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Displacement  chromatography  provides  some  advantages  over  elution  chromatography  such  as  the
opportunity  to enrich  trace  amounts  of  molecules  and  to elute  molecules  in highest  concentrations
achievable  with  liquid  chromatography.  In  a  previous  study  we  demonstrated  that  displacement  chro-
matography  is  a  well-suited  alternative  to gradient  elution  in  an  offline  two-dimensional  (2D-)LC–MS
approach  for  the  analysis  of  proteomes.  In  this  study  we  present  a method  for  applying  displacement  chro-
matography  in  an  online  2D-LC–MS  system  including  a cation  exchange  (CEX)  column  and  a  reversed

phase  column.  We  circumvented  the  problem  of  determining  the  sample  capacity  of  the  CEX  column
by  repeated  injection  (pulses)  of  sample  aliquots  monitored  by an  LC–MS  analysis  of  each  flow-through
fraction  of  the  CEX  column.  Elution  of  tryptic  peptides  from  the  CEX  column  was  achieved  by repeated
injection  (pulses)  of  the  displacer  spermine.  Pulsed  displacer  injections  offer  the  advantage  through  phys-
ical  separation  of  preventing  post-column  mixing  of already  separated  compounds.  As  a proof  of  principle
we  analyzed  the  cytosolic  proteome  of human  neutrophils.
. Introduction

In the analysis of complex protein samples, the shotgun
pproach is widely used. In this approach, digestion of proteins
own to the peptide level reduces complexity of the chemical het-
rogeneity of the molecules in a sample. The resulting peptides
ave more homogeneous chemical properties compared to a pro-
ein sample. At the same time, the number of different individual

olecules in the sample is multiplied, resulting in well-known
roblems for mass spectrometric analysis such as ion suppression
r identification of only high abundant peptides. Therefore, sepa-
ation of the proteolytic peptides prior to their mass spectrometric
dentification is a crucial step in proteomic approaches. A common

ay of separation in shotgun proteomics is two-dimensional liquid

hromatography (2D-LC) with a cation exchange chromatography
s first dimension followed by reversed phase (RP) chromatography
n the second dimension [1–3]. Salt step gradients are often used

Abbreviation: DC,  displacement chromatography.
∗ Corresponding author. Tel.: +49 40 7410 58795; fax: +49 40 7410 40097.

E-mail address: trusch@chemie.uni-hamburg.de (M.  Trusch).

021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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© 2012 Elsevier B.V. All rights reserved.

for peptide elution from the first dimension, especially in online-
2D-LC–MS systems. Salt step gradients nevertheless possess some
disadvantages such as multiple elution of peptides (also known as
carry-over effect) and a decreased resolution [4–6]. Thus for 2D
chromatographic approaches further improvements are desirable
for getting a deeper look into proteomic samples.

Displacement chromatography (DC) was already introduced in
1942 by Tiselius [7].  Already almost 30 years ago DC was shown
to work very efficiently in preparative peptide separation [8–10].
The major advantages of displacement elution mode for proteomics
are the enrichment effect on trace components [11,12] and a con-
centrating effect yielding the highest concentrations of analytes
eluting from the stationary phase compared with any other elution
mode in liquid chromatography [8].  We  recently demonstrated the
benefits of DC using ion-exchange chromatography as a first sepa-
rating step in an offline 2D-LC–MS proteomics study [13]. However,
online 2D-LC–MS experiments offer several advantages over offline
experiments, for example, they are more easily automatable and

offer improved recovery, which in proteomics is equivalent with
an increased number of identified proteins. Therefore, our aim was
to develop a method for using the displacement elution mode in an
online 2D-LC–MS approach integrated into a shotgun proteomics

dx.doi.org/10.1016/j.chroma.2012.02.029
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:trusch@chemie.uni-hamburg.de
dx.doi.org/10.1016/j.chroma.2012.02.029
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Fig. 1. Simplified scheme of the 2D-LC–MS setting in displacement mode. Note that
the  enrichment column and the separation column are integrated on the HPLC chip.
Sample and displacer eluent are injected by an autosampler and loaded by pump 2
onto the cation exchange (CEX) column installed directly behind the injection valve
(1).  Non-binding and eluting components pass toward the reversed phase (RP) trap-
M. Trusch et al. / J. Chrom

