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Abstract

This paper gives a summary of different aspects for predicting protein behaviour in hydrophobic interaction chromatography (HIC). First, a
brief description of HIC, hydrophobic interactions, amino acid and protein hydrophobicity is presented. After that, several factors affecting protein
chromatographic behaviour in HIC are described. Finally, different approaches for predicting protein retention time in HIC are shown. Using all
this information, it could be possible to carry out computational experiments by varying the different operating conditions for the purification of a

target protein; and then selecting the best conditions in silico and designing a rational protein purification process involving an HIC step.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Today, modern optimized procedures for the purifica-
ion of biological macromolecules typically consist of two
hromatographic separation stages; first, a ionic exchange
hromatography followed by a hydrophobic interaction chro-
atography [1]. Then, hydrophobic interaction chromatography

HIC) is an important method for the purification of biologi-
al macromolecules, especially therapeutic proteins [2–8], DNA
accines [9] and hydrophobic tagged proteins [10], etc.

Hydrophobic interaction chromatography exploits the
eversible interaction between the hydrophobic surface patch
n a protein and the hydrophobic ligand of a chromatographic
edium at moderately high concentrations of salt, especially

ntichaotropic salt (also called kosmotropic or lyotropic salt).
his kind of salts has higher polarity and bind water strongly,
hich induces exclusion of water on the protein and ligand

urface and promotes hydrophobic interactions and protein pre-
ipitation (salting-out effect). Additionally, the presence of this
ind of salts has a stabilizing effect on protein structure. In con-
rast, chaotropic salts have less polarity and bind water loosely,
hich induces inclusion of water on the protein and ligand sur-

ace, and thus tend to decrease the strength of hydrophobic
nteractions (salting-in effect) [11].

The first reports about hydrophobic interaction chromatog-
aphy were done by Shepard and Tiselius [12], using the term
salting-out chromatography”. Next, Shepard and Tiselius [13]
eported that proteins are bound to neutral solid support in pres-
nce of sulfate and phosphate solutions. Afterwards, several
erms were used: “hydrophobic chromatography”, “hydropho-
ic affinity chromatography” [14] or “hydrophobic adsorption
hromatography” [15]. Finally, Hjertén in 1973 described a salt
ediated separation of proteins on weakly hydrophobic gel
atrices, and called the method “hydrophobic interaction chro-
atography” [16]. Additionally, Porath et al. [17] discovered

hat the hydrophobic adsorption was reinforced by adding salts,
ike sodium chloride or phosphate chloride, and proposed the
ame “salt-promoted adsorption” or “salt-promoted adsorption
hromatography” (SPAC).

In this review, different aspects for predicting protein
ehaviour in hydrophobic interaction chromatography have

een presented. First, the amino acid and protein hydrophobicity
oncepts are explained. Next, a brief description of hydropho-
ic interactions and the main factors affecting it are presented.
inally different approaches and models for predicting protein
etention time in HIC are discussed along with their advantages
nd disadvantages.

o
l
5

r
o

. Hydrophobic interactions and retention mechanisms
n hydrophobic interaction chromatography

Hydrophobic interactions are the most important non-
ovalent forces that will cause processes, such as structure
tabilization of proteins [18], binding of enzymes to substrates
19], and folding of proteins [20,21]. This kind of interaction
ppears when non-polar compounds are put into water. In this
ituation, an increase in entropy is observed (�S > 0), resulting
rom a displacement of the ordered water molecules around the
on-associated hydrophobic groups to more unstructured bulk
ater. The positive enthalpy, �H, is smaller than the entropy.
herefore, there is a negative change in free energy (�G < 0),
nd then a thermodynamically favourable process, according to
he Gibbs function [19]:

G = �H − T�S (1)

here �H and �S are the changes in enthalpy and entropy,
espectively, and T is the absolute temperature.

In particular, in the case of hydrophobic interaction chro-
atography, the separation happens on the basis of hydrophobic

nteractions between immobilized hydrophobic ligands, like
utyl, octyl and phenyl, and hydrophobic solvent-exposed
egions on proteins. A protein frequently has hydrophobic
atches on its surface and when these are in contact with an
queous solvent, the water molecules close to the hydrophobic
atches are arranged in an ordered mode. Then, the interac-
ions between a hydrophobic matrix and hydrophobic areas on
protein can be explained based on the thermodynamic aspects
reviously discussed, i.e. hydrophobic interactions are a ther-
odynamically favourable process [19].
There are several studies on binding mechanisms in HIC

22–25], but none of them has had broad acceptance. The first
nd most widespread theoretical framework was developed by
elander and Horvath [26], based on Manning’s counterion

ondensation theory for electrostatic interactions [27], and an
daptation of Sinanoglu’s solvophobic theory [28] of the salting-
ut of proteins and their retention in HIC. This theory was
dapted to a simpler form in order to account for salt effects
n protein retention due to hydrophobic interactions [29]. The
isadvantage of this model is that it is not valid for a wide range
f salt concentrations; in particular, this model is only valid for
ow salt concentrations. More details will be presented in Section

.1 below.

Staby and Mollerup [30] have proposed a model for solute
etention behaviour of proteins on HIC perfusion media, based
n the influence of the protein activity coefficient in the mobile
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nd stationary phase. Additionally, they modelled the activity
oefficient in the mobile phase by a Debye-Hückel equation, and
he activity coefficient in the stationary phase by a simple non-
inear term. The main advantage of this model, in comparison
ith Melander and Horvath’s model, was that it could be applied

o the whole range of salt concentration, from zero to high ionic
trength. More details in Section 5.1 below.

