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Hydrophobic interaction chromatography of proteins
III. Unfolding of proteins upon adsorption
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Abstract

Hydrophobic interaction chromatography (HIC) exploits the hydrophobic properties of protein surfaces for separation and purification by
performing interactions with chromatographic sorbents of hydrophobic nature. In contrast to reversed-phase chromatography, this methodology
is less detrimental to the protein and is therefore more commonly used in industrial scale as well as in bench scale when the conformational
integrity of the protein is important. Hydrophobic interactions are promoted by salt and thus proteins are retained in presence of a cosmotropic
salt. When proteins are injected on HIC columns with increasing salt concentrations under isocratic conditions only, a fraction of the applied
amount is eluted. The higher the salt concentration, the lower is the amount of eluted protein. The rest can be desorbed with a buffer of low salt
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oncentration or water. It has been proposed that the stronger retained protein fraction has partially changed the conformation upon
his has been also corroborated by physicochemical measurements. The retention data of 5 different model proteins and 10 differe
hases were evaluated. Partial unfolding of proteins upon adsorption on surfaces of HIC media were assumed and a model de
dsorption of native and partial unfolded fraction was developed. Furthermore, we hypothesize that the surface acts as catalys
nfolding, since the fraction of partial unfolded protein is increasing with length of the alkyl chain.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Hydrophobic interaction chromatography (HIC) for sepa-
ation of proteins is an important separation method for sepa-
ation of proteins in laboratory scale as well as for production
f proteins in industrial scale[1–3]. In 1949, Shepard and
iselius first reported on protein retention in a so-called salt-

ng out chromatography[4]. Proteins are retarded in a buffer
ontaining cosmotropic salts. Hjerten called this method hy-
rophobic interaction chromatography[5]. The influence of
osmotropic and chaotropic salts on protein retention was
urther refined by the same group[6,7]. In 1977, Melander
nd Horv́ath introduced the solvophobic theory to describe

he effect of salt-promoted adsorption[8]. They found a lin-
ar relationship between protein retention and molarity of
alt in the mobile phase for high salt concentrations. The
trength of retention depends on the surface tension incre-
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ment of the salt dissolved in the mobile phase. To acc
for electrostatic interactions at low ionic strength, Melan
and Horv́ath extended the solvophobic theory[9]. Severa
other attempts beside the solvophobic theory have been
to model adsorption of proteins on hydrophobic surfa
These models are the preferential interaction analysis
flicking cluster model, the random network model and
continuum model for liquid water[10]. The preferential in
teraction analysis is well suited to describe the effect of
type on adsorption using experimentally estimated rete
data[11–14]. Current understanding of salt-promoted in
action can be depicted as follows. A cavity in the liquid
formed and the protein molecule fills the cavity, fusion
cavities may lead to protein aggregation and precipita
This process should be avoided in HIC. Water and ions
round the hydrophobic adsorption surface and the su
of the protein. Hydrophobic interactions between prot
and surface lead to adsorption. A structural arrangeme
proteins may occur simultaneously along with the ads
tion process. Rearrangement of water and ions in the
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solution completes the process. Thus, hydrophobic adsorp-
tion of proteins is an entropy-driven process[15–18]. The
driving force is reduction of surface area. Entropy gain by re-
arrangement of water may be superimposed the unfolding of
proteins upon adsorption. In all aforementioned models, par-
tially unfolding of proteins upon adsorption is not taken into
account. In 1983, Saito and Wada[19] reported that a sin-
gle protein with different conformation could be separated
by chromatography. Goheen and Engelhorn[20] observed
distorted peaks in linear gradient elution of albumin and�-
lactoglobulin from HIC columns. They interpreted this effect
as conformational change of the proteins. Benedek et al.[21]
investigated the differential retention of unfolded and native
proteins on reversed-phase columns. Then, their studies were
extended to hydrophobic interaction chromatography[11,22]
and the influence of salt and temperature was investigated.
The model protein�-lactalbumin was extensively studied and
at least two conformational variants were found[23]. A two-
state model of unfolding of�-lactalbumin was proposed by
Benedek[24]. The model system and the calculated thermo-
dynamic values represent a useful method to estimate the
contribution of the stationary and mobile phase to the pro-
tein denaturation processes. Additionally, a low recovery of
enzyme activity from HIC columns was observed. This was
interpreted as denaturation/unfolding on the column[25–27].
In 1989, Karger and Blanco[28] described the effect of on-
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Here, we describe an approach to quantify partial unfold-
ing of proteins upon adsorption on surfaces of HIC media.
The data are valid for the linear range. Furthermore, we hy-
pothesize that the surface acts as catalyst for partial unfolding.

