge numbers of peptides are
generated that overwhelm direct mass spectral analyses. The objective in the liquid chromatography
approach to proteomics is to fractionate peptide mixtures to enable and maximize identification and
quantification of the component peptides by mass spectrometry. This review will focus on existing
multidimensional liquid chromatographic (MDLC) platforms developed for proteomics and their
application in combination with other techniques such as stable isotope labeling. We also provide
some perspectives on likely future developments.
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1. Introduction
Proteins, the molecular product of genes, are vital to living organisms as they comprise the
machinery required for operation of metabolic pathways. Protein expression depends on
cellular and environmental conditions, and consequently proteins are expressed at different
times and under different conditions. For nearly two decades, proteomics research has
attempted to provide the identity and level of expression of large numbers of proteins and
protein variants in different physiological states in a cell, bodily fluids, or tissues. The
expectation is that this information will inform our understanding of biological function and
also provide molecular signatures for particular health and disease states. In contrast to mRNA
expression analysis, proteomics indicates actual, rather than potential, functional states of a
cell or a tissue. Quantitative proteomic approaches will finally foster a better understanding of
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disease pathogenesis and push the development of better, earlier disease diagnostics and more
effective, targeted therapeutics.

1.1. Challenges in proteomics
Proteomics was initially envisioned as a technique for global characterization of all components
in a proteome simultaneously. Compared with the genome, the proteome is a more dynamic
system with large subject-to-subject variations. Whereas an organism's genome is more or less
constant with a fixed 20,000 ∼ 30,000 human protein coding-genes, for instance, the proteome
differs from cell to cell and from time to time. This is because distinct genes are expressed in
distinct cell types, so that even the composition of the proteome in a cell or tissue must be
independently determined. Gene expression may not correlate with protein content [1]. mRNA
gene products are not always translated into protein, and the extent to which protein is produced
from a given mRNA depends on the gene and on the current physiological state of the cell.

Importantly, any particular protein may go through a wide variety of alterations that critically
affect its function. It is becoming increasingly clear that beyond the tens of thousands of
proteins, and the extent to which proteins are expressed by most cells, many are post-
translationally modified at multiple sites. Phosphorylation, glycosylation, sulfation, nitration,
glycation, acylation, prenylation, methylation, proteolytic cleavage, and various forms of
oxidation are some of the roughly 200 forms of post-translational modification (PTM) that can
be found in proteins [2]. Combined with alternative proteins arising from mRNA splicing
variation, the number of modified and unmodified proteins found in biological systems is much
larger than the number of genes in an organism [3].

Another challenge in proteomics is that not all proteins are expressed at equal or even similar
levels in the proteome. For example, the 12 most abundant proteins constitute approximately
95% of total protein mass of human blood. These proteins include albumin, IgG, fibrinogen,
transferrin, IgA, IgM, haptoglobin, alpha 2-macroglobulin, alpha 1-acid glycoprotein, alpha
1-antitrypsin and HDL (Apo A-I & Apo A-II). If these proteins are not removed from a
biological sample, the peptides generated from these proteins for proteomic analysis will
compete with peptides generated from less abundant proteins during the ionization process in
mass spectrometry (MS) such that the peptides generated from the low abundant proteins may
not be detected by MS. Unfortunately, the majority of proteins are in the low abundance class.

It is estimated that the concentration range for protein expression levels in human cells is seven
to eight orders of magnitude, rising to at least eleven orders of magnitude in human plasma
[4]. However, the dynamic range of a LC-MS is about 104-106. For effective analysis therefore,
the proteome must be fractionated to enable detection and quantification of more protein
components by mass spectrometry. Current analytical strategies enable characterization of
several hundreds of plasma proteins within a biological sample [5-8]. These analytical
strategies include two dimensional gel electrophoresis-based or multidimensional liquid
chromatography-based platforms. MS is used in both of these platforms as the last analytical
step for peptide detection and protein identification.

1.2. Gel electrophoresis (GE)
The identification of proteins from complex biological matrixes has traditionally been
performed using two-dimensional gel electrophoresis (2-DGE). 2-DGE separates proteins by
both their isoelectric point (pI) and molecular weight. In this ‘divide-and-conquer’ strategy,
proteins are resolved into discrete spots that can then be selectively excised and sequenced
[9,10]. The high resolution of 2-DGE allows the researcher to pick the proteins of interest while
bypassing the more abundant or less interesting proteins. It is reported that nearly 3700 discrete
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proteins spots on 2-DGE have been displayed [11]. 2-DGE also enables the selective
sequencing of differentially expressed proteins [12-14].

Although 2-DGE is a powerful technique for protein separation, it has a number of severe
limitations [15,16]. The process is difficult to automate, labor intensive, slow, and prone to
contamination with unresolved proteins. The more fundamental drawbacks are a limited
dynamic range for detection and the exclusion of certain protein classes, such as integral
membrane proteins. Poor reproducibility is also a big problem. However, for many researchers,
2-DGE remains the preferred method for differentiating protein isoforms and post-translational
modifications.

1.3. Liquid chromatography coupled with mass spectrometry (LC-MS)
So-called ‘shotgun proteomics’ utilizing LC-MS has emerged as the technique of choice for
large-scale protein studies due to its superior throughput and sensitivity. In a typical shotgun
proteomics experiment, a complex protein sample is enzymatically digested into peptides that
are separated by high pressure liquid chromatography (HPLC), introduced into a mass
spectrometer for fragmentation and sequencing to identify and quantify the parent proteins.
Because of its inherent selectivity and sensitivity, LC-MS has proven to be both fast and
accurate and is now the bioanalytical tool of choice for proteomics in most laboratories [17].

However, LC-MS analysis of highly complex proteomic samples remains a challenging
endeavor [18,19]. The proteomic analysis is usually performed at the peptide level after sample
proteolysis with trypsin (or alternative enzymes). Protein information such as identification
and quantification is deduced from the detected peptides. This approach is called bottom-up
proteomics. Tryptic cleavage generates multiple peptides per protein so that proteomic samples
typically consist of hundreds of thousands of peptides. To date, no separation method is capable
of resolving so many components in a single analytical dimension prior to the MS analysis.
Consequently, multiple peptides entering the mass spectrometer at any given time can
overwhelm the instrument detector. This results in a reduced number of peptide identifications,
and greatly increases the LC-MS analysis variability [20]. To minimize such problems in
proteomics, many research efforts have focused on the development of a more sensitive
multidimensional liquid chromatography (MDLC) with higher peptide separation power [21,
22]. Figure 1 outlines the general experimental work flow in MDLC-MS based bottom-up
proteomics.

A major problem with bottom-up proteomics is that too many peptides are generated for direct
mass spectral analysis so that it is currently not possible to achieve full protein sequence
coverage. Another challenge in bottom-up proteomics is the protein inference problem. The
same peptide sequence can be present in multiple distinct proteins or in protein isoforms. Such
shared peptides can lead to ambiguities in determining the identities of proteins in the sample.
For these reasons, an alternative approach, top-down proteomics, has attracted attention in the
last few years [23-26]. In top-down proteomics, intact protein molecular ions are introduced
into the mass spectrometer and subjected to gas-phase fragmentation. The top-down strategy
has the potential to identify a larger fraction of protein sequences and the ability to locate and
characterize PTMs. In addition, the time-consuming protein digestion required for bottom-up
methods is eliminated. This not only increases the experimental efficiency, but also reduces
the error rates for identification of proteins and for quantification.