Oscarsson [31] suggested that the retention of protein in HIC
ould be described considering conformation change. He pro-
osed that proteins change their conformation continually, and
ome of those conformations are improved by the specific lig-
nd and operating condition (type and concentration of salt),
romoting the exposure of interactive sites on the surface of the
rotein. Therefore, favourable interactions can happen if these
urface sites are complementary to the groups on the stationary
hase surface. On the other hand, several authors have reported
hat these hydrophobic interactions between proteins and some
IC media could produce loss of enzyme activity [32,33], low

hromatographic recovery [34–36], and in the case of unstable
roteins (�-lactoalbumin, lysozyme), partial or total unfolding
ay occur [37–39]. For instance, there are reports about two

eaks in HIC of �-lactoalbumin; the less retained was identi-
ed as native, and the more retained as an “unfolded mixture
f species.” The magnitude of both peaks is highly dependent
n the salt type in the mobile phase [37,38]. This result demon-
trates that the unfolding of proteins upon adsorption could be
n important factor that has not been included in prediction of
rotein behaviour in HIC.

Jennissen [23] proposed that the adsorption of a protein on a
ydrophobic surface is a saturable process, where the adsorption
s a multi-step reaction, which the rate-limiting step is a slow
onformational change or reorientation step of the protein on its
ydrophobic surface.

Chen et al. [40], Huang et al. [24], Lin et al. [22], and Tsai
t al. [25] suggested that the mechanism has five sequential
ub-processes: (a) the dehydration or de-ioning (removing the
lectrical double layer) process of the protein; (b) dehydration or
e-ioning process of the gel; (c) Van der Waals forces between
roteins and hydrophobic resin; (d) the structure of the protein
s arranged upon adsorption; and (e) the excluded water or ion

olecules in a bulk solution is rearranged.
Perkins et al. [41] applied a model based on the preferential

nteraction theory proposed by Timasheff and co-worker [42].
his theory is based on the interaction between protein and salt,
nd compares the number of water molecules released with salt
nd ions released on protein binding in HIC. Some applications
f this model will be described in Section 5.1 below.

Recently, Ladiwala et al. [43] have proposed a quantita-
ive structure retention relationship (QSRR) model, based on
support vector machine (SVM), for evaluating the effects of

tationary phase resin chemistry and protein physicochemical
roperties on protein binding affinity in HIC. This QSRR model
sed molecular descriptors based on the three-dimensional struc-

ure of proteins, the primary structure information, and a set
f new hydrophobicity descriptors. Their results have shown a
ood capacity to predict the protein retention and to interpret the
hysicochemical effects that contribute to the binding affinity of

b
o
h
v

togr. B 849 (2007) 53–68 55

roteins under different operating conditions. Additional results
ill be presented in Section 5.2 below.
Recently, Jakobsson et al. [44] have described the hydropho-

ic interaction using a description of the interaction between the
rotein and solid phase, and a description of the dispersion in the
olumn. The solid-phase interaction was modelled based on the
olvophobic theory using an interaction model including kinet-
cs. As a result of this model, they proposed a method of gaining
rocess knowledge and assisting in the robustness analysis and
ptimization of an HIC step.

. Amino acid and protein hydrophobicity

.1. Amino acid hydrophobicity

The amino acid hydrophobicity could be estimated in dif-
erent ways; therefore, there are several different scales that
ave been used to estimate it. The variation in the hydropho-
icity ranking of individual amino acid is sometimes significant
45,46], as shown in Fig. 1. This discrepancy could be due to
everal factors; for example, the amphiphilic character of the aro-
atic amino acids (phenylalanine, trytophan and tyrosine) leads

o different relative contributions to the hydrophobicity, depend-
ng on the method and solute chosen [45–47]. The assumption
egarding the charged or uncharged state of histidine residues
ffects the hydrophobicity ranking, and also, cysteine residues
an form disulfide bonds; the cysteine residues then appear more
ydrophobic.

.2. Protein hydrophobicity

In the case of protein hydrophobicity, it could be defined
ased on the hydrophobicities of the exposed and buried amino
cids [48], called “degree of hydrophobicity” or only upon the
ydrophobicities of the exposed amino acids, called “average
urface hydrophobicity” [49].

The classical parameters used to characterize the “degree
f hydrophobicity” were “average hydrophobicity”, based on
anford’s free energies of transfer of amino acid side chains
rom an organic environment to an aqueous environment [50];
non-polar chain frequency”, NPS, calculated as the frequency
f non-polar side chains [51]; “polarity ratio”, p, calculated as
he ratio between external and internal volumes of the protein
52]; or “net hydrophobicity” [19], amongst others.

In the case of “average surface hydrophobicity” there are
everal ways to quantify “protein surface hydrophobicity”. The
rst one is by using fluorescent probe methods based on 1-
nilinonaphthalene-8-sulfonic acid (ANS), cis-parinaric acid
CPA), and 6-propionyl-2-(N,N-dimethylamino)-naphthalene
PRODAN) [53]. Upon the binding of the probes to accessi-
le hydrophobic regions of proteins, an increase in fluorescence
s observed, which is used as a measurement of protein surface
ydrophobicity. However, due to the possible contribution of

oth electrostatic and hydrophobic interactions to the binding
f these anionic probes, the interpretation based on these probes
as not been easy [53]. The second approach to estimate this
alue considers the protein’s three-dimensional structure data
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ig. 1. Comparison of amino acid hydrophobicity using different hydrophobicit
auchere and Pliska [96], Abraham and Leo [97], Wertz and Scheraga [98], Be

yrosine.

nd assumes that each amino acid on the surface of a protein has
contribution proportional to its surface accessible area [49].

