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Abstract

Multi-dimensional liquid chromatography is often presented as an alternative to two-dimensional (2-D) gel electrophoresis for separating complex
protein mixtures. The vast majority of analytical-scale 2-D LC systems have employed either off-line fractionation or stepped gradients in the first
dimension separation. The latter severely restrict flexibility in setting up the first dimension gradient. We propose a novel two-dimensional LC
system that employs online fractionation of proteins into a series of small reversed phase trapping columns. These traps effectively decouple the
two separation dimensions and avoid problems associated with off-line fraction collection. Flexibility in determining the gradient programs for the
two separations is thus enhanced. The reduced diameter of the trapping columns concentrates analyte between chromatographic dimensions. The
apparatus is coupled with online electrospray time-of-flight mass spectrometry to characterize ribosomal proteins of Caulobacter crescentus.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The rapidly evolving discipline of proteomics provides
unique insights into the machinery of living cells. However,
the complexity of biological systems places unique demands
on analytical methodology. Genomes contain several thousand
genes (e.g. [1-4]), each encoding a different protein and those
gene products can undergo a wide variety of chemical modifi-
cations after translation. (e.g. [5S—17]) Furthermore, proteins are
not all present in equal amounts, and their concentrations vary
in response to developmental and environmental stimuli (e.g.
[18]). Coupling these complexities with the practical limitations
on the number of analytes that any detector can simultaneously
observe makes separation science a central concern in all pro-
teomic methodologies.

Although two-dimensional (2-D) gel electrophoresis is the
most widely used technique for the separation of complex pro-
tein mixtures, it has several well-documented disadvantages
[19-26]. Multi-dimensional liquid chromatography is often sug-
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gested as an alternative to 2-D gels for separating complex
protein mixtures (reviewed in [21,27-29]). The most basic
form of 2-D liquid chromatography involves off-line frac-
tion collection from one separation column and injection of
those fractions onto a second column with different separa-
tion chemistry (e.g. ion exchange and reversed phase). Sev-
eral variations of this methodology have been presented in the
literature including preparative isoelectric focusing followed
by non-porous reversed phase chromatography, [30-33] off-
line chromatofocusing-non-porous Cig LC-MS [34-36] strong
anion exchange-hydrophobic interaction chromatography [37],
and injecting strong cation exchange (SCX) fractions into a
multiplexed reversed phase LC-MS system [38]. Off-line frac-
tionation is not an ideal solution, however. Sample evaporation
and/or contamination can occur between dimensions and it is
very difficult to completely transfer the fractions to the sec-
ond separation. An improved system would be sealed against
the environment and would ensure complete transfer of the first
dimension fractions into the second separation stage.

A handful of online fractionation methods have been
described in the literature. Opticek and coworkers have
constructed several multi-dimensional LC systems [39-41],
including one featuring size-exclusion chromatography (SEC)
followed by reversed phase LC-MS [41]. The proteins eluting
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from the size exclusion column were adsorbed onto one of
two polystyrene divinylbenzene reversed phase (RP) columns
attached to a column switching valve. A 4 min reversed gradient
was performed with the column not in line with the SEC col-
umn. The 240 min SEC gradient was divided into 60 fractions
by alternating which RP column was placed in line with the
SEC column. Wagner et al. designed a multidimensional LC
apparatus combining a restricted access media ion-exchanger,
an analytical ion exchange column, and four non-porous Cig
columns [42] dividing a 96 min ion exchange separation into 24
different fractions each analyzed with an 8 min reversed phase
gradient. Liu et al. devised a similar system combining strong
cation exchange and C4 RP chromatographies [43]. The SCX
column was developed with a stepped gradient, which eluted
the proteins onto one of two C4 columns. LC-MS data were
recorded for 10 SCX fractions. Similar stepped ion-exchange,
dual reversed phase column systems have been used for mul-
tidimensional LC-MS-MS of complex peptide mixtures (e.g.
[40,44,45]). Chen et al. employed six trapping columns and a
pair of column selection valves to fractionate peptides from a
capillary isoelectric focusing experiment [46]. The traps effec-
tively decoupled the first and second dimensions, circumventing
the time constraints encountered in the columns-in-series sys-
tems described previously while avoiding the problems
associated with off-line fraction collection. The timescales of
the second dimension gradients in the systems described by
Opticek et al. and Wagner et al. were determined by their respec-
tive first dimension separations. That is, the second dimension
separations had to take significantly less time than the first
dimension separations. Improved results might be obtained if the
gradients for two separations were independent of each other.

The columns in the different dimensions of the protein separa-
tion systems described above had nearly the same inner diameter
(i.d.) and both separations were performed at approximately the
same flow rate. Short reversed phase columns have been used
for years to capture peptides from liquid streams prior to cap-
illary scale liquid chromatography (e.g. [45,47—49]) allowing
relatively high flow rates (2-20 pL/min) for loading samples
into chromatography systems that normally operate at less than
1 pL/min. The 2-D LC system described in the present work
makes use of short, reversed phase trapping columns to capture
proteins as they elute from an ion exchange column devel-
oped with a linear gradient. The trapping and second dimension
columns are of significantly smaller inner diameter than the first
dimension column, thus concentrating analytes between dimen-
sions. The traps decouple the two separation dimensions, desalt,
and concentrate the analytes in a single step.

