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The adsorption of serum albumin and hemoglobin onto Q Sepharose FF was investigated, where the single and binary

adsorption were considered. Both experiments and molecular dynamics simulations have been performed to study the

adsorption from macroscopic and microscopic points of view. The steric mass-action model was applied to describe the

single adsorption isotherms and to predict the binary isotherms. The results of the experiments and simulations were con-

nected and compared by two parameters of the steric mass-action model. Both results present a preferential adsorption of

serum albumin.
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1 Introduction

Ion-exchange chromatography (IEC) has been extensively
applied in protein purification [1,2]. An understanding of
ion-exchange adsorption plays a very important role in the
development of this separation technology. At present, ex-
tensive IEC studies target the adsorption of single compo-
nent proteins. The influence factors of ion-exchange ad-
sorption have been widely investigated, including the types
of proteins [3,4], surface properties and structure character-
istics of the adsorbent [5, 6], pH value [6 - 8], ionic strength
[9] and system temperature [10].

In IEC applications, protein mixtures are loaded into an
IEC column. The target protein competitively adsorbs onto
the adsorbent. Therefore, a comprehensive understanding
of both single- and multi-component adsorption is neces-
sary for its improvement. In 1999, Lewus [11] studied the
ion-exchange adsorption of mixtures of lysozyme and cyto-
chrome ¢ on S-HyperD-M. Competition between the two
proteins was observed at high protein concentrations. In
2005, Cano [12] investigated the adsorption of cytochrome
bs and a-lactalbumin mixtures. This was the first study of
adsorption isotherms of binary protein mixtures. Zhou [13]
analyzed the effect of the ionic strength on the binary ad-
sorption isotherms. Aboudzadeh [14] studied the impor-
tance of protein sizes and the interactions among different
proteins in binary adsorption. Xu [15] investigated the
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binary adsorption equilibrium under various conditions,
where the results showed that the adsorption patterns large-
ly follow the intrinsic protein-surface interaction, and the
adsorption sequence does not affect the adsorption equilib-
rium. In summary, although the adsorption of binary pro-
teins has been studied, more systematical analysis of the in-
fluencing factors and of the competition between different
components in binary adsorption is needed. In particular,
the effect of different adsorption sequences remains unclear.

For a better understanding of the protein adsorption and
competition, both single and binary adsorption processes
need to be explored further. Due to the lack of effective mi-
croscopic experimental techniques, molecular dynamics
(MD) simulations [16] were used in this study to elucidate
the details of the single and binary adsorption processes at
the atomic level. MD simulations provide detailed micro-
scopic information, and have been used to study the inter-
actions in affinity chromatography [17]. Based on MD
simulations, a mechanism model for the adsorption of lyso-
zyme onto a SP Sepharose FF surface has been developed
[18]. For a detailed description of protein behavior in hy-
drophobic charge induction chromatography, Zhang [19]
modified a coarse-grained force field based on a statistical
analysis. Moreover, MD simulations have been applied to
investigate the protein conformational transitions within
chromatographic pores [20,21].

In this work, bovine/human serum albumin (BSA/HSA)
and hemoglobin (bHb) were introduced as model proteins
to investigate both single and binary adsorption onto Q
Sepharpse FF. For a systematic understanding a compre-
hensive investigation combining experiments and MD sim-
ulations was performed. The well-known steric mass-action
(SMA) model was chosen to describe the single adsorption
isotherms and to predict the binary adsorption isotherms.
The experimental and simulation results were quantitatively
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compared. The results of this work are the basis for a better
understanding of the ion-exchange adsorption of proteins,
as well as for the design, optimization and control of ion-
exchange chromatography.

2 Theoretical Model

The steric mass-action model [22] is widely used to describe
protein ion-exchange adsorption. In the SMA model, pro-
tein adsorption on the ion-exchange adsorbent is treated as
a stoichiometric reaction [23]. The multi-pointed nature of
proteins and the steric hindrance of salt counterions are
taken into account [22]. The SMA model for adsorption is
given as:

= (@) (o)

where K is the adsorption equilibrium constant, A is the to-
tal capacity of the adsorbent, v is the characteristic charge
equal to the amount of protein binding sites, o is the steric
factor of the protein, which is equal to the number of steri-
cally hindered counterions, g is the protein concentration
on the adsorbent (adsorption density), ¢ is the protein con-
centration and ¢, is the salt concentration in the liquid
phase. For binary adsorption, the SMA model can be writ-
ten as follows:
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where the subscripts 1 and 2 refer to components 1 and 2,
respectively.

