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Abstract

Currently, the field of shotgun proteomics relies primarily on the separation of peptides by reversed-phase microcapillary chromatography
(RP-�LC) combined with either electrospray ionization (ESI) or matrix-assisted laser desorption ionization (MALDI) and tandem mass
spectrometry (MS/MS) for protein identification as well as quantification. For this purpose we herein describe construction of a RP-�LC–ESI
column-emitter along with optimized�LC conditions for using the device to quantify pair-wise changes in protein expression via the isotope
coded affinity tag (ICATTM) method that also maximize peak capacity. These optimized RP-�LC parameters required a balance be reached
between the disparate needs ofquantification which requires good peak shape andidentification (i.e. proteome coverage) of proteins via
peptide collision induced dissociation (CID) which requires peak capacity be maximized. A complex biological sample from a study of
murine acetaminophen toxicity in hepatocyes was chosen for method development because of the high level complexity, but the biological
results are not the focus of this manuscript.
© 2003 Published by Elsevier B.V.
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1. Introduction

Quantitative proteome profiling, identifying the proteins
having abundance changes resulting from external or inter-
nal perturbations of a cell or tissue, is an important strat-
egy for interpretation of gene function in biological systems.
Traditional quantitative proteome analysis has been carried
out by two-dimensional polyacrylamide gel electrophore-
sis (2D-PAGE) separation of proteins and the subsequent
mass spectrometric identification of the isolated proteins
[1]. In the 2D-PAGE methodology, protein quantification is
achieved by comparing differential staining of proteins in
the polyacrylamide gels. One problem with this popular ap-
proach is that a stained spot of a gel may contain multiple
proteins making it difficult to track the protein responsible
for differential staining.
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Recently developed methods for pair-wise protein quan-
tification employing stable isotope labeling[2–7] of proteins
(or peptides) circumvent the problem of which protein is re-
sponsible for changes in expression by measuring changes
in protein expression directly from peptides. These methods
utilize liquid-phase fractionation of peptides by chromatog-
raphy or electrophoresis prior to mass spectrometry based
methods for identification and quantification. In these meth-
ods, the abundance changes of individual proteins between
two different samples are measured by comparing the area
under the curve for the single ion current trace for each
of the two peptides having identical sequence but different
mass due to the substitution of so-called heavy for normal
or light isotopic elements such2H for 1H, 15N for 14N or
13C for 12C.

While there are several published methods for use of
stable isotope labeling to measure pair-wise changes in
proteomes, our preferred method uses the isotope-coded
affinity tag (ICAT) reagents[2]. The ICAT reagent consists
of a thiol-reactive group capable of specifically binding
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to cysteine, a polyether linker synthesized in an iso-
topically normal form (i.e. d(0)-ICAT reagent) or heavy
form where eight deuteriums replace eight hydrogens
(i.e. d(8)-ICAT reagent), and a biotin affinity tag allow-
ing the tagged peptides to be purified. The current ICAT
method using reversed-phase microcapillary chromatogra-
phy (RP-�LC)–electrospray ionization (ESI) tandem mass
spectrometry (MS/MS) is shown inFig. 1. After separate
labeling reactions the two protein solutions are combined
and subjected to proteolysis with trypsin. At this point
in the procedure, the ICAT reagent-labeled peptides of
the same sequence from the two samples are chemically
identical and behave similarly in the subsequent separa-
tion stages providing an internal standard throughout any
further sample processing. In the RP-�LC–ESI–MS/MS

Fig. 1. Strategy for isotope-coded affinity tag (ICAT) reagent-based quantitative proteome analysis. Two protein samples to be compared are separately
labeled with either d(0) or d(8) ICAT reagent. Following digestion with trypsin, ICAT-labeled peptides are fractionated by cation ion-exchange
chromatography. Each fraction is subjected to avidin affinity chromatography to selectively isolate ICAT reagent-labeled peptides, which are thenanalyzed
by RP-�LC–ESI–MS/MS.