2. Strategy of apparatus

A handful of fundamental design questions needed to be
addressed during the development of this system. The first was
how much of a size differential between the two columns was
feasible. For maximum sensitivity, one might couple a prepara-
tive scale first dimension column (>7 mm i.d.) with a capillary
scale second dimension (<100 pm i.d.). However, the total sys-
tem pressure required to flow several mL/min of solvent through

an extremely narrow capillary packed with small particles would
exceed the capacities of standard HPLC fittings; a modest dif-
ference in diameters is more feasible. Furthermore, small i.d.
columns have very limited loading capacities. Fortunately, one
trap need not be capable of handling all of the protein loaded
into the first dimension column; it only captures the proteins in
a single fraction. In this work, the effluent from a 4.6 mm i.d.
column is fractionated into a series of 1.0 mm i.d. traps.

Another major design question was whether storing proteins
on trapping columns for extended periods of time (in excess of
50h for the 60-trap system described below) incurs a signifi-
cant degradation in the performance of the second dimension
separation. It was hoped that adsorption to the stationary phase
would minimize diffusion during the time between separations.
If the proteins diffused excessively during the intervening time,
they would elute as very broad peaks, and the resolution of the
second separation would be very poor. Furthermore, the resolu-
tion of the second separation might vary depending on how long
proteins were adsorbed to a particular trap.

The final major design question concerned the number
of reversed phase analytical columns employed by the final
apparatus. There are three basic strategies for the reversed
phase dimension of the two-dimensional separation. The first is
to employ no additional analytical column, i.e. use the trapping
columns themselves for the second dimension; this arrangement
is not commonly employed. A single analytical column placed
between the trap and mass spectrometer is a simple and
economic approach, but the time spent re-equilibrating the
analytical column between the reversed phase separations can
become excessive. Several researchers employ two or more
second dimension analytical columns to avoid this problem
[29,41,43]. Usually the analytical columns are placed on a
multi-port switching valves in an arrangement that allows one
column to equilibrate while a separation gradient is applied to
another. There are two complications with this setup, however.
The first is the cost and complexity of the additional columns,
valve, and pumps. The second is that it is nearly impossible to
obtain two or more perfectly matched HPLC columns. Even if
two columns are well matched when new, their characteristics
will likely diverge as they age. Thus, a species may elute from
the two columns at slightly different retention times, frustrating
comparisons between multiple analyses. Similar problems are
encountered when comparing multiple two-dimensional gel
electrophoresis experiments (i.e. the same protein may appear
in slightly different positions on a 2-D gel depending on running
conditions, sample loading, etc.). These questions and others are
explored.

3. Experimental
3.1. Instrument overview

The automated two-dimensional liquid chromatograph sys-
tem consisted of an array of Valco Cheminert multiport valves
(VICI Inc., Houston, TX) controlled by micro-electric actua-
tors. All connections between elements of the apparatus were
made with 127 pum i.d., 1.59 mm outer diameter PEEK tubing



J.A. Karty et al. / J. Chromatogr. B 847 (2007) 103-113 105

(red PEEK, Upchurch Scientific, Oak Harbor, WA) to minimize
the volumes between elements. The performance of this system
was assessed by separating samples of ribosomal proteins from
Caulobacter crescentus bacteria.

3.2. Sample preparation

Ribosomes were chosen because they provide sufficient com-
plexity (54 proteins) to characterize the resolving power of
the separations while being simple enough (i.e. all proteins
present in nearly equimolar amounts, sequences well-annotated
in genome) for the mass spectra to be readily interpreted with
a minimum of data processing. Samples of tightly coupled C.
crescentus ribosomes were prepared according to the procedure
described by Spedding [50]. The ribosomes were disassociated
and the ribosomal RNA removed according to the protocol of
Hardy et al. [51]. Protein concentrations in the extracts were
estimated by Bradford dye binding assay [52]. The four pro-
teins used in the initial system tests and were purchased from
Sigma (St. Louis, MO).

3.3. Chromatographic conditions

All two-dimensional separations described in this paper used
strong cation exchange columns for the first dimension separa-
tion and C4 reversed phase columns for the second. The first
dimension column was a 4.6 mm i.d. x 35 mm long TSKGel
SP-NPR non-porous SCX (sulfopropyl) column (Tosoh Biosep
LLC, Montgomeryville, PA) chosen to handle the back pressure
incurred as solvents passed through the both the ion exchange
column and the trapping columns. The effluent from the first
dimension was directed into a series of 1.0 mmi.d. x 20 mmlong
Javelin guard columns packed with 5 um Biobasic C4 media
(ThermoHypersil Keytsone, Bellafonte, PA). The second dimen-
sion separation occurred on one of two 1.0 mmi.d. x 75 mmlong
Pioneer analytical columns packed with Biobasic C4 placed after
the traps. The first dimension gradient was created by a Waters
2695 liquid chromatograph (Waters Corp., Milford, MA) oper-
ated from its front panel; the second dimension gradient was
produced by a Waters 2795 liquid chromatograph controlled by
the mass spectrometer software.

