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a b s t r a c t

Previously, we described an online high-/low-pH RP–RP LC system exhibiting high-throughput,
automatability, and performance comparable with that of SCX-RP. Herein, we report a variant of the
RP–RP platform, RP-SCX-RP, featuring an additional SCX trap column between the two LC dimensions.
The SCX column in combination with the second-dimension RP can be used as an SCX-RP biphasic col-
umn for trapping peptides in the eluent from the first RP column. We evaluated the performance of the
new platform through proteomic analysis of Arabidopsis thaliana chloroplast samples and mouse embry-
onic mouse fibroblast STO cell lysate at low-microgram levels. In general, RP-SCX-RP enhanced protein
identification by allowing the detection of a larger number of hydrophilic peptides. Furthermore, the
iquid chromatography
DLC

P-SCX-RP
roteomics

platform was useful for the quantitative analyses of crude chloroplast samples for iTRAQ applications
at low-microgram levels. In addition, it allowed the online removal of sodium dodecyl sulfate and other
chemicals used in excess in iTRAQ reactions, avoiding the need for time-consuming offline SCX clean-
up prior to RP–RP separation. Relative to the RP–RP system, our newly developed RP-SCX-RP platform
allowed the detection of a larger number of differentially expressed proteins in a crude iTRAQ-labeled
chloroplast protein sample.
. Introduction

Mass spectrometry (MS) has become a powerful tool for protein
nvestigations in recent years. Shotgun proteomics analysis typi-
ally combined proteolytic digestion (e.g., trypsin treatment of cell
ysates) with liquid chromatography (LC)/tandem mass spectrom-
try (MS/MS) [1]. Complex samples usually contain thousands of
roteins; because their abundances can range over five orders of
agnitude [2], the resulting digested peptide mixtures are even
ore complicated. Hence, effective separation or sub-fractionation

s critical to reduce sample complexity for comprehensive pro-
eomic analysis.

Multidimensional liquid chromatography (MD-LC) is a tech-
ique combining two or more dimensions of LC, thereby enhancing
eak capacity and resolving power during peptide separation [3,4].

D-LC is commonly used to minimize sample complexity and

mprove protein identification in shotgun proteomics analysis. The
esulting minimized peptide co-elution and ion suppression during
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MS analysis increases the sensitivity and dynamic range for protein
identification [5,6].

MD-LC can be performed either online or offline. Offline MD-
LC is more flexible because it allows the use of incompatible
buffers in the various LC dimensions. In addition, because it can
be performed with larger amounts of sample, the identification of
low-abundant proteins is possible. On the other hand, online MD-LC
allows automation, with minimal sample loss and contamination,
high-throughput operation, and the analyses of small amounts of
samples [7]. At present, the combination of strong cation exchange
(SCX) with reversed-phase (RP) chromatography (SCX-RP) is the
most prevalent MD-LC technique for separating peptides based on
charge and hydrophobicity [8]. It is compatible to both offline and
online implementation [9,10]. SCX-RP can be performed conve-
niently online using a biphasic column configuration [8] or in a
valve-switching mode [11]. While peptide separation through SCX
is based mainly on electrostatic interactions, weak hydrophobic
interactions might also exist between the peptides and the station-

ary phase, thereby diminishing its orthogonality to a certain extent
[12]. Recently, two-dimensional RP chromatography (RP–RP), with
the individual columns operating at high and low pH, respec-
tively, has become a popular technique. Although separations in
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he two RP dimensions are both based on hydrophobicity, high-
low-pH RP–RP can exhibit remarkably altered selectivity because
f the different charges of the amino acid side chains of the pep-
ides at different values of pH [13,14]. Furthermore, high-/low-pH
P–RP generates peak capacities comparable with those of SCX-
P, thereby making it a promising alternative MD-LC technique for
roteomics analyses [13].

Online coupling of high-/low-pH RP–RP is challenging; indeed,
t is more practical to perform MD-LC offline because of incompat-
bilities in the solvent strengths used in the two LC dimensions.
reviously, we demonstrated a fully automated online RP–RP
latform for shotgun proteomic analysis. The first-dimension
igh-pH RP eluent was fractionated and transferred to the second-
imension low-pH RP column based on partial loop injection using
column-switching method [15,16]. Here, we present a modi-

