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1 Introduction

The majority of proteomic samples are highly complex
mixtures of proteins/peptides [1-6]. Adequate separation of
complex mixtures improves the success of MS-based
proteomic analysis. Either 1-D or 2-D LC techniques are
often employed [7-9]. The latter is expected to offer greater
peptide resolution, in terms of chromatographic peak

capacity [10].

Advanced separation in 2-D LC has been shown to allow
for the identification of large numbers of peptides and
proteins [3-8, 11-24]. The most common 2-D LC approach
(for peptides) relies on a combination of strong cation
exchange (SCX) and RP chromatographic modes [2, 5, 18,
25]. Recently, two groups have independently pioneered a
new 2-D LC approach based on RP separation mode in both
dimensions [14, 15, 22]. The different separation selectivity
in first and second RP LC dimension is achieved by using a
significantly different mobile phase pH. Typically, the first
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exchange (SCX)-RP chromatography or with an RP-RP 2-D LC approach. Peptides were
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When applying selected data filtration, we identified 52 proteins based on 316 peptides in
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dimension is operated at pH 10, whereas the second at pH
~2.6. Because the eluent in first RP LC dimension contains
ACN, the RP-RP 2-D LC was operated in an off-line mode
with an intermediate sample concentration/evaporation step
[14, 15, 22, 26, 27.

In a previous work, we proposed several alternative
separation modes for 2-D LC separation of peptides and
evaluated their mutual separation orthogonality [14, 15].
It has been shown that the separation orthogonality of SCX-
RP and RP-RP 2-D LC approaches is comparable, at least
for moderately complex sample. Delmotte et al. [28]
compared SCX-RP and RP-RP 2-D LC methods for analysis
of highly complex C. glutamicum proteomic sample. The
authors concluded that SCX-RP method exhibits a greater
degree of orthogonality compared with RP-RP 2-D LC. More
recently, Dowell et al. compared several 2-D methods
including RP-RP and SCX-RP 2-D LC using Escherichia coli
as a test sample [27]. Nakamura et al. [29] have performed
similar comparison for strong anion exchange-RP, SCX-RP,
and RP-RP 2-D LC techniques. The authors of the reports
found RP-RP 2-D LC to be suitable for proteomic analysis.
The method provided a moderately higher number of
identified peptides and proteins compared with SCX-RP 2-D
LC. Although these results were supplemented by additional
reports [30-32], the reasons remain unclear.

Several laboratories suggested using peptide retention
prediction algorithms as effective filters for reducing false-
positive (FP) peptide identifications, arguing that the
retention time (RT) outliers are incorrect identifications
and should be excluded from the data set ([19, 33-36],
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Krokhin et al., http://hs2.proteome.ca/ssrcalc/ssrcalc.html,
2006). The majority of RT calculators are based on the ability
to predict the peptide retention in RP LC from their amino
acid composition using training set [31, 36, 37, 38]. This
approach was recently extended into RP-RP 2-D LC,
demonstrating that suitable retention models can be
constructed for both low- and high-pH RP LC experiments
[31, 32, 39]. Dwivedi et al. [40] have implemented the RP-RP
2-D HPLC method and shown an impressive accuracy of
peptide retention prediction at both RP separation dimen-
sions. In this report, we utilized peptide retention algorithm
developed earlier [31] to visualize the falsely identified
peptides.

Serum and plasma represent the most challenging
proteomic samples. It is believed that as many as 10000
proteins are present in serum, most of them at concentra-
tion levels undetectable with the current analytical methods.
The protein dynamic concentration range spans over eleven
orders of magnitude [3, 11, 12, 41, 42]. The concentration
and enrichment of low abundant proteins are desirable
[17, 24, 43, 44]. Removal of 6 or 20 major proteins reduces
the serum protein content by 85 or 98%, respectively [13].
Notwithstanding the usefulness of protein depletion [17, 24,
45], the detection limit of low abundant proteins remains
restricted by the mass load capacity of chromatographic
column. Very large volumes of serum/plasma need to be
processed to attain the limits of detection of low abundant
proteins [43, 44].

Besides protein depletion, the fractionation on
protein level is another strategy used to improve the
dynamic range of proteomic analysis [44]. Although
successful, this approach is laborious and is limited to
soluble proteins and those that can be fractionated with
sufficient recovery.

Limited success was reported when using 1-D LC-MS
for analysis of undepleted plasma/serum [45]. Approxi-
mately 30-50 proteins were identified in the experiments
described by Kapp et al. (only IgGs were depleted) [11, 12].
Majority of the identified peptides belonged to the abundant
proteins, in particular human serum albumin.