However, current top-down proteomics approaches are practically limited to analysis of
proteins with 500 or fewer amino acid residues (up to about 50 kDa) [27]. In addition, top-
down proteomics protocols have not yet proven useful for large scale proteomics. Most MDLC
systems are developed for bottom-up proteomics and this is currently the most common
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proteomics approach. This review will focus on MDLC systems designed for peptide
separation.

2. Development of MDLC in Proteomics
As indicated, significant challenges in bottom-up proteomics are sample complexity and large
concentration differences of proteins. Two main approaches have been developed to overcome
these challenges. One is to develop analytical methods to separate abundant proteins from low
abundance proteins, i.e., abundant protein removal (APR), to enhance the chance of detecting
the latter. The other is to develop MDLC systems to either maximize the chance of MS to detect
peptides present in a proteome tryptic digest by enhancing the peak capacity of the MDLC
system, or to select specific fractions of peptides for analysis, often with affinity
chromatography.

Abundant protein removal from complex biological samples may circumvent the large
concentration differences of proteins in such samples. This is achieved largely by gel-based
fractionation or immunoaffinity separation strategies [28-30]. The disadvantage of removing
abundant proteins with immunoaffinity separation is that it is likely that the lower abundance
proteins of interest may interact with the proteins being depleted from the sample, and thereby
these will also be depleted [31].

HPLC enables full automation of sample injection, separation, detection, and fraction
collection from complex biological samples. The flexibility in selecting from a variety of
separation chemistries has improved the success rate for recovering classes of proteins that are
difficult to handle in gel electrophoresis. An HPLC based MDLC platform can maximize the
chances that the MS will detect peptides present in tryptic digest of a proteome by reducing
the sample complexity prior to the MS analysis.

2.1. Principles of designing a MDLC system
In 1984, Giddings described the concept of multidimensional chromatographic separations
[32]. One of the most common reasons for using MDLC in proteomics is to increase the peak
capacity, i.e., the number of peaks that can be resolved at unit resolution. The mathematical
definition of peak capacity in a one dimensional LC, p, for an isocratic separation (i.e., with a
single and consistent mobile phase) is given as [33]

where N is the number of plates, and tn and tA are the times of the final peak and the void peak,
respectively. It is shown that p depends upon the number of plates and upon the ratio of the
retention time of the last component to that of a component that does not interact with the
matrix. p can be increased by judicious choice of the length and partical size of the column and
the velocity of the mobile phase.

In multidimensional separations, two or more independent separation methods are coupled in
an effort to resolve complex mixtures. The resolving power of an MDLC system can be
described by peak capacity PMDLC, which is defined as the maximum number of peaks that
can be resolved in a given time. In order to maximize PMDLC, it is critical that the peptide
retention mechanism in each LC dimension is orthogonal or uncorrelated, i.e., the properties
affecting the separation in one dimension do not affect the separation in other distinct separation
dimensions. For a completely orthogonal MDLC system, the resulting peak capacity reaches
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the theoretical limit given by the product of peak capacities in all dimensions, ,
where pi is the peak capacity in the ith LC dimension. Details of underlying theory and
instrumentation employed for two dimensional liquid chromatography (2DLC) and liquid
chromatography-capillary electrophoresis (LC-CE) separations are described by Evans and
Jorgenson [34].

The challenge in effectively utilizing MDLC peak capacity is to find different types of LC
columns that can separate peptides using uncorrelated or less correlated properties. A number
of simulation studies have examined the effect of correlation on peak capacity in detail. Liu
et al. developed a method that allows quantitative evaluation of orthogonality in 2D separations
[35]. Solute retention parameters, such as retention times and capacity factors in both
dimensions, were used to establish a correlation matrix, from which a peak spreading angle
matrix was calculated with a geometric approach to factor analysis. The retention correlation
calculated using solute retention vectors was used to measure the orthogonality between
dimensions. It was demonstrated that most practical applications fall between the two extremes,
with retention correlation values between 0 and 1. Therefore, the actual resolving power is
somewhat less than that predicted from the multiplicative rule.

Gilar et al. pointed out that many MDLC systems do not have clearly demarcated zones
described in Liu's work [35]. These authors proposed a binning method to identify the effective
area employed over a nonuniform separation space for estimating the orthogonality, and
consequently the potential peak capacity for peptides in a complex mixture [36]. This study
concluded that no separation mode in 2DLC is likely to offer a complete orthogonality of
separation. Rather than theoretical, the practical peak capacity of 2D separation systems should
be used, taking into consideration also the number of collected fractions:

where Np is the practical peak capacity, P1 is the peak capacity of the first dimensional LC,
P2 is the peak capacity of the second dimensional LC, Σbins is the number of bins in a 2D plot
containing data points, and Pmax is the total peak capacity obtained as a sum of all bins. Using
this approach, strong-cation exchange-reversed phase (SCX-RP), hydrophilic interaction
chromatography (HILIC)-RP, and RP-RP 2D systems were found to provide suitable
orthogonality. It is interesting that the RP-RP system (employing significantly different pH in
both RP separation dimensions) had the highest practical peak capacity of the 2DLC systems
investigated. In practice, peptide peaks that are well resolved on the first column may not be
separated from each other on the second column due to different separation principles in the
two columns. This is especially true when only a few fractions are collected from elution of
the first column. Therefore, the actual peak capacity of a MDLC system is also related to the
number of chromatographic fractions collected in each column.

The resolving power of a MDLC system and its efficiency are both important performance
factors of a separation system for proteomics. The peak capacity value does not provide the
time it takes to generate these peaks. One must also consider the rate of peak production to
understand efficiency of the technique. It has been noted that peak capacities of 900 in 25 min
are achievable by 2DLC; that is roughly one peak every 2 s [37]. Wang et al. developed gradient
conditional peak capacity “Poppe plots” as a graphical means of assessing the compromise
between conditional peak capacity and separation speed for packed bed columns [38]. These
plots are especially useful for selecting the appropriate column formats (e.g. particle size and
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column length) in 2DLC for both the first dimension (i.e. best conditional peak capacity in a
given time) and the second dimension (i.e. best conditional peak capacity production).

2.2. MDLC for analyzing tryptic digests of entire proteome
The development and use of MDLC in bottom-up proteomics has thrived over the past few
years. MDLC combines two or more forms of LC to increase the peak capacity and selectivity,
and thus the resolving power of separations to better fractionate peptides before they enter the
mass spectrometer. In MS-based proteomics, high-resolution of peptides differing in such
parameters as charge, polarity, hydrophobicity, etc., minimizes ion suppression and improves
ionization efficiency. The process also simplifies the complexity of peptide ions entering the
mass spectrometer to minimize under sampling. Higher MS peak capacity and better resolving
power improve the acquisition of data and lead to a better representation of the proteins in the
mixture.

