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In this paper we examine whether adding a more retained protein to the feed will mitigate
displacer–protein interactions in the column, thus affecting the displacement modality that occurs
(chemically selective vs. traditional displacement chromatography). STD-NMR experiments were car-
ried out to probe displacer–protein interactions for the chemically selective displacer chloroquine
diphosphate and the results indicated that this displacer only had measurable interactions with the
protein �-chymotrypsinogen A. For a two component feed mixture containing ribonuclease A and �-
chymotrypsinogen A, the separation resulted in the displacement of ribonuclease A, with the more
hydrophobic �-chymotrypsinogen A remaining on the column. On the other hand, when the experi-
elective displacement chromatography

rotein purification
on exchange
eed composition effect

ment was repeated with cytochrome c added to the feed, all three feed proteins were displaced. Column
simulations indicated that the combination of sample self-displacement occurring during the introduc-
tion of the feed, along with the dynamics of the initial displacement process at the column inlet was
responsible for this behavior. These results indicate that for this class of hydrophobic-based selective
displacers, in order for the protein to be selectively retained, the protein should be the most strongly
retained feed component.
. Introduction

Displacement chromatography is a powerful separation tech-
ique that enables the simultaneous concentration and purification
f biomolecules from complex mixtures in a single step [1]. Dis-
lacement chromatography has been successfully employed for
he purification of proteins using hydroxyapatite [2,3], hydropho-
ic interaction [4], and ion-exchange chromatographic systems
5–15]. In particular, ion-exchange displacement chromatography
as attracted significant attention as a powerful technique for the
urification of biomolecules [8,9,16]. While previous work has
mployed high molecular weight displacers for protein purifica-
ion in ion-exchange systems [1–3,10,17–19], our laboratory has
een actively involved in the development of low molecular mass
isplacers [8,12–16,20].

Selective displacement chromatography utilizes the design of

he displacer to move a selected solute or solutes back into the
isplacement zone, separating them from the displacement train.
here are two classes of selective displacers, mass action and
hemically selective displacers. The behavior of mass action selec-

∗ Corresponding author. Tel.: +1 518 276 6198; fax: +1 518 276 4030.
E-mail address: crames@rpi.edu (S.M. Cramer).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.12.020
© 2010 Elsevier B.V. All rights reserved.

tive displacers can be predicted from dynamic affinity plots [20]
derived from the steric mass action (SMA) isotherm [21]. These
displacers typically have an affinity for the resin that is less than
that of the selected protein that is pulled back into the displace-
ment zone [20]. In contrast, in chemically selective displacement
chromatography [22,23], desired biomolecules will be selectively
displaced even though the operating conditions (displacer con-
centration, salt concentration, etc.) do not meet the requirements
of mass-action displacement. For these chemically selective dis-
placers the SMA isotherm would predict that both proteins
would be displaced ahead of the displacement zone, even though
experimentally one protein is pulled back into the displacement
zone.

Recent developments in selective displacement chromatogra-
phy include high-throughput studies aimed at identifying novel
selective displacers [22,23], development of fluorescent displacers
for ease of online separation process monitoring [24], and utilizing
surface plasmon resonance [25] to investigate displacer–protein
interactions [26]. In addition, a recent study employed satura-

tion transfer difference (STD) NMR [27] to investigate binding
events between chemically selective displacers and proteins
[26]. This technique takes advantage of intra-protein spin dif-
fusion, inter-molecular dipolar coupling mechanisms and ligand
exchange between the bound and free state to characterize binding

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:crames@rpi.edu
dx.doi.org/10.1016/j.chroma.2009.12.020
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nteractions. In that study it was directly verified (by NMR and MD
imulations) that chemically selective displacement occurs by a
elective binding between the displacer and protein, producing a
rotein–displacer complex which has a higher affinity for the resin
han the protein or displacer alone. This introduces an orthogonal
imension of selectivity into the displacement separation.

In this paper we examine whether adding a more retained
rotein to the feed will mitigate displacer–protein interactions

n the column, thus affecting the displacement modality that
ccurs (chemically selective vs. traditional displacement chro-
atography). STD-NMR experiments are carried out to probe

isplacer–protein interactions and column experiments are con-
ucted using two and three component protein feed mixtures.
inally, column simulations are carried out to examine the state
f the column at various stages of the displacement process.

