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a  b  s  t  r  a  c  t

Liquid  chromatography  is  often  the  method  of  choice  for  the  analysis  of  proteins  in  their native  state.
Nevertheless  compared  to two-dimensional  electrophoresis,  the  resolution  of  common  chromatographic
techniques  is  low.  Liquid  chromatography  in the  displacement  mode  has  previously  been  shown  to  offer
higher resolution  and  to  elute  proteins  in  the  high  concentrations.  In  this  study  we  compared  to  what
extend  displacement  mode  was  a suitable  alternative  to gradient  mode  for the  separation  of a  complex
protein  mixture  using  anion-exchange  displacement  chromatography  and  if it is  therefore  helpful  for
proteomic  investigations.  Hence  we  analyzed  the  qualitative  protein  composition  of  each  fraction  by
tryptic  digestion  of  the  proteins,  analysis  of the  tryptic  peptides  by liquid  chromatography  coupled  to
mass  spectrometry  followed  by  data  base  analysis  and  by  measuring  the  elution  profiles  of  22  selected
proteins  with  selected  reaction  monitoring  mass  spectrometry.  In  the  fractions  of displacement  mode  a
significantly  higher  number  of  identified  proteins  (51  versus  16)  was  yielded  in comparison  to  gradient

mode.  The  resolution  of  displacement  chromatography  was  slightly  lower  than  of  gradient  chromatog-
raphy  for  many  but not  for all proteins.  The  selectivities  of  displacement  mode  and  gradient  mode  are
very  different.  In  conclusion  displacement  chromatography  is  a  well  suited  alternative  for  top-down  pro-
teomic  approaches  which  start  with  separating  intact  proteins  first  prior  to  mass  spectrometric  analysis
of  intact  or  digested  proteins.  The  significant  orthogonality  of  both  modes  may  be  used in  the  future  for

dime
combining  them  in  multi

. Introduction

In chromatography, four different modes of chromatography
rontal, isocratic, gradient, and displacement are known. The dis-
lacement mode was already introduced in 1943 by Tiselius and
as almost from the beginning on used for the separation of
roteins from complex mixtures [1,2]. Until today, protein dis-
lacement chromatography has not yet been applied to proteomics
or the separation of highly complex protein mixtures but it
as previously shown to work very efficiently in proteomics as
rst dimension for peptide separation [2,3]. Recently Cramer and

olleagues published a work that underscores the capability of dis-
lacement chromatography to enrich low abundant proteins out of
ulti component test mixtures [4].  Displacement chromatography
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nsional  fractionation  procedures.
© 2012 Elsevier B.V. All rights reserved.

is based on competitive binding of the sample components them-
selves as well as an additional molecule, which is added to the
eluent, the displacer. The column is first equilibrated with a sam-
ple application buffer, the “carrier”. This carrier has to support
high affinities of the sample components for the stationary phase.
Usually the composition of the carrier is identical with the sam-
ple application buffer in gradient elution chromatography. During
sample loading, the sample components compete among them-
selves for the binding sites of the stationary phase. The component
with the highest affinity to the stationary phase binds to the
chromatographic material at the top of the column, displacing com-
ponents with lower affinities from their binding sites. This process
can be described as sample displacement [5].  Directly after sam-
ple loading, the displacer-containing eluent is pumped onto the
column. Usually the displacer is dissolved in the carrier. It is manda-

tory that the displacer has a very high affinity for the stationary
phase, ideally a higher affinity than any of the sample components.
As soon as the displacer molecules adsorb at the stationary phase,
they displace all sample components on top of the column. These

dx.doi.org/10.1016/j.jchromb.2012.05.037
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:hschluet@uke.de
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ample molecules, having the highest affinity towards the station-
ry phase, displace their neighboring sample components having a
ower affinity. Each displaced component acts as a displacing agent
or neighboring components of lower affinity for the stationary
hase. Thus the displacer enforces a competition reaction which
preads down the column resulting in isotachic movement of all
ands with the speed of the displacer front. By loading continu-
usly displacer molecules a system of contiguous zones, termed
displacement train,” will move down the column [6].  Within the
isplacement train the sample components are arranged in the
rder of their affinity to the stationary phase, with the compo-
ent having the lowest affinity to the stationary phase at the head
f the displacement train and the most strongly retained compo-
ent directly in front of the displacer. Provided that the column

s sufficiently long and the components are present in abundant
mounts, each zone contains ideally only one component in high
urity [7].  The displacement chromatography is finished if the sta-
ionary phase is saturated by the displacer resulting in the elution
f significant increased amounts of displacer.