2. Theory

Antia and Horv́ath[40,41]have approximated adsorption
isotherms typical in reversed-phase chromatography by in-
cluding the organic mobile phase modifier concentration (ϕ)
into a conventional Langmuir adsorption isotherm. For the
multicomponent situation, the isotherm writes as follows:

qi= a0,1 exp(−Siϕ)Ci

1 +∑n
j=1(a0,i/λj) exp(−Siϕ)Ci

(i = 0, 1, 2, . . . , n)

(1)

whereqi is the elute in the stationary phase,a0,1 is the initial
slope of the multicomponent adsorption isotherm for com-
ponent 1 without modifier in the mobile phase,Sis 2.3 times
the slope of the plotk′ (for definition, see Eq.(3)) versusϕ
for componenti, andλj is a parameter of the Langmuir type
multicomponent adsorption isotherm for componenti. The
same equation can be used to describe adsorption isotherms
in HIC, only the sign ofSwill change. In a single-component
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olumn induced structural changes of proteins. They de
trated the behavior by change of intrinsic fluorescence
rovided strong evidence that the conformation of a pro
ay change upon adsorption or may change the confo

ion in the adsorbed state. Goheen et al.[29] has postulate
hat surfaces act like catalysts for protein unfolding. This
een exemplified using cytochromec. McNay and Fernande

30] and Buijs et al.[31] demonstrated by using the deuteri
xchange technique that proteins are partially unfolded
dsorption on hydrophobic surfaces. Hydrogen exchang

ected by mass spectrometry was used to detect tertiary
ure changes of calcium-free�-lactalbumin, a model prote
ith poor stability[32]. Two peaks were eluted from an H
olumn. Hydrogen exchange measurement showed th
ess-retained peak had solvent exposure similar to th
ive protein, while the more retained peak had increased
ent exposure. This is a strong indication that a fractio
he injected protein was unfolded upon exposure. For o
roteins such as lysozyme, chymotrypsinogen A, and ov
in, the previous findings could be corroborated[33]. Protein
dsorption was been also studied by various other phy
hemical techniques and conformational change has be
ected[34–36]. These methods work under conditions, wh
re not relevant for hydrophobic interaction chromatogra
hibata and Lenhoff[37,38]have measured protein adso

ion under conditions relevant for HIC. Even under str
verloading conditions, they did not find multilayer adso
ion. This confirms previous findings of adsorption isother
he isotherm shape did not indicate a multilayer adsorp

39].
-

ituation, Eq.(1) under linear conditions will be simplifie
o:

′ = k′
0 + expλm (2)

herek′ is the normalized retention expressed as:

′ = VR − V0

V0
(3)

ith VR the retention volume andV0 the void volume,m is
he molality of salt concentration in the mobile phase andλ is
n empirical parameter. The distribution coefficient (K) can
e expressed as:

= q

C
= k′φ (4)

hereq is the amount of protein in the stationary phase
in the mobile phase after equilibrium is attained.φ is the

hase ratio.
Convolution of Eqs.(2) and (3)leads to an expression f

he protein concentration in the stationary phase as a fun
f concentration of protein and salt in the mobile phase

= C

[(
q0

C0

)
+ φ expλm

]
(5)

hereq0 is the stationary phase concentration in equilibr
ith the feed concentrationC0.
Using this equation, the adsorption of proteins as a f

ion of salt concentration can be approximated for linear
itions.