analysis, the mass spectrometer initially acquires a mass
spectral survey scan of all peptides eluting at a specific
point in time from the RP-�LC column. The instrument
control software then sequentially selects peptide ions of
a specific mass-to-charge (m/z) ratio for collision-induced
dissociation (CID) in descending order of signal intensity.
The acquired CID spectra are interpreted using sequence
database search tools into peptide sequences to identify pro-
teins from which the sequenced peptides originated[8,9].
For each sequenced ICAT reagent-labeled peptide, a chro-
matographic elution profile is constructed by arranging the
peptide peaks detected in the MS scans in the order of ac-
quisition time. The abundance ratio of each protein is calcu-
lated comparing the areas of the elution profiles of a specific
ICAT-labeled peptide pair. This quantification procedure
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based on chromatographic elution profiles provides better
accuracy and precision than the quantification based on
intensity alone at a single point in the chromatographic elu-
tion profile. Also it practically resolves the problem arising
from different elution times between light and heavy ICAT
reagent-labeled peptides due to deuterium isotopic effect
[10].

Reliance on the chromatographic elution profile as a
means of quantification from area under the curve of
ICAT-labeled peptide pairs produced from single ion cur-
rent traces for each peptide, means that it is essential
to achieve high-resolution separations to obtain high ac-
curacy and dynamic range for peptide quantification. To
this end, the design and the operation of RP-�LC sys-
tem should be optimized to minimize band broadening
which can result in poorer analyte concentration wors-
ening limit of detection and preventing quantification
due to an inability to locate where a “peak” begins and
ends. In this study, we present a unique RP-�LC setup
and discuss the effects of solvent composition gradient
on identification/quantification of complex mixtures of
ICAT-reagent labeled peptides from a biological tissue,
murine
liver.

2. Experimental

2.1. Materials and reagents

The ICAT reagent was purchased from Applied Biosys-
tems (Foster City, CA, USA). Formic acid, HPLC-grade
acetonitrile and water were from Fisher Scientific (Fair

Fig. 2. Schematic representation of reversed-phase microcapillary liquid chromatography system.

Lawn, NJ, USA). Polyimide-coated fused-silica capillaries
(50 and 75�m i.d.) were from Polymicro Technologies
(Phoenix, AZ, USA). Capillary tubing (100�m i.d.) with
an integrated borosilicate frit (Integrafrit) were obtained
from New Objective (Cambridge, MA, USA), Magic C18
resins (5�m, 100 and 200 Å pore) were from Michrom
BioResources (Auburn, CA, USA) and a microtee and a
microcross from Upchurch Scientific (Oak Harbor, WA,
USA).

2.2. Preparation of ICAT reagent-labeled peptides

Two samples each containing 500�g of liver protein from
8-week-old SJL mice treated with either acetaminophen
(300 mg/kg) or saline were separately labeled using the
original d(0) and d(8) ICAT reagents. The two protein
mixtures were combined, digested, fractionated by strong
cation exchange (SCX) HPLC, and purified by avidin
affinity chromatography as described[11]. A single SCX
fraction of ICAT-labeled peptides was selected for method
optimization, dried by vacuum centrifugation and brought
up in 12�l of 0.1% formic acid ready for injection onto the
�LC column.

2.3. Microcapillary liquid chromatography

A schematic overview of the RP-�LC system is shown
in Fig. 2. The system consists of a binary HP1100 pump
from Agilent Technologies (Wilmington, DE, USA), a
Famos micro-autosampler from Dionex LC packings (San
Francisco, CA, USA), a six-port switching valve inte-
grated on LCQ DecaXP ion trap mass spectrometer (ITMS)
from Thermo Finnigan (San Jose, CA, USA), a precolumn
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Fig. 3. Flow paths and valve configurations at (A) sample loading and (B) separation stages.

(100�m i.d. × 1.2 cm length) and a microcapillary column
(75�m × 15 cm) that also serves as the ESI emitter.