In order to describe the accuracy of predictions with the
SMA model, a residual sum of squares (RSS) error was in-
troduced:

2
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where N is the number of experimental isotherm points,
exp and g, are the experimental and calculated adsorption
densities, respectively.

3 Methods

3.1 Experiments

Anion exchange adsorbent Q Sepharose FF was the pur-
chased from GE Healthcare (Uppsala, Sweden). Both BSA
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(66.7kD, pI = 4.9) and bHb (65.0kD, pI = 7.0-7.4) were
bought from Sigma-Aldrich (St. Louis, MO, USA).

Static adsorption experiments of pure proteins as well as
binary mixtures were carried out at 298 K with the same
procedure as described by Shi [24]. Both simultaneous and
sequential binary experiments were performed to study the
influence of the adsorption sequence on binary adsorption.
20mmol L™ phosphate buffers (pH 8.0, 9.0 with 0, 50,
100 mmol L' NaCl) were used. 0.1 g of drained Q Sephar-
ose FF (overnight equilibrated) was mixed with 10 mL of
protein solution. Thereafter, the mixture was kept in a water
bath at a shaking speed of 150 rpm for 8h to achieve equi-
librium. After equilibrium was reached, the supernatant was
collected. For single component experiments, the protein
concentration ¢ in the supernatant was determined with a
UV/Vis spectrophotometer at 280 nm directly. In the binary
experiments the absorbance of the total protein amount
and bHDb in the supernatant was measured at 280 and
360 nm, respectively. The adsorption densities were calcu-
lated from a mass balance.

The sequential adsorption was conducted only at pH 8.0
in two steps. First, pre-adsorption of pure BSA (¢,) was per-
formed as described above to achieve equilibrium. After the
equilibrium, the supernatant was removed. The concentra-
tion at equilibrium in the liquid phase ¢, and the adsorp-
tion density of BSA g, were obtained. Then, the BSA-
bounded adsorbent was mixed with 10 mL mixture of BSA
and bHb, in which initial liquid phase concentrations of
bHb and BSA were equal to ¢y and cp., respectively. After
shaking in a water bath for 8h, the supernatant was col-
lected and the final concentrations of BSA and bHb were
measured. The adsorption densities of bHb and BSA were
calculated from mass balance. The adsorption density for
BSA in the whole sequential adsorption (sum of its adsorp-
tion densities in the two described steps) will be reported in
Sect. 4.3.

3.2 Simulation Details

The simulations were carried out with the simulation pack-
age GROMACS 4.5 [25]. Considering the large size of the
ion-exchange systems, the MARTINI coarse-grained (CG)
force field [26-28] was applied. These simulations were
carried out for pH 7.0, ¢;=230 mmol L', The ion-exchange
system contains proteins, ligands (with quaternary amine
group) and the chromatographic base. At the bottom of the
simulation box (19.604 nm x20.404 nm x 20 nm), the chro-
matographic matrix was set as a smooth plate defined as P,
particles. 1116 ligands were put on top of the wall as a uni-
form layer with the roots restrained to mimic the immobili-
zation (see Fig. 1). The CG model of ligands was modeled
with three MARTINI particles (P4-P4-Qp), test shows the
applicability of this model (results not shown). One or two
protein molecules were placed in the liquid phase. The CG
models of the proteins were generated according to the pro-
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a) (o b) c) particles were replaced by a special type
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10.0 nm
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of particles called antifreeze particles
(BP,), this setup was reported to model
the water successfully in simulations with
the MARTINI force field [31]. A cation
and an anion are modeled as Qg and Q,
particles, respectively [27].

The basic parameters of the simula-
tions were used as suggested in previous

Figure 1. Initial configurations of the simulations: a) single adsorption of HSA (here set-
up 02 is shown); b) simultaneous adsorption of HSA and bHb (here set-up A2 is shown);

¢) sequential adsorption of HSA and bHb.

tein mapping principle of the MARTINI force field [28],
starting from their atomistic structures from the Protein
Data Bank (HSA, PDB ID 1AQ6 (chain A); bHb, PDB ID
1GOA).