hen the average surface hydrophobicity, ASH, is calculated as:

SH =
∑

saaiφaai

sp
(2)

t
s
n∑
es: Miyazawa and Jernigan [78], Cowan and Whittaker [94], Wilson et al. [95],
n et al. [49]. (a) Phenylalanine, (b) tryptophane, (c) histidine, (d) cysteine, (e)

here i (i = 1,. . ., 20) indicates the different amino acids, saai is
he solvent accessible area occupied by amino acid “i”, φaai is

he hydrophobicity value assigned to amino acid “i”, and finally,
p is the total solvent accessible area of the protein. It should be
oted that for proteins with a prosthetic group, sp is bigger than

saai.
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Recently, Mahn et al. [54] introduced the concept of “local
ydrophobicity” (LH) as the average surface hydrophobicity of
he interaction zone of the protein with the hydrophobic ligand.
H is very useful to characterize the surface hydrophobicity
istribution. LH was defined as:

H =
∑

(saaiφaai)

sIZ
(3)

here saai is the solvent accessible area of each residue in the
nteraction zone; sIZ is the solvent accessible area of the inter-
ction zone.

Unfortunately, the previous approach needs the three-
imensional structure of the protein to perform calculations, and
ometimes this data is not readily available or is very difficult or
xpensive to obtain. However, Salgado et al. [55] have developed
new parameter based only on the amino acid composition of

he protein, called Γ . The estimation of Γ was computed using
he following equation:

= c0 +
20∑
i=1

ciâi + c21 l̂ (4)

here ci (i from 0 to 21) corresponds to the parameters of the
inear model obtained by the least squares procedure, l̂ is the
atio between the length of the protein sequence and the maxi-
um length observed in the working database. The âi value was

alculated by:

ˆ i = niSmax,iβi + ηi∑
j ∈ A

(njSmax,jβj + ηj)
(5)

here ni is the number of amino acids of class i in the protein and
max,i is the maximun possible value of the accessible surface
rea (ASA) for amino acid i. Finally, βi and ηi are the coefficients
f the linear model between Si (sum of the ASA for all the amino
cids of class I) and ni·Smax,i calculated in a collection of 1982
roteins with known three-dimensional structure using the least
quares procedure.

. Representation of protein chromatographic
ehaviour in HIC

The chromatographic behaviour could be represented by the
lution curve. It consists of a retention volume (Vr) or time (tr)
f the protein and the shape of the curve.

In the case of isocratic elution, the chromatographic
ehaviour must be represented by capacity or retention factor,
’, defined as:

′ = Vr − Vo

Vo
(6)

here Vo is the void volume in the column. This parameter could
e determined using direct and indirect methods [56]. In the

ase of the indirect method, the column is filled and weighed
ith a light solvent (e.g. methanol) and a heavy solvent (e.g.

thyleneglycol or carbon tetrachloride). Then, the void volume
n the column is calculated by Vo = m2−m1

ρ2−ρ1
; where m1 and m2

h
t
c
a

togr. B 849 (2007) 53–68 57

re the masses of the column filled with the light and the heavy
olvents, respectively. ρ1 and ρ2 are the densities of the light
olvent and the heavy solvent, respectively.

Additionally, the retention capacity could be related to the
quilibrium constant for the distribution of solute between the
ulk mobile phase and stationary phase, KHIC. This relation is
hown in the following equation:

′ = KHICϕ (7)

here ϕ is the phase ratio of the column, i.e. ratio of the volume
f the stationary phase to that of the mobile phase.

In the case of salt gradient elution, the chromatographic
ehaviour could be represented by dimensionless retention time,
RT.

RT = tr − to

tf − to
(8)

here tr is the time corresponding to the retention time of the
arget protein, to is the time corresponding to the start of the
lution gradient, and tf is the time corresponding to the end of
he salt gradient. If a protein is not retained by the resin, DRT
s equal to 0, and if a protein elutes only after the gradient has
een completed, its DRT is equal to 1.

In this review, we present several models proposed for pre-
icting the capacity factor and/or dimensionless retention time.
reviously, we described the main factor affecting the chromato-
raphic behaviour of proteins in HIC.

. Main factor affecting protein chromatographic
ehaviour in HIC

In HIC, protein retention is mainly affected by protein
ydrophobicity [34,46,48], and especially its surface hydropho-
icity distribution [54,57], which explains the main part of
he selectivity of this purification technique. However, operat-
ng conditions obviously affect chromatography behaviour of
rotein in HIC [23,43,48] to a great extent. The operating con-
itions showing a significant effect on HIC performance are
obile phase properties (salt type, ionic strength, pH), stationary

hase characteristics (chemical nature of the backbone, type of
ydrophobic ligand, substitution level of the resin), and temper-
ture of the chromatographic system [17,22,26,29,58–62]. The
ffects of these three factors on HIC performance are discussed
elow.

.1. Effect of mobile phase

The factors characterizing the mobile phase are ionic
trength, determined principally by ion strength, type of salt,
nd buffer pH.

.1.1. Effect of ionic strength
Adsorption of proteins to a HIC media is favoured by a
igh salt concentration, but due to differences in the interac-
ion strength between the adsorbent and different proteins, the
oncentration of salt needed for adsorption can vary consider-
bly. However, the concentration of salt used should be below
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he concentration precipitating different proteins. Concentration
f salt is usually between 0.75 and 2.0 M with ammonium sulfate
r 1.0 to 4.0 M with sodium chloride [19]. The interpretation of
alt effects on protein retention has largely been investigated,
ecause of their complex nature which can not be explained
atisfactorily by classical electrostatic theories [26,29,34,58].