ed set-up for RP–RP analysis: incorporating an SCX trap column
etween the first and second LC dimensions to form a triple RP-
CX-RP column. Theoretically, the trap column offers enhanced
bility to retain the fractionated peptides, even at high organic
ontent, because the SCX column mainly interacts with peptides
ased on their net charges. The presence of the SCX trap column
lso focuses the peptides prior to the second RP separation [17,18].
n addition, SCX is usually used to remove detergents [e.g., sodium
odecyl sulfate (SDS)] and isotopic labeling chemicals in iTRAQ pro-
eomics applications that involve the isobaric tagging of peptides
or high-throughput identification and quantification of proteins.
uppression of electrospray ionization (ESI) signals by SDS has
een reported previously and its removal through an RP column
ight not be efficient [19]. In contrast, the SCX trap column in our
odified system potentially enables online quantitative analyses

f crude iTRAQ-labeled samples without prior cleaning-up pro-
edures. In this study, we first employed a mixture of standard
eptides to test the effectiveness of the trapping of fractionated
eptides using the SCX trap column. Subsequently, we evaluated
he performance of the RP-SCX-RP technique relative to the RP–RP

ethod through the analysis of Arabidopsis (Arabidopsis thaliana)
hloroplast proteins and the mouse embryonic fibroblast STO cell
ysate. We further employed the platform in the analysis of a crude
TRAQ-labeled protein sample derived from Arabidopsis chloro-
lasts. In total, 642 proteins were successfully identified and 211
roteins were differentially expressed. Thus, our newly developed
P-SCX-RP system is compatible with the quantitative analysis of
mall-sized crude iTRAQ-labeled samples.

. Experimental

.1. Materials and reagents

Polyimide-coated fused-silica capillary (FSC) tubing was
btained from Polymicro Technologies (Phoenix, AZ). Electrically
ctuated four- and six-port, two-position switching valves, 2-
m stainless-steel screens, and zero-dead-volume unions were
cquired from Valco Instruments (Houston, TX). PEEK tubing and
icrotees were obtained from Upchurch Scientific (Oak Harbor,
A). Jupiter C18 packing materials (3-�m particles, 300-Å pores)
ere purchased from Phenomenex (Torrance, CA). Strong cation

xchange (SCX) packing materials (Polysulfoethyl, 5-�m parti-
les, 300-Å pores) were purchased from PolyLC (Columbia, MD,
SA). Dithiothreitol (DTT), iodoacetamide (IAA), ammonium bicar-
onate, and standard proteins were acquired from Sigma–Aldrich
St. Louis, MO). Modified sequencing-grade trypsin was purchased

rom Promega (Madison, WI). The iTRAQ labeling kit, tris(2-
arboxyethyl)phosphine (TECP), and methyl methanethiosulfonate
MMTS) were purchased from Applied Biosystems. Bradford assay
eagent was purchased from Bio-Rad (Hercules, CA). Formic acid
. A 1218 (2011) 3681–3688

(>98%) and ammonium hydroxide (ca. 28%) were obtained from
Fluka (St. Louis, MO). A Miili-Q system (Millipore, Bedford, MA) was
used for water purification. Acetonitrile (ACN) was acquired from
Tedia (Fairfield, OH).

2.2. Sample preparation

2.2.1. Standard protein
Proteins (100 �g) were dissolved in 100 mM ammonium bicar-

bonate (100 �L) and incubated with 50 mM DTT (6 �L) to reduce
disulfide bridges for 30 min at 60 ◦C. Each sample was then cooled
to room temperature prior to alkylation with 100 mM IAA (6 �L)
for 60 min at room temperature in the dark, followed by digestion
with modified trypsin (4 �g) at a 1:25 (w/w) trypsin to protein ratio
at 37 ◦C overnight.

2.2.2. Mouse embryonic fibroblasts
The mouse embryonic fibroblast STO cell line (American Type

Culture Collection) was cultured as previously described [20]. Cells
were harvested and washed with phosphate-buffered saline (PBS)
and then lysed using RIPA lysis buffer at 4 ◦C overnight. The lysate
was then centrifuged (14,000 × g, 5 min). The protein concentration
of the supernatant was measured using the Bradford assay.

