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Abstract

The effect of surface hydrophobicity distribution of proteins on retention in hydrophobic interaction chromatography (HIC) was inves-
tigated. Average surface hydrophobicity as well as hydrophobic contact area between protein and matrix were estimated using a classical
thermodynamic model. The applicability of the model to predict protein retention in HIC was investigated on ribonucleases with similar
average surface hydrophobicity but different surface hydrophobicity distribution. It was shown experimentally that surface hydrophobicity
distribution could have an important effect on protein retention in HIC. The parameter “hydrophobic contact area,” which comes from the
thermodynamic model, was able to represent well the protein retention in HIC with salt gradient elution. Location and size of the hydrophobic
patches can therefore have an important effect on protein retention in HIC, and the hydrophobic contact area adequately describes this.

Keywords: Hydrophobic interaction chromatography; Surface hydrophobicity distribution; Hydrophobic contact area; Thermodynamic parameters;
Ribonucleases; Enzymes

1. Introduction is consensus in that protein hydrophobicity is determined by
the hydrophobic contribution of the amino acids the protein
Hydrophobic interaction chromatography (HIC) is an im- consists of[5,7]. It was recently proposed to estimate this
portant technique for protein purification, which exploits the property as “average surface hydrophobicif§] starting
hydrophobic character of proteins promoting their separation from the protein three-dimensional structure data and con-
based on hydrophobic interactions between stationary phasesidering the hydrophobic contribution of the exposed amino
ligands and hydrophobic regions on the protein surfate acid residues as a weighed average. Based on this definition,
In HIC, proteins are induced to bind to a weakly hydropho- a methodology was proposed to predict the retention time
bic ligand attached to a stationary phase under high saltof proteins in HIC with salt gradient elutig®]. The disad-
concentration conditions. Elution is achieved either isocrati- vantage of this methodology is that it does not consider the
cally or by decreasing the ionic strength of the mobile phase effect of the distribution of the surface hydrophobicity on
in a linear way[2]. HIC is widely used in the downstream protein retention.
processing of proteins, as it provides separation properties Mahn et al.[10] have reported that some proteins, like
complementary to other protein purification techniq[g]s conalbumin and ribonuclease A, showed a not expected be-
The main system characteristics affecting protein reten- havior in HIC when using phenyl-Sepharose and 2M am-
tion in HIC are concentration and type of s@lt4] and den- monium sulfate in the gradient elution buffer, having a very
sity and type of hydrophobic ligand attached to the matrix similar surface hydrophobicity but showing rather different
[5]. However, only little information exists about the way retention time. This varying behavior can be attributed to
these factors affect behavior of proteins in HE&J. differences in the surface hydrophobicity distribution. It is
On the other hand, the main physicochemical property of well known that the surface of globular proteins can have
proteins that determines chromatographic behavior in HIC is hydrophobic patches, which affect the retention in HBC
hydrophobicity, which relies on no absolute definition. There  The effect of single amino acid mutations on protein re-
tention in HIC has been studied for different bird lysozymes
* Corresponding author. Fax:56-2-6991084. [11]. It was concluded that only the amino acids located in
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retention in HIC. The effect of the surface properties on  The protein retention time in HIC was related to the aver-
protein retention has also been broached in a study aboutage surface hydrophobicity{acd, the hydrophobic acces-
ion-exchange chromatography, where the effect of surfacesible area (HAA) and the hydrophobic contact area (HCA)
charge distribution of proteins was investigafd@®]. Re- (contact area between the stationary phase and the protein
cently, the effect of surface hydrophobicity distribution of when attached to the HIC resin). The total accessible area
proteins related to protein—polymer association has been in-(TAA) and the hydrophobic accessible area were estimated
vestigated through molecular dynamics simulatidr8g, us- starting from the protein three-dimensional structure data,
ing theoretical protein models. However, it has not been pos- considering that the most hydrophobic amino acids are ala-
sible to establish a clear relation between protein retention nine, valine, leucine, isoleucine, methionine, phenylalanine
in HIC and their surface hydrophobicity distribution. and proline. The hydrophobic contact area was estimated
In the present work, the effect of surface hydrophobicity from isocratic retention data, using the simplified thermo-
distribution of proteins related to their retention in HIC was dynamic model proposed by Melander et [@i4] for hy-
investigated. To isolate the effect of surface hydrophobicity drophobic and electrostatic retention.
distribution, we used proteins with very similar average sur-
face hydrophobicity, but which distinctly differ on their sur-
face hydrophobicity distribution. First, we investigated the 2. Theory
chromatographic behavior in HIC of ribonuclease T1 and
a variant of that enzyme that presents a symmetric amino2.1. Thermodynamic model for hydrophobic interaction
acid mutation Fig. 1). By “symmetric mutation,” we mean
to exchange the position of two exposed amino acids, with-  The simplified thermodynamic model proposed by Me-
out changing their exposure level. In RNase T1 variant, the lander et al[14] to describe the effect of salt concentration
residue tryptophan, which in the RNase T1 wild type occu- on retention in biopolymer chromatography was used. This
pies position 59, was moved to position 45, and the tyrosine model can be applied to stationary phases that have a highly
originally located in position 45 was changed to position 59. hydrated surface with fixed charges or weakly hydrophobic
In this way, the average surface hydrophobicity of the protein binding sites or both.
remains invariable, while the surface hydrophobicity distri-  In the treatment of electrostatic interactions, the
bution is indeed affected. To complete the present study, weManning’s counter ion condensation theory was udéd,
investigated the chromatographic behavior in HIC of two while the hydrophobic interactions were treated using an
different additional ribonucleases, showing similar average adaptation of the Sinanoglu’s solvophobic thedd6]
surface hydrophobicity, but different surface hydrophobicity to the salting out of proteins and their retention in HIC
distribution. [1].