Melander and Horvath [26] were the first in describing the
ffect of salt on electrostatic and hydrophobic interactions using
n adaptation of solvophobic theory [28]. Their theory proposed
linear relationship between ln k’ and salt molality at suffi-

iently high salt concentration. This relationship is shown in
he following equation:

n k′ = �Aσm + C (9)

here �A is the difference in surface area of ligand and protein
xposed to mobile phase between the bound and unbound states,
alled molecular contact area upon binding; m is the molal salt
oncentration; C represents salt independent terms, and σ is the
olal surface tension increment.
The disadvantage of this model is that it is not valid for a

ide range of salt concentrations, e.g. low salt concentrations.
Staby and Mollerup [30] evaluated the retention behaviour

f a protein on HIC perfusion media, based on the thermody-
amic theory. They proposed that ln k’ is a function of the protein
ctivity coefficient in the mobile phase and the protein activity
oefficient on the stationary phase, and that could be calculated
sing the following equation:

n k = ln k′
0 + ln

γm

γm
0

− ln
γs

γs
0

+ ln
υm

υm
0

(10)

here k′
0 is the capacity factor at zero ionic strength. (γm/γm

0 ) is
he ratio of the protein activity coefficient at finite ionic strength
ver the protein activity coefficient at zero ionic strength; and
t was modelled by a Debye-Hückel term plus a linear term.
γs/γs

0) is the ratio of the activity coefficient of the protein on the
tationary phase at finite ionic strength over the activity coeffi-
ient of the protein on the stationary phase at zero ionic strength,
nd it was calculated using an empirical expression. (υm/υm

0 )
s a ratio between molar volume of mobile phase at finite and
ero ionic strength. The three terms have been modelled as a
unction of ionic strength, I; Eq. (10) could be represented by
he following empirical equation:

n k′ = ln k′
0 +

(
1.5

a

I

1 + 1.6
√

I
+ 0.15I

)

+ (bI − cI3) + 0.016I (11)

here I is the ionic strength and a, b and c are constant according
o mobile phase pH.

This model was tested with good results for lysozyme reten-
ion under various ammonium sulfate concentrations, ionic
trength, and pH on four HIC perfusion media.
Additionally, Machold et al. [60] proposed to use simple
olynomial functions to fit ln k′ versus ionic strength, I. They
uggested polynomial functions as:

n k′ = a + bI + cI2

h
(
b
‘
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n k′ = a + bI + cI2 + dI3 (12)

here a, b, c and d are parameters obtained under a variety of
onditions.

The models were validated for a great number of proteins and
orbents with different hydrophobicities and ionic strength.

Perkins et al. [41] used the model of preferential interaction
heory to the HIC system and developed a correlation between
he capacity factor of a solute and salt concentration. This rela-
ionship is given by the following equation:

n k′ = c + n�v1

m1g
m + (�v+ + �v−)

g
ln(m) (13)

here m1 and m are the molal concentration of water and salt,
espectively; n is the valence of salt ions; �v1 is the number of
ater molecules released during the binding process; �v+ and
v− are the number of cations and anions released during the

inding process, respectively; g =
(

∂ ln m
∂ ln a±

)
T,P

, a is the activity

f ions. The constant g could be calculated from Debye-Hückel
quation.

Eq. (13) could be simplified; then:

n k′ = α + βm + γ ln(m) (14)

here β and γ are called the preferential interaction parame-
er. The total number of water molecules and salt ions released
uring the binding process can be calculated by:

v1 = βgm1

n
(15)

v+ + Δv− = γg (16)

Eqs. (15) and (16) were also used to evaluate the effects of
alt, pH, and stationary phase.

Finally, Tsai et al. [25] showed that adsorption enthalpies
an be used to interpret the interaction mechanism in HIC
y proposed sub-processes of adsorption. The data obtained
lso showed that the addition of salts not only enhanced the
ydrophobic interactions between proteins and hydrophobic
dsorbents but also reduced the heat required for dehydration.

.1.2. Effect of type of salt
Effect of salt type on protein retention has largely been

nvestigated, and it has been demonstrated that it follows the
ofmeister series for the precipitation of proteins from aqueous

olutions [23,26,63]:

nions : PO4
3−, SO4

2−, CH3COO−, Cl−, Br−, NO3
−, ClO4

−, I−, SCN−

ations : NH4
+, Rb+, K+, Na+, Cs+, Li+, Mg2+, Ca2+, Ba2+.

In Hofmeister lyotropic series, the chaotropic salts (magne-
ium sulfate and magnesium chloride) randomize the structure
f the liquid water and thus tend to decrease the strength of

ydrophobic interactions. In contrast, the kosmotropic salts
sodium, potassium or ammonium sulfates) promote hydropho-
ic interactions and protein precipitation, due to the higher
salting-out’ or molal surface tension increment effects [64].
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herefore, the selection of an adequate type of salt in the elu-
nt results in significant alterations not only in overall protein
etention, but also in separation selectivity [65].