. Experimental

.1. Materials

Bulk HP Sepharose SP cation-exchange resin was donated by
E Healthcare (Uppsala, Sweden). Resin was packed into a GE
ealthcare Tricorn column (100 mm × 5 mm i.d.). A reversed-phase
olumn (C4) Jupiter (5 �m, 300 Å, 250 mm × 4.6 mm i.d.) were pur-
hased from Phenomenex (Torrance, CA, USA). Sodium phosphate
onobasic, sodium phosphate dibasic, horse heart cytochrome
(H-CytC), ribonuclease A (RNaseA), �-chymotrypsinogen A (�-

hyA), trifluoroacetic acid (TFA), hydrochloric acid, glacial acetic
cid, sodium hydroxide, and chloroquine diphosphate salt were
urchased from Sigma–Aldrich (St. Louis, MO, USA). Sodium chlo-
ide was purchased from Fisher Scientific (Pittsburgh, PA, USA).
cetonitrile was purchased from Acros Organic (Geel, Belgium).
MR sample tubes (5 mm thin wall, 600 MHz) were purchased from
ilmad Lab Glass (Buena, NJ). Deuterium oxide (99.96% purity) was

urchased from Cambridge Isotope Laboratories Inc. (Andover, MA,
SA). All water used in the experiments was de-ionized and filtered
sing the Millipore (Billerica, MA, USA) Milli-Q Ultrapure Water
urification system.

.2. Apparatus

Freeze drying of NMR samples was done on a Labconco Freeze
ry System from Labconco (Kansas City, MO, USA). NMR spectra
ere obtained using a Bruker 600 MHz spectrometer (Billerica, MA,
SA) equipped with a cryogenically cooled 5 mm triple-resonance
robe head with z-axis gradients. NMR data acquisition and anal-
sis was carried out using Topsin 2.1 software package also from
ruker.

All displacement experiments were carried out using a Waters
90 HPLC pump (Waters Corporation, Milford, MA, USA) connected
o a chromatography column via a model C10W 10-port valve
Valco, Houston, TX, USA). The data was acquired using a QuickLog
Version 1.4) chromatography workstation (Strawberry Tree Inc.,
unnyvale, CA, USA). The column effluent was monitored using a
aters 484 UV–Vis absorbance detector set to 214 nm. Fractions of

he column effluent were collected using RediFrac Fraction Collec-
or (Pfizer-Phamacia, New York, NY, USA).

Protein and displacer analysis of the displacement separation
ractions collected was carried out using a Waters 600 multisol-
ent delivery system controlled by a Millenium chromatography

anager. Samples were introduced using a Waters 717 WISP

utoinjector and detected using a Waters 996 photodiode array
etector. PEEK tubing was used for connecting the different com-
onents of the instruments used for the displacement experiment
nd fraction analysis.
A 1217 (2010) 1249–1254

2.3. Procedures

2.3.1. STD-NMR sample preparation and protocol
Protein and displacer stock solutions for NMR analysis were first

suspended in 50 mM sodium phosphate buffer at pH 6 or 50 mM
sodium acetate buffer at pH 5. Solutions were pH adjusted and
then lyophilized. The resulting pellets were suspended in deu-
terium oxide and lyophilized two times for two cycles before a
final suspension was made in deuterium oxide. NMR samples were
prepared by diluting the stock solutions to their final analysis
concentrations (10 mM for displacers and 0.2 mM for proteins) in
D2O-based buffer and then loading them into the NMR sample
tubes.

The saturation transfer difference nuclear magnetic resonance
(STD-NMR) protocol is described in detail elsewhere [27]. Briefly,
methyl protons within the protein were directly irradiated using
a train of highly selective RF pulses, such that ligand (displacer)
resonances were not directly perturbed. The extended saturation
period provided by the RF pulse train allowed for spin diffusion
to spread the saturation of methyl proton magnetization to all pro-
tons throughout the entire protein. However, ligand protons within
close proximity (<5 Å) to the protein surface also experienced the
saturation effect due to inter-molecular dipolar coupling. Trans-
fer of magnetization from the protein to the ligand resulted in an
increase in signal intensity for ligand protons at the protein interac-
tion surface relative to those distant. A control spectrum was used
where the RF irradiation is applied to a spectral region devoid of lig-
and and protein resonances. The final STD spectrum was obtained
after subtracting the control from the experimental spectra. Ligand
exchange between the bound and free states during this satura-
tion period is also a key element of this technique and allowed
for measurement of the STD perturbations in the free ligand. Lig-
and concentrations were present in excess relative to the protein
to ensure that saturated ligand remained in the unbound state for
detection. A filter was also applied to remove the protein signal,
leaving the spectrum of ligand resonances that underwent an STD
effect.