RNAase T1 wild type

Trp 59

Tyr 59

Fig. 1. Snapshot for ribonuclease Wild type and its symmetric variant trp 59 tyr/tyr 45 trp. Hydrophobic aminoacids are colored red, tyrosine residues
are colored green and triptophane residues are colored blue.



2.1.1. Electrostatic interaction Eq. (3)can be simply expressed as follows:
The retention thermodynamics in electrostatic interaction
chromatography was analyzed based on the counter ion con-IO

densation theory of Manningd.5]. Melander et al[14] de-
rived the following expression for the free energy of binding
(AGoes) of the protein to a stationary phase in the presence
of the salt counter ion:

gk’ = A — Blogms+ Cmg 4)

whereA is a constant determined by all the system charac-
teristics,B the electrostatic interaction parameter &the
hydrophobic interaction parameter. The param€terhich

is of interest in this work, is given by:

~AGgg Nav b2, AAos
2.3RT ( 100Q C=S3RT (5)
+ﬁlog 100C ) This simplified thermodynamic model can be used to
Zs (Nay b28gms) (1 — ZsE) evaluate the three parameters involve®m (4)depending

on the salt concentration used. At low salt concentration,
hydrophobic interactions can be neglected, thus through
a linear regression between isocratic retention factors ob-
tained with different salt molalilies the parametérandB

can be estimated. At high salt concentration, electrostatic
. ) oS interactions are negligible, then the paramefesdC can

the layer thickness of salt counter iafy, the characteristic be obtained. The paramet@raccounts for the hydrophobic

chﬁrge o&‘_the prlote||rzs the valenclze of the salt (r:]ountrt]ar 0N, surface contact area between the protein and the matrix. The
an Sha Lmenscljon efss sFruc;]tura .paranlweter that Cf aracter-yca can easily be obtained from the slope of the limiting
izes the charged surfadeis the universal constant of gases plot of logk’ and salt molality.

andT the absolute temperature. In the present work, our interest is set on the hydrophobic
interactions, then HIC isocratic experiments were carried out
using different salt concentration, in a high range of molality.

wherem is the molal salt concentratioNay the Avogadro’s
number, ‘€ the base of the natural logarithmh™the aver-

age spacing of fixed charges on the surfagehe thickness

of the condensation layer over the surface of the stationary
phase where each fixed charge occupies an arés, o

2.1.2. Hydrophobic interaction

The retention due to hydrophobic interactions was as-
sumed to occur due to contact between hydrophobic patches
at the protein’s surface and the hydrophobic binding sites of
the stationary phasg4]. The free energy of hydrophobic
interactions AGZ ¢) was expressed as a function of the mo-
lal surface tension increment of the sait) as follows[14]:

3. Experimental
3.1. Materials

AG;¢ = AG;q_ AA ognsg ) Ribonuclease T1 wild type (PDB ID 1RGC) and the
variant Y45W/W59Y (PDB ID 1TRP) were obtained by

wherem is the salt molalityAG ,, represents the reduction ~ €XPressing both enzymes Escherichia coli strain DHa.

in free energy due to other effects different form hydrophobic €ompetent cells were transformed with the correspond-
interactions AA’ the difference between molecular surface " Plasmids. RNase variants were produced and purified
area of the free proteitAw)and the molecular surface area after the protocol published by Grunert et fl7]. Both

of the bound proteinAs). AA' corresponds to the surface plasmids were kindly donated by Professpr Dr. Ulrich

contact area between the bound protein and the hydrophobidiahn (University of Hamburg, Germany). Ribonuclease A

site of the matrix. The relatioship shown Hy. (2)is valid (1AFU), ribonuclease S (IRBC) and Tris buffer were pur-

only in the absense of specific salt effects. chased from Sigma (St. Louis, MO, USA). Water prepared
from a Milli-Q water cleaning system (Millipore, Bedford,
2.1.3. Combined €lectrostatic and hydrophobic interaction MA, USA) and analytical-reagent grade ammonium sulfate

In order to represent the retention fackoms a function ~ (Merk) were used in the preparation of the buffers.
of the salt molality when hydrophobic and electrostatic in-
teractions are present, Melander et [A4] combined the ~ 3.2. Equipment
previous equations to yield:
The high-performance liquid chromatography system

NAvbzép Zp 1000 employed was of a fast protein liquid chromatography
logk' =log | ——— ] + =

(FPLC) system (Pharmacia, Uppsala, Sweden). The chro-

1 Z 2 1-7 ; .
00e S (Navb%3gms)( ) matographic matrix used was butyl-Sepharose fast flow (a
AGyq  AAogns gift of Amersham Pharmacia Biotech, Uppsala, Sweden)
T 2 3RT 2 3RT +loga @) packed in a 1 ml column. The experiments were performed

at room temperature (23:F), using a flow rate equal to
whereq is the phase ratio (stationary phase/mobile phase). .75 mI/min.



3.3. \Woid volume determination sible area of each amino acid in the protein, the normalized
Miyazawa—Jernigai22] amino acid hydrophobicity scale
The void volume of the column was determined using an andEq. (7}
indirect method18]. The column was filled and weighed in Y st daai

triplicate with a light solvent, in this case methanpiy(= Psurface= (7)

0.7842 g/ml) and a heavy solvent, in this case ethyleneglycol Sp

(o = 1.1074 g/ml). The total volume of the mobile phase where ¢surace is the surface hydrophobicityi™ indicates

in the column Vg, was calculated by: the different standard amino acidgg; the solvent accessi-
mp — my ble area occupied by amino acid™¢45ithe hydrophobicity

Vo= - (6) value assigned to amino acid,™ and s, the total solvent

accessible area of the protd$,10,19] “s,” has also been
wheremy andnmy, are the masses of the column filled with called “total accessible area,” TAA.

the light and the heavy solvents, respectively. We decided

to use this technique because it is the only hold-up volume 3.6. Determination of the hydrophobic accessible area
measurement with a physical meaning, as it represents the

volume within the column accessible to the two solvents  The hydrophobic accessible area of the proteins was ob-
and an analyte molecule of a size comparable to that of thetained starting form the three-dimensional structure data,

solvent moleculg18]. given in the corresponding PDB file. The HAA was cal-
culated as the solvent accessible area of the hydrophobic
3.4. Experimental conditions residues on the protein surface, using the program GRASP.