According to Kaltenbrunner and Jungbauer[42],
his exponential equation can be convoluted with
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Langmuir–Freundlich adsorption isotherm and used for ap-
proximation of stationary phase concentration of proteins
also under non-linear conditions:

q(C, m) = qmax
bCn

1 + bCn

[(
q0

C0

)
+ Φ expλm

]
(6)

whereb is an empirical parameter andn is the exponent in
the Langmuir–Freundlich adsorption isotherm.

3. Methodology

3.1. Buffers and proteins

All buffer ingredients were from Merck (Merck, Vienna,
Austria). The model proteins�-lactalbumin,�-lactoglobulin,
bovine IgG, bovine serum albumin, ovalbumin, lysozyme
and lactoferrin were purchased from Sigma–Aldrich (Vienna,
Austria).

3.2. Instrumentation

All experiments were performed on anÄkta-Explorer 100
system (GE Healthcare, Sweden) consisting of a compact
separation unit and a personal computer running a control
system (UNICORN, version 3.1).
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salt concentration the eluent buffer was obtained by mixing
1.0 M (NH4)2SO4 with 20 mM NaPO4 (pH 7.0). The proteins
were dissolved in the respective buffer with ammonium sul-
fate. Final protein concentration was 5 mg/ml for ovalbumin,
3 mg/ml for �-lactalbumin and BSA and 2 mg/ml for IgG,
lactoglobulin, lactoferrin and lysozyme.

4. Results

With the intention of getting a general view of confor-
mational change of proteins upon adsorption, we have se-
lected a large variety of stationary phases and reference pro-
teins, which have been extensively characterized as reported
in previous papers[39,43]. The experimental set-up to de-
termine the extent of partial unfolding of proteins upon ad-
sorption on a hydrophobic surface consisted of two steps.
First, breakthrough curves were determined at a fixed feed
concentration but increasing ammonium sulfate concentra-
tion in the feed solution. Second, pulses of various model
proteins were injected at increasing ammonium sulfate con-
centrations in the mobile phase and isocratically eluted. Com-
plete elution was performed by a buffer with low ionic
strength.

By using breakthrough analysis, the total amount of ad-
sorbed protein as a function of ammonium sulfate concentra-
t roxi-
m lse
r e plot
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t nse
e s
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.3. Stationary phases

Phenyl Sepharose high performance (HP), Ph
epharose 6FF high substitution, Phenyl Sepharose 6F
ubstitution, Octyl Sepharose 4FF, Butyl Sepharose
exyl-S-Sepharose 6FF, Butyl-S-Sepharose 6FF, Pyridyl-S-
epharose 6FF, Methyl Sepharose 4FF and Butyl Seph
igh performance (HP) were a gift from GE Healthcare. T
pearl butyl 35�m, Toyopearl butyl 65�m and Toyopea
henyl 35�m were purchased from TosoHaas (Stuttgart,
any), Macro-Prep Methyl and Macro-Prept-Butyl were
urchased from Bio-Rad (Hercules, CA, USA).

.4. Pulse response experiments

Two milliliters of each sorbents were filled into HR5/
olumns (GE Healthcare) and packed at a flow velocit
50 cm/h. The bed volume varied between 1.8 and 2 ml

A 20 mM NaPO4 buffer (pH 7.0) made by titration of
0 mM Na2HPO4 and 20 mM NaH2PO4 to pH 7.0 was use
s elution buffer. The salt buffer was (NH4)2SO4 at various
oncentrations dissolved in 20 mM NaPO4 buffer (pH 7.0)
he buffers were filtered and degassed prior to chroma
aphy. Isocratic runs were designed as follows: after eq
ration of the columns at a flow velocity of 306 cm/h w
NH4)2SO4 buffer of desired molarity for 3 CV, a 50�l pulse
f the protein sample was injected. The elution volume
CV at a linear flow velocity of 100 cm/h. Regeneration
ffected with 20 mM NaPO4 buffer (pH 7.0). The desire
ion could be obtained. The experimental data were app
ated by Eq.(5). The phase ratios were obtained from pu