The goal of the current work was to compare the
success of 1-D LC and 2-D LC methods for analysis of
serum proteome. Keeping in mind the ultimate goal of
biomarker discovery, we selected human serum as the
relevant sample, rather than wusing test samples
such as yeast or E. coli. Because of danger of the uninten-
tional protein losses during serum depletion (loss of
non-targeted proteins), we chose to analyze an undepleted
serum, accepting the limitations of lower dynamic
range. SCX-RP and RP-RP methods were evaluated
side-by-side using an identical sample with the aim of
critically assessing the utility of novel RP-RP 2-D LC
method for proteomic analysis. The aim was to compare
the sets of confidently identified peptides and elucidate
whether there are significant differences between the
peptides identified in the RP-RP and SCX-RP 2-D LC
methods.
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2 Materials and methods
2.1 Chemicals

Formic acid (FA), TFA, ammonium hydroxide, and
ammonium bicarbonate were purchased from Sigma-
Aldrich (St. Louis, MO, USA). HPLC grade ACN was
purchased from J.T. Baker (Phillipsburg, NJ, USA). A Milli-
Q system (Millipore, Bedford, MA, USA) was used to
prepare deionized water (18 MQcm) for HPLC mobile
phases. MassPREP™ protein digestion standards of
enolase, alcohol dehydrogenase, phosphorylase b, hemo-
globin, bovine serum albumin, and RapiGest™ were
obtained from Waters (Milford, MA, USA).

2.2 Human serum digest

Human serum sample was digested using the protocol
published earlier [31, 32]. Briefly, 5uL of human serum
purchased from Gemini Bio-Products (Woodland, CA,
USA), representing approximately 330 ug of total protein
content, was transferred to an eppendorf tube, and
combined with 20 uL of 100 mM ammonium bicarbonate
(pH 8.5), and 25pL of 0.2% aqueous solution of w/v
RapiGestTM. After protein denaturation (80°C for 15 min),
2.5uL of 100mM dithiothreitol was added to reduce
disulfide bonds (60°C for 30min). The proteins were
alkylated by adding 2.5 puL of 200 mM iodoacetamide (room
temperature, 30min). Digestion was performed with
Promega sequencing grade trypsin (100:1; total protein:-
trypsin; w:w) at 37°C for overnight. The digestion mixture
was acidified with 1puL of 99% FA to break down the
RapiGestTM detergent prior to LC/MS analysis [46]. The
final volume of the sample was ~100 pL; 2 pL was injected
onto column for 1-D LC/MS analysis (this represents
~6.6 ug mass load, or 0.1 pL undiluted serum volume
equivalent).

2.3 LC fractionation of serum digest

The fractionation of serum digest was performed using
Alliance Bioseparations 2796 HPLC system equipped
with 2996 photodiode array detector; 280nm was
used for UV detection. An external Rheodyne model 7725
injector (Rohnert Park, CA, USA) was used to inject
1mL of serum digest on column (~3.3mg total
protein content) corresponding to 50 pL of human serum
volume equivalent. Fractions were collected manually
each 5min, and evaporated to a final volume of 50 pL.
The amount of sample injected onto second dimension RP
analysis (1pL) was the same as in both 2-D schemes
and represented ~1pL serum volume equivalent.
This is a tenfold greater molar load for peptides compared
with 1-D LC experiment, but not necessarily a greater
mass load.
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2.4 SCX chromatography

SCX separation was performed using PolySULFOETHYL A
column (50 x 4.6 mm, 5 pm 300 A, PolyLC, Columbia, MD,
USA), which provided the best results in an earlier method
optimization [15]. The digested serum sample was desalted
prior to SCX fractionation using 3 cc Oasis HLB cartridge
(60 mg). Briefly, the Oasis HLB SPE cartridge was condi-
tioned with 1 mL of ACN followed by 1 mL of 0.1% aqueous
TFA solution. The serum digest was spiked with TFA to a
final concentration of 0.1%, loaded on cartridge, and
subsequently washed with 1mL of 0.1% TFA. Peptides
were eluted with 1 mL of 70% ACN with 0.1% TFA and
evaporated to dryness. Peptides were reconstituted in 1 mL
of 0.1% FA prior to SCX fractionation. SCX separation
temperature was 30°C; flow rate was 0.2 mL/min. Mobile
phase A was water, B ACN, and C 400 mM ammonium
formate (NH,4FA) aqueous buffer, pH 3.25. This buffer was
prepared by titrating 5% FA aqueous solution (1.3 M FA)
with concentrated ammonium hydroxide to pH 3.25. The
NHj; concentration calculated from the consumption of
ammonium hydroxide was 400 mM. After the injection, the
conditions were kept isocratic at 5 mM NH,FA for 5 min. A
shallow linear gradient from 5 to 160 mM was performed
between 5 and 61 min, followed by a sharp gradient in the
next 4 min from 160 to 300 mM NH,FA. The concentration
of ACN was maintained constant (25%) throughout the
entire SCX chromatographic run.