2.2.3. Chloroplast protein
Chloroplasts were isolated essentially as described previously

[21]. Briefly, Arabidopsis seeds (ca. 160 �L) were germinated on 10-
mm × 150-mm plates and grown under 16-h/8-h light/dark cycles
for 16 days. Arabidopsis wild-type (Col) and its three mutants-
thylakoid formation 1 (thf1), Clp protease regulatory subunits 4 (clpr4),
and thf1 clpr4 double mutant-were used for investigation. Leaves
from the harvested seedlings were ground in SHE buffer (330 mM
sorbitol, 50 mM HEPES–KOH, 2 mM EDTA–2Na and 5 mM ascorbic
acid, pH 7.8; 20 mL). After centrifugation (2550 rpm), chloroplasts
were extracted at the intermediate layer of a 40%/70% Percoll step-
gradient, and then resuspended in SHE buffer (0.5 mL). Proteins
were released by adding 0.7% SDS and heating at 95 ◦C for 5 min. The
protein concentration was determined using the Bradford assay.
Proteins (100 �g) were dried, re-dissolved in 100 mM ammonium
bicarbonate (100 �L) and incubated with 50 mM DTT (6 �L) to
reduce disulfide bridges for 30 min at 60 ◦C. Each sample was then
cooled to room temperature prior to alkylation with 100 mM IAA
(6 �L) for 60 min at room temperature in the dark, followed by
digestion with modified trypsin (4 �g) at a 1:25 (w/w) trypsin-to-
protein ratio at 37 ◦C overnight. For iTRAQ-labeled samples, protein
samples (100 �g) were reduced in volume to 50 �L, followed by the
addition of SDS, TECP, and MMTS for cysteine-blocking using the
reagents provided in the iTRAQ kit. Samples were digested by 1:33
sequencing-grade trypsin at 37 ◦C overnight. The trypsin-treated
samples were labeled with four different iTRAQ tags (wild type:
113; thf1: 117; clpr4: 115; thf1 clpr4: 119) at room temperature for
2 h following the manufacturer’s instructions. After completing the
reactions, the labeled samples were dried for LC–MS/MS analysis.

2.3. Liquid chromatography

All capillary-flow LC experiments were performed using two
Agilent 1100 series capillary pumps with a 1 well-plate auto-
sampler (Agilent Technologies, Wilmington, DE). Column flow
switching and injections were conducted with two six-port and one
four-port, two-position electrically actuated switching valves. The
RP capillary columns for the high- and low-pH separations (150 �m

i.d. × 150 mm length) and SCX trap column (150 �m i.d. × 30 mm
length) were packed in-house using Jupiter C18 packing materials
(3-�m particle size, 300-Å pore size) and Polysulfoethyl pack-
ing materials (5-�m particles, 300-Å pore size), respectively, on
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ig. 1. Schematic representation and workflow of the RP-SCX-RP platform. Step 1 Fir
CX-RP dual-trapping of fractionated peptides; Step 2b, online solvent mixing follow
ow-pH RP gradient separation.

n ultrahigh-pressure syringe pump operating under constant-
ressure mode (up to 6000 psi). For high-pH RP separation, solvents
and B were prepared as previously described [13]. Briefly, a stock

olution of 200 mM ammonium formate was prepared by adjust-
ng a 200 mM solution of NH4OH to pH 10 by adding formic acid
≥98%). Solvents A and B were then prepared by diluting the stock
olution with water and ACN, respectively, to obtain the respec-
ive 20 mM ammonium formate buffers. For low-pH RP separation,
olvent C (2% ACN, 0.5% formic acid in water) and (98% ACN, 0.5%
ormic in water) solvent D were used.

.4. Online solvent adjustment experiments
A flow injection model experiment mimicking the online
econd-dimension RP sample loading was used to evaluate the
erformance of the SCX column for peptide trapping upstream
ension high-pH RP gradient separation; Step 2a, online solvent mixing followed by
SCX clean-up and peptide trapping for iTRAQ experiment; Step 3, second-dimension

of the low-pH RP separation. For each experiment, pulses of a
standard protein digest (2 �g each of alpha-casein, beta-casein,
beta-lactoglobin, BSA, lysozyme c, and myoglobin, dissolved in 5 �L
of 40% solvent B) were introduced onto the mixing loop, which had
been pre-filled with solvent C, using a syringe pump operated at
1 �L/min for 5 min. The collected eluent was then treated in three
different configurations (Supplementary Fig. 1). Briefly, in configu-
ration I, a 5-�L sample loop was used without online solvent mixing
(control experiment). In configuration II, a 30-�L sample loop was
used with offered online solvent mixing, mimicking the conditions
in the original RP–RP platform. In configuration III, a 30-�L sample
loop was used as well as an SCX column, mimicking the condition in

the modified RP-SCX-RP platform. Peptides trapped by the SCX col-
umn were then eluted with a buffer (500 mM ammonium acetate,
pH 7) to the low-pH RP column. For all experiments, the LC gradient
was programmed as follows: 0–30 min, 0% D, 2 �L/min; 30–35 min,
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Fig. 2. Base peak chromatograms from the analyses of standard peptide digests
obtained using (i) a 5-�L mixing loop (configuration I); (ii) a 30-�L mixing loop
684 R.P.W. Kong et al. / J. Chrom

–5% D, 1 �L/min; 35–95 min, 5–35% D; 1 �L/min; 95–105 min,
5–80% D, 1 �L/min; 105–120 min, 2 �L/min, 0% D.