The mobile phases used for the strong cation exchange
dimension were 6 M urea with 20 mM methylammonium acetate
(pH 5.00, SCX A) and 6 M urea, 500 mM NaCl with 20 mM
methylammonium acetate (pH 5.00, SCX B). The reversed phase
dimension employed 5% (v/v) acetonitrile in 0.1% (v/v) aqueous
formic acid (RP A) and 5% (v/v) water, 0.1% (v/v) formic acid
in acetonitrile (RP B). The SCX and RP flow rates were 300 and
50 pL/min, respectively; the gradient programs were similar to
those presented in Tables 1 and 2. The trapping columns’ short
length allowed them to be placed in line with the SCX column
with a system pressure of 2100 psi at 300 p.L/min).

3.4. 60-Trap system design

Fig. 1 is a block diagram of the fluid connections in the 60-
trap system. The gradients for the two separations were provided

Table 1
Strong cation exchange gradient for 60-trap separation
Time (min) Percent SCX B Slope
0 0 Step?
5 10 Step
25 35 Linear®
26 35 Linear
75 70 Linear
76 100 Linear
82 100 Linear
83 0 Step
90 0 Step

2 Step gradients change the solvent composition instantaneously at the speci-
fied time.

b Linear gradients change the solvent composition in a linear fashion between
the specified times.

by the two liquid chromatographs specified above; a Beck-
man model 110A pump (Beckman—Coulter Inc., Fullerton, CA)
regenerated the two analytical columns by providing a constant
flow of RP A. Valve A selected which of the two chromatographs
were inline with the traps. Valve 6 directed the flow into one of
six 10-position column selection valves (valves 0-5) and then
into valve B; the trapping columns were attached to the ports
on valves 0-5. Valve B sent the effluent from the traps either
to waste or to valve C thereby isolating the mass spectrome-
ter from the salts and urea used in the SCX separation. Valve
C directed the effluent from the traps onto one of two C4 ana-
Iytical columns. The analytical column receiving effluent from
the traps was connected to the source of the mass spectrometer;
the Beckman pump pushed approximately 100 wL/min of RP A
through the other analytical column. All valve movements were
controlled by a Labview program (version 6.0, National Instru-
ments, Austin, TX). The table of valve positions throughout the
experiment was created in Microsoft Excel, and the Labview
program used this table to control the valves via RS-485. The
entire system was synchronized using contact closures from the
two HPLC pumps.

3.5. ESI-QTOF mass spectrometry

The masses of proteins were measured by a QTOF Micro
quadrupole/time-of-flight (QTOF) mass spectrometer (Waters)
equipped with an electrospray ionization (ESI) source; the spec-
trometer was controlled by MassLynx 4.0 (Waters). A passive

Table 2
Reversed phase gradient table for the 60-trap separation
Time (min) Percent RP B Slope
0 0 Step
7 0 Linear
7.1 20 Linear
37 70 Linear
40 90 Linear
44 90 Linear
44.1 0 Linear
53 0 Linear
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Fig. 1. Block diagram for the 60-trap system (all 2 position valves in position A). Gray polygons represent the valves, the heart shapes correspond to the three pumps
in the system. The numbers inside the polygons refer to the valve labels described in the text. The rectangles are the SCX and analytical C4 columns. A trapping

column is attached to each point of the 10-sided polygons as shown in the inset.

flow-splitter directed 5 wL/min into the mass spectrometer; the
remainder was either sent to an off-line fraction collector or dis-
carded. Positive ion mass spectra were recorded from m/z 600 to
1800 and each scan was a one second integration; the interscan
delay was 0.1 s. One microlitre of deionized water was injected
at the beginning of each reversed phase separation to define its
start time. Data were recorded for 40 min, starting 10 min into
the RP gradient.

3.6. ESI-TOF data analysis

ESI-TOF mass spectral charge distributions were deconvo-
luted using either the MaxEnt 1 [53] subroutine of MassLynx
4.0 or ProTrawler [54] (BioAnalyte Inc., Portland, ME). The
MaxEnt 1 parameters were: output spectrum range from 4000
to 40,000 Da at a resolution of 1Da, a 0.75 Da wide peak was
assumed for each member of a charge state distribution, and the
algorithm performed up to 25 iterations. A macro called AutoME
(Automated MaxEnt) was used to process batches of QTOF
chromatograms. AutoME combined 100 scan wide segments
of each chromatogram and automatically called MaxEnt 1 to
deconvolute ion distributions. The ESI-TOF data were recorded
at approximately 55 scans per minute, thus 100 scans corre-
spond to about two minutes of chromatographic retention time.
AutoME required approximately 20 hours to perform the 300
deconvolutions in a 20 trap data set. ProTrawler deconvoluted
30-scan segments of the QTOF data using one of four charge
state distribution molecules (based on proteins with molecu-
lar weights of 7.1, 12.3, 20.8, and 28.0 kDa). Each model was
used to produce an output spectrum from 0.5 to 2 times the

molecular weight of the protein on which it was based (e.g.
6—24 kDa for the analysis with the 12.3 kDa model). ProTrawler
required approximately 10h to complete all 3360 analyses for
a 20 trap experiment. ProTrawler’s four output files from each
chromatogram were reconciled into a single output table with
masses ranging from 4.0 to 56 kDa with the Regatta software
package from BioAnalyte. Many protein masses were observed
in more than one deconvoluted spectrum and all masses reported
in this document are intensity-weighted averages.