2.5 RP chromatography

RP experiments at high pH were carried out using hybrid silica
150 x 2.1 mm, 3.5 um, 130 A column XTerra MS C18 (Waters).
Mobile phase A was water, B ACN, and C 200 mM NH,FA
aqueous buffer; pH 10 (the NH,FA buffer was prepared by
diluting 12.5 g of concentrated ammonium hydroxide, 28%,
into 900 mL of water and adding 1.62 mL of 99% FA; the pH
was adjusted to 10, and the volume was brought to 1 L). Flow
rate was 0.2 mL/min, separation temperature was 40°C. The B
was maintained 0% for first 5min of analysis, gradient was
0-60 % B from 5 to 80 min; the concentration of NH,FA was
maintained constant throughout the run.

2.6 Capillary LC analysis

Capillary LC of tryptic peptides was performed with a
Waters nanoAcquity equipped with a Waters NanoEase™
Atlantis™ Cig, 300 pm X 15 cm RP column. The column
temperature was set to 35°C. The 1-D LC experiment data
were acquired using 0.1% aqueous FA as the mobile phase
A and 0.1% FA in ACN as the mobile phase B. Gradient was
5-40% ACN in 90 min followed by 40-90% ACN wash in
10 min. The 2-D LC experiment analysis was performed
with 0.1% aqueous FA as the mobile phase A and 0.1% FA
in 80% ACN and 20% water as the mobile phase B. Gradient
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was 0—45% ACN in 90 min. The flow rate was 5 pL/min in
all cases. The column was re-equilibrated at initial condi-
tions (0% mobile phase B for 20 min). The lock mass, Glu-
fibrinopeptide at 100 fmol/pL, was delivered by the auxiliary
pump.

In 2-D LC analysis, the molar amount of peptides loaded
on the column was approximately tenfold greater compared
with 1-D LC. Because of an overload of the abundant
peptides, peak broadening was observed. Reducing the mass
load would improve the peak shape and mass accuracy;
however, the prospect of detecting less abundant peptides
will decrease. This problem is a typical scenario in proteo-
mic research.

2.7 Mass spectrometer configuration

Capillary LC was directly connected to Waters Micromass
Q-Tof Premier MS instrument. The mass spectrometer was
operated in V-mode; the spectrum integration time was 1.0's
with an interscan delay time of 0.1s. All analyses were
performed using positive mode ESI using a NanoLock-
Spray'™ source. The lock mass channel was sampled every
30s. Exact mass LC/MS and LC/alternate scanning MS and
MS/MS data acquisition approach (MSF) data were collected
using 4eV for MS and 15-40eV for MSF acquisition,
respectively. Therefore, one cycle consisting of MS and MS®
scans was acquired every 2.0s. The LC/MS data were
acquired from m/z 50-2000.

2.8 Database search

The raw MSF data were processed using Protein Lynx
Global Server (PLGS 2.3 version 23) Identity® software
and searched against Swiss-Prot human data-
base (20070206UniSwiss_HUMAN_plusBIC_Candidates-
Cut2.fas, downloaded from the Association of Biomolecular
Resource Facilities (ABRF) group web site). The database
was concatenated with equal number of randomized
sequences. The database was indexed using strict trypsin
cleavage rules, one missed cleavage was allowed. Fixed
modification of cysteine (carboxyamidomethylation) was
selected. Tolerance used for peptides identification in 1-D
LC experiment was set to auto (typically +10ppm for
precursors and +25ppm for MS/MS fragments). The
tolerance was relaxed to +50ppm for precursors and
+25ppm for MS/MS fragments for 2-D LC experiment
(because of column overloading and MS saturation, affect-
ing the mass accuracy for the most abundant peptides).