Mixtures of 50:1 (10–0.2 mM) of displacer and protein, respec-
tively, were analyzed utilizing the experimental parameters stated
below. Additional control STD spectra were acquired on individual
displacer and protein samples of the same concentration ana-
lyzed in mixtures. A saturation period of 2.4 s was applied as a
train of 8 ms gaussian pulses applied at 40 ms intervals with a
50 Hz B1 field. The experimental and control spectra were acquired
in an interleaved fashion with the saturating frequency centered
at −0.25 ppm and −10 ppm, respectively. Spectra were acquired
using a 2 s acquisition time with a total of 4736 scans. An 80 ms
T1rho filter was used to remove residual signal from the pro-
tein.

2.3.2. Displacement chromatography
All displacement experiments were conducted at room tem-

perature (25 ◦C) at a flow rate of 0.2 ml/min. The HP Sepharose SP
column was initially equilibrated with the carrier solution (50 mM
NaH2PO4 at pH 6). The column was then sequentially perfused
with feed, displacer and regenerant solutions. Chloroquine diphos-
phate (5 mM) was used as the displacer. Appropriate fractions
(100–200 �l) of column effluent were collected during the dis-
placement experiments and diluted (1–20-fold) for subsequent
analysis of protein and displacer as described below. The column

was regenerated by sequentially perfusing with 10 column vol-
umes of 2.0 M KCl + 0.1 M KOH, 4 column volumes of 15% glacial
acetic acid, and 5 column volumes of 2.0 M NaCl. The column was
then equilibrated with the carrier solution for 10 column vol-
umes.
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Fig. 1. STD-NMR results for the protein/displacer experiments with pro-
ton peak assignments shown for chloroquine diphosphate: (A) chloroquine;
S.T. Evans et al. / J. Chroma

.3.3. Protein and displacer analysis by RPLC
Protein and displacer analyses from the displacement separa-

ions were performed on a reversed-phase (C4) Jupiter column
250 mm × 4.6 mm i.d. column). Fractions were diluted 2–20-fold
ith the carrier solution, and 20 �l were injected. Linear gradients
ere carried out with an A buffer of deionized water with 0.1% TFA

nd a B buffer of 90% ACN, 9.9% deionized water and 0.1% TFA (all
/v). A linear gradient was carried out from 20 to 50% B in 25 min.
he flow rate was 1 ml/min, the column effluent was monitored at
80 nm.

. Results and discussion

Recent work from our lab has demonstrated that chemically
elective displacement occurs when the displacer selectively inter-
cts with one of the proteins in the feed, resulting in its elution
rom the column after the breakthrough of the displacer [25,26].
n this paper we examine whether adding a more retained pro-
ein to the feed will mitigate displacer–protein interactions, thus
ffecting what displacement modality occurs in the column, chem-
cally selective or traditional displacement chromatography. The
isplacer (chloroquine diphosphate) and proteins used in this study
RNaseA, �-chyA and H-CytC) were selected from previous parallel
igh-throughput screening of large chemical libraries [25,28,29].
hile RNaseA and �-chyA have similar retention times in cation-

xchange, H-CytC is more strongly retained. In addition, both
NaseA and H-CytC have significantly lower surface hydropho-
icity than �-chyA, as indicated by their relative elution times in
IC [25]. Before column experiments were carried out, it was first
ecessary to examine the interactions of the displacer chloroquine
iphosphate with the proteins.

.1. NMR for the identification of displacer–protein interactions

Saturation transfer difference nuclear magnetic resonance (STD-
MR) experiments were employed to investigate whether the
hemically selective displacer chloroquine diphosphate binds
electively to any of the model proteins and to provide insight into
hich displacer atoms were directly involved in the binding event.

The proton peak assignments for the displacer were obtained
sing the 2D NMR experiments described in Section 2 using stan-
ard methodologies [30]. A given protein was mixed with the
isplacer at a 1:50 ratio prior to STD analysis. Single component
olutions at the same concentrations used for the displacer–protein
ixture were also analyzed as controls to verify the method and

esults. The STD-NMR spectra along with proton peak assignments
or the selective displacer chloroquine diphosphate are shown in
ig. 1.