orkflow. For the successful integration of a displacement step in
n online 2D-LC–MS method two problems had to be solved. 1. In
C the quality of separation critically depends on the loaded sam-
le amount in relation to the total binding capacity of the stationary
hase. If the sample amount injected onto the column is too small,
he bands obtained by DC will be too narrow, resulting in a poor
eparation of the peptide mixture. A sample amount significantly
xceeding the binding capacity of the column will result in a sample
reakthrough and thus in the loss of peptides having low affinities
oward the stationary phase. This problem can be solved by the
etermination of the binding capacity of the sample to the column.
nowledge of the binding capacity is the basis for calculating the
ppropriate sample amount guaranteeing a good separation. How-
ver the experimental determination of the binding capacity of the
tationary phase for certain applications like proteomics can waste
aluable sample. A solution is required to avoid this step. 2. In con-
entional DC the eluent containing the displacer is usually pumped
ontinuously through the column as soon as the sample injection
s finished. In a 2D-LC setup this is not possible without loosing
hose peptides that will be eluted by the displacer during the time
nterval needed for separating the previous peptide fraction on the
econd column – the RP column. In common 2D-LC approaches like
Multidimensional Protein Identification Technology” (MudPIT) [3]
his problem is solved by sequential salt pulses which are pumped
nto the cation exchange column for eluting a small peptide frac-
ion, which will subsequently separated by the RP column. As soon
s this separation is finished the next fraction will be eluted from
he cation exchange column by injection of a salt pulse with an
ncreased salt concentration. In this study we applied a solution for
hese two problems. The method was used for the analysis of the
roteome of human neutrophiles.

Neutrophiles are primary effector cells of the innate immune
ystem. These cells fight against bacterial and fungal infections and
odulate inflammatory responses. Dysregulation of neutrophils

an result in tissue damage which has been reported in a number
f inflammatory diseases [14]. Therefore analysis of the proteome
ay  be helpful for getting a deeper insight into the physiology and

athophysiology of neutrophiles.

. Methods

.1. Sample preparation

Granulocytes (107 cells) were isolated from human EDTA blood
sing LymphoPrep and PolymorphPrep (PROGEN Biotechnik, Hei-
elberg, Germany) according to the manufacturer’s instructions.
ranulocytes were resuspended in 100 �L lysis buffer (80 �L HEPES
uffer (50 mM HEPES, 150 mM NaCl, 0.05% SDS) + 1 �L Protease-

nhibitor Mix  M (Serva, Heidelberg, Germany) + 10 �L of 100 mM
MSF + 10 �L of 1 M NaF). Cells were disrupted using three freeze-
haw cycles and centrifuged at 660 × g for 10 min. The supernatant
as aspirated, immediately frozen in liquid nitrogen and stored at
80 ◦C.

.2. Tryptic digestion

For tryptic digestion the protein sample was dried and sub-
equently dissolved in 50 �L 6 M urea. 1.3 �L of a 200 mM
ithiothreitol in digestion buffer (100 mM NaHCO3 buffer, pH 8.3)
ere added and the solution was incubated for 10 min  at 60 ◦C.
lkylation was carried out at 25 ◦C for 40 min  in the dark by

dding additional 1.3 �L of 100 mM iodacetamide (in digestion
uffer). 425 �L of the digestion buffer were added. 40 �L of trypsin
Promega, WI,  USA) solution (0.25 �g/�L  dissolved in trypsin resus-
ension buffer, Promega) were added. The reaction mixture was
ping column. Pump 1 delivers the gradient to elute peptides from the trapping onto
the  separation column and then into the ESI ion trap mass spectrometer. Further
abbreviations: W:  waste; 1 and 2: valves.

incubated for 16 h at 37 ◦C. The reaction was quenched by adding
formic acid to a final concentration of 0.2%.

2.3. Desalting

Desalting of the sample was  carried out on a �RPC C2/C8
2.1/10 (GE Healthcare, Little Chalfont, UK) using a Smart sys-
tem (Pharmacia Biotech, Uppsala, Sweden, now GE Healthcare) for
chromatography. Peptide elution was monitored online photomet-
rically at 220 and 280 nm.  Loading of the sample was carried out
in sample loading buffer (solvent A: 0.2% formic acid (FA) in HPLC-
grade water) at a flow rate of 100 �L/min. Peptides were eluted
with a gradient of 0–60% solvent B (100% acetonitrile, ACN) in 5 min.
The peptide-containing fraction was  collected and the solvent was
evaporated to complete dryness.