Based on Melander and Horvath theory, Fausnaugh and Reg-
ier [66] studied the effect of different types of salt on a set of
elated birds’ lysozymes differing only in a few amino acids.
hey found that factors other than the surface tension incre-
ent suggested by Melander [26,29] affect protein retention,

uch as specific salt-protein interactions, and the hydration of
he protein. Then the solvophobic theory [26,28,29] is not able
o adequately explain protein retention differences in HIC due to
he presence of a different salt type in the mobile phase. In order
o explain this behaviour, the preferential interaction theory was
eveloped based on the protein-salt interaction [11,41,67]. This
heory has been used to investigate the effect of kosmotropic,
haotropic and neutral salts on protein binding and selectivity
n HIC [11]. In that study, Xia et al. [11] compared the total
umber of released water molecules in the presence of different
alt types, using the approach proposed by Perkins et al. [41],
ased on the fact that the number of water molecules released
s a determining factor affecting protein retention in HIC. The
uthors demonstrated that selectivity reversals exist when dif-
erent types of salt are used in the mobile phase, and the reversal
oncentration threshold varies among the different types of salts.
or kosmotropic and neutral salts, such as (NH4)2SO4 and NaCl,
rotein retention increases with an increase in salt concentra-
ion, but for chaotropic salts, such as NaSCN, a decrease in
rotein retention was observed with an increase in salt con-
entration [11,68]. The effect of salts on protein retention was
xplained by the number of released water molecules induced
y different types of salt. Thus, selectivity of a certain salt type
n HIC could be interpreted as differences in their ability to
xclude water molecules from a protein surface and a resin
urface.

.1.3. Effect of mobile phase pH
The mobile phase pH is another factor affecting HIC per-

ormance. Although pH has been studied not as widely as salt
ype and salt concentration, some pH effects are relatively clear.
asic proteins, such as lysozyme (pI = 10.7) show high retention

ime when the mobile phase pH is close to its pI, while acidic
roteins, such as human serum albumin (pI = 5.2) exhibit lower
etention time with basic pH values [61]. When pH is close to a
rotein’s pI, net charge is zero and hydrophobic interactions are
aximum, due to the minimum electrostatic repulsion between

he protein molecules allowing them to get closer. Fausnaugh
nd Regnier [66] studied the effect of mobile phase pH on dif-
erent birds’ lysozymes, and found that alterations in pH affected
nly the intercept of the log k′ versus salt molality plot, indicat-
ng that the contact area between the protein and the matrix was
ot affected, but the charge of the amino acids that belong to the
nteraction zone would moderate the strength of the hydropho-
ic interaction. Another study showed that an optimal pH can

e determined for a certain purification process based on HIC
o obtain the highest purity and yield [69].

On the other hand, calorimetric measurements have been
ade in order to study the effects of mobile phase pH. A relation-

i
h
t
s

togr. B 849 (2007) 53–68 59

hip based on Maxwell’s equations was found by Alberty [70]
o account for Gibbs energy changes due to pH, temperature
nd salt concentration. Given that the change in Gibbs energy
s related to protein retention in HIC, which in turn is related to
he number of water molecules released upon binding, the lat-
er parameter was related to pH and temperature effects on HIC
ystems [71]. Recently, Xia et al. [71] compared the pH effect
n the presence of different salt types (sodium sulfate, sodium
hloride, and sodium thiocyanate), using different hydrophobic
esins (phenyl and butyl Sepharose), based on Alberty’s rela-
ionship. The authors found that the total number of released
ater molecules increased as the buffer pH became closer to

he protein’s pI, and decreased away from pI. They also found
hat the number of released water molecules for a pH change
ncreased both with salt concentration and when changing from
haotropic to kosmotropic salts.

.1.4. Other elution factors
Elution of proteins on HIC can be achieved in three different

ays: (a) by changing the ion strength: this is the most widely
sed method; in this case the elution of proteins, regarding the
rder of increasing hydrophobicity, is carried out by decreasing
he salt concentration; (b) by changing the polarity of the solvent:

decrease in the interaction is achieved by adding solvent as
poly) ethylene glycol, ethanol or (iso) propanol. The addition
f polarity-decreasing agents can be made after salt has been
emoved from the column or concomitantly with the decrease
f salt concentration; (c) by adding detergents or chaotropic
gents: detergents or urea work as displacers of the proteins;
hey have been used mainly when proteins fail to elute at low
alt concentration, which may lead to protein denaturation [72].
nly the simulations of changing the ion strength are described

n the present review.

.2. Stationary phase effect

Stationary phase consists of small non-polar groups (e.g.
utyl, octyl or phenyl) attached to a hydrophilic polymer back-
one. Therefore, the various types of stationary phases used in
IC can differ in chemical nature of the ligand, surface con-

entration of the ligand on the support, and chemical nature and
article size of the base support [48,63].

.2.1. Ligand type effect
The most widely used ligands are linear chain alkanes (as

utyl, octyl) and some aromatic groups (such as phenyl). An
ncrease in the chain length of an alkyl ligand increases the
trength of hydrophobic interaction between the protein and the
esin; also, the specificity of the resin towards the adsorbed pro-
ein is changed [73]. However, resolution decreases when chain
ength is higher [48]. On the other hand, an increase in the sub-
titution degree of the resin leads to an increase in the binding
apacity of the stationary phase, due to the higher probabil-

ty of forming multipoint attachment, and at times, it can be
ard to elute the bound protein without denaturation [62]. Using
he same type of ligand and the same type of base support, the
electivity of an HIC resin can be manipulated by changing the
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Table 1
Prediction of protein retention times in HIC using φaai-Miyazawa-Jernigan: quadratic model parameters ([79,80])

Resin Salt type and concentration Quadratic model coefficients

A B C

Phenyl sepharose

Ammonium sulfate (1 M) 11.79 −0.29 −0.35
Ammonium sulfate (2 M) −12.14 12.70 −1.74
Sodium chloride (2 M) −77.10 42.33 −5.13
Sodium chloride (4 M) −65.01 37.55 −4.71

Butyl sepharose
Ammonium sulfate (1 M) 36.76 −16.07 1.73
Ammonium sulfate (2 M) 10.02 0.54 −0.38
Sodium chloride (4 M) −1.74 5.55 −1.01
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he quadratic model is DRT = Aφ2 + Bφ + C.

igand density [22]. It has been shown that protein adsorption
s a sigmoidal function of the surface concentration of immobi-
ized alkyl ligands, then critical resin hydrophobicity exists and
he threshold is determined by the ligand surface concentration
63].