As can be seen in the figure, the proton peak assignments for
hloroquine diphosphate (A) were made as follows: 1 and 2 on the
iethyl groups off the amine tail, 3 through 6 on the amine tail, 7
n the methyl group off the amine tail, 8 on the quinoline meta
o the chlorine, 9 and 10 on the quinoline ortho to the chlorine,
1 on the quinoline meta to the amine tail and 12 on the quino-

ine ortho to the amine tail. As can be seen from the STD spectra
iven in B, C and D, a binding signal was clearly observed for the
-chyA/chloroquine mixture while the RNaseA/chloroquine and
-CytC/chloroquine mixtures produced a relatively weak signal.
he protein control experiments (F, G and H) showed no signal
side from a small signal seen for H-CytC (H), which coincides with

odium acetate at 1.91 ppm. However, a small amount of signal
as seen for the displacer control experiment (E). This small resid-
al STD signal is attributed to the direct saturation of the displacer,
esulting in a slight amount of STD signal in the mixtures (B, C and D)
s well as the control (E). If one compares the spectra from C and E, it
(B) �-chyA/chloroquine mixture; (C) RNaseA/chloroquine mixture; (D) H-
CytC/chloroquine mixture; (E) chloroquine NMR control; (F) �-chyA NMR control;
(G) RNaseA NMR control; (H) H-CytC NMR control.

is clear that the signal obtained for the RNaseA/chloroquine mixture
can be attributed primarily to the direct saturation of the displacer.
Comparing the spectra from D, E and H, it can be seen that the sig-
nal obtained in the aliphatic ppm range for the HCytC/chloroquine
mixture can be attributed primarily to the direct saturation of the
displacer and the presence of sodium acetate. However, a small
binding signal was seen in the aromatic ppm range for the H-
CytC/chloroquine mixture. In contrast, when comparing the spectra
from B and E, the signal obtained for the �-ChyA/chloroquine mix-
ture is significantly greater than that detected for the displacer
control, confirming displacer–protein binding. It should also be
noted that the signal seen in the aromatic ppm range for the �-
chyA/chloroquine mixture (B) was significantly larger than that
from the H-CytC/chloroquine mixture (D), suggesting the signal
seen in the later mixture is from a relatively weak or insignificant

binding event.

Upon closer analysis of the �-chyA/chloroquine mixture (B)
signal it can be seen that the binding is centered on the aro-
matic portion of the quinoline group, with only a small amount of
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In these figures the column mobile phase concentrations are indi-
cated by the dashed curves and the stationary phase concentrations
are given by the solid curves. As can be seen in these figures, the
combination of sample self-displacement which occurred during
ig. 2. Displacement of RNaseA and �-chyA on HP Sepharose SP using 5 mM
hloroquine diphosphate. Column: 100 mm × 4.6 mm i.d.; carrier: 50 mM sodium
hosphate buffer, pH 6.0; flow rate: 0.2 ml/min; 100 �l fractions; protein: 10 mg of
ach �-chyA and RNaseA in carrier.

ignal detected for protons within the amine tail. This would
uggest that the binding event is occurring primarily due to
ydrophobic interactions, as has been shown for other molecules

rom this class of selective displacers [17,19,26]. Thus, the STD-
MR experiments demonstrate that chloroquine diphosphate only
inds to the protein �-chyA.

.2. Column selective displacement chromatographic separations
two-component feed mixture)

A column displacement separation was carried out using the
isplacer chloroquine diphosphate with a two component feed
ixture containing RNaseA and �-chyA (note: displacements of

his binary protein mixture using high affinity displacers, resulted
n displacement of both proteins for a wide range of displacer con-
entrations [25]). As can be seen in Fig. 2, this separation resulted
n the displacement of RNaseA, with the more hydrophobic �-chyA
emaining on the column. This is expected since the STD-NMR
esults indicated that the hydrophobic moiety of the displacer
nteracts with �-chyA and not with RNaseA.

These results indicate that column selective displacement sep-
rations can indeed be successfully carried out using chloroquine
iphosphate, which is a relatively inexpensive and commercially
vailable compound.

.3. Column selective displacement chromatographic separations
three-component feed mixture)

It was hypothesized that adding a more retained protein to
he feed would create a scenario in the column that could miti-
ate the binding of chloroquine diphosphate to �-chyA and reduce

he chemically selective displacement effect. In order to check this
ypothesis, the displacement was repeated now adding H-CytC to
he feed. This experiment (Fig. 3) resulted in the displacement of all
hree feed proteins. Thus, while chloroquine diphosphate was able
o act as a selective displacer for the two protein feed experiment, it

ig. 3. Displacement of RNaseA, �-chyA, and H-CytC on HP Sepharose SP using 5 mM
hloroquine diphosphate. Column: 100 mm × 4.6 mm i.d.; carrier: 50 mM sodium
hosphate buffer, pH 6.0; flow rate: 0.2 ml/min; 100 �l fractions; protein: 10 mg of
ach �-chyA, RNaseA, and H-CytC in carrier.
Fig. 4. Simulated column outlet profile.

was not an effective selective displacer of �-chyA when three pro-
teins were in the feed. As indicated by the STD-NMR experiments
(Fig. 1), chloroquine diphosphate had minimal interactions with
H-CytC. Thus, during the three protein displacement experiment
(Fig. 3), chloroquine diphosphate acted as an effective displacer
of the most strongly retained H-CytC which in turn, displaced the
other two proteins.