3.7. Data presentation

The volume of data generated by these two systems created
challenges in information management and presentation. A
60-trap separation generated nearly 7 GB of raw data that
grew to 10 GB after MaxEnt 1 processing. Two different data
presentation solutions have been presented in the literature.
Liu et al. combined their total ion chromatograms (TICs)
end-to-end to form one long chromatogram in which overall
retention time indicated retention in both dimensions [43].
Lubman and coworkers used 2-D image plots to present their
data [31,32,34,35]. The vertical and horizontal axes in their
images represented the elution time from the two separations
and color (or brightness in a gray-scale plot) corresponded to
intensity. The Lubman group also created “virtual 2-D gels”
in which the horizontal dimension corresponded to isoelectric
point and the vertical dimension was intact protein mass [55].
A significant advantage of 2-D image plots is that they appear
very similar to the images obtained from 2-dimensional gels.
Figs. 4-7 were created using OriginPro 7.0 (OriginLab Corp.,
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Northampton, MA) to display data processed with MaxEnt 1.
The vertical dimensions in these plots correspond to retention
time in the reversed phase dimension, while each column is a
single reversed phase chromatogram from a different trap. The
horizontal dimension correlates with ion exchange retention
time. TIC data from the reversed phase separations were
manually copied from MassLynx into OriginPro for conversion.
Fig. 8 was created by Regatta directly using the “1-D gel” func-
tion. It is important to note that each TIC in the image plots was
individually normalized to prior drawing the figure. Without this
step, the image plots appeared as black backgrounds with one
or two bright white spots and a handful of very dark gray spots.
Normalization did remove much of the quantitative information
and introduced some artifacts. Some of these normalization
artifacts are explored below. Furthermore, because different
proteins are ionized and detected with varying efficiencies,
it is not standard practice to quantitate proteins directly from
their mass spectrometric intensities. Most mass spectrometric
quantitation schemes for biological samples involve stable
isotope labeling and relative abundance measurements [56].

4. Results and discussion
4.1. Trapping column validation

One of the first questions that had to be answered was how
well proteins could be recovered from the trapping columns
after several hours of storage. This issue was studied by per-
forming replicate analyses on samples that had been allowed to
sit adsorbed on trapping columns for varying amounts of time.
A mixture of four proteins (1.0 pg each of horse cytochrome
C, bovine carbonic anhydrase, ovalbumin, and bovine serum
albumin) was injected onto a trapping column and buffer RP A
was washed over them for five minutes. The flow of solvent was
stopped for varying amounts of time to simulate what would
happen as adsorbed SCX fractions sat waiting for reversed
phase analysis. After the delay, the solvent flow was restarted
and the proteins eluted with a short gradient. Fig. 2 displays
the UV-absorption (280 nm) chromatograms from four of these
separations. The four traces look remarkably similar. The broad
features at the beginning of each delay trace were caused by
small air bubbles that formed in the detector when the solvent
flow was stopped. Clearly, storing proteins on C4 columns
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Fig. 2. Absorbance chromatograms (280 nm) from repeated separations of a
four protein mixture. The times in the chromatogram labels refer to the length
of the delay between loading of the sample and the start of the gradient.

for long periods did not significantly alter their separation
characteristics.

An obvious question about this apparatus is how many traps
to use. Too few traps limit the resolution of the first dimension
separation while individual proteins will be observed in sev-
eral different fractions if too many traps are used. Fig. 3 is a
chromatogram obtained by separating 150 wg of Caulobacter
ribosomal proteins using the Tosoh SCX column. The peaks are
approximately 1.5 min wide, so fractionating the proteins into
60 traps over 90 min appears reasonable.

A third concern is absolute recovery of material from of
the various chromatographic columns. A series of experiments
probed this facet of the system. 100 g each of lysozyme and
a-chymotrypsinogen were loaded onto the ion exchange col-
umn and eluted with the gradient used in the ribosome separa-
tion. A nearly 90% recovery was estimated by Bradford assay
[52]. Separation of 30 g each of lysozyme, myoglobin, and a-
chymotrypsinogen on the trap-analytical column combination
revealed a 117% recovery by Bradford assay. A 118% recovery
estimate was obtained by pooling all fractions from a separation
of 100 g of ribosomes onto 20 traps followed by C4 reversed
phase HPLC. The greater than 100% recovery may arise from

elution time (minutes)

Fig. 3. Fluorescence chromatogram from 150 g injection of ribosomes onto a TSKGel SCX column. The excitation wavelength was 280 nm; the fluorescence

emission wavelength was 350 nm.
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either matrix effects in the Bradford assays or slight carryover
of proteins from previous experiments.

4.2. 20-Trap reproducibility experiments

Two replicate separations of 100 pg ribosomal protein sam-
ples were performed to ascertain the reproducibility of the sys-
tem. That is, will the same protein elute in the same trap in
two different experiments? In order to shorten and simplify the
experiment, only 20 of the trapping columns and a single analyt-
ical column were used. The 54 ribosomal subunit proteins in C.
crescentus have predicted molecular weights between 4832 Da
(L36) and 61670 Da (L.1), predicted isoelectric points ranging
from 4.62 (L7/L12) and 13.04 (LL34), and an average molecu-
lar weight of approximately 16 kDa [1]. The vast majority (45)
have pls above 10 and all but five have molecular weights under
25 kDa. One hundred micrograms of ribosomal subunit proteins
corresponds to approximately 120 pmol of each injected into the
system, and 12 pmol of each protein were analyzed by ESI-MS.
The valves directed the effluent from the SCX column into suc-
ceeding traps every three minutes starting 21 min after injection;
collection of the last fraction started 75 min after injection.