Although it has become evident that stationary phase char-
cteristics have an important role in HIC performance, only
ecently efforts have been made in order to investigate quan-
itatively the effect of the type of resin on chromatographic
ehaviour of proteins in HIC. Machold et al. [60] investigated
rotein retention in a variety of HIC resins of different hydropho-
icity and different base support (a total number of 15 different
ommercially available resins). The retention data of seven
odel proteins was fitted using a polynomial function (Eq. (12)),
nd the area below the curve was considered as an apparent
ydrophobicity value, characteristic of each protein-resin sys-
em. This approach was used to compare the performance of
ifferent HIC sorbents. The authors demonstrated that base sup-

ig. 2. Block diagram of the methodology based on average surface hydropho-
icity using φaai-Miyazawa-Jernigan [46].
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ort chemistry affects selectivity of an HIC system, which is
lso affected by type and density of the hydrophobic ligand, and
o a lesser extent by resin particle size.

Ladiwala et al. [43] developed a quantitative structure prop-
rty relationship (QSPR)-based model to investigate the role of
igand and backbone chemistry of stationary phase on protein
etention in HIC systems. They evaluated a set of different HIC
esins (a total number of four resins) with different chemical
roperties, and used 27 model proteins. Their results demon-
trate that the selectivity of HIC systems can be significantly
nfluenced by changing the ligand and/or the base support chem-
stry. The QSPR models provided good correlations between
xperimental and predicted data, and then these models were
ble to reflect differences in protein binding affinity on the dif-
erent HIC resins investigated.
Based on the preferential interaction theory [41], Xia et al.
11] reported that the total number of released water molecules
pon adsorption in an HIC process not only reflects a combined
ffect of salt on proteins but also on resin surfaces. The total

ig. 3. Comparison between predicted and observed dimensionless retention
imes on phenyl sepharose 6FF 2 M ammonium sulfate using the methodology
ased on average surface hydrophobicity using φaai-Miyazawa-Jernigan. (©) Stan-
ard proteins (conalbumin, ribonuclease A, ovalbumin, chymotrypsinogen A,
ysozyme, �-lactoalbumin, myoglobin, �-chymotrypsin, and thaumatin), (�)

onomeric and multimeric proteins used for model validation (cytochrome C,
-lactoglobulin), (- - -) confidence intervals (95%).
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umber of released water molecules is proportional to the total
ydrophobic area of the resin, which in turn reflects the chem-
cal properties of the resin, i.e. hydrophobicity of the ligand,
ubstitution degree, and hydrophobicity of the base support.
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Fig. 4. Block diagram of the approach base
togr. B 849 (2007) 53–68 61
.2.2. Support effect
The support effect is given by chemical nature and particle

ize. In the case of chemical nature of the support, it could be
ydrophilic carbohydrates (e.g. cross-linked agarose), silica or

d on local hydrophobicity (LH) [82].
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Table 2
Prediction of protein retention times in HIC using molecular docking: lineal model parameters [54,82]

Operating conditions Lineal model coefficients

Aa Ba r2 Observation

Phenyl sepharose 0.77 0.21 0.99 Model proposed by Mahn et al. [54], using RNAse T1, a variant of RNAse T1, and RNAse A
Ammonium sulfate (2 M) 2.80 −0.53 0.87 Model proposed by Lienqueo et al. [82], using �-lactalbumin, chymotrypsinogen A,
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methodology has three steps. First, it is necessary to know or
to estimate the 3-D structure of proteins, which means having
the protein data bank (PDB) file [77] of the protein. Next, it
is necessary to calculate the “average surface hydrophobicity”
lysozyme

a The lineal model is DRT = ALH + B.

ynthetic copolymer material [48]. Using the same type of lig-
nd, the selectivity of the stationary phases can change according
o the different type of supports [48].

.3. Temperature effect

The temperature effect on HIC performance has been studied
y many authors [61,62,71,74–76]. Vailaya and Horvath [76]
stablished the existence of exothermodynamic relationships
enthalpy–entropy compensation) in the HIC process. Large and
ositive enthalpy and entropy changes were observed at low
emperatures, which decrease with an increase in temperature.
jertén et al. [62] established that an increase in temperature

nhances protein retention, and a decrease in temperature usually
romotes protein elution. This behaviour was explained by the
act that protein retention in HIC is an entropy-driven process,
here the Gibbs energy is given by Eq. (1).
In HIC, �G is controlled by a positive entropy change; then

t increases with an increase in temperature, as well as in the
apacity factor k′, as shown by Eq. (17) [75]:

n k′ = ln ϕ − �G

RT
(17)

here R is the universal gas constant, ϕ is the phase ratio and
is the absolute temperature. However, temperature can also

ffect the conformational state of proteins and protein solubility.
his phenomenon explains the inverse relation between protein

etention and temperature observed in some cases [48].
Haidacher et al. [74] investigated the effect of temperature

n the retention of amino acids derivatives in HIC, in the range
rom 5 to 50 ◦C. They found that the van’t Hoff plots for different
hromatographic systems were highly nonlinear and showed a
aximum in the temperature interval used. This behaviour was

ttributed to a large negative heat capacity change associated
ith protein retention. The heat capacity change was found to

ncrease with temperature, while enthalpy and entropy changes
ere positive at low temperatures, but negative at high temper-

tures. In other words, the authors demonstrated that retention
n HIC is an entropy-driven process at low temperatures and an
nthalpy-driven one at high temperatures.