Many multidimensional separation combinations have been reported. A variety of first
dimensions, not all of them LC-based, have been used, including size-exclusion
chromatography (SEC), strong cation exchange (SCX), strong anion exchange (SAX),
polyacrylamide gel electrophoresis, and isoelectric focusing (IEF) techniques [39-41]. Several
factors are important for the first dimension: it should have a large loading capacity, be
configurable with the second dimension, and have solvent compatibility with subsequent
dimensions. Some first-dimension methods are better suited for offline applications when they
do not meet these criteria for compatibility with subsequent dimensions. The last separation
step, typically interfaced directly to a mass spectrometer, is frequently reversed phase (RP),
which can provide high resolution, effective desalting of samples, and mobile phase
compatibility with electrospray ionization (ESI) and MS detection. The basis of the RP mode
is hydrophobic interaction between peptides and the stationary phase. The most common
stationary phase is C18 covalently bound to a base silica material. Peptides are loaded onto an
RP column under low-organic-solvent conditions, which permits online desalting and
concentration at the same time. As the organic content in the mobile phase is gradually
increased, peptides elute according to the strength of the hydrophobic interactions with the
stationary support.

2.2.1. Ion exchange and reversed phase chromatography—Multidimensional
protein identification technology (MUDPIT) was initially developed by Yates and his
colleagues [42,43]. It uses a single biphasic microcapillary column packed first with C18 RP
particles and then with SCX particles to form a SCX-RP system for separation of a peptide
mixture prior to analysis by mass spectrometry. Besides the differences in selectivity, the
rationale for the choice of the MUDPIT separation approach is that there is good compatibility
between the SCX mobile phase and the second RP separation dimension. The peptides/salt
fractions from SCX can be directly introduced to the RP column; while peptides are retained
on sorbent, salts are washed off the RP column.

In the MUDPIT approach, the acidified complex peptide mixture is applied to a SCX column,
and a discrete fraction of the absorbed peptides is displaced onto a RP column using a salt step
gradient. After washing away contaminating salts and buffers, peptides retained on the RP
column are eluted from the RP column into the mass spectrometer using a gradient of increasing
organic solvent concentration (typically acetonitrile). Finally, the RP column is reequilibrated
in preparation for absorbing another fraction of peptides from the SCX column. An iterative
process of increasing salt concentration is used to displace additional fractions of peptides from
the SCX column onto the RP column. Each simplified fraction is eluted from the RP column
into the mass spectrometer [42].
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After the initial development of MUDPIT, several studies have been performed to improve the
performance of the system. An online multidimensional LC method using an anion exchange
and cation exchange mixed bed for the first separation dimension proved more orthogonal to
the RP separation in two-dimensional separation, with a combination of increased retention
for acidic peptides and moderately reduced retention of neutral to basic peptides by the added
anion-exchange resin. This approach led to an approximately 100% increase in the number of
identified peptides from an analysis of a tryptic digest of a yeast whole cell lysate [44]. Vollmer
et al. applied a semi-continuous salt gradient in the first separation dimension to significantly
increase the number of identified proteins from complex samples due to higher
chromatographic resolution compared to stepwise elution [45]. Dai et al. used an integrated
column, containing both SCX and RP sections for two-dimensional liquid chromatography
[46]. The peptide mixture was fractionated with a pH step gradient, followed by reversed phase
chromatography. Since no salt was used during separation, the integrated multidimensional
liquid chromatography can be directly connected to mass spectrometry for peptide analysis.
Winnik developed a 2D-Nano-LC/MS/MS method with continuous pH/salt gradient elution
[47]. This improvement of MUDPIT is characterized by low carryover between neighboring
SCX fractions and predictable SCX elution patterns, mainly dependent on the number and
position of acidic and basic amino acid residues present in a peptide. Another improvement is
a system that combines the SCX, SAX, and RP methods with which 14,105 unique peptides
and 2,804 proteins have been identified from mouse liver [48].

2.2.2 Reversed phase - reversed phase LC (RP-RPLC)—The use of RP columns in
both dimensions can be achieved either with stationary phases showing different selectivity
operated with the same mobile phase [49,50], or with the same stationary phase but changing
pH of the mobile phases in the two dimensions. Gilar et al. investigated two dimensional
separation with reversed phase columns in both separation dimensions. The pH appears to have
the most significant impact on the RP separation selectivity; the greatest orthogonality was
achieved for a system with C18 columns using pH 10 in the first and pH 2.6 in the second RP
dimension [51]. Utilizing a RP-RP system has several advantages including high peak capacity
in the first separation dimension. This permits the collection of multiple fractions with minimal
content overlap. In addition, no peptide losses were observed in the first RP dimension and the
mobile phases were salt free and compatible with MS detection.

An RP-RP platform based on high pressure switching between two high-resolution RP columns
was implemented on an Agilent 1100 2-D liquid chromatography system, where an
independent binary gradient was used for each dimension [52]. This combination achieves high
analyte purity, effectively eliminates matrix effects, and maximizes MS sensitivity. Delmotte
et al. developed a two-dimensional separation scheme employing high-pH reversed phase
HPLC in the first and low-pH ion-pair reversed phase HPLC in the second dimension [53].
Compared to the classical strong cation exchange followed by ion-pair reversed phase
approach, this system was characterized by a lower degree of orthogonality. This was, however,
more than counterbalanced by higher separation efficiency, more homogeneous distribution
of peptide elution, and easier experimental handling. It has also been reported that an offline
coupling of a narrow-bore, polymer-based, reversed phase column using an acetonitrile
gradient in an alkaline mobile phase in the first dimension with octadecylsilanized silica
(ODS)-based nano-LC/MS in the second dimension identifies more peptides compared to a
conventional SCX-RP system [54]. An online comprehensive RP-RP system with two parallel
second dimension columns has been developed for analysis of tryptic digest of human serum
[55].

2.2.3. Hydrophilic interaction chromatography (HILIC) and reversed phase LC—
HILIC separation, first introduced by Alpert in 1990 [56], has increased in popularity over the
last few years, promoted by the need to analyze polar compounds in increasingly complex
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mixtures. The separation mechanism of HILIC and the stationary phases used with HILIC have
been previously reviewed [57,58]. Because of excellent mobile phase compatibility and
complementary selectivity to RP chromatography, HILIC is ideally suited for highly
orthogonal 2DLC separations of complex samples containing polar compounds, such as
peptides and proteins. HILIC is potentially suitable for combination with RP, size-exclusion
and ion-exchange chromatography.

An offline 2D-system with a sulfobetaine zwitterionic ZIC-HILIC column in the first
dimension and RP chromatography in the second dimension was introduced for analysis of
complex peptide mixtures [59]. The separation of peptides on the ZIC-HILIC column strongly
depends on pH. At pH 3, this approach resembles SCX separations and shows high
orthogonality with RP separations. At a higher pH (7–8), better chromatographic resolution is
achieved, especially of prevalent +2 and +3 charged peptides in comparison to SCX
separations. It is reported that an online HILIC-RP system could identify three times more
peaks than the SCX-RP system in cerebral neuropeptide detection experiments, and there
seemed to be no correlation between peaks detected and fraction number in the HILIC-RP
method compared with most compounds eluting in the first two fractions using the SCX-RP
method [60].