In order to better understand the behavior of this three protein
feed displacement, a series of column simulations were carried out.
The chromatographic model employed in these simulations used
the steric mass action (SMA) isotherm [21] in concert with a solid
film linear driving force and an equilibrium dispersive mass trans-
port model [31]. The chromatographic model employed along with
the resin and protein parameters has been previously described
[21,25,32–36]. A simulation was carried out to examine the final
effluent profile of this three protein displacement and the results
(Fig. 4) were in good agreement with the experimental profile
(Fig. 3).

Simulations were also carried out to examine the state of the
column at various stages of the displacement process. Figs. 5 and 6
shows the simulated concentration profiles for the three proteins in
the column at the end of the feed loading stage and after the intro-
duction of 0.1 column volumes of displacer solution, respectively.
the loading of the feed (Fig. 5) along with the initial displacement

Fig. 5. Simulation of the column at the end of the feed loading.
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Fig. 6. Simulation after the introduction of 0.1 CV of displacer.

rocess at the column inlet (Fig. 6) resulted in the placement of
-CytC between the �-chyA and the displacer. This would make

t difficult for the selective displacer to come into direct contact
ith �-chyA due to the presence of H-CytC in the column, thus
itigating the selective displacement effect.
Column experiments were also performed where varying

mounts of displacer were added to the feed mixture prior to the
olumn experiment to determine if a selective displacement could
e established with this three protein feed. The hypothesis here
eing that if the chloroquine diphosphate/�-chyA complex was
ufficiently strong, this would result in the movement of �-chyA
ack into the displacer zone during the column experiment. How-
ver, the results (not shown) indicated that this did not occur for
ny of the concentrations of displacer added to the feed and that
ll three proteins were displaced ahead of the displacer break-
hrough. This indicates that the chloroquine diphosphate/�-chyA
nteraction was not stable enough to selectively retain the �-chyA

hen a more strongly retained protein (H-CytC) was present in the
eed.

These results indicate that adding a more retained pro-
ein to the feed can mitigate displacer–protein interactions,
hus affecting the displacement modality occurring in the col-
mn. Further these results indicate that the elution order of
he feed components should be considered in addition to any
isplacer–protein interactions when designing chemically selec-
ive displacements.

. Conclusion

In this paper we examine whether adding a more retained
rotein to the feed will mitigate displacer–protein interactions

n the column, thus affecting the displacement modality that
ccurs (chemically selective vs. traditional displacement chro-
atography). STD-NMR experiments were carried out to probe

isplacer–protein interactions for the chemically selective dis-
lacer chloroquine diphosphate and the results indicated that this
isplacer only had measurable interactions with the protein �-
hyA. For a two component feed mixture containing RNaseA and
-chyA, the separation resulted in the displacement of RNaseA,
ith the more hydrophobic �-chyA remaining on the column. On
he other hand, when the experiment was repeated with H-CytC
dded to the feed mixture, all three of the feed proteins were
isplaced. Column simulations indicated that the combination of
ample self-displacement occurring during the introduction of the
eed, along with the dynamics of the initial displacement process

[
[

[
[

A 1217 (2010) 1249–1254 1253

at the column inlet, resulted in the placement of H-CytC between
�-chyA and the displacer, eliminating the binding between the
selective displacer and �-chyA. When varying amounts of displacer
were added to the feed prior to the column experiment, all three
proteins were displaced ahead of the displacer breakthrough. This
indicates that the chloroquine diphosphate/�-chyA interaction was
not sufficiently stable to selectively retain the �-chyA in the pres-
ence of the more strongly retained H-CytC in the feed. Thus, for
this class of hydrophobic-based selective displacers, in order for
the protein to be selectively retained, the protein should be the
most strongly retained feed component. However, it should be pos-
sible to selectively retain a protein in the displacer zone when
it is not the most strongly bound feed component, provided that
the displacer–protein complex is sufficiently stable. Clearly the
binding kinetics associated with chemically selective displacement
(displacer–protein, protein–resin, displacer–resin) play a crucial
role in optimizing chemically selective displacements in a column
setting. Active work is currently underway in our laboratory to
enable the selective retention of any protein in the feed mixture,
regardless of elution order. In order to accomplish this, we are
defining optimal kinetic regimes for effective chemically selective
displacement.
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