Xia et al. [71] determined the capacity factor of lysozyme
t different temperatures in butyl and phenyl sepharose resins.

hey found an increase in the capacity factor with temperature

n the pH range from 5 to 7.5. Besides, they observed a combined
ffect of temperature and buffer pH on the capacity factor, while
similar behaviour was observed in both resins.

F
t
b
m
A

se T1, a variant of RNAse T1, and RNAse A

The state-of-the-art in this field may let us conclude that
t would be possible to determine the optimum temperature,
ptimum pH and optimum chromatographic resin to reach the
urification of a certain protein by HIC. Then, the next step in
his field should be the simultaneous optimization of the main
perational condition for a given protein in a certain HIC system.

. Predictions of protein retention time in HIC

The prediction of protein retention in HIC could be very use-
ul for selecting the optimal operating conditions. Following we
ummarize several proposed methodologies for predicting pro-
ein retention in HC using the protein 3-D structure and/or their
mino acid composition.

.1. Prediction of retention times of proteins in HIC using
heir 3-D structure

Lienqueo et al. [46] developed a quadratic model to predict
he “dimensionless retention time” (DRT) in HIC with salt gra-
ient elution based on “average surface hydrophobicity”. This
ig. 5. Comparison between predicted and observed dimensionless retention
imes on phenyl sepharose 6FF 2 M ammonium sulfate using methodology
ased on local hydrophobicity (LH) (©) standard proteins (�-lactalbumin, chy-
otrypsinogen A, lysozyme, RNAse T1, a variant of RNAse T1, and RNAse
), (- - -) confidence intervals (95%) [82].
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f the protein, Φsurface, considering that each amino acid has a
elative contribution to surface properties, as calculated in Eq.
2), and using φaai-Miyazawa-Jernigan as the amino acid hydropho-
icity given by the normalized scale reported by Miyazawa and
ernigan [78].

surface = Σ(saaiφaai−miyazawa−jernigan)

sp
(18)

Finally, by using a simple model it is possible to predict the
hromatographic behaviour of proteins in HIC. The model can
e written as follows:

RT = AΦ2
surface + BΦsurface + C (19)

here Φsurface is the average surface hydrophobicity value cal-
ulated using Eq. (18). A, B and C are constants for each set
f operating conditions. The values of A, B and C, for sev-
ral operating conditions (phenyl sepharose-ammonium sulfate,
henyl sepharose-sodium chloride, butyl sepharose-ammonium
ulfate and, butyl sepharose-sodium chloride), are summarized
n Table 1 [79,80]. Additionally, a schematic diagram with the
ifferent steps of this methodology is shown in Fig. 2.

The model has been validated for several proteins with a rel-
tively homogeneous surface hydrophobicity distribution, and
esults have always been adequate (see Fig. 3) [81]. The main
isadvantage of this methodology is that it does not consider the

ffect of the distribution of the surface hydrophobicity and pos-
ible unfolding on protein retention [57]; however, it is a simple
ethodology, since it only needs the 3-D structure of the studied

rotein and the operating conditions.

p
(

D

Fig. 6. Flowchart of the methodology based
togr. B 849 (2007) 53–68 63

On the other hand, Mahn et al. [57] studied the effect of sur-
ace hydrophobicity distribution of proteins on retention in HIC
nd developed a model based on “hydrophobic contact area”
HCA), which accounts for the contact area between the sta-
ionary phase and the protein when attached to the HIC resin.
his model correlated particularly well with the DRT of differ-
nt RNAses (RNAse S, RNAse T1, a variant of RNAse T1, and
NAse A) with similar average surface hydrophobicity, but with
ifferent and heterogeneous surface hydrophobicity distribution.
nfortunately, this methodology is experimentally exhaustive,

nd needs a large number of tedious experiments, which limits
ts utility.

After that, Mahn et al. [54] proposed a new methodology
ased on the parameter called “local hydrophobicity” (LH),
efined in Eq. (3) below:

H = Σ(saaiφaai)

sIZ
(3)

In this case, φaai is the amino acid hydrophobicity given by
he normalized scale reported by Miyazawa and Jernigan [78].

This methodology used molecular docking simulations to
dentify the interaction zone of the protein with the hydropho-
ic ligand and computed LH [5]. The results showed that there
s a linear correlation between the parameters LH and DRT for

roteins with heterogeneous surface hydrophobicity distribution
r2 > 0.99). This correlation is shown in the following equation:

RT = A · LH + B (20)

on hydrophobic imbalance (HI) [83].
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A and B are constants for each set of operating conditions.
he values of A and B, for phenyl sepharose-2 M ammonium
ulfate, are summarized in Table 2.