2.9 Peptide retention prediction and outliers
exclusion

The peptide RT prediction algorithm was described in a
previous publication [31]. The predicted RT is calculated
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from Eq. (1), considering the number of each amino acid
(AA,) in the peptide sequence and the amino acid retention
factor b;. The overall retention also depends on the peptide
length L. The constants b;, by, and ¢ for a given chromato-
graphic system were calculated from the regression using a
training peptide set [31, 32]:

RT=(1-c¢-InL)- (Zbi'AAi‘f‘bO) (1)

Ideally, the correlation between experimental and predicted
peptide retention is linear with a limited data scatter.
Potential outliers can be excluded using Eq. (2); the
exclusion criterion limit E= 350 was chosen arbitrarily.
RTpred and RTe, are peptide predicted and experimental
RTs, respectively:

[RTexp — RTprea|

E = |RTegp — RTpra| - 100 - T
exp

(2)

3 Results and discussion
3.1 LC MSE analysis

MS® was used for all 1-D and 2-D LC experiments in
this paper. A thorough description of principles of
alternate scanning MS® data acquisition has been
given elsewhere [20, 47, 48]. The alternate scanning mode
allows for data-independent acquisition [20, 21, 48], as
opposed to a conventional data-dependent acquisition
(DDA). Data-independent acquisition is well suited
for simultaneous qualitative and quantitative proteomic
analysis [21].

Electrophoresis 2009, 30, 1157-1167

Briefly, the MSF alternate scanning method relies on
rapid, parallel data acquisition of two sets of data. The first
set is a compilation of MS scans with low collision cell
energy setting; the data set essentially comprises unfrag-
mented peptides (precursors). The second set includes all
MS scans performed at elevated collision cell energy setting.
Resulting mass chromatograms contain all MS/MS ions
originating from indiscriminately fragmented precursors.
Two mass chromatograms are shown in Figs. 1A and B for a
1-D LC MS® analysis of human serum digest. As a result of
alternate scanning, the time scale of the mass chromato-
grams is offset by 1s (scanning frequency used in this
particular experiment). However, the precursors and their
fragments are mutually linked via a chromatographic time
axis, as both MS and MS/MS chromatograms are acquired
in a single LC experiment.

Figure 1C illustrates the MS scan for a selected RT
(indicated by an arrow). The dominant signal belongs to the
peptide QNCELFEQLGEYK originating from human serum
albumin. Figure 1D shows the high-energy scan acquired
1s later, featuring the composite MS/MS spectra of all
precursors eluting from the column at given chromato-
graphic time. Due to the presence of a dominant peptide,
most of the fragments in Fig. 1D are b and y ions belonging
to QNCELFEQLGEYK. However, the MS/MS spectra of
other minor components can also be reconstructed (appro-
priate b and y ions assigned to corresponding precursors).
The basic assumption used for reconstruction is that
detected precursors must appear as a peak at the identical
time as their MS/MS fragments (extracted from MS/MS
chromatogram). The high accuracy and resolution of QTOF
MS plays an essential role in the MS/MS spectra deconvo-
lution. In special cases when two or more precursors cannot

A C [M+2HZ*
v
LE MS
1+
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B
HE MS
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Yio Y11 J
Wl \
0 minutes 50 m/z 2000

Figure 1. MSE analysis of human serum tryptic digest in 1-D LC setup. Via rapid alternate scanning, two mass spectrum chromatograms
are collected. Chromatogram (A) contains a compilation of MS scans at low-energy collision cell setting. Chromatogram (B) contains a
compilation of MS/MS data; all precursors have been indiscriminately fragmented in the collision cell. Arrows point to a peak in
chromatogram. Its MS spectrum (C) for 1s MS scan shows ions for one dominant peptide along with many minor ones. MS/MS
spectrum (D) acquired 1s later contains a sum of all MS/MS fragments of all peptides eluting at the particular chromatographic time.
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be chromatographically distinguished (ideal coelution), the
reconstruction of MS/MS spectra relies on in silico depletion
algorithm. The detailed explanation of the software algo-
rithms is outside the scope of this manuscript. All recon-
structed MS® spectra were submitted to a database search.

3.2 2-D LC MSEF analyses

Two methods have been used for fractionation of human
serum digest in first LC dimension. Either SCX or RP
columns were utilized to separate peptides into distinct
fractions (Fig. 2). Collected fractions were concentrated and
analyzed using a capillary RP LC system with MSE
detection.

Most of the researchers using 2-D LC for proteome
research chose to collect 5-15 fractions in first dimension
[5, 17, 49-51]. This rather low number is driven by the
practicality of experiment, namely by its length and complex
data analysis. Another factor for consideration is the overlap
in fraction content. A fraction content overlap exceeds 50%
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when the fractionation interval approaches the average peak
width in the first separation dimension [15]. With those
aspects in mind, we selected linear gradient and fractiona-
tion interval such that 10-14 fractions are generated in both
RP and SCX experiments.