2.4. Two-dimensional liquid chromatography–tandem mass
spectrometry

Two-dimensional liquid chromatography–tandem mass spec-
trometry analysis (2D-LC–MS/MS) was  performed using a cation
exchange chromatography as first and reversed phase chro-
matography as second separating dimension. The experiment was
performed on an ion trap (IT) mass spectrometer (XCT Ultra, Agilent
Technologies, Waldbronn), equipped with an Agilent HPLC-Chip
Cube interface integrated into an 1100 series HPLC system (Agi-
lent Technologies). The HPLC-chip (Large capacity chip, Agilent
Technologies) integrates two  on-chip columns, an enrichment col-
umn  (internal volume 160 nL), a separation column (150 mm,  both
5 �m Zorbax 300 SB-C18 material) and a nanospray emitter. As
first separating dimension, a strong cation exchange column (Zor-
bax Bio-SCX Series II, 0.3 mm × 35 mm,  particle size 3.5 mm,  Agilent
Technologies) was  installed directly behind the autosampler of the

HPLC system (Fig. 1).

A capillary pump, working at 1 �L/min, was used to load the
sample onto the CEX column in 29 sample loading steps (load-
ing volume 0.2–1 �L). The solvent was 98% solvent A (0.2% FA in
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PLC-grade water) and 2% solvent B (ACN). Non-binding com-
onents were passed directly to the enrichment column of the
PLC-chip. After each sample loading step, which included a wash-

ng step of the enrichment column, an LC–MS run was  performed.
herefore, a nano pump delivering a flow of 400 nL/min was
mployed for gradient separation. Tryptic peptides trapped on the
nrichment column were separated on the separation column using

 linear gradient composed of solvent A and B. The gradient con-
isted of 2–40% eluent B within 40 min.

Elution of the tryptic peptides bound to the CEX column was per-
ormed by injecting pulses of 1 mM  spermine dissolved in solvent

 (displacer eluent). The following injection volumes were used for
isplacement elution: first elution pulse: 2 �L, elution pulses 2–49:

 �L, elution pulses 50–59: 5 �L.
The following parameters were used for IT-MS identification:

canning range from 300 to 2000 m/z, electrospray voltage was set
o −1750 V, nitrogen was used as drying gas for desolvation at a
ow rate of 4 L/min and 325 ◦C. Precursor ion mass spectra were
cquired in positive ion mode with automated data-dependent
S/MS  of the three most intense ions of each precursor MS  scan.
oubly charged ions were isolated preferentially. Isolation width
as set to 4 Da, MS/MS  fragmentation amplitude to 1.25 V. Peptides
ere actively excluded after three spectra and released after 1 min.

.5. Bioinformatic analysis

Peaklists for MS/MS  database search have been generated using
ata Analysis Software for 6300 Series Ion Trap LC/MS version
.4. The protein identification was carried out with TOPP (The
penMS Proteomic Pipeline) [15,16] version 1.7 and its graphical
ser interface TOPPAS using three different search engines (OMSSA
17] version 2.1.1, X!Tandem [18] version 2007.07.01.1, Mascot
19] version 2.1.03) in a consensus identification pipeline [20].
he search parameters included potential residue mass modifica-
ion for carbamidomethylation on cysteine residues and oxidation
n methionine residues, one missed trypsin cleavage, precursor
on mass tolerance was 1.2 Da, fragment ion mass tolerance was
0.6 Da. The spectra were searched against a decoy database (Swis-

Prot Human database version 55.4) to estimate false positive rates
f the peptides. The identified peptides were validated using a tool
IDDecoyProbability) similar to PeptideProphet [29]. This tool used
he peptide identifications of the different search engines to learn
he distribution of scores and peptide probabilities of correct and
ncorrect identifications. Afterward the distribution was  used to
alculate for each peptide identification the probability that it was
orrectly identified. The identified peptides were filtered using a
-value threshold of q < 0.05. For protein validation ProteinProphet
21] was used to estimate protein probabilities and to adjust the
robabilities for each peptide. Finally, only proteins and peptides
ith a reported probability of higher/equal 99% and at least two

dentified peptides per protein including one unique peptide were
ccepted.