This program considers that the hydrophobic residues are
Isocratic HIC runs were performed at room temperature, alanine, valine, leucine, isoleucine, methionine, phenylala-
using 20mM Tris buffer pH 8.0 plus different ammonium nine and proline.
sulfate concentrations, in the range of 0.5-2.5m. Samples
were injected through a 50 loop. The samples were pre- 3.7. Determination of the hydrophobic contact area
pared starting from 3 mg/ml protein stock solutions. Con-
centrated ammonium sulfate buffer was added, depending The hydrophobic contact area of each protein was deter-
on the final salt concentration needed. Retention volume wasmined starting from their isocratic retention factors obtained
recorded. All the experiments were made in triplicate. using different ammonium sulfate molalities. The HCA was
Gradient elution HIC experiments were carried out using obtained fromEq. (5) The value of the paramet& was
a decreasing salt gradient, with a steepness of 7.5% B/min (aobtained with linear regression with the respective data; the
10 column volume gradient). The initial eluent was 20mM value ofos, which corresponds to the molal surface tension
Tris, pH 8.0, plus a maximum salt concentration of 2M increment of ammonium sulfate, was obtained from litera-
ammonium sulfate. The final eluent was 20mM Tris, pH ture, and was equal ta®x 10° dyn g/cm mol[23].
8.0 (buffer A). Samples, which contained 0.5 mg/ml protein,
were injected through a 2Qd loop. Retention volume was
recorded. All the runs were made in triplicate. 4. Results and discussion
All buffers were filtered through 0.22m Millipore filters
after preparation and degassed with helium for 10 min. 4.1. Surface hydrophobicity and hydrophobic contact
area of different ribonucleases
3.5. Determination of protein average surface
hydrophobicity Surface hydrophobicity of proteins was evaluated as a
weighed average usingqg. (7) and the normalized amino
The average surface hydrophobicity was estimated acid hydrophobicity scale developed by Miyazawa and Jerni-
after the methodology proposed elsewhg819]. The gan[22]. The estimate@syrface Values of the proteins used
proteins were characterized based on their amino acid se-are shown inTable 1 The hydrophobicity scale used gives
guences. These sequences and the three-dimensional strugsyrfacevalues ranging from 0.18 to 0.32, when thirteen dif-
tures were obtained from the Protein Data Bank (PDB, ferent globular monomeric proteins were ug&dLO]. In
http://lwww.rcsb.org/pdp[20]. Using the PDB file as input  the case of the ribonucleases, this value fluctuated between
for the program “Graphical Representation and Analysis of 0.222 and 0.269, which corresponds to 33% of the complete
Surface Properties” (GRASH21], the three-dimensional surface hydrophobicity range.
structure of the proteins was visualized allowing to depict  The ribonucleases showed relatively similar surface hy-
the surface distribution of amino acids. The protein’s sol- drophobicity. RNase T1 wild type and the RNase T1 vari-
vent accessible area and that of each kind of amino acidant showed almost equal surface hydrophobicity, differing
were calculated by GRASP. Finally, the hydrophobicity of only in 1.5%. This is because both proteins differ only
each proteingsurfacd Was obtained using the surface acces- in the surface hydrophobicity distribution. They have the


http://www.rcsb.org/pdb

Table 1
Surface properties and molecular mass of the different ribonucleases

Protein PDB 1@ M,P Psurface (-) TAAY (A2) HAA® (A2) HCA' (A2)
RNase A 1AFU 13 574 0.230 6955.2 1136.6 64.5

RNase S 1RBC 13 196 0.222 6666.1 1040.3 257.3
RNase T1 wild type 1RGC 11 072 0.265 5487.7 783.5 112.4
RNase T1 variant 1TRP 11 072 0.269 5476.4 775.5 386.8

2 PDB ID is the file code given by The Protein Data B42K].

b M, is the molecular mass of the protein.

¢ ¢surface IS the average surface hydrophobicity of proteins estimate&dy(7)
d TAA is the total accessible area.

€ HAA is the hydrophobic accessible area.

f HCA is the hydrophobic contact area.

same three-dimensional structure but the position of the radius equal to 4 A, leading to higher solvent accessible area
residues 45 and 59 are exchanged symmetri¢a#y. Sur- estimations. The algorithm of Lee and Richaf@3] has
face hydrophobicity of RNase A and RNase S differ only been adapted in the program GRA@I], a||owing the use

in 35%, since these proteins have also very similar aver- of a probe radius equa| to 14A (WhICh was used in our cal-
age surface hydrophobicity. RNase S is a complex that con-cylations of accessible areas). In addition, Katti ef2®]

sists of two proteolytic fragments of RNase A: the “peptide ysed only three proteins to develop the correlations between
S” (residues from 1 to 20) and the “protein S” (residues solvent accessible area and the hydrophobic parameter. In
21-124). These fragments are non-covalently connected bythe present work, we used four proteins.

