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bstract

Protein retention in hydrophobic interaction chromatography is determined by protein physicochemical properties and by system characteristics.
n this paper we present an attempt to determine the optimal operation conditions that would allow the separation of binary protein mixtures. The
tatistically significant system variables were determined, and then empirical models were obtained which explained more than 92% of variability
n dimensionless retention time based on salt properties, ionic strength of the initial eluent and substitution degree of the resin. These variables
ere optimized in order to achieve the maximum retention time difference between two proteins in a mixture. The optimum operation conditions as
redicted by the models were tested experimentally, showing a good agreement with predicted separation. We concluded that it would be possible

o determine the system conditions that allow the maximum separation of two proteins based on the main system properties. The methodology
roposed here presents potential to be applied to partially characterized systems, however, it could be improved if protein’s properties were included
xplicitly in the models.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrophobic interaction chromatography (HIC) is one of the
ey techniques used for protein purification and also largely
sed in industrial operations [1]. In HIC, proteins bind to a
eakly hydrophobic stationary phase under moderately high

oncentration of a kosmotropic salt. Elution is achieved by
ecreasing the ionic strength in the mobile phase in a linear
r a stepwise way [2–4]. HIC technique requires a minimum
f sample pre treatment and thus can be used in combina-
ion with precipitation and other chromatographic techniques

5].

The factors that affect HIC performance can be divided into
ystem characteristics and protein physicochemical properties.

� This paper is part of a special volume entitled “Analytical Tools for Pro-
eomics”, guest edited by Erich Heftmann.
∗ Corresponding author at: Medicine Faculty, Institute for Biomedical Sci-
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he main protein properties that affect protein retention in HIC
re average hydrophobicity [5–8], surface hydrophobicity dis-
ribution [9,10], and protein size [2]. The main system charac-
eristics are concentration and type of salt [3,11–18] and matrix
roperties [3,4,17,19,20]. Additionally, there are other system
roperties that can affect HIC performance to a lesser extent,
uch as pH of the mobile phase [15,18,21,22] and temperature
3,21,22,23].

Several efforts have been made towards elucidating the way
hese factors affect protein retention in HIC. Considering only

protein’s average surface hydrophobicity it has been possi-
le to obtain predictive models which have been shown to be
alid for use in a purification process design [6,7]. Besides,
onsidering the surface hydrophobicity distribution as the only
esign variable it has been possible to deduce empirical mod-
ls that were able to predict a protein’s retention time in HIC,
nder fixed operational conditions [9,10]. However, to use these

odels in process design it is necessary to know a priori the

hree-dimensional structure of the protein of interest and that of
he main contaminants. Then the application of these models is
imited to well characterized systems.

mailto:amahn_2000@yahoo.es
dx.doi.org/10.1016/j.jchromb.2006.09.013
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tion gradient (varying as shown in Table 1). The experimental
A. Mahn et al. / J. Chrom

On the other hand, many attempts have been made in order
o understand and describe the way that operational conditions
ffect protein retention in HIC. Geng et al. [24] developed a
toichiometric displacement retention model which described
socratic retention of proteins in HIC considering the system’s
roperties as independent variables. The model considered pro-
ein properties implicitly in the parameters.

In this work we focused on operational conditions because
hese factors can be manipulated, in contrast to protein prop-
rties, which are difficult to know when a purification process
f a new system is being developed. Our aim was to propose
methodology to estimate optimal conditions which could be

sed with a partially characterized system.

. Theory

.1. Mobile phase effect

The mobile phase characteristics are defined mainly by ionic
trength, type of salt, and pH. The first theoretical framework
o describe the effect of salt on electrostatic and hydrophobic
nteractions was developed by Melader and Horváth [12]and

elader et al. [14], based on the Manning’s counter-ion conden-
ation theory for electrostatic interactions [25], and an adaptation
f the Sinanoglu’s solvophobic theory [26] to the salting-out
f proteins and their retention in HIC. They proposed that
he hydrophobic interaction is proportional to the surface ten-
ion increment of the salt used in the mobile phase and to its
olal concentration. In a later study, it was found that specific

alt–protein interactions and protein hydration also affect pro-
ein retention [15]. Based on the interaction between protein and
alt the preferential interaction theory was developed [18,27,28],
howing that selectivity reversals exist when different types of
alt are used in the mobile phase.