To interpret and compare the elution behavior of both elution
odes, the charge of each individual peptide was calculated based

n the amino acid sequences determined by the database searches
s described above and on the assumption, that each peptide was
ully protonated in eluent A in the presence of 0.2% FA.

. Results and discussion

In this study we describe an online 2D-LC–MS approach in which

he first LC dimension – a cation exchange column (CEX) – is oper-
ted in the displacement mode followed by a RP trapping column
oupled to a RP separating column as second dimension. Both RP
olumns are integrated on a HPLC-chip system. Via an emitter,
. A 1232 (2012) 288– 294

which is part of the HPLC-chip, the eluent of the separation column
is directly passed into the ionization chamber of an electrospray
ionization ion trap mass spectrometer (ESI-IT-MS). HPLC-chip–ESI-
MS  guarantees a robust LC–MS performance which was mandatory
in this study as the total operating time of our analysis of a tryp-
tic digest of neutrophil proteins took about 90 h. A critical point
in online 2D-LC–MS approaches is the stability of the system in
particular with respect to stability of the chromatographic separa-
tion and stability of the spray in the ESI source. Commonly used
nanoESI-MS is often impeded by instability of the spray, a problem
that is circumvented by using an HPLC-chip system. We  demon-
strated chromatographic performance of the HPLC-chips regarding
their stability and reproducibility previously [22]. In the system
used in this study we additionally installed a CEX column directly
behind the autosampler (Fig. 1). The analysis of the proteome of
neutrophils was started by directly injecting sample aliquots onto
the CEX column. In our system non-binding or eluting peptides
are directly trapped on the RP trapping column. Substances with
no affinity toward the RP material in the trapping column were
eluted into the waste. Each injection of a sample aliquot was fol-
lowed by a short washing period thereby removing salts and other
substances with no affinity to the RP material from the trapping
column. Sample injection and desalting was followed by a switch
of valve 2 (Fig. 1). As a result the nanopump (pump 1 in Fig. 1)
delivered a water-acetonitrile gradient via the trapping column to
the separation column by which the peptides were separated and
eluted toward the mass spectrometer.

In this study DC was chosen for the analysis of a proteome
because this elution mode promises properties, which are espe-
cially useful in 2D-LC proteomic approaches. In contrast to gradient
elution the substances eluting from the column are not diluted but
rather concentrated. Already during sample loading the individ-
ual molecules compete with each other for binding sites on the
stationary phase. As a result of this competition the individual pep-
tides form bands in which the band of the peptide with the highest
affinity toward the stationary phase is located on the column inlet.
A band containing the peptide with a lower affinity follows this
band. The band of the peptide with the lowest affinity but which
will still bind to the CEX column is located nearest to the outlet
of the column. Once the sample application is finished the pep-
tides will not move significantly down the column if pumping of
the sample application buffer will be continued. In gradient chro-
matography elution of the peptides from the CEX stationary phase
is induced by increasing the suppression of electrostatic interac-
tions between the negatively charged functional groups of the CEX
and the positively charged peptides by an increase in salt concen-
tration in the eluent from 0 M to 0.5 M or even 1 M.  Mass action [23]
requires an excess amount of salt, because sodium ions have a very
low affinity toward the charged functional groups of the CEX.

In contrast, in DC the analytes are eluted from the column by
pumping a displacer molecule onto the column that is dissolved in
the sample application buffer. Hence, the displacer molecule should
have a higher affinity toward the stationary phase than any analyte.

By continuously pumping the displacer onto the column the sta-
tionary phase will become increasingly saturated by the displacer
molecule thus forcing the analytes to move down the column. Dur-
ing movement of the bands – termed displacement train – down
the column a self-sharpening effect increases the purity within the
bands.