Figure 2 illustrates the performance of both 2-D LC
methods. The RP-RP method shows good peak spread in
second dimension, although some unused separation
space could be observed. Interestingly, first RP dimension
shows relatively evenly distributed peaks across the linear
gradient, whereas in SCX chromatogram, the majority
of peptides elute within fractions 4-6. Although it is
possible to use a shallower gradient to achieve better
peptides distribution between more fractions, the peaks
would become proportionally broader. It has been found
earlier that long gradients do not significantly improve
the peak capacity of the SCX method [15]. Alternatively, a
more frequent fractionation can be used to divide the frac-
tion 4-6 into subsets [16, 25, 50]. The disadvantage of this
approach is a greater peptide overlap between adjacent
fractions [15].

minutes

=
=
o
©
o
>
=

o
~

1st D SCX LC o  eriws
0 minutes 90
2nd D RP LC MS
SCX-RP 2D LC

Figure 2. Separation of human serum tryptic digest in (A) RP-RP 2-D LC and (B) in SCX-RP 2-D LC setup. The fractions in first dimension

were collected each 5 min.
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Both first dimension chromatograms contain large
peaks eluting soon after the sample introduction on column.
These are signals of alkylation and reduction agents present
in the sample. In RP experiment, some small hydrophilic
peptides elute at the beginning of the chromatogram close
to column void volume (see Fig. 2A). In the SCX experi-
ment, we detected a minor breakthrough of peptides,
evident as peaks present in second dimension LC-MS
chromatograms, fractions 1-3. The pattern of eluting peaks
is similar; these peaks are albumin-related peptides, the
most abundant species in the sample.

3.3 Database search and data filtering

In order to compare the effectiveness of 2-D LC methods,
the MS® data have to be converted to peptide and protein
identifications. The ABRF human database was concate-
nated with equal number of randomized decoy proteins in
order to estimate the protein false discovery rate [5, 12, 16,
19, 25, 52]. Identity® software search criteria are typically set
to maintain low FP rate (e.g. 4% of random proteins pass the
validation criteria). We have purposefully relaxed this
criterion and accepted the protein identification up to
~25 % FP rate (25% random protein identification in the
final set). Resulting data were exported and processed in
Microsoft Excel. Additional data filters were applied and
their efficiency was monitored as their ability to eliminate
random protein identifications.

The data filters included identification repeatability and
a RT prediction algorithm. Plots of experimental versus
predicted RT are shown in Fig. 3 for RP-RP 2-D LC
experiment. The graphs allow for visual appreciation of the
numbers of RT outliers, which are indicative of FP peptide
identifications [31, 34, 36]. 1-D LC experiment and SCX-RP
2-D LC data exhibit similar trends to those in Fig. 3 (data not
shown).

Figure 3A shows 4953 so-called passl peptides, that is
peptides that passed the validation criteria, such as mass
accuracy, fragmentation pattern and contained at least three
b or y ions or b/y ions combined. All peptides identified in
combined triplicate analysis of all 14 RP-RP 2-D LC frac-
tions are shown. The number of RT outliers declines sharply
in Fig. 3B, where only repeatable peptide identifications are
accepted (peptides identified at least twice in three repetitive
analyses of the sample). This observation suggests that non-
repeatable identifications often represent FP identifications.
The proteins identified by a single peptide only (“one-hit-
wonders”) are shown in Fig. 3B as open circles. Despite the
fact that these identifications are repeatable, about 30% of
these are questionable. Figure 3C shows the data set with
applied RT exclusion filter (for details, see Section 2). RT
exclusion filter successfully reduces the false discovery rate
(measured as random peptides/proteins in the data; see the
Supporting Information).

The usefulness of the RT prediction is illustrated in
Fig. 3D, which plots the random peptide identifications

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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only. Experimental RTs of randomly identified peptides do
not show correlation with RT values predicted from their
sequence. This finding confirms that RT filter is indeed
useful for excluding peptides that were randomly or artifi-
cially identified in the data set. Many outliers shown in
Fig. 3B are indeed random peptides and can be removed by
RT filtering.

The sole purpose of the data filtration was to obtain
highly confident set of peptides. Naturally, when accepting
only repeatable identifications, and excluding the RT outli-
ers, the final numbers of peptides and proteins are greatly
reduced. Nevertheless, the resulting peptides represent
more valid set suitable for comparison of RP-RP and SCX-
RP 2-D LC methods.