.5. Workflow of the original RP–RP and RP-SCX-RP platform

Online RP–RP 2DLC was performed as described previously
Supplementary Fig. 2) [15] while the RP-SCX-RP platform was
mplemented as shown in Fig. 1. Briefly, pumps 1 and 2 delivered
he mobile phase for the first- and second-dimension RP columns,
espectively. Alkaline buffers A and B were used as the mobile
hase for pump 1 in the first RP; acidic buffers C and D were used
s the mobile phase for pump 2 in the second RP. The complete
D-LC analysis of a single sample comprised 12 fractions (F1–F12)
luted from the high-pH RP column, with each fraction further sep-
rated in the low-pH RP column, followed by MS/MS analysis. A
ample was introduced by an auto-sampler at 1 �L/min for 30 min
nd first fractionated in the first-dimension LC using pump 1 at
�L/min with a gradient of 0–12% B (F1), 12–14% B (F2), 14–16% B

F3), 16–18% B (F4), 18–20% B (F5), 20–22% B (F6), 22–24% B (F7),
4–26% B (F8), 26–28% B (F9), 28–30% B (F10), 30–32% B (F11),
nd 32–38% B (F12). Each fraction of the first-dimension LC eluent
as collected using a 30-�L mixing loop prefilled with solvent C in

ach 5-min interval (Supplementary Fig. 2, step 1). For RP–RP, the
tored fraction was then transferred directly for second-dimension
C separation (Supplementary Fig. 2, step 2) at 2 �L/min (0–27 min,
% D). The whole gradient was performed at 1 �L/min as follows:
7–28 min, 0–5% D; 28–188 min, 5–35% D; 188–199 min, 35–80%
; 199–209 min, 80% D; 209–240 min, 0% D (Supplementary Fig. 2,

tep 3). For RP-SCX-RP, the stored fraction was then transferred to
n SCX trap column with a stream of 100% solvent C at 2 �L/min
or 25 min (Fig. 1, step 2a). Peptides trapped by the SCX column
ere then eluted by bypassing the mixing loop onto the second-
imension RP with buffer (500 mM ammonium acetate, pH 7.0,
�L) through an auto-sampler with 100% C at 2 �L/min and the
olumn was equilibrated 100% C at 2 �L/min for 20 min (Fig. 1, step
). The peptides on the low-pH RP column were then separated
sing pump 2 with solvents C and D. The gradient was performed
t 1 �L/min as follows: 0–1 min, 0–5% D; 1–161 min, 5–35% D;
61–171 min, 35% D; 171–182 min, 35–80% D; 182–207 min, 0%
. This process completed the whole cycle of the first fraction
nalysis. For the analysis of subsequent fractions, a similar cycle
as conducted, except that the isocratic flow of pump 1 in step
was based on the organic composition at the end of the gradi-

nt of each fraction (e.g., 12% B for F1, 14% B for F2, and 16% B
or F3). For iTRAQ experiments in RP-SCX-RP, a similar operation
as performed except that the stored eluent in the mixing loop
as transferred to the waste by passing through the SCX column
ith a stream of 100% solvent C at 2 �L/min for 25 min (Fig. 1, step

b). Peptides trapped on the SCX column were eluted by bypassing
he mixing loop onto the low-pH RP column with buffer (500 mM
mmonium acetate, pH 7.0, 8 �L) through an auto-sampler with
00% C at 2 �L/min (Fig. 2, step 3).

.6. MS and peptide identification

All MS data were acquired using an AB Sciex QSTAR XL Q-ToF
ass spectrometer (AB sciex; Foster City, CA) and Analyst QS 1.1

oftware. The optimized acquisition parameters were as follows:
anospray voltage, 3000 V; DP, 60 V; FP, 220 V; DP2, 25 V; colli-
ion gas (CG), 5; GS1, 0 psi; GS2, 0 psi; CUR, 20. Collision-induced
issociation spectra were acquired in the information dependent
cquisition (IDA) mode with the scan cycles set to perform a 1-s

ull scan over a mass-to-charge (m/z) range of 400–1600, followed
y four 1-s MS/MS scans of the four most abundant peaks that
xceeded 10 counts and carries a charge state between +2 and
4 in the range m/z 100–1500. The dynamic exclusion time of
(configuration II); and (iii) a 30-�L mixing loop followed by an SCX trap column
(configuration III). The highest signal intensities were obtained using configura-
tion III.