A slurry packing procedure was employed to prepare the
columns. Two C18 slurries of 100 Å pore C18 and 200 Å
pore C18 were prepared by placing∼5 mg of C18 resin in a
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Fig. 4. Sequence analysis of 10 amol of neurotensin. (A) Base peak chromatogram showing the elution of the neurotensin peak and MS scan obtained
at peak maximum. (B) MS/MS spectrum of the [M + 3H]3+ ion for neurotensin, 559 m/z.

small vial, and adding 1 ml of methanol and a mini stirring
magnet to each. For the microcapillary column, one end of
75 �m i.d. fused-silica capillary was manually pulled to a
fine point ∼5 �m at the tip in flame. The resulting needle-like
tip served as a frit holding C18 resin in place and as the
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point from which ESI originated. For the precolumn, 100 �m
i.d. fused-silica capillary with an integrated frit prepared
by sintering bare silica resin at the tip with a mircotorch
was used. Both columns were packed using a pneumatic
pump from Brechbuehler, Inc. (Spring, TX, USA) at constant
helium gas pressure of 1500 psi. The ESI device shown in
Fig. 2 sat on a micromanipulation stage from Brechbuhler
(Spring, TX USA).

Flow paths and valve configurations at sample loading
and separation stages are shown in Fig. 3. A sample volume
of 0.1 �l was loaded onto the precolumn with 5% solvent
B at an unsplit flowrate of 5 �l/min in 5 min. After sample
loading and cleanup, binary solvent composition gradients
with solvent A (100% water/0.1% formic acid) and solvent B
(100% acetonitrile) were started with a valve switch enabling
a split flow (∼200 nl/min) into both columns. Linear binary
gradients of 5, 10, 13, 15, 20–32% solvent B were generated
over 150 min, followed by isocratic elution at 70% B for
4 min as shown in Fig. 4. The total analysis time for a single
�LC–MS/MS run was 178 min from injection to end of iso-
cratic wash. The above procedure including sample loading,
valve-switching, and solvent composition gradient elution is
fully automated and controlled from the ITMS computer.

2.4. Mass spectrometric analysis and data analysis

Eluting peptides were selected for collision induced dis-
sociation (CID) during a procedure that alternated between
a MS scan over the m/z range 400–1800 and a MS/MS scan
in which the single most abundant peptide ion was subjected
to CID. Each scan cycle lasted an average of ∼1.6 s. The
specific m/z value of the peptide fragmented by CID was ex-
cluded from reanalysis for 3 min. For peptide identification,
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Fig. 5. Solvent composition gradient curves.

all tandem mass spectra were analyzed using SEQUEST, a
computer program that performs the correlation of experi-
mental data with theoretical spectra generated from known
protein sequence [12]. Tandem mass spectra of peptides hav-
ing a probability score of at least 0.99 were considered cor-
rectly identified [13]. Peptide quantification was performed
using the XPRESS program as described [14].

3. Results and discussion

3.1. Design of RP-µLC system

The RP-�LC system as shown in Fig. 2 is equipped with
a precolumn which enables sample cleanup and speedy
sample loading by utilizing a high flowrate (5 �l/min). The
primary role of the precolumn is to extend the lifetime
of the microcapillary analytical column and secondarily
to increase sample throughput in proteome-wide analysis
by decreasing overall cycle time. In the first instance the
precolumn functions as a last on-line sample cleanup prior
to injection on to the analytical column and in the second
instance to allow loading of the sample at a higher flow rate
than would be otherwise possible (Fig. 3); e.g. �l/min rather
than nl/min at which the separation takes place on the ana-
lytical column. The setup is similar to previously described
systems [15,16] integrating a precolumn and a microcapil-
lary analytical column as one piece. However, by separating
the two columns with a small dead volume (∼50 nl), it is
more practical to assemble, and replace components as nec-
essary. This robust device is routinely used in our automated
setup for 50 analyses prior to failure. In addition, the dimen-
sions of the precolumn may be easily increased or decreased
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without any influence on separation efficiency of the micro-
capillary column. As shown in Fig. 4, the sensitivity of the
RP-�LC system was demonstrated by on-column injection
of 10 amol of a standard peptide producing a S/N ∼= 40 for
[M + 3H]3+ ion (Fig. 4A) that produced a tandem mass
spectrum (Fig. 4B) of sufficient quality to allow the peptide
to be identified in a database search using SEQUEST [17].