esponse experiments under non-binding conditions. Th
Fig. 1) represents the total amount of protein bound irres
ive of the conformation of the protein. Then, pulse respo
xperiments were performed (Fig. 2) and the chromatogram
ere evaluated as follows: the first peak was assumed to

ain the native protein and the second peak contains the
ein with partially changed conformation. This assump
as made based on the rational that in unfolded confo

ion, a protein exposes more hydrophobic surface area

ig. 1. Adsorption of BSA as a function of ammonium sulfate concentr
n the mobile phase on different stationary phases.
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stationary phase than in native conformation. The stronger
retention of partially unfolded proteins was previously ob-
served by various authors[11,21,24,28,32,33], but they never
made an attempt to derive an isotherm for the native and par-
tially folded proteins adsorbed on the stationary phase. Here,
we refrain from additional experiments to confirm that the
second peak has undergone partial unfolding. We assumed
that there is enough experimental evidence about partial un-
folding of proteins upon adsorption. InFig. 2B, D, K, and

L, a pronounced distortion or broadening was observed in
the first peak. This is an indication that folding intermediates
with slightly different retention are generated with increas-
ing salt concentration. This was observed for the first time by
Goheen and Engelhorn[20]. The progress of unfolding in-
duced by the interaction with the stationary phase is clearly
time dependent. For simplicity reasons, we kept residence
time constant and we count the first peak as native protein,
irrespective how distorted it was.

F
5
B
M
T

ig. 2. Pulse response experiments of proteins with increasing concentratio
mg/ml; (B) Phenyl Sepharose HP, BSA 3 mg/ml; (C) Butyl Sepharose HP, BS
SA 3 mg/ml; (F) Toyopearl phenyl 35�m, BSA 3 mg/ml; (G) Toyopearl butyl 3
ethyl, BSA 3 mg/ml; (J) Poros 20 PE, lactoglobulin 2 mg/ml; (K) Butyl Sep

osoh phenyl 35�m, lysozyme 5 mg/ml.
n of ammonium sulfate in the mobile phase. (A) Methyl Sepharose FF, ovalbumin
A 3 mg/ml; (D) Pyridyl-S-Sepharose 6FF, BSA 3 mg/ml; (E) Hexyl-S-Sepharose,

5�m, BSA 3 mg/ml; (H) Poros Phenyl 20 PE, BSA 3 mg/ml; (I) Macro-Prep
harose FF, IgG 2 mg/ml; (L) Butyl Sepharose HP, ovalbumin (5 mg/ml); (M)
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Fig. 2. (Continued).
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Fig. 3. Evaluation of pulse response experiments with increasing concentration of ammonium sulfate in the mobile phase injecting BSA at a concentration of
2 mg/ml. The ratios of the first, native peak area, and second, unfolded area, peak are plotted vs. increasing amount of ammonium sulfate in the buffer.

Lysozyme on a Tosoh phenyl 35�m eluted almost quan-
titatively with ammonium sulfate. A linear logk′ versus mo-
larity relationship could be observed, similar to the work of
Fausnaugh and Regnier[44]. A peak distortion at higher salt
concentrations was also observed but neglected for simplic-
ity reasons. The ratio of both peak areas, the first peak eluted
with ammonium sulfate and the second peak eluted with-
out ammonium sulfate, was plotted versus ammonium sul-
fate concentration (Fig. 3). Here, only a few examples were
selected. The progress of unfolding with increasing ammo-
nium sulfate concentration becomes evident. For the selected
sorbents, it is shown that the ratio of areas of both peaks is dif-
ferent depending on ligand length. Thus, we hypothesize that
the ligand promotes unfolding during adsorption and equilib-
rium is attained between proteins with partially unfolded and
native conformation. Another interpretation of the data could
be the presence of a non-homogenous surface. There could
be sites with high and low affinity for proteins present. In this
case, the ratio of both peaks should be constant and should
not depend on ammonium sulfate concentration in the mobile
phase. We cannot find such a behavior when we inspectFig. 2
and compare it withFig. 3. So, we conclude that proteins un-
dergo conformational changes while or during adsorption on
the hydrophobic surface. In order to get a quantitative picture

of the unfolding process, we incorporated the ratios depicted
in Fig. 3into Fig. 1. We made also an attempt to quantify this
effect. An empirical equation has been derived to describe
the amount of partial unfolded species upon adsorption onto
the stationary phase. The amount of native protein adsorbed
as a function of ionic strength can be described as:

q(C, m) = qn,maxb
′√

c′2 + b′2
exp

(
−1

2

(I − a′)2

c′2 + b′2

)