RP chromatography also shows complementary selectivity to HILIC on a TSK-gel® amide
column (carbamoylderivatized silica gel) in acetonitrile-rich aqueous-organic mobile phases.
McNulty and Annan separated tryptic peptides on TSK-gel Amide-80 columns using a shallow
inverse organic gradient. Analysis of tryptic digests from HeLa cells yielded numbers of protein
identifications comparable to that obtained using SCX, and subsequent immobilized metal
affinity chromatography (IMAC) enrichment of phosphopeptides from HILIC fractions
showed better than 99% selectivity [61]. Another multidimensional chromatography
technology combining IMAC, HILIC (TSK-gel Amide-80 columns), and RP-HPLC in
sequence was developed for the purification and separation of phosphopeptides. Its application
to the yeast Saccharomyces cerevisiae proteome following DNA damage led to the
identification of 8,764 unique phosphopeptides from 2,278 phosphoproteins using tandem MS.
This study demonstrates that HILIC provides a largely orthogonal separation of
phosphopeptides when coupled with immobilized affinity chromatography (IMAC) and RP
chromatography [62].

2.3. Affinity chromatography-based MDLC system (AC-MDLC)
The goal of proteomics is to detect and quantify each protein expressed in the proteome.
However as we have previously noted, proteins are usually chopped into small peptides in
proteomics because the MS cannot detect large molecules. Each protein may generate 20-50
peptides depending on the size of the protein and specificity of the enzyme cleavage.
Measurement of multiple peptides from the same protein enhances the confidence of protein
identification and quantification. However, it is not necessary to analyze every peptide digested
from a protein. Detecting and measuring several peptides from one protein provides adequate
information to trace back to the protein from which these peptides are generated [63]. Based
on this principle, various affinity chromatography-based MDLC (AC-MDLC) systems have
been developed for proteomics. Currently, there are two types of AC-MDLC systems. One is
to selected low abundant peptides containing affinity selectable amino acid residues. The other
is to select peptides or proteins containing certain post-translational modifications (PTMs):
primarily phosphorylation and glycosylation.

2.3.1. Selection of peptides containing certain amino acid residues—In a
proteome, amino acids such as leucine and serine are the most abundant at around 10% of all
amino acids. At the other extreme, cysteine and histidine are relatively rare, comprising around
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2% of all amino acids. Interestingly, cysteine- and histidine-containing peptides are about 10%
and 17% of tryptic peptides in a proteome digest, respectively. Only about 5% of tryptic
peptides contain both histidine and cysteine residues, and these are generated from about 80%
of proteins [64]. These figures indicate that the majority of proteins in a proteome can be
identified following enrichment of peptides based on the presence of low abundance amino
acids.

Immobilized copper affinity chromatography (Cu(II)-IMAC) has been used in proteomics to
simplify sample mixtures by selecting histidine-containing peptides from proteolytic digests
[65-67]. An online capillary column immobilized metal affinity chromatography/electrospray
ionization mass spectrometry set-up has also been reported for the selective analysis of
histidine-containing peptides. The analytical cycle time in this system was reduced to less than
15 min, at an optimum flow rate of 7.5 μL/min, without sacrificing peptide selectivity [68].

Wang and Regnier developed a procedure in which cysteine-containing peptides from tryptic
digests of complex protein mixtures were selected by covalent chromatography based on thiol–
disulfide exchange. The cysteine-containing peptides were identified by mass spectrometry
and quantified by differential isotope labeling [69]. The same group also reported a quantitative
method that selects and quantifies peptides containing both cysteine and histidine residues from
tryptic digests of cell lysates [66]. Cysteine-containing peptides can also be enriched by
quantitatively derivatizing cysteine residues with a quaternary amine tag (QAT) [70]. Tags
were introduced into disulfide bond-reduced proteins via derivatization of cysteine residues
with (3-acrylamidopropyl) trimethylammonium chloride. After trypsin digestion, derivatized
cysteine-containing peptides were enriched by SCX chromatography.

These and many other studies demonstrate the practicality of selection of peptides containing
less abundant amino acids for proteomics. The resulting simplified peptide mixture continues
to include representative peptides mapping to a very large fraction of all proteins in the
proteome.

2.3.2. Selection of phosphoproteins or phosphopeptides—Quantitative analysis of
protein phosphorylation provides important insights into molecular signaling mechanisms and
a better understanding of many cellular processes. Various IMAC platforms have been
developed for the analysis of phosphoproteins [71], in which negatively charged phosphate
groups interact with positively charged metal ions (Fe3+, Ga3+, and Al3+). This interaction
makes it possible to enrich phosphorylated peptides from complex peptide samples. A Ga(III)–
IMAC has been used to select phosphorylated peptides from tryptic digests of milk [72,73].
Li et al. demonstrated the utility of iron oxide magnetic microspheres coated with gallium
oxide for selective isolation and concentration of phosphopeptides prior to mass spectrometric
analysis [74]. Rikard et al., compared four commercially available immobilized metal ion
affinity chromatography (IMAC) methods for phosphopeptide enrichment using small
volumes and concentrations of phosphopeptide mixtures with or without added bovine serum
albumin (BSA) non-phosphorylated peptides [75]. The Gyros Gyrolab matrix assisted laser
desorptive ionization (MALDI) IMAC1 compact disc (CD) was the most efficient method
tested and could detect phosphopeptides down to low femtomole levels. Coupling stable
isotope dimethyl labeling [76] with IMAC enrichment enables quantification of protein
phosphorylation at MS-detected phosphorylation sites [77].

Titanium dioxide (TiO2) chromatography has been demonstrated as an effective method for
phosphopeptide enrichment [78,79]. Li et al. developed Fe3O4@TiO2 microspheres with well-
defined core-shell structure for highly specific purification of phosphopeptides from complex
peptide mixtures to overcome the low specificity of conventional IMAC for phosphoproteome
analysis [80]. This system identified 56 phosphopeptides (65 phosphorylation sites) in mouse
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liver lysate with a single RP-MS/MS analysis. Ahn et al. coupled TiO2-mediated
phosphopeptide enrichment and on-bead chemical labeling using a highly mass-sensitive tag,
guanidinoethanethiol (GET), for phosphopeptide analysis [81]. The TiO2 beads have high
chemical stability, are physically robust and compatible with subsequent on-bead labeling
processes. The introduction of the GET tag into the phosphopeptide backbone makes it possible
for the GET-labeled peptides to be detected with increased mass intensity and to be efficiently
sequenced in MALDI-TOF MS.