.2. Stationary phase effect

An increase in the chain length of an alkyl ligand increases
he strength and specificity of the hydrophobic interaction [29].
owever, resolution decreases when chain length is higher [5],

hus the selectivity of an HIC resin can be manipulated by
hanging the ligand density [19]. Recently, Machold et al. [20]
uantified the apparent hydrophobicity characteristic of differ-
nt protein–resin systems and compared the performance of the
orbents. Base support chemistry, as well as type and density
f the hydrophobic ligand, were found to affect selectivity of
n HIC system. Based on a quantitative structure property rela-
ionship (QSPR) model, it was shown that selectivity of HIC
ystems is affected by ligand and/or base support chemistry [8].
ased on the preferential interaction theory [27], Xia et al. [18]

eported that the total number of released water molecules is
roportional to the total hydrophobic area of the resin, which in
urn reflects the chemical properties of the resin.
We present an attempt to optimize the main operation con-
itions in an HIC system, based on an empirical model that
xplains a high percentage of variability on protein retention
ime. The models consider the operation conditions explicitly

c
w
o
f
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s independent variables and the properties inherent to proteins
ere considered implicitly in the parameters.

. Experimental

.1. Materials

Phenyl Sepharose 6FF (high substitution), Butyl Sepharose
FF and Octyl Sepharose 4FF were donated by GE Healthcare
Uppsala, Sweden). Sodium chloride and ammonium sulfate
ere purchased form Sigma (St. Louis, MO), trisodium citrate
ihydrate was purchased from Merk. �-amylase, thaumatin and
-chymotrypsinogen A were purchased from Sigma (St. Louis,
O). Water, prepared from a Milli-Q water cleaning system

Millipore, Bedford, MA) and Bis–Tris buffer was used in the
reparation of the mobile phase.

.2. Equipment

The high-performance liquid chromatography system
mployed, consisted of a FPLC (GE Healthcare, Uppsala, Swe-
en) equipped with a 100-�L injection loop. A 1-mL column
100 mm × 5 mm ID) was used to pack the chromatographic
esins. The experiments were performed at room temperature
22 ◦C), using a flow rate equal to 0.75 mL/min and a 10 CV
ecreasing elution gradient. The column effluent was monitored
t 280 nm and the retention volume of the proteins was recorded.
he conductivity of the eluent was also monitored.

.3. Sample preparation

Single protein solutions were prepared to contain approx-
mately 2.0 mg/mL dissolved in the initial eluent. Solutions
ontaining a mixture of two proteins were prepared to contain
.0 mg/mL of each protein. All samples were filtered through
.22-�m Millipore filters after preparation.

.4. Buffer

The initial eluent was Bis–Tris 20 mM pH 7.0 plus a max-
mum salt concentration as shown in Table 1. The final eluent
as Bis–Tris 20-mM pH 7.0 (Buffer A). All buffers were fil-

ered through 0.22-�m Millipore filters after preparation and
egassed with helium for 10 min.

.5. Experimental conditions

Experiments were performed using different combinations
f type of matrix (Butyl Sepharose, Octyl Sepharose or Phenyl
epharose), salt type (ammonium sulphate, sodium citrate or
odium chloride) and salt concentration at the beginning of elu-
onditions used in each experiment are shown in Table 1. Elution
as achieved using a decreasing salt gradient, with a steepness
f 7.5% B/min (a 10 CV gradient). All experiments were per-
ormed in duplicate.
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Table 1
Experimental conditions and quantitative variables that represent each condition