a sulfate molecul¢25], thus RNase S is dynamically more e found no linear correlation between the HCA and
flexible and unstable than RNase A, despite their identical the HAA; thus we can suppose that the location of the
structures and similar enzymatic activiti]. hydrophobic patch would have an important effect on pro-

The total accessible area (equal ®™in Eq. (7) and tein retention in HIC. This is the case of RNase A. This
the hydrophobic accessible area of each ribonuclease are

shown inTable 1 RNase T1 wild type and RNase T1 variant RNase T1widfype
showed very similar TAA and HAA. The same was observed log K=0,26 m, - 0,61
for RNase A and RNase S. The parameters HAA and TAA 01- R?=0 999 /O
are directly related to the molecular weight of the proteins; '
similar molecular weight implies similar TAA and HAA. 011 /

The hydrophobic contact area was estimated from iso-

log k'

cratic retention data, using the thermodynamic model for hy- /
drophobic and electrostatic interactifird] (Eq. (4). Fig. 2 03 o
shows the plots of lof versus salt molality for RNase T1
wild type (Fig. 29 and RNase T1 variant~{g. 2b, and
Fig. 3shows the plots corresponding to RNaseFAg( 39
and RNase SHig. 3b). For all the proteins studied, the cor-
relation coefficientsrg) were higher than 0.92 (average @ Salt molality [my]
0.97). Different slope values were obtained for the different .
proteins, despite the similar surface hydrophobicity, what RNase T1 Variant
makes us expect a different chromatographic behavior in
HIC for each protein. Starting from these slope values, the 08 log K=089m,-1,16
HCA was calculatedTable 1 using Eq. (5) The biggest 031 R*=0,96 0
HCA corresponded to the RNase T1 variant, and the small- ' /6/
est one was that of RNase A. There was no linear correlation 3§ ¢ 0~
between the HCA either with the molecular weight of the 2 /
proteins or with the parameter TAA. This situation is oppo- 03 S
site to that reported by Katti et 423], who claimed that the
“hydrophobic parameter” (which corresponds to the param- 06 ‘ , : ‘
eter 'C' in Egs. (4) and (5)has a linear dependence on the 0 05 1 15 2
surface accessible area of the proteins. These different re- Salt molality [mg
sults can be attributed to the different methodology those au- _ _ o _ _
thors used to estimate protein surface accessible area. Theyh'g' 2. Linear regression between ldgn isocratic HIC experiments and

. . . e different salt concentration (molal) for RNase T1 wild typéy( 29
used the algomhm developeq by Lee and RIF:hiﬁZ(ﬂ;lm- and RNase T1 varianf{g. 2b. The points are the experimental results
plemented on their own routine. They considered a probe ang the continuous line is the tendence line.

05 T T T T T 1
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Fig. 4. Experimental dimensionless retention time (DRT) of the RNases
RNase S used in the present study (individual points), compared to the quadratic
model based on average surface hydrophobicity to estimate protein’'s DRT
04 (dotted line). The deviation from the model is given in brackets. The
togk =059 m,- 0,71 quadratic model presented here is that published by Lienqueo {g]al.
02 R2=0,92 ) for gradient elution in butyl-Sepharose and 2M ammonium sulfate in
O///o buffer B: DRT = 10.02¢syrface+ 0.54dsurface— 0.38, Wherepsyrface IS the
% 0 e average surface hydrophobicity of proteins and DRT the dimensionless
2 / retention time calculated biq. (8)
e /
04 { o K ‘ ‘ , ‘ reported by Lienqueo et aJ8]. The parameter DRT was
"0 02 04 06 08 1 12 14 16 calculated usind=q. (8) wheretg is the time correspond-
06" ing to the peak maximum in the chromatogragmthe time
(b) Salt Molality [mg] corresponding to the start of the elution gradient, frttie

) ) ) . ) ) time corresponding to the end of the salt gradient.
Fig. 3. Linear regression between Idgn isocratic HIC experiments and

the differen_t salt concentratipn (molal) for RNase A (a) and RNa;e S DRT = IR—10 (8)
(b). The points are the experimental results and the continuous line is the t — 1o
tendence line.