Current methods for phosphopeptide enrichment are sensitive and specific for peptide mixtures
derived from pure proteins or simple protein mixtures. The selectivity and specificity of
methods such as IMAC however, are limited when working with peptide mixtures derived
from highly complex samples such as human plasma. Non-phosphorylated peptides contribute
significantly to ion suppression of phosphopeptides, in addition to increasing sample
complexity. Thingholm and Jensen suggested that lowering the pH value of the sample loading
buffer significantly reduced nonspecific binding to the IMAC resin, thereby improving the
selectivity of IMAC for phosphopeptides [82]. Peptide methylation can also improve the
selectivity of IMAC for phosphopeptides and eliminates the acidic bias that may occur with
unmethylated peptides [83]. In this approach, the IMAC procedure was significantly improved
by desalting methylated peptides, followed by gradient elution of the peptides to a larger IMAC
column.

2.3.3. Selection of glycoproteins or glycopeptides—Among the many types of post-
translational modifications (PTMs) reported in eukaryotes, glycosylation is one of the most
complex. Glycoproteins can have multiple glycosylation sites with numerous glycoforms at
each site. Moreover, glycans at a particular glycosylation site can vary in both neutral and
charged monosaccharide residues. Glycosylation plays fundamental roles in controlling
various biological processes. Therefore, glycosylation analysis has become an important target
for proteomic research and has great potential for clinical applications.

Even though glycoproteins can be analyzed using gel-based techniques [84-86], most
glycoproteomics research is performed using lectin affinity approaches [87,88]. Due to the
complexity of a glycoproteome, different sets of serial lectin affinity columns (SLAC) have
been developed including a concanavalin A (Con A) column coupled to a sambucus nigra
agglutinin (SNA) column [89], a Con A column followed by a wheat germ agglutinin (WGA)
affinity column [90,91], a Con A column followed by wheat germ agglutinin (WGA) and
jacalin (JAC) columns [92]. Qiu et al. have developed a nested separation system for the
analysis of glycoproteins, where glycoproteins were selected with a Con A lectin column
followed by trypsin digestion and sequential chromatographic selection of acidic peptides
selected with a strong anion exchange (SAX) column, and histidine containing peptides
selected with a copper loaded immobilized metal affinity chromatography (Cu-IMAC) column.
Peptides selected by this serial process were further analyzed on RP-MS. This serial
chromatography selection process reduced the complexity of proteolytic digests by more than
an order of magnitude [93].

In quantitative glycoproteomics, detection of glycosylation changes could arise from
concentration variations of each type of glycans or from alterations in glycan structure or
glycosylation site. MALDI-TOF MS signal strength of glycopeptides has been found to
accurately reflect the relative quantities of glycoforms, providing that certain technical issues
are considered, i.e., nonbiased sample handling, matrix choice, and instrument settings [94].
The MS response correlates to the concentration of glycopeptides thereby enabling quantitative
glycoproteomics. Many quantitative glycoproteomics studies have been reported [95-100].
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The AC-MDLC approach recognizes from the beginning that existing separation technology
is incapable of mapping every peptide generated from a proteome digest. AC-MDLC only
targets a sub-group of peptides and therefore simplifies the complexity of the sample. On the
other hand, AC-MDLC systems may focus on certain biological features of the protein, such
as by selecting for certain PTMs. This approach therefore can increase the likelihood of
generating biologically relevant information. However, AC-MDLC-based approaches face
several challenges, not the least of which are selectivity and specificity of the affinity selectors.
In addition, not all biologically important PTMs can be effectively affinity selected. In the case
of glycosylation, the inability to easily differentiate between certain protein glycoforms
complicates this approach, particularly for the study of diseases. Detection and quantification
of every glycoform is not possible with current technologies.

2.4. Performance analysis of the existing MDLC platforms
MDLC can be implemented with the HPLC unit in either an online or offline mode. With
offline operation, fractions eluted from the first column are collected by a fraction collector
and then injected, either with or without concentrating the fraction, into a second column. The
offline approach is simple and the mobile phases used in each column do not need to be
compatible. However, the offline approach is labor intensive and time consuming, and the
recovery of sample is often low. The online technique consists of the second-dimension being
carried out simultaneously with the first-dimension. This system requires that the second
analysis be completed during the time needed to collect the fraction, transfer and analyze it,
and restore the column to the initial conditions of analysis. The online technique is advantaged
by automation using electronically controlled valve systems to switch the column effluent
directly from the first column into the second column. Automation improves reliability and
sample throughput, shortens analysis time, and minimizes sample loss. The main limitation of
the online mode is that the mobile phase system used in the two columns must be compatible
in both miscibility and solvent strength.

Regardless of the mode employed, the separation achieved in the first column could be
mitigated on the second column due to fraction collection. Two peptide peaks well resolved
on the first column may not be separated from each other on the second column due to different
separation principles in the two columns. This is especially true when only a few fractions are
collected from elution of the first column, which will significantly reduce the resolving power
of the MDLC system. Therefore, optimization of the MDLC system is a critical process in
proteomics. The practical goal of an optimization process is either to achieve a given resolution
in as short a time as possible or to reach the highest possible resolution in a given analysis time.
A protocol for designing comprehensive two-dimensional liquid chromatography separation
systems that establishes suitable column dimensions (length and diameters), particle sizes, flow
rates, and second dimension injection volumes (i.e. loop sizes) has been described [101].
However, the recommendations made in this study cannot be readily applied in the field of
proteomics due to the high flow rates, large column diameter and the fast separations performed
in the second dimension. There is an optimum number of collected fractions per peak in the
first dimension that provides a target peak capacity with minimum analysis time. This optimum
fraction collection ratio depends on the characteristics of both the first and the second
dimensions and on the target MDLC peak capacity [102]. When orthogonal columns cannot
be used, the loss in peak capacity compared to a fully orthogonal system can be limited if the
second dimension gradient operation is adapted to the degree of orthogonality. This can result
either in an improved peak capacity or in decreasing total analysis time, depending on the final
goal of the experiment [103].

With the rapid development of proteomics, multiple MDLC platforms have also been
developed. Without extensive method optimization, it has been demonstrated that the online
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approach is preferable when very fast separations are needed. When larger peak capacities are
needed, analysts must use slower methods with more powerful second separation columns, at
the cost of a significant increase in the analysis time [104]. Comparative analyses report
relatively minor differences in the number of proteins detected with various MDLC platforms:
SCX-RP-MS/MS, high-pH SAX-RP-MS/MS and RP -RP-MS/MS (800-1200 proteins)
[105]. Another comparative study showed that the online pH variance with a SCX-RP system
is able to identify two times more proteins than an offline SCX-RP system [106]. However, it
was also reported that the offline SCX-RP identified more proteins from human serum than
the online SCX-RP [107]. Reports such as these underscore the importance of optimization of
the experimental system.