Experiment
number

Type of salt σs
a [×103 dyn

g/cm mol]
Ionic
strength

Salt concentration
[M]

Type of
matrixb

Ligand surface densityc

[�mol/mL gel]
Sorbent
selectivityd

1 Sodium chloride 1.64 2.0 2.0 Butyl 50 6.10
2 Ammonium sulfate 2.16 1.5 0.5 Butyl 50 6.10
3 Sodium chloride 1.64 4.5 4.5 Butyl 50 6.10
4 Ammonium sulfate 2.16 4.5 1.5 Butyl 50 6.10
5 Sodium chloride 1.64 2.0 2.0 Phenyl 40 16.85
6 Ammonium sulfate 2.16 1.5 0.5 Phenyl 40 16.85
7 Sodium chloride 1.64 4.5 4.5 Phenyl 40 16.85
8 Ammonium sulfate 2.16 4.5 1.5 Phenyl 40 16.85
9 Sodium citrate 3.12 3.0 0.5 Octyl 50 0.20

a Molal surface tension increment of the salt, as reported by Melander and Horváth [12].
b Base support in all cases is Sepharose.
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c Information proportioned by the manufacturer.
d As reported by Machold et al. [20], values correspond to the sum of squares

.6. Protein retention time

The chromatographic behaviour of proteins was represented
y the parameter “dimensionless retention time” (DRT), and was
alculated as follows [6,7,9,10,30]:

RT = RT − t0

tf − t0
(1)

here RT is the retention time of a protein (determined as the elu-
ion volume divided by the flow rate, in this case, 0.75 mL/min),
0 is the time corresponding to the start of the elution gradi-
nt, and tf is the time corresponding to the end of the elu-
ion gradient. If a protein is not retained by the resin, DRT is
qual to zero, and if a protein elutes only after the gradient
as been completed, its DRT is equal to one. The values of t0
nd tf were obtained directly from the conductivity curve in the
hromatogram.

.7. Data analysis

The retention data of the three proteins under the differ-
nt experimental conditions were related to the quantitative
arameters that represent each condition (Table 1) using mul-

iple regression analysis. The independent variables analyzed
ere molal surface tension increment of the salt (σs), ionic

trength in the initial buffer, surface ligand density on the resin,
nd resin selectivity. The statistically significant variables were

able 2
tatistical analysis of the independent variables’ effect on dimensionless reten-

ion time showed by the three proteins studied

ariable p-value

�-Chymotrypsinogen
A

Thaumatin �-Amylase

onic strength 0.0065 0.0137 0.0129
esin selectivity 0.6692 0.9692 0.8855

s 0.0501 0.1722 0.2660
urface ligand density 0.2593 0.4189 0.3197

p
m
o

T
S
s

V

I
σ

S

ach sorbent.

etermined by ANOVA, and the best model for each protein
as chosen, based on statistical criteria such as r-squared and
-value.

.8. Optimization

The operation conditions that allow the best separation
f two proteins were determined based on the statisti-
al models obtained for each protein. Three protein binary
ixtures were analyzed (thaumatin–�-amylase; thaumatin–�-

hymotrypsinogen A, �-amylase–�-chymotrypsinogen A), and
he model corresponding to each protein in the mixture was
sed. The optimal conditions were determined by maximiz-
ng the difference between DRT values predicted by the

odel corresponding to each protein in the mixture. The val-
es of the independent variables were set within the exper-
mental constraints, and the optimization process was sub-
ect to the intervals the model was fit. σs varied between
.64 (which corresponds to sodium chloride) and 3.12 (cor-
esponding to citrate); ionic strength varied between 1.5 and
.5; ligand surface density on the resin ranged between
0 (Phenyl Sepharose) and 50 (Butyl Sepharose and Octyl
epharose).