3.4 Comparison of 1-D and 2-D LC methods

Using the criteria described in Section 3.3 (repeatable
identifications, three b and y MS/MS fragments), we
identified 316 unique peptides belonging to 52 proteins in
1-D LC experiment. Because 2-D LC provides for greater
peak capacity, and the molar amount of peptides was
~tenfold higher compared with 1-D LC, one would expect
that 2-D LC methods provide more extensive list of peptides
and proteins. Indeed, RP-RP 2-D LC identified 1083
peptides and 191 proteins, whereas SCX-RP 2-D LC 958
proteins and 152 proteins.

When considering only proteins based on two or more
peptides, 106 proteins were identified in RP-RP and 88 in
SCX-RP 2-D LC experiments. The overlap in proteins
between these two experiments was 83% (73 proteins). One
hundred and twenty-nine unique proteins (150 when
including possible isoforms) were identified in combined
2-D LC experiments (identified by two or more peptides).
The list of peptides with their RT is provided in Supporting
Information Table 2. The overlap between the 2-D LC
experiments indicates that the analytical methods are
not complementary to a degree as suggested in literature
[3, 12, 16]. Significant variability in peptide/protein identi-
fication is inherent to the DDA MS/MS method [28, 53, 54]
and can be mistakenly interpreted as complementarities
between different separation methods. The data-indepen-
dent analysis used in this work has been shown to provide
highly repeatable and reproducible results [55, 56], although
some variability remains for peptides approaching the
detection (identification) limit.

One assumes that peptides identified in 1-D LC
should be confirmed by data from 2-D LC experiment.
Indeed, 95% of the peptides detected in 1-D LC were
also found in combined 2-D LC experiment. Five proteins
(out of 52 found in 1-D LC) were not observed in 2-D LC.
Those five protein identifications were based on a single
peptide only and are most likely FP identifications. When
considering only identifications based on two or more
peptides, 100% 1-D LC proteins were confirmed by 2-D LC
experiment.

www.electrophoresis-journal.com
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Figure 3. Correlation between experimentally measured and predicted RTs of peptides identified via a database search using various
data filters. (A) All peptides identified in RP-RP 2-D LC experiment with minimum three b/y matched ions in precursor MS/MS spectrum.
(B) Repeatable peptide identifications (peptide identified at least in two out of three repetitive experiments) with minimum three b/y ions
matched. (C) Repeatable peptide identifications with three or more b/y ions matched; RT outliers were excluded. (D) Random peptides
identified with three or more b/y ions. No repeatability filter was applied.

The RTs of peptides identified in 1-D LC experiment
were plotted against the same peptides detected in 2-D LC
(Fig. 4). The RTs show a strong correlation, despite the fact
that the peptides were identified in separate experiments
using slightly different gradients. The observed correlation
increases our confidence in the peptide identification
validity.

The numbers of proteins identified in serum or plasma
are typically on order of hundred for 1-D LC experiment or
several hundred for multi-dimensional setup [43, 45, 49, 50].
The numbers are lower compared with other type of
proteomic samples (e.g. yeast [5, 25]). This is due to a great
dynamic range of plasma/serum proteins.

The 2-D LC experiment presented here significantly
improved the sequence coverage for proteins found in 1-D

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

LC, and identified additional proteins. However, tenfold
greater mass load in 2-D LC experiments resulted in only
~threefold greater numbers of identified peptides and
proteins. This is expected, because the concentration levels
of proteins in serum and other samples decrease exponen-
tially [21, 48].

35 RP-RP versus SCX-RP 2-D LC method

performance

Since the introduction of low/high-pH RP-RP 2-D LC
concept in 2005 [14, 15, 22], several laboratories have
investigated the method for proteomic applications [26, 30].
During the preparation of this manuscript, additional
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Figure 4. Correlation between experimental RTs of peptides
identified in 1-D and 2-D LC experiments. Good correlation
suggests that peptides were confidently identified and few FP
peptide assignments were made.

reports compared RP-RP with SCX-RP and other 2-D LC
methods [27, 29]. The results suggest that RP-RP 2-D LC is
a useful method for proteomic analysis, and complements
the state-of-the-art SCX-RP 2-D LC. Although it appears that
the RP-RP method provides for moderately greater
numbers of protein and peptides than SCX-RP 2-D LC, no
explanation for this observation was provided [27-30]. We
will investigate this question in more detail.