3.2. Effects of gradient slope and organic
modifier composition

Binary solvent gradient elution has been widely used
in reversed-phase chromatography for the separation of
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Fig. 6. Base peak chromatograms of ICAT reagent labeled peptides obtained at the various gradient elution. Linear binary gradients from (A) 20%,
(B) 15%, (C) 13%, (D) 10%, (E) 5%, acetonitrile to 32% were generated over 150 min. The block arrows indicate the retention times of two peptides,
CYAAYR and PFTLDDVQYMIFHTPFCK, eluting at the beginning and ending of the gradient elution, respectively.

complex mixtures of peptides that vary greatly in overall
chemical composition; e.g. from very hydrophobic to very
hydrophilic and from high to low isoelectric point. As
mentioned in the introduction optimization of the gradient
elution to obtain highly resolved peptide elution profiles
is essential in our quantitative proteome analysis scheme
(Fig. 1). Poorly optimized conditions will lead to excessive
band broadening the result of which will be poor quantifi-
cation via area under the curve measurements of single ion
current traces of ICAT-labeled peptides.

To optimize RP-�LC conditions we applied five differ-
ent gradient elution profiles (Fig. 5) each with a slightly
different slope for the �LC-MS/MS analysis of a single
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SCX fraction of ICAT reagent labeled peptides estimated
to contain several hundred peptides. As shown in Fig. 5,
starting acetonitrile composition was varied over a defined
time. Thus, the rate of change of acetonitrile composition
(i.e. slope of gradient) for each gradient tested was slightly
different. The resulting base peak chromatograms (BPCs)
of the �LC–MS/MS analyses obtained from the gradient
elution by injecting 0.1 �l of the sample are shown in
Fig. 6. In Fig. 6A–E, shifts in peak elution times as a re-
sult of the different gradient elution profiles indicate the
expected dependence of peptide elution on the acetonitrile
composition. Also similarities in relative intensities, shapes,
and elution orders of the peaks show that the effect of the
selected gradient conditions on separation selectivity was
negligible.

To assess the resolution achieved from the different con-
ditions tested, we used the change in elution time between of
two peptides, CYAAYR and PFTLDDVQYMIFHTPFCK,
one of which eluted early and the other late from the RP-�LC
column. The plot of change in elution time between these
two peptides shown in Fig. 7 demonstrates how the sepa-
ration in time between these two peptides increases as be-
ginning acetonitrile composition increases from 5 to 15%,
i.e. separation increases as slope of acetonitrile gradient de-
creases. For the gradient run of 20–32% solvent B (Fig. 6A),
the peptide elution range was drastically decreased because
the gradient started from an excessively high acetonitrile
composition that forced concurrent elution of hydrophilic
peptides and resulted in unresolved elution profiles in the
range of 20–25 min.

In these studies using �LC–ESI–MS/MS to analyze
complex mixtures of peptides, the shallower gradient elu-
tion profiles increased the overall peptide elution range
enabling more CID spectra to be acquired; i.e. higher po-
tential proteome coverage could in theory be obtained.
However, it was accompanied by broadening of peptide
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Fig. 7. Plot of peptide elution ranges of the gradient elution.

elution profiles. The band broadening effect induced by
changes of gradient slope is shown in Fig. 8. At the shal-
lower gradients (Fig. 8A and B), the peak widths are
broader and the intensities (peak heights) are decreased.
These changes in peak shape resulted in variations in the
measured ICAT abundance ratio from the average val-
ues. Therefore, excessive band broadening arising from
the shallow gradient needed to be avoided to maintain ac-
curate peptide quantification. As expected this trend was
observed during analysis of two other complex SCX frac-
tions from the sample of murine liver purified ICAT-labeled
peptides.