The Newton’s method was used in the optimization, using

rogressive derivatives and linear estimation. 100 iterations were
ade for each estimation, with 5% tolerance and convergence

f 0.0001.

able 3
tatistical analysis of the effect of the statistically significant variables on dimen-
ionless retention time observed for the three proteins studied

ariable p-value

�-Chymotrypsinogen
A

Thaumatin �-Amylase

onic strength 0.0023 0.0053 0.0093

s 0.0055 0.0194 0.5689
urface ligand density 0.0035 0.0021 0.0010
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regression analysis was carried out considering salt concentra-
tion instead of ionic strength, but the results were not satisfactory
(data not shown). These models explained only 80% of the vari-
A. Mahn et al. / J. Chrom

. Results and discussion

.1. Statistical analysis of retention data and model
election

The dimensionless retention time obtained in the different
xperimental runs was related to the operation conditions vari-
bles, for each of the three chosen proteins. A multiple regression
nalysis was carried out, considering that the independent vari-
bles are the ionic strength of initial buffer, molal surface tension
ncrement of the salt (σs), surface ligand density on the resin and
electivity of the resin. The effect of each variable on DRT was
nalyzed statistically, and the results are shown in Table 2. In
ll cases, the highest p-value corresponds to the variable “resin
electivity”, being greater than 0.1. This means that this variable
s statistically insignificant at a 90% or higher confidence level.
he statistical model obtained considering the four variables can

hen be simplified by removing the not significant variables, in
his case, “resin selectivity”. The analysis was repeated, but this
ime considering only the significant variables. The results are
hown in Table 3. For the proteins �-chymotrypsinogen A and
haumatin, the variables, ionic strength, surface ligand density
nd σs were significant at a 99% confidence level, while for �-
mylase, it still remained a insignificant variable corresponding
o σs. In this case, σs could be removed from the model, but
e decided not to remove it because of the importance of ana-

yzing the effect of type of salt on protein retention. Besides,
his situation occurred with only one protein, and to consider
ewer variables in one case would make it difficult to com-
are the performance of the three models and to carry out the
ptimization.

The multiple regression analysis resulted in linear models
hat depend on three independent variables and four parameters
r coefficients, showing the form:

RT = A + BIs + Cσs + DLd (2)

here A, B, C and D are the model coefficients, Is is the ionic
trength of the initial buffer,σs is the surface tension increment of
he salt, and Ld is the surface ligand density on the hydrophobic
esin. The protein hydrophobicity is considered implicitly in
he parameters; it was not considered explicitly as an additional
ariable because it is a property inherent of proteins and thus
t can not be manipulated for the optimization. The coefficients
btained for each protein are given in Table 4, as well as the
tatistics of each model.

The parameters in the three models were in the same order of
agnitude, however a sign change was observed in the param-

ter C for �-amylase with respect to the other proteins. This is
robably due to the different net charge of �-amylase, which
as a pI equal to 6.0, while thaumatin and chymotrypsinogen

have a pI of 9.7 approximately. Then, we can suppose that
alt interacts in a different way with �-amylase, which explains

he different sign of parameter C, which accompanies σs in the

odels.
In all cases, the p-value of the model was less than 0.01, what

eans that a statistically significant relation exists between the

F
(
(

. B 849 (2007) 236–242 239

ndependent variables at a 99% confidence level. Besides, the
-squared was greater than 92% in all cases, and so the mod-
ls are able to at least explain 92% of the variability in DRT,
onsidering the three operational variables Is, σs and Ld. These
esults are showing that the main operation conditions that deter-
ine protein retention in HIC are ionic strength of the initial

uffer, the salt properties and the surface ligand density on the
ydrophobic resin. If these three variables determine maximum
rotein retention time in HIC, then interest should be focused on
he optimization of these main variables, in order to design the
ptimal separation process. Additionally, we can conclude that
onic strength is a more suitable design variable than salt con-
entration, because it considers the effect of charge. A multiple
ig. 1. Comparison of experimental and predicted dimensionless retention time
DRT) of the proteins thaumatin (a), �-chymotrypsinogen A (b) and �-amylase
c), using the statistical models shown in Table 4.