First, we will compare the apparent orthogonality of
separation. Figure 2 illustrates that RP—-RP 2-D LC provides
and interesting orthogonality, despite the fact that both first
and second separation dimension columns are essentially
packed with the same type RP C18 sorbent. Figure 5 shows
another representation of orthogonality, the 2-D surface
coverage plots for RP-RP and SCX-RP 2-D LC [14]. The
retention plots are similar to those published recently by
Delmotte et al. 28] and also closely match the data obtained
for less complex peptide mixtures [14, 15, 57].

Separation orthogonality is closely related to separation
space coverage [14]. Fully orthogonal separation system will
have the 2-D surface coverage plot randomly covered with
the eluting peaks. Figure 5 indicates that some unused
separation space exists for both investigated 2-D LC systems
(see, e.g. sparse utilization of SCX-RP space for 11-13 frac-
tions). We conclude that the in term of surface coverage, the
RP-RP is similar to SCX-RP 2-D LC, as suggested in [14].
When collecting larger number of fractions, SCX-RP may
exceed the orthogonality of RP-RP 2-D LC [28].

Figure 6 plots the number of peptides identified in each
fraction for both separation methods. It appears that RP first
separation dimension resolves peptides more evenly than
SCX LC (see also Fig. 2). Large numbers of peptides in SCX
separation mode elute in fraction 4; the numbers of peptides
decline steeply in later fractions. Because the SCX separa-
tion selectivity depends on peptide charge, the tryptic
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Figure 5. Orthogonality maps for two alternative 2-D LC
methods. (A) RP-RP and (B) in SCX-RP 2-D LC.
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Figure 6. Number of peptides found in first LC dimension
fractions for two alternative 2-D LC approaches (repeatable
identifications with minimum three b/y ions were accepted;
single peptide identifications were excluded). Peptides are more
evenly distributed in RP-RP 2-D LC. For corresponding chroma-
tograms, see Fig. 2.

peptides carrying typically 2* and 3" charge tend to elute in
clusters [15, 25, 26, 28]. The sample complexity in selected
SCX fractions is greater than one may expect by evenly
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dividing the number of peptides in original sample by
number of fractions.

More even distribution of peptides among the fractions
in SCX first dimension can be achieved by collecting frac-
tions more frequently during the initial phase of experi-
ment. This would, however, increase the overlap in the
fraction peptide content, not a favorable situation for DDA
MS/MS analysis [53]. The average peptide overlap found
between neighboring fractions in our experiment was 12%
for RP-RP and 20% for SCX-RP 2-D LC. The overlap
between fractions 4 and 5 in SCX mode was 39%. This
observation is consistent with the broader peaks detected in
SCX (Fig. 2).

Delmotte et al. [28] observed more even distribution of
peptides between SCX LC fractions; earlier part of separa-
tion space was utilized. This is due to different column and
gradient utilized in the authors’ report [28]. It appears that
the PolyLC PolySULFOETHYL™ aspartamide column used
in our work is more retentive than ProPac SCX-10. The
degree of fraction overlap was not reported.

Dowell et al. [27] utilized various parameters such as pl,
molecular weight, copy per cell number, and hydrophobicity
of identified proteins to highlight some differences between
2-D separation strategies. Because the separation is
performed on a peptide level, we investigated the peptide
properties instead. Table 1 lists average pI and charge for
peptides for both 2-D LC methods. As one would expect, the
retention of peptides (fraction number) in SCX LC increases
with the average peptide charge. The RP LC retention versus
charge does not show a clear trend. Some pI trends are
observed in Table 1, suggesting that basic peptides are more
retained in both SCX and RP first dimension methods.
However, when calculating the average charge or pI for all
peptides detected in RP-RP and SCX-RP 2-D LC experi-
ments, the values are nearly identical (charge 2.2 or 2.3 and
pl 4.81 or 4.85, respectively). No distinction could be made
between the methods, neither one seems to be better
suitable for analysis of acidic or basic peptides.

More interesting results were obtained when calculating
an average length of peptides detected in the fractions. Not
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surprisingly, the longer peptides (more hydrophobic) are
better retained in first RP LC dimension. Average peptide
length in the most populated SCX LC fractions 4 and 5 was
relatively low. The average peptide lengths for the entire
SCX-RP and RP-RP 2-D LC experiments were 14.0 and 15.5
amino acids. The overall average retention of the identified
peptides in our experiment was 44.8 min for SCX-RP and
47.7 min for RP-RP 2-D LC method.