the acquired ions was set at 120 s. The acquired MS/MS spec-
tra were searched against the theoretical spectra generated from
the sequences in the Uniprot15.8 Arabidopsis (31,669 entries;
http://www.uniprot.org) and in the Uniport15.8 with the Mus mus-
culus reviewed subset (16,313 entries; http://www.uniport.org) for
Arabidopsis proteins and mouse embryonic fibroblast cells, respec-
tively, using the Paragon algorithm in the ProteinPilot 3.0 software
(Applied Biosystems, Framingham, MA). In all searches, trypsin
was set as the enzyme used and IAA was chosen as the cysteine
alkylation reagent. A thorough identification search with biolog-
ical modification settings containing 225 built-in modifications
was used. Precursor mass accuracy and product ion mass accu-
racy were predetermined by choosing the instrument option as
QSTAR electrospray in the software. The identified peptides from
the Paragon algorithm were grouped into minimal non-redundant
proteins sets by the ProGroup algorithm. The peptide score was
based on the statistical confidence of sequence matching specified
in the software; 99% and 95% confidence translated into scores of 2.0
and 1.3, respectively. For protein identifications to be considered,
a minimal unused ProtScore of 1.3 with at least one 95% confi-
dence peptide was required. For all quantification analyses, MMTS
was selected as the cysteine modification agent and iTRAQ 8-plex
peptide-labeled quantification was chosen. Protein quantification
was performed using ProteinPilot, based on the integrated area
underneath the report ion peaks. False discovery rate (FDR) analy-
sis was performed using the PSPEP add-on function of ProteinPilot
and a decoy database of reverse sequences [22].

3. Results and discussion

3.1. Evaluation of peptide trapping efficiency of the SCX column

Solvent incompatibility between the two LC dimensions is a
major challenge for effective fractionation of peptides using online
high-pH RP/low-pH RP chromatography. Previously, we demon-
strated the advantages of partial loop injection in which the
organic composition was diluted by transferring the high-pH elu-
ent from the first RP column as a fraction of the contents within

a 30-�L sample loop prefilled with a low-pH, highly aqueous
buffer (water/ACN/formic acid, 97.5:2:0.5) [15]. The decrease in the
organic content of the eluent facilitated the focusing of the frac-
tioned peptides on the second RP column. The online adjustment

http://www.uniprot.org/
http://www.uniport.org/
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f the 30-�L sample loop for focusing peptides on the second-
imension column could, however, be influenced by the organic
ontent of the high-pH eluent. Using our previous approach, we
ound that increasing the organic content lowered the number of
eptides identified and their signal intensities (data not shown).

n this study, we attempted to minimize the flow-through problem
aused by solvent incompatibility, thereby increasing the capability
f the second-dimension RP column to retain fractioned peptides
rom the first RP column. In the modified setup, we located an
dditional SCX trap column upstream of the second RP column
Fig. 1). This system enhanced the trapping efficiency because inter-
ctions between the SCX resin and peptides are based mainly on net
harges, with minimal influence of the organic content. The SCX
ow-through was trapped by the second-dimension RP column.

n addition, the SCX trap column enables peptide re-concentration
nd focusing prior to the second RP separation; as such, narrow
ample bands are introduced [17,18,23]. The eluent must, however,
e at a sufficiently low pH for SCX peptide trapping. The pH of the
ixture of solvents A and C (1:5, v/v), measured offline, was ca.

.5. Therefore, a 5-�L sample of eluent from the first-dimension
P column collected in a 30-�L sample loop should result in a pH
uitable for SCX trapping, assuming that prefect mixing is achieved
as it had been offline).

To evaluate the performance of the RP-SCX-RP system versus
he original RP–RP system, we introduced a mixture of standard
igest dissolved in 40% solvent B to the mixing loop with config-
ration I–III (Supplementary Fig. 1) for comparison. We identified
total of 75 unique peptides (95% confidence) in configuration III

mimicking RP-SCX-RP), representing a 44.2% increase relative to
he 52 unique peptides identified in configuration II (mimicking
P–RP). The beneficial effect was further illustrated by the high-
st signals for the base peak chromatogram being obtained with
onfiguration III. This signal enhancement by the use of SCX trap
olumn was also previously described [24]. Besides, we compared
he ion intensities of 20 identified peptides detected in those exper-
ments. In all cases, the ion intensities were normalized to those
btained in the standard run (mixture of standard digest dissolved
n 2% solvent B) performed in configuration I and are described as
ercentage recoveries. For the analyses using configurations I and

I, the recoveries were generally low for the more hydrophilic pep-
ides, but they increased upon increasing the hydrophobicity of the
eptides (Fig. 3).