240 A. Mahn et al. / J. Chromatogr. B 849 (2007) 236–242

Table 4
Statistical parameters and coefficients of the models obtained for the three proteins

Protein Model parameters p-value r-squared (%)

A B C D

�-Chymotrypsinogen A 2.0673 0.1229 −0.3005 −0.0304 0.0009 95.40
Thaumatin 2.4740 0.1205 −0.2593 −0.0405 0.0014 94.46
� 0.0496 −0.0506 0.0027 92.86

T D are the model coefficients, Is is the ionic strength of the initial buffer, σs is the
s hydrophobic resin.
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Table 5
DRT difference predicted by the models under the optimum operation condi-
tions, in comparison with experimental values

Mixture components Predicted
separationa

Experimental
separationa

Deviation
(%)b

Thaumatin �–amylase 0.215 0.255 15.7
�-Chymotrypsinogen

A–amylase
0.257 0.242 6.2

Thaumatin
�–Chymotrypsinogen A

0.041 0.000 –

a

�
a
p
t
r
t

s
e
c
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p
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S

E

2
3
4
5
6
7
8

T

-Amylase 2.2963 0.1119

he general form of the models is DRT = A + BIs + Cσs + DLd, where A, B, C,
urface tension increment of the salt, and Ld is the surface ligand density on the

bility in DRT, and the p-values indicated that the variables were
elated at a 95% confidence level.

On the other hand, σs represented very well the salt proper-
ies in a quantitative way. Surface ligand density on the resin
ppeared also as a good parameter, but it has to be noted that the
ange we studied was relatively narrow (it fluctuated between
0 [�mol/mL gel] and 50 [�mol/mL gel]).

Resin selectivity resulted as statistically insignificant, which
s in contradiction with literature [20]. Probably the parameter
sed to represent this variable was not adequate; another way to
uantify it should be investigated. Besides, the chromatographic
esins used have the same base support, and so differences in
electivity may not be of great importance.

Fig. 1 shows the correlation between observed and pre-
icted DRT for thaumatin (a), �-chymotrypsinogen A (b) and
-amylase (c). A very good agreement can be observed; the mod-
ls describe extremely well, the chromatographic retention of the
roteins. Then, these models could be used to predict protein
etention in HIC under certain operation conditions. Addition-
lly, the models could be used to determine the conditions that
roduce the maximum difference in DRT of two proteins.

.2. Optimization of the operation conditions

The models obtained previously were used to determine the
peration conditions (ionic strength, type of salt and resin)
hat produce the maximum difference between the retention
f two proteins. Using the Newton’s method, the values of

he model variables were determined, in order to give the
ighest DRT difference between two proteins. The condi-
ions that would theoretically allow the best separation of two
roteins in a mixture were determined for the combinations

t
�
m

able 6
eparation of the binary mixtures under different experimental conditions

xperimental conditionsa Thaumatin–�-chymotrypsinogen A Thaum

DRT 1 DRT 2 Separationb DRT

0.622 0.622 0.000 0.623
0.727 0.727 0.000 0.787
0.278 0.278 0.000 0.213
0.758 0.758 0.000 0.810
0.524 0.524 0.000 0.527
0.446 0.446 0.000 0.000
0.000 0.000 0.000 0.000

he best operation conditions are presented in bold. Cases where one of the protein w
a As shown in Table 1.
b Separation was measured as the difference between both DRTs.
Separation was quantified as the difference between DTR of proteins.
b Deviation = |DRTexperimental−DRTprediced|

DRTexperimental
× 100

-chymotrypsinogen A–thaumatin, �-chymotrypsinogen A–�-
mylase, and �-amylase–thaumatin. After that, the conditions
redicted by the optimization were tested experimentally with
he protein mixtures. The results were compared with the sepa-
ation obtained under nonoptimal conditions, in order to test if
he conditions predicted as optimal were really the best ones.