Figs. 4 and 5 display image plots from these two experi-
ments. Brightness corresponds to TIC intensity, and the positions
of several ribosomal subunit proteins are indicated. Both show
data from traps 1-14 because no proteins were observed in traps
15-20. Different ribosomal proteins display different intensi-
ties despite the fact that all proteins except L7/L.12 are present
in equimolar amounts (in E. coli, each ribosome contains four
copies of L7/L.12 [57]). The masses of many ribosomal proteins
are different than those predicted from the genome because of
post-translational modifications. Several of these identifications
required a substantial amount of work (i.e. fraction collection,
multiple enzymatic digestions, HPLC-tandem mass spectrome-
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Fig. 4. Two-dimensional image plot of the TIC data from a separation of 100 g
of Caulobacter crescentus ribosomes using 20-traps and a single reversed phase
column. The ribosomal subunit proteins are labeled. Labels with CC refer to
non-ribosomal proteins; masses without letters refer to proteins that were not
identified.
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Fig. 5. Two-dimensional image plot of the TIC data from a separation of 100 p.g
of Caulobacter crescentus ribosomes using 20-traps and a single reversed phase
column. These data were recorded two weeks after those in Fig. 5. The ribosomal
subunit proteins are labeled. Labels with CC refer to non-ribosomal proteins;
masses without letters refer to proteins that were not identified.

try, and MALDI-tandem TOF mass spectrometry) to elucidate.
A complete discussion of all the proteins observed in C. cres-
centus ribosomal preparations along with their post-translational
modifications is forthcoming [58].

Figs. 4 and 5 appear very similar to each other. Almost all pro-
teins eluted in the same trap at the same reversed phase retention
time in both experiments. A few proteins (e.g. L31, L30, S15,
and L25) changed SCX elution time slightly, but they shifted
by only one trap. These shifts likely reflect slight variations in
the mobile phase composition between the two experiments.
Some proteins were seen in only one of the two experiments.
An unidentified protein with a mass of 40,576 was observed
only in the first experiment, while an unidentified protein with
a mass of 23,074 was observed only in the second experiment.

The reproducibility of the second dimension separation was
characterized with a set of triplicate experiments. Three 125 g
injections of ribosomes were fractionated onto traps 1-20, then
21-40, and finally 41-60; the 60 traps were eluted sequentially
(1-60). The gradient conditions for these separations are found
in Tables 3 and 4. The effluent from the SCX column was frac-

Table 3
SCX gradient table for the triplicate 20-trap separation experiments
Time (min) Flow rate (pl/min) Percent SCX B
0 150 0
20 300 0
25 300 0
45 300 10
95 300 35
96 300 70
102 300 100
103 300 0
110 300 0

All slopes were linear.
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Table 4
Reversed phase gradient table for the triplicate 20-trap separation experiments
Time (min) Flow rate (pl/min) Percent RP B
0 50 0
7 50 0
7.1 50 20
37 50 70
40 50 90
44 50 90
44.1 50 0
53 50 0

All slopes were linear.

tionated as follows: trap 1 for the first 10 min, trap 2 for the
next 10 min, 5 min each in traps 3—19, with the final 10 min of
the gradient directed through trap 20. The retention times in
both dimensions were highly reproducible. The relative stan-
dard deviations (RSDs) of the second dimension retention times
ranged from 0.1 to 0.7% for 10 randomly selected proteins. It
should be noted that these data correspond to proteins sepa-
rated on the same analytical column (C4 1 or C4 2 in Fig. 1)
as the two analytical columns had slightly different retention
characteristics; this phenomenon is discussed below. We also
studied the observed intensities of the proteins as they eluted
from the system. The intensities of protein ions are not nor-
mally used for quantitative purposes due to the large number of
experimental variables (e.g. source conditions, elution solvent
composition, and ionization/detection efficiencies). Table 5 lists
the observed intensities in the three experiments for 10 different
ribosomal subunit proteins. There was no overall pattern to the
intensity data. None of the three separations gave low intensi-
ties for all proteins. In fact the low intensity results are rather
evenly distributed (three in traps 1-20, four each in traps 21-40
and 41-60). Furthermore, the intensities of the proteins varied
over nearly two orders of magnitude. These results underscore
the fact that different proteins are ionized and detected with dif-
ferent efficiencies. Therefore, care must be taken when deriving
quantitative information from protein mass spectrometry inten-
sities alone.

Table 5
Summed mass spectrometric intensities of 10 different ribosomal subunit pro-
teins from the triplicate experiments

area in area in
area in | traps 21- | traps 41-

Protein mass [traps 1-20 40 60 RSD
L36 4,832 [6.35E+04|7.87E+04| 9.54E+04 20.1
L3z 6,794 |[6.63E+05]7.43E+05[5.98E+05 10.8
L31 8,376 [3.21E+05[ 3.67E+05[ 3.22E+05 7.8

24 10,865 | 1.12E+06[6.25E+05| 1.24E+06| 32.8
512 13,694 |1.10E+05|4.57E+05| 3.51E+05| 55.8

56 14,434 | 3.05E+06|2.57E+06| 2.82E+06| 8.5
L0 18,040 [9.83E+05(2.38E+06| 1.95E+06| 404
S5 27,498 | 1.94E+06 | T.64E+06| 1.75E+06| 11.6 |
3 26,667 | 1.34E+05|5.30E+04| T.50E+05[ 46.3
53 28,073 |5.09E+05|9.2TE+05[407E+05| 444

The relative standard deviations (RSDs) are given in percent. The lowest intensity
for each protein is highlighted.
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Fig. 6. Image plot of data from separation of a 100 pg Caulobacter ribosome
sample on the 60-trap system. Each TIC was independently normalized prior to
plotting. Labeled ellipses are explained in the text.