3.3. Gradient elution developed at high
acetonitrile composition

For the gradient of 20–32% solvent B (Fig. 6A), pep-
tides eluted in the range of 20–25 min were not retained
well and were poorly resolved because of the abrupt gra-
dient change from 5 to 20% B in 2 min. Fig. 8 shows
ion chromatograms of an ICAT-reagent labeled peptide
pair eluted at 21 min for the various gradient conditions.
Comparing the extremes of gradients used one can note
in Fig. 9 that the ion chromatogram obtained at a gradient
of 5–32% solvent B (Fig. 9B) shows more symmetry than
those obtained at 20–32% solvent B (Fig. 9A). Because
peptide quantification is based on single ion current chro-
matograms of individual peptides reconstituted from multi-
ple MS scans with tandem MS scans of different peptides
interjected between them, quantification from a smaller
number of MS scans as shown in Fig. 9A will be influ-
enced more by fluctuations of peptide ion intensities in each
MS survey scan and produce less accurate quantification.
Thus, it is desirable to have a trade off between excessive
band broadening and too narrow a chromatographic peak
width.
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Fig. 8. Quantification analysis of the ICAT reagent labeled peptide, the sequence of VVGYFVSGCDPTIMGIGPVPAINGALKK obtained at (A) 20–32%
ACN gradient, (B) 15–32%, (C) 13–32%, (D) 10–32%, and (E) 5–32%.

3.4. Effect of organic modifier composition range
on total µLC–ESI–MS/MS analysis time

In gradient elution of peptides from RP-�LC columns,
the range of organic modifier composition change should
be selected to separate as many different peptides as possi-
ble while maintaining high chromatographic resolution and
to achieve as low an overall HPLC cycle time as possi-
ble. Because elution of peptides depends on the acetonitrile

composition as shown in Fig. 7, the elution times of pep-
tides could be adjusted without any changes in resolution by
maintaining a constant gradient slope. In Fig. 10, two chro-
matograms obtained at 5–32% solvent B over 150 min and
13–32% B over 106 min, respectively, are presented. In both
runs, comparable resolution and elution time range were ob-
tained by applying the identical gradient slope (0.18% ace-
tonitrile/min). However, it is noted that the shifts in elution
time in Fig. 10B reduced the total analysis time by 40 min.
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Fig. 9. Ion chromatograms of an ICAT reagent labeled peptide pair having identified sequence of CYAAYR obtained at (A) 20–32% ACN gradient and
(B) 5–32% ACN gradient elution.
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Fig. 10. Base peak chromatograms obtained at (A) 5–32% solvent B over
150 min and (B) 13–32% B over 106 min. The block arrows indicate the re-
tention times of two peptides, CYAAYR and PFTLDDVQYMIFHTPFCK.

4. Conclusions

In quantitative proteome analysis based on the ICAT-labeled
peptide method or other methods incorporating stable
(heavy and light) isotopes into peptides for quantification,
band broadening occurring during �LC separations is an
important phenomenon to minimize if one wants to achieve
accurate relative abundance ratios. In this study, we con-
firmed that peptide elution from very complex samples
mainly depends on acetonitrile composition in RP-�LC
separation, and demonstrated the need for controlling the
parameters of the gradient elution including the slope of
gradient and solvent composition range. With our RP �LC
setup, it is observed that the gradient slope should be at least
0.13 (percentage of acetonitrile/min) to prevent excessive
peak broadening which will introduce errors in quantifica-
tion. Thus, the conditions shown in Fig. 10B provided the
optimum compromise between maintaining peak shape for
quantification and analyte separation for proteome coverage.
Ideally, in the future we will tailor the linear gradient elution

of ICAT-labeled peptides for each of the many SCX frac-
tions (∼50 are collected in the ICAT method) each of which
contains a complex mixture of hundreds of peptides that vary
greatly in chemical composition between SCX fractions.
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