The predicted DRT values were compared with the exper-
protein has a big hydrophobic accessible area but a smallimental DRTs and the deviation between these values was
hydrophobic contact area, possibly because the largest hy-calculated. Theoretically, if the surface hydrophobicity dis-
drophobic patch is located in the hydrophobic pocket (con- tribution has no effect on protein retention, the deviation
cave zone) that corresponds to the active site. In this way, should be smaller than 15%, based on the results published
the largest hydrophobic patch would be less accessible tobefore[8]. Table 2shows the DRT values for each protein
the hydrophobic ligand of the matrix possibly causing a low and the deviation from the predicted ones.

retention time. Fig. 4 shows the empirical model for DRT as a function
of ¢surface and the experimental DRT values obtained for

4.2. Retention time prediction starting from average the different RNases used in this study. Clear differences

surface hydrophobicity between predicted and experimental DRT can be observed,

the biggest being RNase S. This protein showed a different
The dimensionless retention time (DRT) of the different behavior in HIC possibly due to its high dynamic flexibil-
RNases was predicted starting from surface hydrophobicity ity. Another possible explanation to this situation is that in
(psurfacd USING a quadratic empirical correlation previously solution three different species can be found at equilibrium:

Table 2

Predicted and experimental dimensionless retention time (DRT) of different ribonucleases

Protein ¢surfacd (-) DRT predictefl DRT experimenté&l Deviation (%}
RNase A 0.230 0.272 0.239 13.8
RNase S 0.222 0.233 0.760 69.3
RNase T1 wild type 0.265 0.465 0.260 78.8
RNase T1 variant 0.269 0.489 0.382 28.0

a Surface hydrophobicity estimated usifg|. (7) and the normalized Miyazawa—Jernigi&2] amino acid hydrophobicity scale.
b predicted DRT starting from surface hydrophobicty using the quadratid model published by Lienqueo and collaf@rators
¢ Experimental DRT obtained in butyl-Sepharose and 2M ammonium sulfate in buffer B.

‘ D RTexperimema‘r DRTprediceJ x 100

d iation —
Deviation= DRTexperimental




RNase S as a complex, peptide S and prote[28. The
empirical model used is not applicable to all the RNases
used in this study, only for Rnase A the deviation factor was
smaller than 15% (equal to 13.8%). RNase A is a very sta-
ble protein, due to the high number of cistines present in its
tertiary structurd29]. RNase A has four cistines in its ter-
tiary structure, and two peptidic bonds proline—tyrosyne and
proline—asparagine. In this way, it results more difficult to

change the protein conformation to increase the contact area

between the protein and the hydrophobic matrix in HIC. In

addition, it can be expected that very stable proteins have a

structure in solution similar to that of the crystallized protein.
If this is the case, then the empirical model would represent
in a correct way the surface hydrophobicity of very stable
proteins, because the estimation of this property would be
based on a crystal structure similar to that found in solution.

On the other hand, the largest hydrophobic patch in RNase

A'is located in a hydrophobic pocket; thus it can be expected
that the probability of collision with the hydrophobic ligands

of the resin would be reduced. In the convex zone opposite to e

the hydrophobic pocket, the hydrophobic patch distribution
is relatively homogeneoy&9]; therefore it can be expected

that the average surface hydrophobicity can represent in a

correct way this homogeneous distribution.

The previous observations lead us to propose that the em-
pirical model would be adequate to very stable proteins, as ©)

in the case of RNase A.

Proteins with almost identical average surface hydropho-
bicity showed different dimensionless retention time in HIC.
RNase T1 wild type and the variant only differ 1.5% in their
surface hydrophobicity, but they differ 47% with respect to
their DRT. A similar situation was observed for RNase A

08

[J Rnase S
06 1
E Rnase T1 variant
g o o
0] ) I T
0,2 Rnase T1 wild type R2=0,394 Rnase A
00 T T
600 800 1000 1200
(a) Hydrophobic Accessible Area
HAA)
08 [J Rnase S
06
[
x 04 =@
T Rnase T1 variant
02|  RGen RuaseTiwidipe R=1
0 200 400

Hydrophobic Contact Area
HCA)

Fig. 5. Correlation level between the dimesionlesst retention time (DRT)
of the proteins in gradient elution with butyl-Sepharose and 2M am-
monium sulfate in buffer B and the parameters hydrophobic accessible
area, HAA (a) and hydrophobic contact area, HCA (b). Individual points
are the experimental data, continuous lines represent the correlation level
considering RNase T1 wild type, RNase T1 variant and RNase A.

and RNase S. These proteins have very similar surface hy-

drophobicity (with a difference of 3.5%) but very different
DRT, with a deviation of 69%. It can be supposed that the
surface hydrophobicity distribution of proteins can be an
important factor affecting their retention in HIC.