Displacement chromatography differs from elution chromatog-
aphy in several points: by utilizing non-linear isotherms versus
inear isotherms, by yielding slightly overlapping bands versus
ase line separation peaks; however, the most notable differ-
nce is that in displacement chromatography much higher sample
eeds are possible. Furthermore the displacement elution mech-
nism can avoid concentration dependent protein precipitation
ince protein concentration reaches a plateau of adjustable con-
entration, while gradient elution protein chromatography is often
lagued by concentration maxima. Different examples have already
emonstrated that displacement chromatography is well suited for
rotein purification. Cramer and colleagues were able to show that
he displacement elution mode can be used in combination with
ydrophobic interaction, reversed phase and ion-exchange chro-
atography [8–10].
The main goal of our study was to investigate if ion-exchange

isplacement chromatography is providing advantages for sep-
ration of complex protein mixtures in comparison to gradient
hromatography. In this study blood plasma protein fraction Cohn
V-4 was chosen as a sample with a complex protein composition.
ohn fractions are yielded from frozen blood plasma by ethanol
recipitation at a specific pH, ionic strength, temperature and pro-
ein concentration. The Cohn method [11] has developed into a
ell-established industrial process over the decades, capable of iso-

ating a wide variety of clinically helpful products [12,13].  The Cohn
raction IV-4, which is yielded from precipitation of plasma proteins
ith 40% ethanol at a pH between 4.48 and 5.42, contains over 80
roteins whereas the main abundant proteins are transferrin alpha-
nd beta-globulins, apolipoprotein A-I and ceruloplasmin [3].

Furthermore the aim of this study was to answer the question
f DM is more beneficial in comparison to GM for the analysis of
roteomes with respect to protein species following the top down
trategy approaches which implies the separation on the level of
roteins prior to analysis of intact protein species by high resolu-
ion mass spectrometry [14] or to analysis of their tryptic digests
ith liquid chromatography coupled to tandem mass spectrome-

ry (LC–MS/MS). Protein species are formed by post-translational
odification of the side chains of proteins or by their truncation

15–18].

. Experimental
.1. Method

A plasma protein fraction (Cohn fraction) was chromatographed
ith an AEX chromatography in the gradient mode and in the
gr. B 901 (2012) 34– 40 35

displacement mode. The proteins in the resulting fractions (2 × 30
fractions) were digested with trypsin. Selected tryptic peptides
from each of the fractions were analyzed with a Q-TOF Premier
Waters (Manchester, UK) mass spectrometer and Agilent HPLC-
Chip coupled to a 6410 triple quadrupole mass spectrometer (Santa
Clara, USA) in the SRM mode. The mass spectrometric data from
the Q-TOF instrument were processed by a set of bioinformatic
tools applying stringent criteria for guaranteeing high confidence
concerning the identity of the proteins.

2.2. Chemicals

Plasma protein Cohn fraction IV-4 and phosphate buffer was
purchased from Sigma–Aldrich (St. Louis, USA). Trypsin was
obtained from Promega (Madison, USA). HPLC-grade water and
HPLC-grade acetonitrile were purchased from Baker (Deventer,
Netherlands). Sodium hydrogen carbonate was purchased from
Merck (Darmstadt, Germany). Formic acid was purchased from
Fluka (St. Louis, USA). Chondroitin-4-sulfate was obtained from
Calbiochem (San Diego, CA, USA).

2.3. Protein separation

2.3.1. AEX chromatography
Both types of separation were carried out on an Mini Q

3.2/3 (strong AEX column, GE Healthcare, Little Chalfont, UK,
3.2 mm × 30 mm,  3 �m)  using a Smart system (Pharmacia Biotech,
Uppsala, Sweden) for chromatography. The protein elution profile
was  monitored online by UV and by conductivity.