The main purpose of developing MDLC systems for bottom-up proteomics is to enable more
proteins to be identified and quantified by acquiring more extensive peptide information in
tandem mass spectra. By way of example, Table 1 summarizes the performance of several
MDLC systems for peptide and protein identification. The MDLC approach also leads to
increased dynamic range of protein concentrations detected [42]. Although the dynamic range
of each MDLC platform is highly dependent on experimental conditions and samples analyzed,
based on our experience, we can roughly estimate the dynamic range coverage of each MDLC
platform as follows: IMAC-phosphopeptide selection-RP > Lectin-glycopeptides selection-RP
> IMAC-amino acid residue selection-RP > RP-RP ≥ HILIC-RP, SAX-RP, SCX-RP. However,
only a small fraction of peptides generated from proteome digestion are affinity selected by an
AC-MDLC system and further analyzed on MS. Many proteins identified in this approach may
be represented by only one peptide. This affects the confidence for identification of the protein
and may introduce a source of variation for quantitative analysis.

3. Application of MDLC-MS in Quantitative Proteomics
Two types of analytical platforms have been developed for quantitative proteomics
[108-111], label-free and stable isotope labeling (Figure 2). Label-free quantification is a LC-
MS-based method that aims to determine the differentially expressed proteins in two or more
biological samples based on precursor ion signal intensity [112]. The stable isotope labeled
approach introduces stable isotope signature mass tags to peptides/proteins that can be detected
in the mass spectrometer to quantify each analyte and to determine the sample from which it
originates [113,114]. MDLC separation coupled with mass spectrometry (MDLC-MS) is
employed with both approaches to simplify peptide mixtures and to quantify and identify
peptide analytes.

3.1. Label-free proteomics
The label-free methods have the advantage of allowing data for each sample to be acquired
independently from all other samples with the expectation that samples can be compared in
silico to measure changes in protein expression between conditions. This method contains three
fundamental steps: sample preparation including protein extraction, reduction, alkylation and
digestion; sample separation on MDLC and MS analysis; and bioinformatics including protein
identification, quantification and statistical analysis.

Currently there are two widely used but fundamentally different label-free protein
quantification strategies. The first of these is spectral counting in which the number of fragment
spectra identifying peptides from a given protein are compared to assess relative protein
abundance [115]. The second widely used label-free protein quantification strategy employs
peptide chromatographic peak intensity (area-under-the-curve or AUC) measurements. In this
method, chromatographic peaks of peptide precursor ions belonging to a specific protein are
compared. Overall, spectral counting has proved to be a more sensitive method for detecting
proteins that undergo changes in abundance, whereas peak area intensity measurements yield
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more accurate estimates of protein ratios [116]. Several studies have demonstrated that both
spectral counting and extracted ion chromatograms (XICs) of selected peptide ions correlate
well with protein abundances in complex biological samples [117-119].

The label-free strategy is simple and cost-effective with high reproducibility and linearity at
both peptide and protein levels [120,121]. In general, nearly 90% of the peptide ion ratios
deviated less than 20% from the average in duplicate runs in the label-free quantification
approach. The removal of abundant proteins from the samples led to an improvement in
reproducibility and linearity for protein quantification [120]. Given the fact that the label-free
methods provide ease in experimental design well beyond pair-wise comparison, these
approaches are well suited for proteomic expression profiling of large numbers of samples such
as will be required for clinical analyses.

Label-free approaches coupled with MDLC system have been widely used in proteomics for
global proteomic profiling [122-125]. Of note in this workflow, the final RP separation, always
the last step prior to MS analysis, is a particularly time consuming process and this is amplified
when large numbers of samples are analyzed. As this workflow is a sequential process, the
performance of the system should be consistent throughout the entire experiment.
Consequently the analyst must either spike in to each biological sample a set of internal peptide
or protein standards, and/or repeatedly analyze the same biological sample to monitor the
reproducibility of the analytical platform for large sample sets [126].

3.2. Stable isotope labeling based proteomics
There has been an explosion of activity in stable isotope quantification of proteins during the
past few years. A wide variety of methods are available for both relative and absolute
quantification of proteins. These powerful methods are designed to quantify large numbers of
proteins simultaneously and the chemistry involved is relatively simple. Quantitative
proteomics stable isotope labeling approaches are classified as metabolic and chemical stable
isotope labeling. The metabolic labeling method attaches isotopic tags to proteins during
biosynthesis [127], while the chemical stable isotope labeling approach adds isotopic tags to
proteins or peptides after they have been extracted from the biological material [114]. Due to
the complexity of the proteome, stable isotope labeling methods are always coupled with
MDLC system for proteome quantification [68,69,76,98-100].

3.2.1. Metabolic stable isotope labeling—Most of the emphasis thus far on the metabolic
stable isotope labeling has been on incorporation of a metabolic label used to identify one
sample or class of samples via pair-wise comparison. For example, with two populations of
cultured cells, one is fed with growth medium containing normal media while the growth
medium of the second cell population contains heavy isotopes such as 18O or 15N. This cell
population incorporates the heavy elements into all of their proteins. Therefore, all of the
peptides that result from this culture are heavier than their normal counterparts. The two cell
populations are combined and analyzed together by mass spectrometry. Pairs of chemically
identical peptides with different stable-isotope composition (and therefore different masses)
can be differentiated in a mass spectrometer. The ratio of peak intensities for such peptide pairs
accurately reflects the abundance ratio for the proteins from which these peptides are
derived. 18O- or 15N-based metabolic labeling techniques have been used in many quantitative
proteomics projects [128-131]. It should be recognized however, that stable isotope
incorporation rates in metabolic labeling experiments do not reach 100% [129], thereby
confounding analyses.

In the stable isotope labeling by amino acids in cell culture (SILAC) technique, cells are fed
with heavy isotope coded amino acids [133-135]. The amino acids used for stable isotope
studies are those that are less likely to contribute isotopically labeled atoms to general metabolic
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pools. This requirement guarantees that the majority, if not all, stable isotope labeled amino
acids will be incorporated into proteins for accurate quantification. It is also preferred that the
stable isotope labeled amino acids are of high abundance in the proteome. Most studies have
used leucine, followed by lysine, arginine, and to a lesser extent serine, glycine, histidine,
methionine, valine, and tyrosine [136-139]. Even though most of the SILCA experiments have
employed only one form of heavy-labeled amino acid [140], Mann and his colleagues
developed a three-plex SILAC method. In this case, the proteomes were metabolically encoded
with three stable isotopic forms of arginine to study the global dynamics of phosphotyrosine-
based signaling events in early growth factor stimulation [141]. A five-plex SILAC method
using four different heavy stable isotopic forms of arginine has also been developed to study
the nuclear proteome and the secretome during the course of adipocyte differentiation [142].

Metabolic stable isotope labeling occurs during biosythesis. This approach avoids, or at least
minimizes, technical variation that may be introduced during sample preprocessing and
MDLC-MS analysis. Unfortunately, the stable isotope label in the precursor amino acids may
undergo differential metabolism and thereby go undetected. In addition, this technique is
currently deployed only in cell culture systems. It will be challenging to apply for human
clinical studies.