BSA is a one of the commonest model proteins studied in
experiments. For better comparison and combination with
the results of other researches, BSA was used in the experi-
mental part of this work. Unfortunately, the crystal struc-
ture of BSA is still unclear. Therefore, HSA rather than BSA
was studied in the simulations. The justification of using
HSA and BSA for serum albumin is given by their great se-
quence homologies [29], similar structures [30] and identi-
cal adsorption behavior [7]. In single component simula-
tions the protein was placed with a minimum distance to
the ligands of 1.0 nm (see Fig. 1a). For each protein, six dif-
ferent initial orientations (with 90° rotation difference) were
simulated [19]. The six orientations will be represented in
this work as O1-06. In simultaneous

studies employing the MARTINI force
field [26,28,32]. Since long-range inter-
actions are important in ion-exchange
systems, reaction field [33] was used
herein to calculate the long-range elec-
trostatic interactions. However, reaction field is not the per-
fect method for heterogeneous systems, but it is faster than
Ewald method and, therefore, used for the large systems
studied in this work. Initially, all systems have been energy-
minimized. All simulations contained two parts: (1) 100 ns
equilibration of chromatographic media, where the posi-
tions of the protein particles were restrained; (2) adsorption
simulations with unrestrained proteins. The MD simula-
tions were analyzed by the GROMACS suite of programs.
Only results of the second part are presented and discussed.

4 Results and Discussion

4.1 Single-Component Adsorption

Single-component adsorption equilibria of BSA and bHb
on Q Sepharose FF at pH 8.0 and 9.0 are shown in Fig. 2.

binary simulations both proteins
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water and ion particles. The standard o 0.02 0.04 0.06 0 0.02 0.04 0.06
CG water (P,) in the MARTINI force ¢ (mmol-L) ¢ (mmol L)

field was used [27]. To avoid the
freezing problem of the MARTINI
water, 10% of the standard water
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Figure 2. Single adsorption isotherms of BSA (a, b) and bHb (c, d) at pH 8.0 (a, ¢) and pH 9.0
(b, d). The lines are calculated isotherms using of the SMA model (for SMA parameters see

Tab. 1).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.cit-journal.com



906

Chemie

Research Article Ingenieur
Technik

BSA has a higher adsorption density than bHb at both pH
values. The reason is that BSA has stronger electrostatic
interaction with the adsorbent due to its higher negative
charge at the studied pH values. As the buffer pH increases,
the adsorption densities of both proteins increase due to an
increase in their negative charge. The adsorption density of
bHb increases at all protein concentrations, while that of
BSA increases at low protein concentrations only. The rea-
son is that the saturation of adsorbent was already reached
at high concentrations of BSA. Moreover, an increase in salt
concentration leads to a decrease of adsorption densities for
both proteins under most conditions. This tendency is
attributed to the well-known electrostatic screening effect
[24, 34], which leads to a weaker protein-surface interaction
at high salt concentrations. Two exceptions (BSA from
50 to 100mmolL™ NaCl at pH 9.0, bHb from 0 to
50 mmol L™ NaCl at pH 8.0) indicate the complexity of the
ion-exchange adsorption of proteins. The protein-surface
interaction could partially be superimposed by protein-pro-
tein interaction, especially in adsorption associated with
weak protein-surface interactions.

In Fig.2 the fitted isotherms of the SMA model are
shown. The single-component parameters of the SMA
model obtained by fitting the experimental isotherms are
listed in Tab.1. The total ion-exchange capacity of the
anion-exchange adsorbent (A) was determined to be
274.7 mmol L', As Tab. 1 shows, the parameters v and K of
BSA are larger than those of bHb under all conditions. This
further confirms the stronger adsorption of BSA. The o val-
ues of BSA and bHb at pH 9.0 are similar, due to the similar
sizes of these two proteins, while bHb has a much larger o
of 373 at pH 8.0 due to its weak interaction with the adsorb-
ent. The value of K of both proteins increases with an in-
creasing of pH due to more negatively charged proteins and
stronger interaction at higher pH. Only a slight increase of
v can be seen for both proteins when the pH increases.

The single-component systems were simulated for 400 ns.
During these simulations, the protein moved to the ligands
and adsorbed due to attractive protein-ligand interactions.
The simulation results present the influences of the initial
protein orientation on the protein adsorption. Both pro-
tein-ligand potential energies and protein-ligand minimum
distances have been calculated and analyzed to investigate
the adsorption [32]. Stable low values of interaction energies
and minimum distances indicate a stable adsorption. It is
evident that HSA reached a stable adsorption from all six

different orientations, while bHb was adsorbed only from
02. These simulation results are qualitatively consistent
with the experimental results.