2.3.2. Gradient elution mode (GM)
For the gradient elution mode the following conditions were

used: Injected sample amount: 100 �g dissolved in 50 �l buffer A
(20 mM phosphate buffer, pH 7), equilibration, loading and sep-
aration flow rate 100 �l/min. After the column was equilibrated
for 10 min  the sample was loaded and eluted using eluent B (1 M
NaCl in 20 mM phosphate buffer, pH 7) by the following gradient:
0–40% B in 34 min, 40–100% B in 3.4 min. Using UV detection at
220 and 280 nm respectively the eluting proteins were monitored
and collected with a fraction size of 150 �l, subsequently desalted,
reduced, alkylated and trypsinated for further investigation.

2.3.3. Displacement mode (DM)
For DM 800 �g of sample was  dissolved in 200 �l  buffer A

(20 mM phosphate buffer, pH 7) which was also applied for equili-
bration and loading. Separations were carried out with a flow rate
of 10 �l/min. After the column was equilibrated for 10 min, the
sample was loaded and the mobile phase shifted to the displacer
containing solution B (20 mM phosphate buffer, pH 7, 10 mg/ml
chondroitin-4-sulfate) to elute the proteins. The eluting proteins
were monitored using UV detection at � 280 nm and conductivity.
The sample were collected with a fraction size of 150 �l, subse-
quently reduced, alkylated, trypsinated and desalted for further
investigation.

2.3.4. Proteolytic digestion
For tryptic digestion 25 mg  of Cohn IV-4 was reduced using

200 �l 6 M urea, 20 �l of a 200 mM dithiothreitol and 100 mM
NaHCO3 buffer (pH 8.3) for 1 h at 25 ◦C. Alkylation was carried out at
25 ◦C for 1 h by adding additional 140 �l of 100 mM iodacetamide,
dissolved in an aqueous 100 mM NaHCO3 (pH 8.3) buffer. Then, to

stop the alkylation reaction 40 �l of the 200 mM dithiothreitol and
100 mM  NaHCO3 buffer (pH 8.3) were added and again incubated at
room temperature for 1 h. Thereafter 1700 �l of a 100 mM NaHCO3
buffer (pH 8.3) were added and the mixture was transferred into
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 glass vial. 50 �l of trypsin (0.25 �g/�l  dissolved in trypsin resus-
ension buffer, Promega) were added (enzyme/protein, 1:100). The
eaction mixture was incubated for 12 h at 37 ◦C. The reaction was
uenched by adding formic acid to a final concentration of 0.1%.

.3.5. Desalting
For desalting, 2 ml  of the tryptic digested sample solution was

njected onto a HPLC system (Äkta Explorer 100, GE-Healthcare).
he peptides were desalted via a reversed phase column (Lobar®

40-10 LiChroprep® 10 mm × 240 mm;  Merck, Darmstadt), equili-
rated with 0.2% formic acid in HPLC-grade water. After binding the
ryptic peptides on the stationary-phase and washing them with
8 ml  water 0.2% formic acid, the peptides were desorbed from the
tationary-phase with an acetonitrile gradient (0–100% B in 10 min;
luent B: 60% acetonitrile in water). A flow rate of 1.5 ml/min was
sed. The fraction within the acetonitrile gradient showing a sig-
ificant UV-absorption at 220 nm and eluting within the gradient
as collected.

.3.6. Protein identification
For the discovery approach a nano-Acquity UHPLC (Waters,

anchester, UK) hyphenated to a Q-TOF PremierTM (Waters,
anchester, UK) was used. The sample trapping was  carried out on

 Symmetry® C18 column (20 mm,  180 �m,  5 �m) and the peptide
eparation on a BEH130 C18 column (100 mm,  100 �m,  1.7 �m).
he samples were loaded with a flow rate of 5 �l/min buffer A (0.1%
ormic acid, 99.9% H2O) to the precolumn. Separation was  carried
ut at 0.4 �l/min flow and a linear gradient ranging from 3 to 50%
uffer B (99.9% ACN 0.1% FA) in 90 min. For nano-spray the capillary
oltage was set to 1800 V, a source temperature of 80 ◦C, a curtain
as of 31 l/h and nanoflow gas pressure of 0.34 bar was applied. The
-TOF was controlled by MassLynxTM 4.1 software, for CID MSE

ragmentation a collision energy ramp ranging from 20 to 42 V was
sed and MS/MS  spectra were obtained in the mass range from 100
o 1600 m/z.