3.2.2. Chemical stable isotope labeling—Isotope-coded affinity tags (ICATs) provide
a versatile method for quantitative proteomics based on chemical labeling of the proteome
[143]. The ICAT reagent consists of three elements: an affinity tag (biotin) used to isolate
ICAT-labeled peptides; a linker that can incorporate stable isotopes; and a reactive group with
specificity toward thiol groups (cysteines). The reagent exists in two forms, heavy (contains
eight deuteriums) and light (contains no deuteriums). The ICAT method includes three
sequential steps. It first derivatizes the side chains of cysteinyl residues in a reduced protein
sample with the isotopically light form of the ICAT reagent. The equivalent groups in the
second sample are also derivatized with the isotopically heavy reagent. The two samples are
then combined and enzymatically cleaved to generate peptide fragments. The peptides
containing cysteinyl residues are tagged. The tagged peptides are isolated by avidin affinity
chromatography and separated and analyzed by LC-MS/MS. Both the quantity and sequence
identity of the proteins from which the tagged peptides originated are determined by automated
multistage MS. Peptides are quantified by measuring in the full MS mode the relative signal
intensities for pairs of peptide ions of identical sequence tagged with the isotopically light or
heavy forms of the reagent, respectively. These ions differ by the mass differential encoded
within the ICAT reagents.

Although ICAT has been widely used for proteome quantification, the popularity of this
approach has waned because of concerns about the isotopic effect caused by the placement of
multiple deuterium atoms relative to hydrophilic functional groups in the coding reagent
[144]. The resolution of deuterated and nondeuterated forms of the ICAT reagent is 0.45, which
means that in a peak of 1-min width (W1/2), the peak maxima will vary by ∼30 s, leading to
potential measurement errors of -83 - +500% at the leading and tailing edges of a peak [145].
It has also been reported that the reproducibility of SILAC labeling is better than that achieved
with the ICAT approach [146].

Global internal standard technology (GIST) was first reported in 2000 [147]. The GIST
protocol involves tryptic digestion of proteins from control and experimental samples followed
by differential isotopic labeling of the resulting tryptic peptides, mixing the differentially
labeled control and experimental sample digests, fractionation of the peptide mixture by
reversed phase chromatography, and isotope ratio analysis by mass spectrometry [114,148].
This technology has also been employed for relative quantification of proteins with in-gel stable
isotope labeling (ISIL) at the protein level prior to mixing and enzymatic digestion [149,
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150]. Resulting peptide pairs are quantified using RP-MS and peptide sequences are identified
with RP-MS/MS. In ISIL, the GIST reagent labels only lysine residues and thereby simplifies
the mixture to be evaluated (i.e., only lysine containing peptides are evaluated).

In the trypsin-catalyzed 18O-based labeling technique, a hydroxyl group from water is
introduced into the carboxyl group formed during amide bond hydrolysis such that all peptides
are labeled except the peptide originating from the carboxy-terminus of the protein. When
hydrolysis of control and experimental samples is carried out in H2

16O and H2
18O,

respectively, the peptides are differentially coded according to sample origin [151]. White and
his colleagues demonstrated that measuring the relative abundance of 18O labeled peptides at
the product ion (MS/MS) level after fragmentation provides excellent accuracy, sensitivity and
signal-to-noise, while combining quantification with global shotgun protein identification
[152].

The isobaric tag for relative and absolute quantification (iTRAQ) method employs covalent
labeling of the amino-terminus and side chain amines of peptides with isotope coded covalent
tags of varying mass that may be used to label all peptides (in theory) from different samples
[153]. There are two commonly used reagent sets providing for 4-plex and 8-plex analyses.
Differentially labeled samples are pooled and usually fractionated by liquid chromatography
before analysis by tandem mass spectrometry (MS/MS). A database search is then performed
using the fragmentation data to identify the labeled peptides and hence the corresponding
proteins. Quantification is achieved by comparison of the peak areas and resultant peak ratios
for either four MS/MS reporter ions of the 4-plex reagent, which range from 114 to 117 Da,
or eight MS/MS reporter ions of the 8-plex reagent, which range from 113-119 and 121 Da.

iTRAQ was originally developed for peptide level labeling. Wiese et al. applied iTRAQ to
derivatize primary amino groups in intact proteins for quantitative proteomic analysis [154].
iTRAQ technology in conjunction with MDLC separation has been used in many quantitative
proteomics studies [155-163]. Bouchal and his colleagues incorporated iTRAQ, SCX-RP and
MS/MS (iTRAQ-2DLC-MS/MS) methods for the comparative analysis of representative low-
grade breast primary tumor tissues, metastatic tumors, and lymph node metastases relative to
the nonmetastatic tumor type [155]. After homogenizing tissue samples, the protein aliquot
was digested and labeled with iTRAQ reagent. The resulting labeled peptide samples (iTRAQ
labels 115, 116, and 117) were pooled before chromatographic fractionation. The multiplexed
iTRAQ labeled sample was fractionated offline using a SCX column to reduce the number of
peptides per sample to be analyzed with the reverse phase LC-MS/MS system and to remove
excessive unreacted iTRAQ reagent and other nonpeptide materials. C18 spin columns were
used to remove salts resulting from the SCX chromatography while preserving the peptide
content. Each of the desalted peptide samples was passed through a PVDF syringe filter to
remove particulate matter that may otherwise interfere with nano liquid chromatography
systems. The filtered SCX fractions were subjected to a C18 reversed phase separation and MS/
MS analysis on a QSTAR XL system. In this experiment, the total number of peptide spectra
identified were 23,520 of which 6,035 were distinct peptides resulting in the simultaneous
identification and quantification of 605 nonredundant proteins. In all cases, the S/N ratio for
all reporter ions was on the order of 50:1 or better. The iTRAQ peptide labeling efficiency was
94.8%. A quantitative comparison revealed 3/3 proteins with significantly increased/decreased
level in metastatic primary tumor and 13/6 proteins with increased/decreased level in lymph
node metastasis compared to nonmetastatic primary tumor (p < 0.01).

Coupling iTRAQ with MDLC systems leads to accurate protein quantification and increased
dynamic range coverage of a proteome. The iTRAQ technique provides precise quantitative
analysis while the MDLC system enables analysis of more proteins. It is common that about
200-300 proteins can be evaluated in human plasma sample in a single RP-MS/MS experiment.
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However, up to 1,000 proteins could be analyzed in an iTRAQ MDLC-MS platform. For
example, Keshanounl and his colleagues used an iTRAQ-2DLC-MS/MS platform to identify
1,000 unique proteins from 2,679 peptide sequences deduced from 11,777 MS/MS spectra in
a study of TGF-β induced- epithelial-mesenchymal transition (EMT) in human lung cancer
cells [157]. They discovered 51 differentially expressed proteins during EMT; 29 proteins were
up-regulated and 22 proteins were down-regulated.

The iTRAQ approach has several advantages over other chemical labeling methods (i.e., ICAT,
GIST 16O/18O). It uses a chemical tagging reagent allowing simultaneous analyses of up to
eight samples thereby increasing the analysis throughput while reducing experimental error.
Additionally, the resulting y- and b- peptide product ions are indistinguishable, producing
identical MS/MS sequencing ions for all eight versions of the same derivatized tryptic peptide.
This leads to an improved signal-to-noise mass spectral response for the peptide precursor
(MS) and product (MS/MS) ions, which greatly increase confidence of peptide identifications.
Another advantage to the iTRAQ approach is that the relative quantification is achieved via
the differences in abundances of the reporter ions without affecting the product ion response
used for peptide sequencing. The result is an intrinsic improvement in the S/N ratio. However,
since differential expression can only be determined in MS/MS mode, all peptides must be
subjected to MS/MS which is time consuming, and the inability to generate high quality MS/
MS spectra for low abundance peptide peaks is a drawback. In addition, dynamic cross-talk
between interfering factors appears to affect data evaluation, and this interference is largely
scenario-specific, apparently depending on sample complexity [164].