The velocity v of a component running through a chromatogra-
phy column is proportional to the amount of the analyte C in the
mobile phase divided by the amount of the analyte bound to the

stationary phase Q at equilibrium (v is proportional to C/Q) [32]. A
compound possessing a low affinity toward the stationary phase,
such as NaCl, requires a large amount C to displace all of the analytes
from the stationary phase. As a result the NaCl front propagates
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Fig. 3. Chromatogram of the sample pulse for online DC displaying individual
peptides as lines. Each line represents an individual peptide, characterized by its
molecular mass (ordinate), and its affinity toward the cation exchange material
(number of LC–MS-run, in which the peptide was detected, abscissa). The molecular
masses and the charges of the individual peptides were calculated from their amino
EX  column after one sample pulse. The separation took place on the on-Chip RP
olumn.

hrough the column too quickly to allow a displacement train to
orm, and in general does not allow enough “space” for the train to
orm between the NaCl front and the mobile phase frame of refer-
nce. In contrast a displacer with a very high affinity can displace
he analytes at a much lower concentration which provides for a
ery low “C/Q” value, which means the displacer front propagates
uch slower and allows time and “space” for the displacement

rain to form.
The DC is finished as soon as the stationary phase is saturated

y the displacer molecule. The concentration of the eluting ana-
ytes in DC are the highest concentrations achievable with liquid
hromatography and can be governed by the concentration of the
isplacer. For example, an increase of the concentrations of eluting
nalytes will be obtained by increasing the concentration of the dis-
lacer molecule [24]. Typical concentrations of displacers are in the

ow mM range and therefore are one to two orders of magnitude
ower than the common concentrations of salts in ion-exchange
radient elution [25].

According to Zhu et al. [30], displacer impurities negatively
nfluence a displacement separation. However in the method which

e present here, impurities of spermine should not have a sig-
ificant effect on the peptide separation because spermine is not
ontinuously pumped onto the CEX column like in conventional
isplacement chromatography but by repeated injections of small
mounts. A contamination which will bind to CEX will displace
permine or some peptides or both but this has no effect on the
ubsequent separation of the peptides on the reversed phase col-
mn. If the contamination will not bind to CEX it may  either pass
he reversed phase column without binding or it will bind to the
rapping column. In the latter case it may  occupy a small part of
he trapping column thereby slightly reducing the binding capac-
ty of the trapping column. This type of contamination will elute as

 peak from the reversed phase column which should not have an
ffect on peptide identification.

A problem that had to be solved in this study was the estimation
f the proper sample feed as explained in the introduction. Accord-
ng to DC theory optimal sample loading for DC applications occurs
etween 50% and 75% column binding of the stationary phase [31].
owever, in our experiment for practical reasons we  overloaded
he column by a small excess of sample until the first low affin-
ty peptides eluted from the column (see Figs. 2 and 3). Using this
rocedure we circumvented to determine the binding capacity of
acid  sequences identified by the LC–MS/MS experiments and data base searches.

our sample to the stationary phase thus avoiding loss of our small
sample amounts. We  solved this problem by repeated injection of
sample aliquots. Since every sample injection was  accompanied by
a LC–MS analysis of the substances that passed the CEX, a full con-
trol of the sample application process was  given (Figs. 2 and 3). In
Fig. 2 representative base peak chromatograms of the LC–MS anal-
ysis recorded after different numbers of injections are presented.
There is no significant difference in the chromatograms following
the sample injections 3, 15 and 27. A change of the profile is obvi-
ous in the chromatogram taken after the 28th sample injection.
This change is even more dramatic in the chromatogram follow-
ing the 29th injection. The eluting peptides represent low affinity
components that are pushed down from the column by a sample
displacement effect starting as soon as the column is fully loaded
and the binding places are completely saturated. This effect is even
more obvious in the chromatogram in Fig. 3 (z = 2) summarizing
the results of LC–MS analysis of all sample injections within a sin-
gle chromatogram. For a better overview the chromatogram was
split into three parts representing peptide ions with a calculated

net charge of +2, +3 or +4 in the sample application buffer in the
presence of 0.2% formic acid. As expected doubly charged ions are
the most abundant species during sample application.
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ig. 4. Exemplified base peak chromatograms (BPC) of peptide elution in displace-
ent mode. Each chromatogram represents one LC–MS run of peptides that were

luted by a single displacer pulse.