RP columns generally show poor performances on the sepa-
ation of more hydrophilic peptides. In our investigations, this
henomenon was evidenced by the broadening of peaks for those
eptides in configuration II as compared to configuration III (data
ot shown), potentially leading to reduction in peptide iden-
ification. Our data also demonstrated that most of the highly
ydrophilic peptide was eluted as flow-through in configuration II
ven under the reduced organic strength introduced by the mixing
oop, such as the hydrophilic peptide SHCIAEVEK (hydrophobic-
ty: 8.92) (Supplementary Fig. 3A). In addition, the MS signal
etected was substantially lower than configuration III which

ncorporated the SCX trap column. This peptide was probably
ot hydrophobic enough to be fully re-concentrated on the sec-
nd RP column and was “lost” in the flow-through as described
ecently [15]. On the other hand, the flow-through effect and sig-
al reduction were not obvious for the more hydrophobic peptide
LEFISDAIIHVLHSK (hydrophobicity: 43.66) detected in configu-
ation II (Supplementary Fig. 3B). Furthermore, as the signal for
he SHCIAEVEK peptide obtained in configuration II (RP–RP) was
elow the selection threshold for information dependent acqui-

ition (IDA) experiments, no MS/MS spectrum was acquired. By
ontrast, the same peptide detected in configuration III (RP-SCX-RP)
ould be identified through its MS/MS spectrum at 95% confidence.
n the case for a hydrophilic peptide whose signal obtained in con-
. A 1218 (2011) 3681–3688 3685

figuration II was strong enough to be selected for IDA-triggered
fragmentation, the MS/MS spectrum acquired were in much lower
quality compared to configuration III (Supplementary Fig. 4). Taken
together, the use of an SCX trap column in RP–RP 2D-LC enriched
the identification of hydrophilic peptides by reduction of flow-
through problems and enhancement of MS signals, and offering
improved second-dimension RP separation.

3.2. Performance of RP-SCX-RP platform for analysis of complex
samples

To examine the performance of RP-SCX-RP versus RP–RP in
proteomics analysis, we analyzed a trypsin-digested complex sam-
ple derived from Arabidopsis chloroplast proteins (15 �g). For fair
comparison, we used the same number of fractions (12) for the
first-dimension RP column and an identical gradient for both the
high- and low-pH RP columns for both platforms. In RP–RP anal-
ysis, 685 proteins and 5911 unique peptides were identified after
duplicate analyses. Among them, 422 proteins (61.6%) and 1924
(32.5%) unique peptides were common in both technical replicates
(Fig. 4). In the RP-SCX-RP system, the numbers of proteins and
unique peptides identified from duplicate analyses were 862 and
6757, respectively. Among them, 557 proteins (64.6%) and 2502
(37.0%) unique peptides were common in both technical repli-
cates (Fig. 4; a list of the proteins and peptides is provided in the
Supporting information). Relative to the RP–RP system, RP-SCX-
RP analysis resulted in the identification of 25.8% more proteins
and 14.3% more unique peptides. Overall, 88.3% of the proteins
(604 of 685) and 61.0% of the peptides (3605 of 5911) identified in
the RP–RP analysis were also detected in the RP-SCX-RP analysis.
Hence, the RP-SCX-RP platform exhibited improved performance
over the RP–RP system for proteome analysis, as measured by the
identification of additional peptides and proteins.

We also analyzed the mouse embryonic fibroblast STO cell lysate
(ca. 17 �g of protein) using the two platforms. Notably, however,
the percentage increases in protein/peptide identification in the RP-
SCX-RP platform over the RP–RP system were not as substantial as
those obtained for the for chloroplast sample. In the RP–RP analysis,
the numbers of proteins and peptides were 2145 and 8810, respec-
tively; we identified 2201 proteins and 9352 peptides in a single
RP-SCX-RP analysis (Supplementary Fig. 5), only modest increases
of 2.6 and 6.2%, respectively, relative to the RP–RP system.