Two parameters (v and o) of the SMA model which have
a physical basis were determined from the MD simulations
(shown in Tab.1). The last 10ns of each trajectory were
analyzed to calculate the binding sites and the hindered
ligands/counterions. The protein residues having a mini-
mum ligand distance smaller than 0.45 nm were considered
as binding sites. The exchange groups of the ligands with a
minimum distance to the protein between 0.45nm and
2.5nm were considered as sterically hindered ligands/coun-
terions. The values of each orientation were averaged over
time, and the average values over the six orientations are
shown in Tab. 1. HSA has 1 - 3 binding sites in the adsorbed
states from different initial orientations. bHb has only one
binding site in case a stable adsorption is reached (orienta-
tion O2). All binding sites of both proteins are negatively
charged residues. This indicates that the main driving forces
for the adsorption are electrostatic interactions. Most of the
characteristic charges and the steric factors of HSA and
bHb are consistent with the experimental values (see
Tab. 1). Only the steric factor of bHb at pH 8 determined in
experiments is much larger. The difference in pH between
the experiments and the simulations could be a reason for
this deviation. However, the comparison confirms that the
MD simulations are capable to model the protein adsorp-
tion onto ion-exchange adsorbent with electrostatic interac-
tions as driving force. More information on the single-com-
ponent simulation can be found in [32].

4.2 Simultaneous Binary Adsorption

For binary adsorption the initial concentration ratio
(BSA:bHb) was set to be 1:1. The corresponding isotherms
of both BSA and bHb are shown in Fig. 3. BSA still shows a
higher adsorption density than bHb at both pH values.
Moreover, by comparing Fig.2 and 3, it can be seen that the
adsorption densities of both proteins decrease in binary ad-
sorption. The proteins adsorb competitively onto the ion-
exchange chromatographic media, and BSA adsorbed pref-
erentially. As presented in Fig.3 (a, b), the increase of pH
and the decrease of salt concentration result in higher
adsorption densities of BSA. The pH and ionic strength of
the buffer have an influence on BSA adsorption. On the

Table 1. Parameters of the SMA model for BSA/HSA and bHb in single-component adsorption.

BSA/HSA bHb
v K [ v K o
Experiment pH 8.0 1.56 27.70 164 0.57 7.65 373
pH 9.0 1.64 39.72 182 0.67 13.82 160
Simulation [32] 1.8+0.7 - 177.0 £23.7 0.6£0.5 - 133.0£67.0
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a) 16 b) 16 values of these two parameters for
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0 RSS = 0.185 ORSS = 0116 ; i i
12 4RSS = 0.202 12 4RSS = 0.112 MD simulations are consistent.
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Hence, the SMA parameters of single
adsorption could be used directly to
predict binary adsorption. Consider-
ing the results of the binary simula-
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: 0 . . The adsorption densities of BSA and
0 0.01 0.02 0.03 0 0.01 0.02 0.03 bHb as well as the total adsorption
¢ (mmol-L-) ¢ (mmol-L1)

Figure 3. Simultaneous binary adsorption isotherms of BSA (a, b) and bHb (c, d) at pH 8.0
(a, ¢) and pH 9.0 (b, d). The lines are calculated isotherms using of the SMA model (see Tab. 1
for the parameters). RSS values for the predicted isotherms are shown.

contrary, the adsorption of bHb was mainly influenced by
the competitor BSA rather than by the buffer constituents
(see Fig.3 (c, d)). The SMA model with parameters ob-
tained from single adsorption (shown in Tab.1) has been
used for the prediction (lines in Fig.3). The results show
that the SMA model can predict the binary isotherms quali-
tatively. However, quantitative deviations can be seen (RSS
values in Fig.3), especially at higher initial concentrations.
For a better analysis of whether the parameters of single ad-
sorption could be directly used in binary predictions, the
MD simulation results of simultaneous adsorption will be
discussed.

In order to study the binary competitive adsorption in de-
tail, the simultaneous binary adsorption has been simulated
for 600 ns. The results of the simulations of four different
arrangements show that HSA adsorbs from all these four
arrangements, while bHb adsorbs only from Al and A2. An
interaction between HSA and bHb was observed in all these
simulations, which indicates the competition between dif-
ferent components. Two parameters (v and o) of the SMA
model were determined directly by the MD simulations.
The results shown in Tab.2 are the average values of each
protein from all four arrangements. It can be seen that the

density (sum of both proteins) from
sequential adsorption experiments
are shown in Fig.4. Two triangles
representing the total adsorption den-
sities overlap at ¢=0.078 mmol L™
(see Fig.4). Due to the multistep adsorption process and the
indirect measurement of the adsorption densities for BSA,
the accuracy of the isotherms in sequential adsorption is
lowered. As can be seen in Fig. 4, after the pre-adsorption of
BSA, the decrease of adsorption density of BSA in the sec-
ond step indicates a displacement by bHb, especially at high

2
'
15 F oo oo A
B O F EBSA_binary
10' 1104 ® .. ®bHb_binary
E [ ] ° ATotal_binary
> 05 [ oBO O‘. OBSA_single
.)O ObHb_single
08 : :
0 0.03 0.06 0.09

¢ (mmol-L)

Figure 4. Adsorption isotherms of BSA and bHb in single and
sequential binary adsorption, and total protein density in
sequential binary adsorption.