The experimental conditions that would result in the best
eparation as predicted by the optimization were ionic strength
qual to 4.5; σs equal to 1.64 (which corresponds to sodium
hloride) and ligand density equal to 50 (corresponding to Butyl
epharose). In Table 5 the experimental separation between two
roteins is compared to the optimal separation as predicted by the
odels. The chromatograms of the protein mixtures are shown

n Fig. 2.
Using the optimal experimental conditions, the separa-
ion of two mixtures was reached: thaumatin–�-amylase and
-chymotrypsinogen A–�-amylase. The predicted separation,
easured as the difference between DRTs, showed a relatively

atin–�-amylase �-Chymotrypsinogen A–�-amylase

1 DRT 2 Separationb DRT 1 DRT 2 Separationb

0.368 0.255 0.331 0.573 0.242
0.569 0.218 0.619 0.619 0.000
0.000 0.213 0.000 0.271 0.271
0.810 0.000 0.784 0.784 0.000
0.527 0.000 0.499 0.499 0.000
0.000 0.000 0.605 0.431 0.174
0.000 0.000 0.000 0.000 0.000

as not retained are presented in italics.



A. Mahn et al. / J. Chromatogr

Fig. 2. Chromatograms of protein mixtures compared with the chromatograms
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References
f individual proteins. In all graphs: (*) buffer B percentage (%); (�) protein
ixture. (a) (�) Thaumatin; (�) �-amylase. (b) (�) �-Chymotrypsinogen A;
�) �-amylase. (c) (�) �-Chymotrypsinogen A; (�) thaumatin.

ow deviation from the experimental results: 15.7% for the mix-
ure thaumatin–�-amylase and 6.2% for �-chymotripsynogen
–�-amylase. These results show that it would be possible to

stimate a protein’s retention time in HIC considering only the

ain operation variables. Additionally, our results suggest that

ased on such models it would be possible to determine the
ost adequate conditions to reach the maximum separation of

wo proteins.
. B 849 (2007) 236–242 241

However, as shown in Table 5 and Fig. 2, it was not possible to
each the separation of �-chymotrypsinogen A from thaumatin,
espite the models predicting a DRT difference equal to 0.04.
he average surface hydrophobicity of thaumatin is 0.269, and

hat of chymotrypsinogen is 0.306 [6]; then if separation was
etermined exclusively by the hydrophobicity difference, these
roteins would be expected to separate, but the experimental
esults do not show this. We can suppose that there are some
pecific interactions between these proteins and the resin that
xplain why the technique is not able to separate them.

We think that the prediction of protein retention obtained by
his methodology could be improved if the protein’s hydropho-
icity was included explicitly in the model parameters. This
eans giving a physical meaning to the parameters, which

hould be a topic in our future work.
The mixtures were chromatographed under the experimental

onditions given in Table 1, and the separation was determined.
he results are given in Table 6. It can be observed that the only
onditions that resulted in a better separation than that obtained
ith the optimal ones, corresponded to cases where one of the

wo proteins did not elute during the salt gradient. Thus, the
ethodology proposed in this work would be valid only for

hose cases in which both proteins are delayed by the system.

. Conclusion

The main system’s factors that determine protein retention
re salt type (measured as the molal surface tension increment
σs)), ionic strength of the initial buffer, and ligand density on the
esin surface. If these three variables were able to explain more
han 92% of the variability in DRT of model proteins, then the
ptimization of these variables would be useful in a purification
rocess design. It was possible to determine the optimum oper-
tion conditions that would allow the separation of two binary
rotein mixtures, based on empirical models that relate system
haracteristics with DRT of the proteins. The predicted sep-
ration agreed extremely well with experimental results, thus
he methodology presented here shows potential application to
artially characterized systems. However, we think that more
ccurate predictions could be obtained if protein properties such
s average surface hydrophobicity were included explicitly as
art of the parameters of the models. In order to give more gener-
lity to the methodology proposed in this work, a higher number
f protein mixtures should be analyzed, and the physical mean-
ng of the parameters should be examined.
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