Elution of the peptides adsorbed to the CEX column was  started
irectly after injection run of the 29th sample aliquot. For peptide
lution from CEX the second problem had to be solved as in an
nline 2D-LC setting a continuous elution of analytes from the first
olumn is difficult. A common solution for this problem in online-
D-LC is the application of salt pulses for eluting analytes from ion
xchange columns. The application of a displacer pulse is even bet-
er suited than application of a salt pulse in gradient elution as the
isplacer molecules present in the pulse will completely bind to
he stationary phase thereby pushing those analytes from the col-
mn  that are located nearest to the column outlet. In contrast, in
radient elution a salt pulse will enter, traverse and leave the col-
mn thereby mobilizing in the pulse those analytes from which
he electrostatic interactions with the stationary phase were inter-
upted. The problem of this process is that the establishment of the
quilibrium of the analytes according their distribution between
he stationary phase and the mobile phase is consistently repeated
n every segment of the column that the salt pulse, comprising
lready desorbed analytes, passes. As a result in every segment
f the column an aliquot of the analytes will remain at the sta-
ionary phase (according to the law of mass action) and thus the
ecovery decreases by distribution of the analytes over multiple
ractions as documented in Le Bihan et al. [4].  In this study, the
lution of peptide fractions by displacer pulses was  performed by
epeated injections of the displacer, here spermine, onto the CEX
olumn. Each displacer injection is followed by a sequence com-
rising trapping of the eluted peptides on the RP trapping column,
ashing of the trapped peptides to remove the displacer and by a
ater-acetonitrile gradient resulting in the separation of the pep-

ides on the RP separation column and subsequent MS  analysis.
ig. 4 shows some of the representative base peak chromatograms
btained after elution of peptides from the CEX column induced
y the injection of the displacer. The chromatogram in run 1 (first

njection of the displacer) already shows a profile, which is com-
letely different compared to the chromatogram in Fig. 2, run 29.
he chromatograms obtained after the displacer injection No. 46, 47
nd 48 (Fig. 4) contain two abundant peptides (17 min  and 19 min),
hich obviously form a broader band on the CEX column. The com-
arison of the chromatograms of runs 48 and 49 shows significant
ifferences, thus demonstrating the separation power of the dis-

lacement approach. Fig. 5 represents a chromatogram in which all

ndividual chromatograms of the displacement elution are summa-
ized. Surprisingly sharp zones between doubly charged peptides
z = 2), triply charged peptides (z = 3) and quadruply charged
Fig. 5. Chromatogram of the peptide elution in displacement mode displaying indi-
vidual peptides as lines. See Fig. 3 for further explanations.

peptides (z = 4) are recognizable, again demonstrating the separa-
tion power of the displacement elution.

The method described in this study has further advantages. By
changing the amount of the injected displacer the results obtained
by the reversed phase separation can be optimized “on the fly”.
If the signal intensities of the peptides eluted from the CEX in
the reversed phase chromatogram are too low, a larger amount
of displacer can be injected. The ability to control the amount of
the peptides eluting from the CEX by changing the amount of the
injected displacer is also useful for responding to the increasing
concentrations of analytes eluting from the column in displacement
chromatography.

Another advantage in displacement 2D-LC–MS is that fractions
eluting from the CEX do not contain salt like fractions in gra-
dient elution. Higher salt concentrations can result in a loss of
hydrophilic peptides on the reversed phase chromatography as
the presence of salt can disrupt the effect of ion pairing [26].
Potential residual spermine entering the chromatographic system
by repeated injections via the autosampler, should not have any
effects on the MS  results for the following reasons. Spermine will
bind more or less quantitatively to the CEX column until the bind-
ing capacity of the CEX column is nearly saturated by spermine.
Those minute amounts of spermine eluting from CEX will pass

the trapping reversed phase column. Because of its hydrophilicity
spermine will not bind in significant amounts to the latter col-
umn  and will be removed by the washing step. Thus the trapping
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olumn is preventing that significant amounts of spermine will
nter the separation column. Additionally in 0.2% formic acid, the
olvent that has been used in the experiment, the low pH of about

 ensures all peptides to be fully protonated and therefore no
inding of spermine to the peptides via electrostatic interaction

s expected.
Pulsed application of the displacer solution instead of con-

inuously pumping the displacer onto the column provides the
dvantage of a physical separation between the eluted fractions
nd therefore prevents zones of the displacement train to mix
p in after-column dead volumes as it happens in all chromato-
raphic systems that are not free of after column dead volumes. An
mprovement of the separation of the zones should be achievable
y further reducing the displacer amount per pulse. Besides the
ossibility to apply very low displacer amounts, one has to con-
ider that a zone of the displacement train can be “cut” into two
ractions of displacement elution which might result in the loss of
ow abundant compounds.