The protein identification was carried out on ProteinLynxTM by
n adjustment of MS  and MS/MS  (MSE) spectra and a final search
f the precursor and fragment ions against the SwissProt database
version 56.8) for human proteins. Only proteins with a reported
robability score of at least of 100 (ProteinLynxTM), which were
overed by at least two distinct peptides were used to confirm the
rotein identity and kept for further analysis.

.3.7. Protein quantification
The protein quantification was carried out on an Agilent 6410

riple quadrupole mass spectrometer (Agilent Technologies, Santa
lara, CA, USA) coupled to a HPLC-Chip system (Agilent Tech-
ologies, Waldbronn, Germany) which was connected to a HPLC
ystem (nanoHPLC 1200 system, Agilent Technologies, Waldbronn,
ermany) for separation. The HPLC chip contained two  chan-
els both filled with a reversed phase material (Zorbax 5 �m
00SB-C18; 40 nl volume filled with chromatographic material for
rapping; a channel with 150 mm  × 75 �m filled with chromato-
raphic material for separation). Sample loading (8 �l/sample)
rom the sample vial plate into the enrichment column was  per-
ormed at a flow rate set to 4 �l/min with the mix  of the two
ollowing mobile phases at a ratio 97:3 (mobile phase A: 0.2% formic
cid in H2O; mobile phase B: 100% ACN). LC gradient was delivered
ith a flow rate of 400 nl/min. Tryptic peptides were eluted from

he reversed phase column into the mass spectrometer using a lin-
ar gradient elution of 3–15% B in 8 min, 15–45% in 30 min  and
5–60% in 3 min, the post time was 4 min.
For the SRM analysis a triple quadruple MS  with the following
ondition was used: Drying gas 5 l/min, 325 ◦C, spray voltage of
850 V and unit resolution (±0.7 Da) for Q1 and Q3, to calculate the

nitial collision energy for each peptide (m/z signal) and to optimize
gr. B 901 (2012) 34– 40

each transition peptide optimizer (Agilent, Santa Clara, CA, USA)
was used. In this study protein derived peptides serve as probes
to monitor the elution of targeted proteins during AEX separation.
To optimize peptide transition parameters (fragment ion transition
derived from one precursor ion) a digested, un-separated Cohn 4-
IV fraction was  used in LC/ESI SRM experiments. After setting up an
initial protein target list, each transition was optimized online by
varying the collision energy from 16 to 36 V in one-V steps (Suppl.
Table 1). The optimization procedure generates the parameters set
which is needed to detect the protein derived peptides with the best
possible sensitivity during the subsequent following quantification
steps. To quantify the proteins by their derived peptides in DM or
GM each fraction was trypsinated and the protein derived peptides
of each fraction quantified by SRM over the time course of elution
(all fractions, one by one). To test the reproducibility (Suppl. Fig. 3)
of our analysis one fraction was analyzed in quadruplicate over the
duration of 30 h were our AEX fractions were analyzed.

3. Results and discussion

To investigate if the displacement chromatography elution
mode (DM) is an alternative for protein separation in comparison
to the gradient elution mode (GM), the proteins of the Cohn IV-4
fraction were separated on an AEX column using DM and GM.  Fig. 1
represents a scheme of the workflow. Each of the resulting fractions
was  subjected to tryptic digestion and desalting. The tryptic pep-
tides of each fraction were analyzed either for protein identification
or for quantification of 22 selected proteins. For identification of
the proteins in the individual fractions a proteomics workflow was
applied, briefly the peptides eluting into the mass spectrometer
were analyzed with a tandem mass spectrometer and the result-
ing mass spectrometric data were compared with a protein data
base by a search engine. From the list of identified proteins 22 pro-
teins were selected representing high, middle and low abundant
proteins for studying their elution behavior by quantifying their
relative amounts in each of the fractions. Relative quantification
of the 22 target proteins was  performed by analyzing the tryptic
peptides by LC–MS selected reaction monitoring (SRM) approach.
SRM experiments were introduced in the late seventies [19], using
triple quadrupole mass spectrometers and are commonly used to
quantify small molecules and was recently introduced for protein
quantification [20]. Briefly, for quantification of a target protein
it must be digested by trypsin first. As representative of the tar-
get protein two  or more tryptic peptides are selected. For these
peptides SRM parameters are determined, the transitions. The pre-
cursor mass is used for selecting the peptide ion of interest by the
first quadrupole of the mass spectrometer. The isolated peptide ion
is then fragmented in the second quadrupole. A defined fragment
ion is isolated by the quadrupole and thereafter hits the detec-
tor. Since the triple quadrupole mass spectrometer is coupled to
a HPLC column a chromatogram is obtained for the selected pep-
tide. A triple quadrupole is a fast scanning instrument, therefore
many peptides can be detected in parallel within one HPLC run.