Although more factors can certainly play a role, the
ability of RP-RP 2-D LC method to successfully identify
longer (more hydrophobic) peptides emerged from further
data analysis. Figure 7 indicates that SCX-RP method
offered relatively greater number of identifications for 7-13
amino acids long peptides. The trend is opposite for RP-RP
method, where noticeably larger numbers of peptides longer
than 20 amino acids were identified. This observation may

25
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Figure 7. Relative frequency of peptides identified in RP-RP and
SCX-RP 2-D LC experiments divided into groups according to
their length. RP-RP method is more successful for peptides
longer than 20 amino acids. The relative values for peptides
were normalized to total number of unique identified peptides in
RP-RP and SCX-RP 2-D LC (1033 and 888, respectively;
repeatable identifications with minimum three b/y ions were
accepted; single peptide identifications were excluded).

Table 1. Peptides average properties in RP or SCX first dimension fractions.

1st D Fr. 0 Fr. 1 Fr. 2 Fr. 3 Fr. 4 Fr.5 Fr. 6

Fr. 7 Fr. 8 Fr. 9 Fr. 10 Fr. 11 Fr. 12 Fr. 13

Average charge of peptides in fraction®

RP 7.0 22 2.3 24 25 26 27 2.1 27 27 26 27 n.a.
scx n.a. 1.9 1.4 14 2.1 22 29 3.0 34 33 338 33 4.0
Average pl of peptides in fraction®
RP 4.0 4.2 45 4.4 46 46 5.2 5.6 6.3 15 12 6.9 n.a.
SCX n.a. 4.3 4.9 4.9 45 5.1 5.7 6.4 6.2 5.0 6.4 53 6.2
Average length of peptides in fraction®
RP 12.7 11.0 10.7 1.9 14.0 15.3 16.4 16.6 17.8 17.9 17.3 18.6 16.4 n.a.
SCX n.a. 16.4 11.0 11.0 136 12.4 17.0 13.6 134 14.6 19.1 15.7 17.7 17.8

a) The charge was calculated as a sum of K, R, and H in the peptide sequence plus 1 (terminal NH, group).
b) SCX fractions 0-3 contain only a few breakthrough peptides; values are in italics.

c) The p/ values were calculated according to Shimura et al. [58].

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.electrophoresis-journal.com



1166 M. Gilar et al.

be related to the selective loss of hydrophobic peptides in
SCX LC first dimension separation. The loss of peptides is
observed despite our effort to minimize it by selecting the
SCX column with low residual hydrophobicity [59] and
including 25% ACN in the mobile phase.

It is known that short peptides (7-8 amino acids) are
less informative for protein identification (greater homol-
ogy) than longer ones. The detection of more hydrophobic
peptides can potentially explain the greater success of
RP-RP method compared with SCX-RP 2-D LC reported in
recent reports [26-30]. Nakamura et al. arrived to a similar
conclusion when comparing several different RP and SCX
columns for first dimension LC fractionation [29].

3.6 Prospects of RP-RP method for on-line 2-D LC
proteomic analysis

Although the RP-RP 2-D LC method is well suited for off-
line proteomic analysis, one may encounter difficulties
when scaling down this method to nanoLC. Because RP
fractions collected in first dimension contain high-pH buffer
and organic solvent, the retention and concentration of the
peptides on the trapping column, typically used in on-line
2-D nanoLC setup, could be compromised. This appears to
limit the practicality of the proposed RP-RP 2-D LC method.
One can envision that at-line sample dilution/neutralization
by an aqueous acidic solvent can be performed prior to on-
line sample concentration on a trapping column in order to
eliminate the peptide breakthrough. Indeed, such on-line
RP-RP 2-D nanoLC setup was recently implemented for
analysis of complex peptide mixtures [60].

4 Concluding remarks

The comparison of two selected 2-D LC MS® methods for
proteomic analysis of undepleted human serum supports
several conclusions: (i) Both 2-D LC methods are suitable for
reducing sample complexity prior to MS analysis. (ii) The
two investigated 2-D LC method identified similar proteins.
Approximately 73% proteins identified by at least two
proteins in SCX-RP were also found in RP-RP 2-D LC
experiment. The methods are not strongly complementary.
(iii) Retention prediction is a useful tool for proteomic data
validation. One-hit-wonders are often highlighted as RT
outliers, which are indicative of FP peptide identification.
(iv) RP-RP is more suitable for analysis of hydrophobic
peptides than SCX-RP 2-D LC. The loss of longer (hydro-
phobic) peptides in SCX-RP setup is probably responsible
for moderately greater numbers of peptides and proteins
identified in RP-RP 2-D LC.
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