4.3. 60-Trap system characterization

The full 60-trap device was tested by separating 100 g of
Caulobacter ribosomal proteins. The SCX effluent was directed
into a different trap every 90s throughout the first dimension
separation. It is important to note that the gradient for the first
dimension separation was set up to maximize peak capacity (i.e.
have proteins elute into as many different traps as possible).
Fig. 6 contains the 2-D image plot of the TIC data. Although the
features are too small to label as in Figs. 4 and 5, several features
stand out. The first is the large number of bright bands observed
in almost every trap. Protein signals were observed only in traps
1-14 in the 20 trap experiments (see Figs. 4 and 5); proteins
were observed in traps 4-57 in the 60 trap separation.

An important criterion for assessing the 60-trap system’s per-
formance was whether the number of traps was appropriate for
the peak capacity of the SCX separation. Splitting the same
protein into multiple traps causes an undesirable reduction in
sensitivity. Conversely, the number of traps must be sufficient
to exploit the peak capacity of the first dimension separation. It
was clear that 20 traps were not quite adequate to fractionate the
ribosomal proteins as several of them coeluted in Figs. 4 and 5
(e.g. L3 and L19 or S12 and S13). Fig. 6 suggests that about half
of the proteins eluted in primarily one trap and half eluted in
two or three traps. Examples of the latter are circled and labeled
with an “a” in Fig. 6. A protein was observed in two traps when
the system switched while it was eluting off of the SCX column.
Since a few proteins were observed in three traps and a signifi-
cant number were observed in two traps, it is apparent that the
number of traps slightly exceeds the peak capacity of the SCX
separation.

One would expect the retention time of a protein to remain
nearly unchanged every time it was separated on the same type
of column with the same gradient. That would appear as a solid
white/gray bar 2 columns wide in Fig. 6. The circle labeled “al”
in Fig. 6 envelops three chromatographic features whose mass
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Fig. 7. 2-D image plot of intensity as a function of trap number and scan number
(reversed phase retention time) for one of the triplicate separations of 125 g of
Caulobacter ribosomal proteins.

spectra indicate ribosomal subunit protein S6. The three bands
alternate in vertical position. Comparable shifts are observed for
all bands labeled “a” in Fig. 6. The shifts in the positions of the S6
bands correspond to 0.8 min variations in reversed phase reten-
tion time. In this experiment, all even-numbered traps eluted
through column “C4 1” and all odd-numbered traps through col-
umn “C4 2” (see Fig. 1). The data in Fig. 7 show proteins were
retained slightly longer in the odd-numbered traps indicating
a difference in the retentiveness of the two analytical columns
connected to Valve C. One possible solution to this problem
is removing the analytical columns from the system and using
the traps as analytical columns. It is known that column length
does not have a large impact on resolution in reversed phase
separations of proteins [59]. One concern is that the proteins
would diffuse from the heads of the later-developed trapping
columns during the nearly 50 h required to complete an exper-
iment, leading to broad peaks in the TICs. The data in Fig. 2
suggest this might not be much of a problem. The analytical
columns were placed after the traps to minimize any peak broad-
ening that occurred during the time between the two separations,
and many systems employing online trapping columns use this
arrangement [45-49]. Optimal matching of the two columns
may not fully alleviate this problem as the performance of the
two columns might degrade at different rates.

The regions labeled “b” in Fig. 6 correspond to portions
of the data whose deconvoluted spectra contained a feature at
13,172 Da, which is consistent with ribosomal subunit protein
L7/L12. A large number of peaks consistent with L7/L.12 were
observed in the 20-trap experiments as well. L7 and L12 are
intriguing in that they have the same sequence. In E. coli, L7
retains its N-terminal methionine and is acetylated, while L12
loses its N-terminal methionine and is methylated [60]. The form
of L7/L12 most commonly observed in these experiments had
lost its N-terminal methionine and was methylated, correspond-
ing to L12, although much smaller amounts of acetylated L7
were also observed. In E. coli, there are two copies of L7 and
two copies of L12 in each ribosome; only one copy of each of the

other ribosomal subunit proteins is found in a single ribosome
[57]. It is possible that the poor focusing of L7/L12 during the
SCX separation results from non-denatured multimers or differ-
ently folded versions of L7/L12. This is further considered in a
separate publication [58].

No protein signals were observed in the total ion chro-
matograms from the first three and last two traps, nor remarkably,
in any of the regions labeled “c” in Fig. 6. The bright areas in
those regions correspond to increases in background chemical
noise. Each TIC was individually normalized by dividing all
intensities in a TIC by the largest one, and the brightness of
some areas associated with little protein signal are data process-
ing artifacts. That is, if no proteins eluted from a particular trap,
then background noise is the basis for the normalization, and it
appears abnormally bright in the image plot. Areas circled and
labeled “c” in Fig. 6 display intensity patterns that look some-
what periodic. Intensity maxima appear approximately every
three minutes in the TIC traces in which they are observed. A
closer look at the raw data revealed a general increase in the TIC
signal, but no discernable peaks. Deconvoluted spectra derived
from these data were equally featureless. The origin of these
weak and ill-defined features may be non-protein material elut-
ing/bleeding off of the SCX or C4 columns.