3.3. Peptide hydrophobicity distribution

We compared the distributions of identified peptides from
the RP-SCX-RP and RP–RP platforms in different hydrophobicity
ranges. Fig. 5A reveals that RP-SCX-RP analysis resulted in the
detection of more peptides in most hydrophobicity ranges. Inter-
estingly, the magnitude of the percentage increase was related to
the peptide hydrophobicity. In general, larger increases occurred
for the identification of peptides with lower hydrophobicity
(Fig. 5B). For example, the RP-SCX-RP platform detected 68 and
71.4% more unique peptides in the hydrophobicity ranges of less
than 15 and 15–20, respectively, relative to the RP–RP system.
In fact, the SCX trap column was demonstrated to identify more
hydrophilic peptides than the RP trap column [24]. It has been
found that the magnitude of the increase in the number of detected
peptides gradually declined upon increasing hydrophobicity. This
trend is consistent with the one we observed in the solvent online
adjustment experiment (see Section 3.1), which revealed that the
recovery of hydrophilic peptides in the RP–RP platform was lower

than that of hydrophobic peptides. Hydrophilic peptides are less
likely to be retained on the second RP column at a high organic con-
tent, leading to a flow-through problem that decreases the intensity
of the peptide signals through ion suppression during MS/MS
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Fig. 3. Percentage recoveries of peptides with different theoretical hydrophobicities obtained using (i) a 5-�L mixing loop (configuration I); (ii) a 30-�L mixing loop
( config
o (stan
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configuration II); and (iii) a 30-�L mixing loop followed by an SCX trap column (
f the selected peptides in all runs normalized to the intensity in a standard run
ydrophobicities were determined using a sequence-specific retention calculator (S

nalysis. Additionally, peak broadening for the more hydrophilic
eptides is likely to further decrease the resolution of separation.
or the RP-SCX-RP platform, peptide trapping is based mainly on
harge, thereby minimizing the flow-through problem resulting
rom solvent incompatibility. This behavior is consistent with the
reater number of hydrophilic (lower number of hydrophobic) pep-
ides identified by the RP-SCX-RP platform relative to the RP–RP
ystem. We observed a similar trend for the analysis of the STO
ell lysate. The percentage increase in identification was greater
or peptides exhibiting lower hydrophobicity than it was for those
f higher hydrophobicity (Supplementary Fig. 6). We observed mild
ecreases, however, in the numbers of identified peptides with high
ydrophobicity (>35) for the RP-SCX-RP platform’s analyses of both
he chloroplast and STO cell samples. This phenomenon was prob-
bly related to hydrophobic interactions between the SCX sorbent
nd the peptides. It is a common problem for online SCX-RP to be
nable to identify some hydrophobic peptides [25].
The performance of RP-SCX-RP platform relative to the RP–RP
ystem for the analysis of the STO lysate was not as promising as
hat for the chloroplast protein in terms of increases in the number
f identified proteins and peptides, presumably because of dif-

ig. 4. (A) Protein and (B) peptide identifications using the RP–RP and RP-SCX-RP platfor
n duplicate runs for chloroplast sample were used to represent the protein and peptide o
uration III). The percentage recovery of peptides corresponds to the ion intensity
dard peptide digests dissolved in 2% solvent B) obtained in configuration I. The
[30,31].

ferences in the distributions of peptide hydrophobicity between
the two samples. The percentages of identified peptides with
hydrophobicities of less than 30 were 49.9 and 24.9% in the chloro-
plast and STO samples, respectively. As mentioned above, the effect
of the organic content on the peptide signal intensity and identi-
fication was related to the peptide hydrophobicity. Thus, although
the RP-SCX-RP platform mainly enhanced the detection of the
less-hydrophobic peptides, this feature might not be obvious for
samples featuring predominantly hydrophobic peptides (e.g., the
STO cell lysate).

3.4. Application of iTRAQ samples in RP-SCX-RP platform

The use of iTRAQ technology for simultaneous identification and
quantification of proteins in different biological samples has been
emerging rapidly in recent years [26]. SDS detergent (ca. 0.02%) and
the excess of labeling reagents used in the iTRAQ reactions are usu-

ally removed prior to MS/MS analysis to minimize the effects of ion
suppression. In fact, samples incorporating 0.02% SDS have exhib-
ited strong suppression of peptide signals and decreased peptide
identification in 1D reversed-phase LC/MS/MS experiments [19].

ms. Total unique proteins (95% confidence) and unique peptides (95% confidence)
verlap in the RP–RP and RP-SCX-RP platforms.
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Fig. 5. (A) Distribution of unique peptides (95% confidence) according to their the-
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References
ver RP–RP) in peptide (95% confidence) identification according to theoretical
ydrophobicity (chloroplast samples).