×
[

1 + erf

(
1

2

√
2d′((I − a′)

b′
√

c′2 + b′2

)]
(7)

whereqn,max is the maximal adsorbed protein,I is the ionic
strength, anda′, b′, c′ andd′ are empirical parameters. The
total amount of protein in the stationary phase is described
by Eq. (5). The influence of salt type is not addressed in
this work, but we assume that it will follow the trends de-
scribed in the solvophobic theory[8,9]. Fig. 4shows the in-
fluence of ligand type and length as well as the influence of
ammonium sulfate concentration on the extent of unfolding.
The longer the alkyl-chain length, the less ammonium sul-
fate in the buffer is required for structural rearrangement of
the protein. This is well exemplified when comparing Butyl
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Fig. 4. Influence of ligand type and length as well as of ammonium sulfate concentration on partial unfolding upon adsorption of protein in HIC. The stationary
phase concentration of the respective protein was obtained from breakthrough curves and approximated by Eq.(5). The amount of native adsorbed protein was
extrapolated from pulse response experiments and fitted by Eq.(7).

Sepharose with Methyl Sepharose. For Butyl Sepharose, a
first peak was not obtained at an ionic strength of 1.7, i.e. the
native protein was entirely converted to a partially denatured
protein at this salt concentration. We explain this that due to
the strong interaction and the influence of the surface the na-
tive structure could not be maintained. However, for others, a
first peak was obtained until the ionic strength of the elution
buffer was 3.

We observed also a qualitative difference between lig-
ands. By comparing Toyopearl phenyl with Phenyl Sepharose
(Fig. 4), the shape of the curve representing native protein in
the stationary phase is smoother for Toyopearl phenyl than
for Phenyl Sepharose. As ligand density, the way of immobi-
lization of the ligand, and the contribution of the base matrix
is different for those matrices, the catalytic effect of the ma-
trix is different as well. Hence, alkyl-chain length is not the
only reason for unfolding. The established model does not
allow the inclusion of the effect of protein concentration. All
this experiments were made under linear isotherm conditions.
The only attempt we have made was to convolute Eq.(1)with
the Langmuir–Freundlich isotherm. An algorithm as previ-

ously described for ion-exchange chromatography was used
[42]. As an example, the three-dimensional plot of BSA on
Butyl Sepharose is depicted inFig. 5. This surface plot only
describes the total amount of protein bound.

Fig. 5. Adsorption isotherm as a function of protein concentration and am-
monium sulfate concentration for bovine serum albumin on Butyl Sepharose
4FF. Experimental data were approximated by Eq.(6).
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A practical conclusion of our findings is to follow the con-
cept of critical hydrophobicity proposed by Jennissen[45] for
development of purification protocols. This approach allows
retention of a protein under minimal salt concentration and
shortest alkyl-length of the ligands. Our studies show that un-
necessary high salt concentrations and length of alkyl chains
lead to excessive partial unfolding. This partially unfolding
may not affect the recovery of native protein, in case a very
fast refolding process upon elution is taking place. For slow
refolding kinetics, low recovery of native protein may be ob-
served. In a previous paper, we have investigated the recovery
of proteins from HIC columns[39]. In the majority, a satis-
factory recovery was observed.

5. Conclusion

Interaction of the protein with ligands of HIC media may
promote partial conformational changes of proteins upon ad-
sorption. It is a combined effect between salt concentration in
the mobile phase and ligand type. The extent of a conforma-
tional change cannot be assessed by the applied methodology,
only the fraction of protein that undergoes structural modifi-
cations can be quantified. Conventional adsorption models do
not distinguish between native and partially unfolded protein.
Our approach is completely empirical but may serve as basis
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