A wider range of column dimensions and gradient conditions
needs to be explored. The SCX separation was performed at a
flow rate slightly below the optimum recommended in Tosoh’s
literature in order to limit back pressures, and increasing the
flow rate of the SCX gradient might improve the resolution in
the first separation. Another aspect that could be improved is the
concentration of analytes between dimensions. The current con-
figuration incorporates a six-fold reduction in flow rate between
the first and second separations. This concentration effect could
be increased either by raising the flow rate in the first dimen-
sion or reducing the inner diameter of the trapping and analytical
columns; the problem with either approach is back pressure. The
Tosoh SCX column has a maximum recommended pressure drop
of 3000 psi. Since the pressure drop across the SCX column
was approximately 1700 psi, there is some room for flow-rate
increase and little danger in a slight reduction in trapping col-
umn diameter. One solution that would allow even higher back
pressure is to switch SCX stationary phases to a more robust
substrate (e.g. silica or zirconia). The methacrylate beads in the
Tosoh column provide excellent chemical resistance, however,
and columns packed with this material can be used in buffer con-
ditions that would destroy most silica-based stationary phases
(e.g. anion exchange experiments at pH >7). Another issue in
column selection is loading capacity; the reported loading capac-
ity for the Tosoh column is only 200 g, approximately the same
as an analytical-scale 2-D gel. A significantly larger capacity is
needed in order to work on the semi-preparative scale required
to isolate low-copy number proteins [19,20].

Another question concerning peak capacity is how often two
proteins co-elute in this system. The ribosome contains only 54
separate subunit proteins, and is not complex enough to fully
explore this concern. Fig. 4 reveals six pairs of co-eluting pro-
teins (L10 and S2, L3 and L19, L13 and S19, S7 and L21,
S12 and S13, L17 and L16). Clearly, co-elution becomes more
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problematic as sample complexity increases. The mass spectrum
represents a third dimension that can be exploited to distinguish
co-eluting proteins (e.g. L10 and S2 have masses of 18,040 and
28,012 Da, respectively). Similar problems occur in any scheme
used to separate complex mixtures, and researchers must often
use additional separations to resolve co-eluting species.

In its present configuration, the apparatus described herein
offers no significant speed advantage over 2-D gel electrophore-
sis. The bulk of the analysis time is spent on the second dimen-
sion separations, thus optimization of these could considerably
shorten the experiment. The system described recorded mass
spectra for 40 min during each 50 min reversed-phase gradient.
Optimization of the HPLC gradient (e.g. cutting seven or eight
minutes of desalting time from the gradient and starting at a
higher percentage of RP B) could remove several hours from
the experiment. Unfortunately, some of the inefficiency in the
separation was due to the 2795 pump itself. The Waters 2795 is a
low pressure mixing, analytical scale chromatograph with nearly
450 pL of void volume between the gradient proportioning valve
and the head of the column (nine minutes at 50 wL/min). The
relatively large void volume clearly delays the gradient arrival
on the traps and reversed phase columns. Much of this void vol-
ume could be removed if pumps with high pressure mixing at
the column head were employed. Alternatively, a splitter right in
front of the columns would allow the 2795 to operate at a much
higher flow rate, minimizing the impact of the void volume. The
5 m, porous, reversed-phase particles in the traps and analytical
columns could be replaced with more efficient stationary phases
(e.g. 1.5 pm non-porous particles, 1.8 wm ultra-high pressure
porous particles, or monolithic stationary phase). If the reversed
phase analysis time could be reduced to 15 min, the complete
two-dimensional separation could be completed in 17 h, not 60.
These changes and others will be explored in the future.

A complex issue associated with the current system is data
presentation and management. The 60-trap experiment gener-
ated nearly 10 GB of data after MaxEnt 1 processing. Each
deconvoluted mass spectrum contained 56,000 data points, and
there were 900 of these totaling over 50 million data points.
The image plots in Figs. 4—6 were created from the total ion
chromatogram traces, ignoring all mass information. A plot of
intensity as a function of trap number and molecular weight
should be able to resolve the coeluting species in Fig. 7. The
Regatta software package facilitated plotting molecular weight
as the vertical dimension instead of retention time. Fig. 7 is
the 2-D plot for one of the triplicate analyses described above
using scan number (reversed phase retention time) on the verti-
cal axis and looks very similar to Figs. 4-6. Fig. 8 is a plot of
the same data but the vertical axis is now molecular weight as
determined by the mass spectrometer. Assuming no additional
modifications, a protein’s molecular weight is independent of its
retention time. Utilizing molecular weight as the vertical dimen-
sion eliminates the retention time differences observed when a
protein elutes into two different traps as seen in Figs. 4-7. In
Fig. 7, proteins L11, L29, and L25 coelute in trap 7, but are
clearly resolved in Fig. 8. Similarly, in Fig. 8, proteins S6 and
S8 appear to coelute in trap 8, but they are clearly resolved in
Fig. 7. The inset of Fig. 8 highlights the resolution of the ESI-
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Fig. 8. 2-D image plot of intensity as a function of trap number and deconvoluted
molecular weight for one of the triplicate separations of 125 wg of Caulobacter
ribosomal proteins. The inset expands a portion of the data from trap 8. The
asterisks indicate features arising from artifacts of the deconvolution process.
Only those features with more than 5% relative intensity in each trap are shown.