olumn-based removal of SDS is usually performed through ion
xchange, HILIC, or gel permeation [27–29]. In iTRAQ applications,
ffline SDS clean-up (e.g., SCX chromatography) is recommended
rior to online RP–RP-MS analysis. In our modified platform, the
CX trap column allowed both fraction-focusing and clean-up of the
rst-dimension eluent; the excess chemicals and detergent were
emoved simply by valve switching (Fig. 1, step 2b). Hence, online
P–RP analysis for iTRAQ applications is feasible when using crude

abeled samples containing low amounts of protein.
To examine the performance of the RP-SCX-RP platform in

TRAQ applications, we analyzed a crude labeled sample contain-
ng approximately 15 �g of chloroplast proteins prepared from
rabidopsis wild type and mutants (thf1, clpr4, and thf1clpr4). We
xpected these mutants, which have different mutations affect-
ng chloroplast development, to feature differentially expressed
hloroplast proteomes. A total of 642 proteins and 3116 unique
eptides (746 proteins and 5221 unique peptides at ≤1.0% global
DR). Among them, 156 proteins were up- or down-regulated (20%
old change, p < 0.05) in any one of the Arabidopsis mutants, as sum-

arized in Supplementary Table 1. On the other hand, with the
P–RP platform we identified 540 proteins and 2151 unique pep-
ides (645 proteins and 3634 unique peptides at ≤1.0% global FDR).
hus, the RP-SCX-RP platform identified 44.8% and 18.9% more pep-
ides and proteins, respectively, relative to the RP–RP system. In
ddition, 97 proteins identified in the RP–RP platform exhibited
ither up- or down-regulation (20% fold change, p < 0.05) in any
ne of the mutants. Together, our results demonstrate that the RP-
CX-RP platform provides improved performance over the RP–RP
ystem in both qualitative and quantitative analyses. The num-
ers of distinct peptides identified per protein in the RP-SCX-RP
nd RP–RP platforms were 4.85 and 3.98, respectively. Notably, a

igher number of distinct peptides identified per protein is not only
eneficial to the confidence of protein identification but also to pro-
ein quantification. This behavior is not surprising because if more
. A 1218 (2011) 3681–3688 3687

peptides can be identified per protein then more quantitative infor-
mation can be obtained per protein through the reporter ions of the
iTRAQ tag in the MS/MS spectra, thereby leading to improved pro-
tein quantification (RP-SCX-RP: 156 proteins; RP–RP: 97 proteins;
i.e., a 60.8% increase). In addition, the additional SCX column serves
to remove the detergents and unused tagging chemicals from the
crude sample (Fig. 1, step 2b), thereby minimizing ion suppres-
sion effects that would otherwise reduce the quality and quantity
of peptide detection by the MS/MS system. Therefore, our results
strongly indicate that the RP-SCX-RP platform is compatible with
quantitative proteomics analyses using crude iTRAQ-labeled sam-
ples. Furthermore, our modified platform allows the analysis of
small amounts of samples in a high-throughput manner – a feature
that is not technically feasible for the routine procedure involving
offline SCX clean-up followed by RP–RP analysis.

4. Conclusions

In this study, we developed a modified high-/low-pH RP–RP
platform, incorporating an SCX trap column between the two
dimensions, that exhibits enhanced performance for qualitative
and quantitative proteomics applications. The presence of the SCX
column, which trapped relative peptides from the high-organic-
content eluent from the first-dimension high-pH RP column,
provided enhanced signal intensity and peptide identification,
especially for hydrophilic peptides. We compared the performance
of the RP-SCX-RP platform directly with that of the RP–RP system
over comparable instrument times (RP-SCX-RP: ca. 52 h; RP–RP:
ca. 48 h). In the analysis of Arabidopsis chloroplast proteins, the
modified platform resulted in 25.8% and 14.3% increases in protein
and peptide identification, respectively. The extent of the improved
performance was not as substantial, however, when using the RP-
SCX-RP platform to analyze the STO lysate samples containing
higher proportion of more hydrophobic peptides. The modified
platform was also amenable to automated iTRAQ-based quantita-
tive analyses without the need for offline cleaning-up procedures.
Relative to our original RP–RP system, the modified system enabled
the online detection of a larger number of differentially expressed
proteins. Hence, the RP-SCX-RP platform appears to be suitable for
further application in high-throughput qualitative and quantitative
proteomics investigations at low-microgram levels with minimal
sample preparation.
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