A limitation of the online-2D-LC–MS system applying displace-
ent as first dimension is given for minute sample amounts if these

mounts are significantly smaller than the binding capacity of the
olumn of the first dimension. In this case, separation of the pep-
ides occurs only over a small range of the column resulting in a
ad separation of eluting peptides after the application of the dis-
lacer. However, this problem can be solved by a reduction of the
olumn dimension. It is important to mention that a reduction in
olumn dimension does not mean to simply reduce the length of a
olumn as this would dramatically decrease the resolution. Instead,

 reduction of the diameter is beneficial or, if this is not appli-
able, one should try to maintain a high aspect ratio of column
ength to diameter, e.g. an aspect ratio of at least 120 as used in this
tudy.

Nevertheless, compared to gradient elution the approach
escribed here is more time consuming because the sample is
equentially loaded in many aliquots.

By the 2D-LC–MS approach using displacement CEX chromatog-
aphy in the first dimension we were able to identify more than
000 peptides belonging to 253 proteins (Supplement Table 1).
he list of identified proteins reveals many proteins known to be
resent in neutrophils. E.g. lactotransferrin was identified with 65%
equence coverage and 57 tryptic peptides, neutrophil elastase
ith 44% sequence coverage and 10 tryptic peptides, neutrophil

elatinase-associated lipocalin with 58% sequence coverage and 12
ryptic peptides, neutrophil defensin 1 with 52% sequence cover-
ge and 3 tryptic peptides, neutrophil cytosol factor 1 with 17%
equence coverage and 5 tryptic peptides, and neutrophil collage-
ase. Lactoferrin was identified with sequence coverage of 11% and
ia identification of 11 unique peptides. The presence of very few
eptides of albumin (7 unique peptides, 7% sequence coverage) or
erotransferrin (2 unique peptides, 1.6% sequence coverage) as well
s the absence of other typical plasma proteins like immunoglob-
lins demonstrates the high quality of the sample preparation of
eutrophils. We  compared the list of proteins identified in this
tudy (Supplement Table 1) with the findings of Kotz et al. [27], who
nvestigated the time-dependent gene expression and abundance
f proteins of stimulated neutrophils. 140 proteins presented in this
tudy (55%) match with the lists of Kotz et al. However the percent-
ge of consent is even higher, since the Kotz et al. only included
hose proteins which showed a time-dependent change in their
bundance. Therefore proteins like the ubiquitinously synthesized
ntracellular protein GAPDH were not present in the lists of Kotz
t al.
Kennedy et al. analyzed a neutrophil protein extract by 2D-gel
lectrophoresis [28]. The authors published 23 proteins identified
rom the gel. Between the results of these authors and the identified
roteins of our study, we find a consensus of 73%.

[
[

[
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4. Conclusion

In this study we demonstrated a solution for applying DC for
the first dimension in an online 2D-LC–MS system. In DC, opti-
mal  results will be obtained if the binding capacity of a column
is used in the range of 50–75%. Since especially in proteomics stud-
ies determination of binding capacity will “cost” valuable sample
an alternative procedure was required. We  solved the problem by
slightly overloading the column by repeated injection of sample
aliquots until low affinity peptides eluted by a sample displace-
ment effect and by monitoring the flow-through of each injection
with an LC–MS system coupled to the CEX. Maximum loading of
the CEX is achieved if the base peak chromatogram of the LC–MS
analysis shows a significant change compared to those of prior
injections, indicating the sample breakthrough. Elution of pep-
tides from the CEX is accomplished by repeated injections of the
displacer. Since after every displacer injection a chromatogram is
obtained by RP-LC–MS analysis of the eluted peptides, full control
over the appropriate amount of the injected displacer is possible.
By changing the amount of the displacer in the subsequent injec-
tion an optimization during the separation is feasible. In contrast
to gradient salt step elution (salt pulse elution), carry-over effects
do not occur with displacement elution. As demonstrated by the
analysis of the proteome of neutrophils studies of complex protein
mixtures are possible with displacement 2D-LC–MS.
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