QTOF mass spectrometer. The dark gray features accompanying
proteins S6 and S8 correspond to oxidized (+16 and +32 Da) and
sodiated (+22 and +44 Da) versions of the proteins. In fact, all
species that appeared to co-elute in Fig. 8 were resolvable when
the vertical scale of was expanded. Figs. 7 and 8 convey comple-
mentary information and both plot types (molecular weight and
retention time) contribute to a complete analysis. Retention time
plots are needed to assess the performance of the chromatogra-
phy and determine which fractions contain proteins that need
further analysis while the molecular weight plots convey the
information required for protein identification and to elucidate
co-eluting features.

An improved software solution would allow the creation of
image plots using any combination of trap number, reversed
phase retention time, and deconvoluted protein mass and keep
track of annotation information (e.g. protein identities, modifi-
cations, etc.). One could use deconvoluted mass information to
look for all occurrences of a specific protein mass (e.g. L12 at
13,172 Da) to create an image plot with only one or two bright
areas. These areas would correspond to a particular mass spectral
feature facilitating the isolation of a specific version of a protein
(e.g. highlight a particular modified protein). A 3-dimensional
plot of these data (e.g. trap number in the X dimension, reversed
phase retention time in the Y dimension, protein mass in the Z
dimension, and intensity represented with a color scale) would
be helpful if the proper tools existed to interact with all the data
(e.g. ability to rotate the plot freely in all three dimensions and
quickly obtain mass or retention time information for a particular
feature). The issue of the normalization of each TIC (employed
mainly for aesthetic reasons) needs to be addressed if quantita-
tive information is to be obtained from this apparatus.

The asterisks in Fig. 8 label bands that correspond to
artifacts of the deconvolution process. The molecular weight for
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ribosomal subunit protein L10 (trap 5) is 18,040Da (no
modifications observed), but the deconvoluted mass spectrum
contained features at 18,040 and 9020 Da; 9020 is exactly one-
half of 18,040. Similar observations were made for ribosomal
subunit proteins S6 (trap 8), L13 (trap 11), S7 (trap 14), L4 (trap
16), and L17 (trap 17). Likewise, the intact molecular weight
of ribosomal subunit protein L28 (trap 10) is 10,499 Da (loss of
N-terminal Met [58]), yet its deconvoluted mass spectrum had
features at 10,499 and 20,999 Da. Usually the artifact peaks
were less intense than the feature corresponding to the actual
protein, but the 21 kDa feature was slightly more intense than
the 10.5kDa peak in the ProTrawler data (trap 10). MaxEnt 1
data occasionally generated higher “harmonics” (three or four
times the correct molecular weight). The artifacts arise because
the predicted charge state distributions for species at integral
ratios of a protein’s molecular weight (e.g. 1:2, 2:1, 3:1) are very
similar. For example, the predicted +14, +15, +16, +17, and
+18 charge states of a protein of mass 18,040 have m/z ratios
of 1289.6, 1203.7, 1128.5, 1062.2, and 1003.2, respectively,
and the +7, +8, and +9 charge states of a 9020 Da protein are
1289.6, 1128.6, and 1003.2, respectively. These similarities
are not correctly interpreted by automated deconvolution
algorithms at present. A careful observer can quickly identify
these artifacts when one compares the predicted charge state
distribution with experimental data. For example, the L10 mass
spectrum had very intense peaks at +14, +15, +16, +17, and
+18, and the intensities of the +15 and +17 charge states were
not explained by the suggested 9020 Da protein. Unfortunately
such manual analysis is impractical when large volumes or data
are processed. These artifacts have been briefly described before
[54], and a more detailed study of these phenomena is ongoing.

5. Conclusions

A novel two-dimensional liquid chromatograph system was
constructed and its performance characterized. The trapping
columns in this apparatus were able to adsorb proteins from
the ion exchange effluent and facilitate their desalting. Reversed
phase resolution did not degrade due to long delays between the
two separations. Intact protein masses were obtained by ESI-
QTOF mass spectrometry. A subsequent publication will present
all Caulobacter ribosomal protein assignments [58]. The 60-trap
system described in this document is a flexible, robust separa-
tions platform that has been used by several other researchers.

The apparatus described functions as a sample preparation
system, not a protein identification machine. An intact mass
alone is rarely sufficient to identify a protein in a complex
mixture. Traditional mass spectrometric protein identification
methods relying on either enzymatic digest peptide masses
[61,62] or sequence data obtained by tandem mass spectrome-
try [63—65] are still required to definitively identify the proteins
separated by this apparatus. The 60-trap device will be cou-
pled to a novel sample deposition and archiving apparatus [66]
that will allow proteins separated by the 60-trap apparatus to
be enzymatically digested prior to a second mass spectromet-
ric analysis. The second mass spectrometer will facilitate both
peptide mass mapping [67—71] and peptide ion fragmentation

experiments [63,64,72,73]. The combination of these technolo-
gies will enable comprehensive protein profiling of complex
biological samples.
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