3.1. Investigation of elution modes by monitoring UV and
conductivity

AEX chromatography in GM and DM were monitored online by
UV and conductivity detection. As shown in Fig. 2, both types of elu-
tion modes display different elution profiles (Fig. 2A and B). In GM,
typically Gaussian peak shapes are present in the chromatogram,

with a group of peaks nearly base-line separated (Fig. 2B), whereas
in DM the UV profile was  characterized by an irregular shape,
which did not necessarily imply an effective separation, so long
as the profile was interpreted with normal criteria for gradient
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Fig. 1. Workflow of the analysis of gradient mode and displacement mode AEX chromatography fractions to identify proteins and to construct AEX chromatography elution
profiles of individual proteins. The plasma protein fraction Cohn IV-4 is separated by DM or GM (I). Individual fractions are collected, reduced, alkylated and digested (II). The
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rypsin hydrolyzed proteins are then identified based on their derived peptides by
nformation how many proteins are in each fraction (III). The mass spectrometric da
or  the quantitation of the selected proteins. Each AEX fraction was analyzed with
roteins (Fig. 4, Suppl. Figs. 1 and 2).

hromatography (Fig. 2A). The UV and conductivity profile reached
 plateau at 70 min, indicating the elution of the displacer.

.2. Qualitative analysis of the protein compositions of the
radient and displacement AEX chromatography fractions by
C–MS
Thirty fractions per chromatographic mode were collected.
roteins in each fraction were digested with trypsin and tryptic
eptides analyzed by LC–MS/MS followed by data base search. In

ig. 2. AEX chromatograms of protein separation applying displacement or gradient mo
lack  line: time of fractionation (A) AEX applying displacement modus. The separation w
H  7.0, flow rate 10 �l, 25 ◦C and the displacement solution (10 mg/ml  chondroitin-4-sulf
arried  out using 100 �g protein of Cohn fraction IV-4 dissolved in 50 �l 20 mM phosphat
t  25 ◦C and a gradient up to 1 M NaCl in 20 mM phosphate buffer pH 7.0 (gradient: 0–50
S/MS experiments and subsequent data base search, which deliver the qualitative
he tryptic peptides of 22 selected proteins were used to develop SRM experiments

(IV). The SRM data were used for reassemble the elution profiles for 22 individual

total, 16 proteins in the fractions of the GM chromatography and 51
proteins in the fractions of the DM chromatography were identified
(Suppl. Table 2). The significant difference between GM and DM
can be explained by significantly larger protein concentrations in
DM fractions: Generally, in protein identification via the LC–MS/MS
approach the number of identifiable proteins increase with increas-

ing protein concentrations. The bar graph chromatograms of Fig. 3
display the number of identified proteins in each fraction for these
two  modes. Here, GM (Fig. 3B) demonstrated a more even distribu-
tion whereas the DM displayed an increasing number of identified

dus. Continuous line: UV absorption at � = 280 nm,  dashed line: Conductivity. Bold
as  carried out using 800 �g of protein dissolved in 200 �l 20 mM phosphate buffer
ate) which was pumped continuously to the column. (B) AEX separation in GM was
e buffer pH 7.0. The proteins were separated by applying a flow rate of 100 �l/min