Table 2. Parameters of the SMA model for HSA and bHb obtained from MD simulations.

HSA bHb

v o v o
Simultaneous binary adsorption 2.6+1.0 182.0+22.0 0.6+0.4 136.6 +44.3
Single component (O2) adsorption 3.0 192.3 0.9 158.8

Chem. Ing. Tech. 2015, 87, No. 7, 903-909
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concentrations. The adsorption densities of bHb in sequen-
tial adsorption were pretty much the same as in its single
adsorption. These discrepancies suggest the influence of the
adsorption sequence in binary adsorption.

Instead of a decrease in total adsorption densities due to
the competition in binary adsorption, higher total adsorp-
tion densities in sequential adsorption than those in single
adsorption can be obviously seen in Fig. 4. A possible reason
is that bHb adsorbed on the pre-adsorbed BSA. A similar
phenomenon was also reported in bHb adsorption on hy-
drophobic surface by Hook [35]. The multiple layer adsorp-
tion of bHb was further investigated by MD simulations on
a molecular scale. The sequential adsorption has been simu-
lated for 2000 ns. The minimum protein-protein and pro-
tein-ligand distances are shown in Fig. 5. It can be seen that
bHb moves to the pre-adsorbed HSA and adsorbs onto it
around 630ns. Afterwards, bHb keeps fluctuating with a
distance of about 2.0 nm to the ligands and gets quite close
to the ligands at approx. 1650 ns. Here, it can be concluded
that if the ion-exchange adsorbent is saturated with HSA,
bHb can then adsorb onto HAS due to the lack of available
ligands without a further contact with the ligands. The mul-
tiple layer adsorption of bHb onto adsorbed proteins is seen
in both experiments and simulations.

16

-
5]

bHb-ligand

Distance (nm)
(-]

HSA-bHb

0 500 1000 1500 2000
Time (ns)

Figure 5. Minimum distance between HSA and the ligands,
between bHb and the ligands, and between HSA and bHb in
a sequential adsorption simulation.

5 Conclusions

Serum albumin and hemoglobin were used to investigate
the adsorption of single and binary protein mixtures onto Q
Sepharose FF. A comprehensive investigation combining
experiments and MD simulations was performed. The re-
sults of the experiments and the simulations were compared
quantitatively by two parameters of the SMA model. The
MD simulations with a coarse-grained model have been
successfully used to investigate ion-exchange adsorption
processes. Both experimental and simulation results show
that serum albumin adsorbed stronger than hemoglobin.
The two proteins adsorbed competitively onto the ad-
sorbent in binary adsorption. In binary adsorption, the
buffer condition had influence on serum albumin but

www.cit-journal.com
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almost no influence on hemoglobin. The adsorption se-
quence affects the binary adsorption. The multiple layer
adsorption of hemoglobin in sequential adsorption was ob-
served in the experiments and was further discussed with
the MD simulations. The SMA model with parameters ob-
tained from single adsorption can be directly used to predict
the binary adsorption qualitatively. For a further modifi-
cation, parameters describing interaction and competition
between different components should be added to the mul-
ti-component model.

This work was supported by the China Scholarship
Council.

I Symbols used

c [mmolL™'] protein concentration in liquid phase
Cs [mmolL™"] salt concentration

K [-] adsorption equilibrium constant

q [mmol L] adsorption density

% -] characteristic charge

A -] total capacity of the adsorbent

g (-] steric factor
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Kontinuierliche
Rohrreaktoren

- bis ca. 345 bar und 500°C

- beheizbare Lange ca. 15-96 cm

- Innendurchmesser 3/8”, 1/2”, 1" und 1,5"
- Gas- und / oder Flssigdosierung

Durch vielfaltiges Zubehor auf kundenspezifische
Anforderungen anpassbar

Kalorimeter, Druckbehélter, Reaktoren,
Aufschlusssysteme
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