Table 2 summarizes some of existing stable isotope labeling strategies. Stable isotope labeling
is a powerful method for accurately determining changes in the levels of proteins and PTMs.
However, isotope labeling experiments suffer from limited dynamic range resulting in changes
in signal ratios of less than about 20:1 using most common mass spectrometers. On the other
hand, label-free approaches to relative quantification in proteomics, such as spectral counting,
have gained popularity since no additional chemistries are needed. Moreover, it has been shown
that a label-free method could expand the dynamic range, allowing for abundance differences
up to approximately 60:1 in a screen for proteins that bind to phosphotyrosine residues [165].

Several studies have compared performance of label-free and stable isotope labeling platforms.
Ryu et al. confirmed that label-free methods, based on direct measurement of the area under
a single ion current trace, performed as well as the standard ICAT method [166]. Good
agreement has been reported between iTRAQ labeling, gel-based approaches, and a label-free
approach [167]. However, the lack of reproducible sampling for proteins with low spectral
counts may cause a poor correlation between stable isotope labeling and spectral counting
[168].

4. Perspectives of Future Development of MDLC for Proteomics
The ultimate goal of proteomics is to fully characterize every protein expressed in a proteome.
Understanding the structure and function of each protein and its relation to other expressed
molecules (including proteins, DNA, metabolites, and molecular complexes) is a key to fuller
understanding of biological processes. Protein identification and quantification are the first
two major steps towards full characterization of a proteome. For any proteomics experiment,
confidence in identification and quantification, reproducibility, sample size, sample
preparation, and cost are all important factors that need to be taken into account.

RP-MS is almost always the last step of analysis in a MDLC-MS based proteomics platform.
There are several advantages to this setup. For instance, RP chromatography is a highly
sensitive LC separation method that can provide a peak capacity of up to ∼200. In addition,
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the elution buffer from RP chromatography is compatible with the electrospray ionization (ESI)
in MS. However, a single RP separation may take up to 2 hours. In case of MUDPIT, up to 30
hours of instrument time may be required to process one biological sample (i.e., with 15
fractions collected from SCX). In a modern biological research project, multiple samples are
required for analysis due to large biological variations. Assuming a protein biomarker
discovery experiment employs 20 disease and 20 control samples therefore, 50 days of
instrument time are required to accomplish a MUDPIT analysis - excluding times consumed
in sample preprocessing and data analysis. Extended instrument analysis time not only affects
throughput, but also significantly increases experimental costs. It is also difficult to keep the
MS instruments operating in an optimal and consistent fashion for such long experimental
periods.

The most common strategies for making second dimension runs faster are to use monolithic
columns and higher pressure or high-temperature HPLC [169-171]. Another approach is to
optimize the gradient in RP based on the distribution of tryptic peptides. This can be done, for
instance, by utilizing different gradient slopes throughout the RP separation. Reproducibility
of MDLC systems is another concern in proteomics. It has been reported that relative standard
deviation values of the peak areas ranges between 5 and 36% [172]. One way to circumvent
this problem is to couple MDLC with the stable isotope labeling approach [130]. However,
this approach raises the challenge of applying expensive stable isotope chemical labeling
methods to multiple biological samples.

In current MDLC systems, peptides eluted off the first column are collected first (either online
or offline) and then loaded onto the second column for further separation. Peptides will
commonly partition into adjacent elution fractions collected from the first column. This does
not significantly affect protein identification unless the peptide partitioned in each fraction
does not generate a single high quality MS/MS spectrum. However, how to use the intensity
information of the partitioning peaks to quantify the corresponding peptides is not well studied.
In practice, the information of such peptides is often discarded. In another approach this
information is simply summed to provide a peak intensity representing the abundance the
partitioning peptide. A more rigorous approach is needed to address such issues.

Proteomics is still hampered by the large concentration distribution of proteins that greatly
decreases the peak capacity. Immunoaffinity techniques have been applied to selectively
remove high abundance proteins from samples prior to analysis. Immunodepletion of the highly
abundant proteins has been shown to enable greater detection of some low abundance proteins.
Similarly, the pH gradient RP-RP system is an optimized MDLC system with respect to peak
capacity. However, peak capacity is only one of the many factors to consider with a proteomics
platform; throughput and experimental costs are also important. Fully understanding peptide
behavior in different chromatographic modes and further development of bioinformatics tools
will enhance the development of optimal MDLC systems for proteomics.

Although most of the current MDLC systems were developed for peptide separation, Opiteck
and his colleagues have developed a comprehensive online cation exchange chromatography
followed by reversed phase chromatography system for analysis of protein mixtures. The two
LC systems are coupled by an eight-port valve equipped with two storage loops, all under
computer control [173]. A 2DLC system using size-exclusion liquid chromatography (SEC)
followed by RP to separate the mixture of proteins resulting from the lysis of Escherichia
coli cells was also developed by the same group [174]. With the rapid development of top-
down proteomics, development of MDLC systems for protein separation may attract more
attention in near future.
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MDLC systems will continue to be extensively employed for proteomics. Refinement of these
systems is likely to play a role in successful proteomics studies for the foreseeable future.
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Figure 1.
Typical bottom-up proteomics experimental workflow. Proteins are isolated from biological
samples and enzymatically digested into peptides. Each protein generates many peptides
(30-50 or more), which significantly increases the sample complexity. Peptides are separated
using multidimensional liquid chromatography (MDLC) prior to mass spectrometry (MS)
analyses. Various bioinformatics tools, such as database search algorithms, are employed for
protein identification.
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Figure 2.
Current strategies for quantitative proteomics. In the label-free quantification approach, each
sample (s1, etc.) is experimentally analyzed separately. The molecular information extracted
from each sample is integrated during data analysis to obtain protein quantities (e.g., spectral
counting or area under the curve calculation). Arrows in mass spectra denote differentially
expressed peptides. With chemical labeling approaches, samples are labeled with various
reagents either as proteins (typical for ICAT; upper box in middle panel) or as proteolytic
peptides (as is typical with iTRAQ; lower box in middle panel), and mixed together prior to
quantitative analysis by MS. Arrows in MS spectrum indicate an identical but differentially
labeled peptide from s1 and s2. The different peak heights reflect differential levels of the
parent protein. Metabolic labeling is possible with cultured cells that can incorporate labeled
amino acids into proteins during growth in culture (box in right panel). Metabolically labeled
samples are mixed together prior to protein isolation and further processed and analyzed by
MDLC MS; quantification is again achieved via comparison of isotopically labeled peptides
(as for chemical labeling approaches).
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