% in 24 min, 50–100% eluent in 3.4 min).
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Fig. 3. Number of identified proteins applying gradient or displacement modus. The proteins of every fraction were digested by trypsin. The tryptic peptides were analyzed
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y  LC–MS using a Q-TOF mass spectrometer. For MS  analysis using a Q-TOF instru
hat  an equal amount of peptides is analyzed by LC/ESI MS.  (A) Number of identified
raction  applying GM,  since different times were used here for the sample collectio

roteins at the end of the displacement run. This observation can
e explained by the large number of plasma proteins, which are
egatively charged at pH 7 and therefore bind to the AEX. The
ajority of plasma proteins in the Cohn IV-4 fraction has pI values

ignificantly below 7 [3,21].  In Fig. 3A the elution behavior typical
or displacement chromatography became obvious. The increasing
umber of identified proteins correlates with increased concentra-
ion of the proteins and increased elution time. The final decrease of
he number of identified proteins at DM was caused by the increas-
ng concentration of the displacer, which co-eluted in the last three
ractions (0.9–1 normalized RT in Fig. 3A; 67–75 min  in Fig. 2A) with
he proteins. The diagrams clearly signified a major advantage of
he DM, which yielded much higher protein concentrations in the
luting fractions of DM than of GM.

This can be a possible explanation why out of the DM 3 times
ore proteins are identified by qualitative MS  then out of the GM.

he concentration enhancement effect at the DM and possible ion
uppression effect at GM resulted finally that more proteins being
dentified out of the fraction of the DM AEX separation.

.3. Quantitative analysis of selected proteins of the gradient and
isplacement chromatography fractions by LC–MS

The qualitative analysis by the LC–MS approach described above
llows a rough estimate of abundance of each identified pro-
ein, however a profile of individual proteins cannot be deduced
rom these data (Fig. 3, Suppl. Table 2). For studying the elution
rofiles of individual proteins 22 proteins were chosen cover-

ng different levels of abundance and for each protein selected
eaction monitoring (SRM) mass spectrometry based relative quan-
ification method was developed. SRM performed on modern
riple-quadrupole instruments provides the opportunity to rela-
ively quantify a larger set of proteins within one single LC–MS run.
RM methods are very selective, sensitive and reproducible (Suppl.
ig. 3). Furthermore these instruments offer a broad dynamic range
or most of the analytes [20]. For analyzing the success of chro-

atographic separations analysis of the fractions with SDS-PAGE
s common [22]. However, qualitative and semi-quantitative anal-
sis of target proteins by SDS-PAGE is possible only by western
lots. By Coomassie-stained SDS-PAGE analysis of chromatographic
ractions only very rough estimations are possible concerning qual-
tative and quantitative aspects since the bands usually represent

ixtures of proteins. In addition from many single genes several
rotein products (protein species) are present in biological sys-

ems [16,23].  The advantage of SRM in comparison to SDS-PAGE
s that SRM provides a high confidence regarding the identity
f the targeted proteins. Even different protein species originat-
ng from one single gene are detectable with SRM. For relatively
the amount of protein derived out the two separations was adjusted to guarantee
ins per fraction applying displacement mode. (B) number of identified proteins per
etention time was  normalized.

quantification of the chosen proteins by SRM 2 or 3 of their tryp-
tic peptides per protein were selected (Suppl. Table 1) from the
LC–MS/MS data of the analysis of the qualitative composition of
proteins and from previous LC–MS/MS data [3],  resulting in an tran-
sition list (Suppl. Table 1). In total, 166 transitions from 58 peptides
were used to quantify 22 proteins. The elution profiles of individ-
ual proteins of GM and DM ion-exchange chromatography based on
SRM data are displayed in the chromatograms in Fig. 4 and in Suppl.
Figs. 1 and 2. Comparison of the DM with the GM revealed that
although both modes were performed with the same chromato-
graphic AEX material, significantly different elution profiles were
obtained.