4.3. Relation between protein retention in HIC and
hydrophobic areas

The dimensionless retention time of proteins in HIC was

was so high possibly because of the similar chromatographic
conditions (salt and hydrophobic resin) used to obtain both
parameters (DRT and HCA). In this way, the proteins should
maintain the same structural conformation during the HIC
processes (isocratic and gradient elution).
A high value of HCA means that the hydrophobic con-

tact area between the matrix and the protein when attached
is big; thus the size of the hydrophobic patch would be im-

related to the hydrophobic accessible area and the hydrophoportant in protein retention in HIC. This statement agrees
bic contact area of the ribonucleases used in the presentwith the results obtained by Jénsson e{&R], who showed

study.Fig. 5 shows the correlation level between DRT and
HAA (Fig. 59 and HCA ig. 5b. Fig. 6 shows the relation
between DRT and HCA/HAA ratioHig. 68 and HCA/TAA
ratio (Fig. 6b). It was observed that no linear correlation ex-

through computational simulations that the attraction be-
tween a polymer and a “simulated” protein is bigger when
the protein has larger hydrophobic patches on the surface.
The correlation level between DRT and the ratios HCA/HAA

ists between DRT and the hydrophobic accessible area ofand HCA/TAA was very high, too, showing a correlation

the proteins. The correlation coefficient) considering the

four RNases was equal to 0.05, and neglecting RNase S it

was equal to 0.39.

The correlation between DRT and the hydrophobic con-
tact area gave? equal to 1, which means that this parameter
(HCA) can represent very well the retention of these pro-
teins in HIC using gradient elution. Besides, this correlation

coefficient equal to 0.998 and 0.999, respectively.

All the correlation coefficients decreased when RNase S
was considered. This situation could be explained consider-
ing that this protein has an anomalous chromatographic be-
havior, which the model used is not able to represent. This
different behavior can be attributed to a possible confor-
mational change of the protein during the chromatographic
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Fig. 6. Correlation level between the dimesionless retention time (DRT) of
the proteins in gradient elution with butyl-Sepharose and 2M ammonium
sulfate in buffer B and hydrophobic contact area: hydrophobic accessible
area ratio, HCA/HAA (a) and hydrophobic contact area: total accessible
area ratio, HCA/TAA (b). Individual points are the experimental data,
continuous lines represent the correlation level considering RNase T1
wild type, RNase T1 variant and RNase A.

process. RNase S is a complex that consists of two polipep-
tidic chains non-covalenly bound by a sulfate molecule,
which increases its dynamic flexibility most probably al-
lowing conformational changes and reorientation during the
HIC procesd25,26]

5. Conclusion

In the present work, it was shown experimentally that the
surface hydrophobicity distribution of proteins could have
important effect on their retention in hydrophobic interac-
tion chromatography. However, there are other factors that
can affect protein retention in HIC, as specific interactions
between the protein and the matrix and possible conforma-
tional changes during the chromatographic process.

The thermodynamic model for hydrophobic interaction

drophobicity distribution. However, the limited nhumber of
proteins used in this study do not allow us to extrapolate
our results to other proteins and to different experimental
conditions.

It can be expected that the location and the size of the hy-
drophobic patches can be a very important factor affecting
protein retention in HIC. Proteins with a large hydrophobic
patch located in a concave zone would have lower retention
time than if the patch were located in a convex zone. A
big hydrophobic contact area implies a big hydrophobic
patch accessible to the hydrophobic matrix and thus a high
retention time in HIC would be expected.

The thermodynamic model developed by Melander et al.
[14] can be applicable to proteins that present no conforma-
tional changes during the process. The previously developed
empirical model, based on average surface hydrophobicity,
can be applicable to very stable proteins with a relatively
homogeneous surface hydrophobicity distribution, as ri-
bonuclease A. The chromatographic behavior of proteins
not explained by the empirical model, could probably be
explained using the classical thermodynamic model.
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