3.3.1. Comparison of the selectivities of AEX chromatography in
gradient mode versus displacement mode

One of the main factors which make it possible to use two
separation techniques as orthogonally is that compounds are sep-
arated with different selectivities (different orders of elution) by
each individual method. The different selectivities of DM and GM
is considerably evident in Fig. 4. Since in the chromatograms in
Figs. 3, 4 and Suppl. Figs. 1, 2 the retention times are normalized a
difference in retention time is equivalent with a difference in the
elution order. In DM coeluting serpina 1 (SERPINA1) is well sep-
arated from most of the other proteins. In GM SERPINA1 coelutes
with Albumin. Further good examples for different elution orders
are apolipoprotein AI (APOAI), SH2-Glycoprotein (ASGH) and trans-
ferrin (TF) can be pointed out. APOAI elutes in DM with maximum
intensity late in fraction 27 but in GM a much earlier elution can
be observed. This same behavior is displayed by SH2-Glycoprotein
(ASGH), which elutes in fraction 26 in DM and in fraction 12 in GM.
Interestingly transferrin (TF) shows almost no retention in GM but
starts to elute in DM in fraction 13. This same elution profile can
be observed for alpha-1-antitrypsin. This co-elution may  indicate
that these proteins are still in their native folding allowing a direct
interaction between these proteins (Suppl. Figs. 1, 2). The overall
comparison of obtained elution profiles demonstrates that almost
every protein shows a different elution behavior in DM compared to
GM (Fig. 4). Thus a combination in a multidimensional fractionation
procedure is reasonable which may  offer the chance to investigate
protein species in much more detail in top down approaches in
future [24,25].

3.3.2. Comparison of the resolution of AEX chromatography in
gradient mode versus displacement mode
Regarding the estimation of the resolution of the separations
the presence of protein species can be used. The occurrence of
more than one protein species which are coded by one single
gene presumably is responsible for the multiple elution of single
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Fig. 4. Protein separation visualization applying selective reaction monitoring (SRM). SRM analysis of the displacement separation. The fraction number is plotted against
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o  this profile. To cover the whole intensity range the bottom inlet displays a zoom

roteins (in the sense of coded by single genes), recognizable in
ig. 4 and Suppl. Figs. 1 and 2. This phenomenon is well known from
wo-dimensional gel electrophoresis of complex protein mixtures
here dozens of different protein spots coded by one single gene
ere identified [26]. The strategy, which we used here for obtain-

ng the elution profiles for 22 selected proteins, is based on the
etection of 2 or 3 underivatized tryptic peptides originated from
he target protein. However the selected peptides can be present
n several protein species. Thus different protein species coded by

 single gene with several tryptic peptides in common will not be
iscriminated by SRM. Nevertheless since these protein species are
ifferent in their exact chemical composition the chromatographic
ehavior can be different. This is obvious in the elution profiles of
any of the selected proteins Fig. 4 and Suppl. Figs. 1 and 2. The elu-

ion profile of a protein which occurs with several protein species
e.g. APOAI in Fig. 4) than typically shows several maxima. Accord-
ng to the ratio of the number of maxima in the elution profiles
f the individual proteins (Suppl. Figs. 1 and 2: DM/GM: Alb 3/2;
F 2/4; APOAI: 2/3; GC 1/4; HBA1,2 1/1; SERPINA1 2/5; SAA4 1/1;
poAI Cra B 3/3; ZNF 790 1/2; AHSG 1/1) DM has a lower resolution
ompared to GM.  However this is not true for every protein. Alb is
etter resolved by DM chromatography. Comparison of the elution
rofiles shown in Suppl. Figs. 1 and 2 again clearly demonstrates
he orthogonality of both AEX elution modes.

. Conclusion
Here we demonstrated by comprehensive qualitative and quan-
itative mass spectrometry based analysis of proteins in individual
EX chromatography fractions operated in GM versus DM that
monitoring the transitions of 22 proteins the transitions, 10 of these proteins are
h mode (intensity) was set to 100% and all other elution profiles were normalized
isualize low abundant elution profiles.

the latter offers some advantages for separation of complex pro-
tein mixtures. With DM a significantly higher number of identified
proteins has been yielded. Thus DM is more suitable than GM for
investigations of proteomes including top-down proteomics. DM
is especially useful for analysis of proteomes if larger amounts of
protein extracts are available as this usually is the case according
plasma or serum proteins, since the beneficial effects of the DM
are most prominent if a larger part of the total binding capacity
(50–70%) of the stationary phase is saturated by the sample. DM
should not be applied if minute amounts of proteins are available.
The orthogonality of the DM and GM may  be used for combining
both modes in a multidimensional fractionation procedure.
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