The disadvantages of the methodology proposed by Mahn et
l. [54] are that it was carried out only for a small set of homol-
gous proteins and it is computationally expensive. Therefore,
ienqueo et al. [82] have recently extended and automated this
ethodology. A schematic diagram with the different steps of

his methodology is shown in Fig. 4. They studied seven pro-
eins (�-lactalbumin, chymotrypsinogen A, lysozyme, RNAse
, RNAse T1, a variant of RNAse T1, and RNAse A) with
eterogeneous and homogeneous surface hydrophobicity dis-
ribution, and used phenyl sepharose-2 M ammonium sulfate at

xperimental conditions; the results showed a suitable correla-
ion level, r2 > 0.87 (see Fig. 5 and Table 2) [82]. Then, this

ethodology can be used to satisfactorily predict the retention
ime in HIC for proteins with heterogeneous and homogeneous

c
s
c

Fig. 7. Block diagram of the approach based on statistical de
togr. B 849 (2007) 53–68

urface hydrophobicity distribution and without a large number
f tedious experiments, only using computational simulation.
ne disadvantage of this methodology was that it was carried
ut for a single HIC medium and process conditions (phenyl
epharose-2 M ammonium sulfate); then, it is necessary to eval-
ate this methodology under other operational conditions, e.g.
henyl sepharose-sodium chloride, butyl sepharose-ammonium
ulfate and, butyl sepharose-sodium chloride. Another disad-
antage of this methodology was that it requires a considerable
mount of computational time to identify the most probable LH
nteraction zone by docking simulation. Finally, another dis-
dvantage of this methodology was that it does not consider
ossible unfolding on retained proteins.
On the other hand, Salgado et al. proposed two mathemati-
al tools to quantify the amino acid distribution on the protein
urface: the hydrophobic imbalance (HI) [83] and the statisti-
al description of the surface characteristic [84]. These models

scription of their surface amino acid distribution [84].
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re significantly simpler and computationally inexpensive com-
ared to those reported by Mahn et al. [54] and Lienqueo et al.
82].

The first tool, the hydrophobic imbalance (HI) [83], is
btained from the characteristics of the protein surface and rep-
esents the displacement of the superficial geometric centre of
he protein when the effect of the hydrophobicity of each amino
cid is considered. A schematic diagram with the different steps
f this methodology is shown in Fig. 6. The HI was calculated
or a set of four RNAses reported in Mahn et al. [57], whose
RT is hard to predict using the average superficial hydropho-
icity. The correlation coefficients obtained by the HI model
ere remarkably better (at least 67%) than those achieved by

he models based on HCA [57] and LH [54]. Additionally, the
I model was tested with a set of 15 proteins, with molecular
ass ranging from 11,000 to 76,000 Da, and pI from 4.0 to 11.8

more details see Table 3), showing improvement in the pre-
ictive capacity displayed by models based on ASH by 9.1%.
lso, a linear multivariable model based on characteristics deter-
ined from HI was studied. By using this multivariable model,
correlation coefficient of 0.899 was obtained. In addition, an

mprovement of 31.8% of the predictive characteristics shown
y previous models based on ASH was achieved [83].

The second approach proposed by Salgado et al. [84] uses a
tatistical description of the surface amino acid distribution in
rder to predict the DRT. The characterization of the hydropho-
icity distribution on the protein surface was carried out through
he systematic calculation of a local ASH (ASHlocal) in the
eighbourhood of each of the amino acids located on the protein
urface, on a one-by-one basis. The distribution of this local ASH
as characterized using simple statistics as the average, max-
mum and standard deviation. This way, ASHavg and ASHmax
ave the average hydrophobicity and the hydrophobic content
f the most hydrophobic cluster or hotspot, respectively. On the
ther hand, ASHstd quantified the heterogeneity of the hydropho-

able 3
olecular mass and isoelectric point of the different used proteins for testing

he hydrophobic imbalance model

rotein PDB IDa Mrb [Da] pIc

ytochrome C 1HRC 11701 10.15
yoglobin 1YMB 16951 8.13
onalbumin 1OVT 75827 6.63
valbumin 1OVA 42750 5.01
ysozyme 2LYM 14313 10.76
haumatin 1THV 22204 9.69
hymotrypsinogen A 2CHA 25651 9.69
-Lactoglobulin 1CJ5 18375 4.54
-Amylase 1BLI 55193 6.00
-Chymotrypsin 4CHA 25207 9.69
-lactalbumin 1A4V 14978 4.47
ibonuclease S 1RBC 13196 8.64
ibonuclease A 1AFU 13574 9.77
ibonuclease T1 wild type RGC 11072 4.27
ibonuclease T1 variant Y45W/W59Y 1TRP 11072 4.27

a PDB ID is the file code given by the protein data bank.
b Mr is the molecular mass of the protein.
c pI is the isoelectric point of the protein.
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icity distribution on the protein surface. Again, those statistics
ere used to model the DRT in the same set of RNAses whose
RT is hard to predict using the ASH, and their results were
ery good. The correlation coefficients obtained by the mod-
ls based on those statistics were almost twice as high as those
btained by the models based on HCA [57] and LH [54], and
lightly lower than that obtained by HI [83]. When the DRT
redictive capacity of linear models which use those statistics
as analysed, it was found that their performance is in gen-

ral superior to those reported previously. The best linear model
s obtained with ASHmax, which shows a predictive capacity
6.9% better than that obtained by the best ASH model, and
9.5% better than that by the HI model. This result is signifi-
ant since ASHmax quantifies directly the hydrophobicity of the
igh hydrophobicity clusters on the protein surface, and it has
een reported that the presence of those clusters on the protein
urface favours the interaction of the protein with the HIC sta-
ionary matrix [54,57,83,85]. A flowchart of this methodology
s shown in Fig. 7.

Additionally, a linear multivariable model which combines
he HI and ASHmax approaches was developed by Salgado et
l. [84]. This model uses Aboderin’s hydrophobicity scale [86],
hich is an index of the mobilities of amino acids in chromatog-

aphy. The dispersion between the experimental values and the
rediction carried out by this model is smaller than that observed
n previous models showing a predictive capacity 8.7% better
han that obtained by the multivariate model based on HI.

An obvious common weakness of DRT predictive mod-
ls previously described [46,54,82] is that they require the
hree-dimensional structure of the protein to perform their calcu-
ations. Even though the number of solved protein structures on

he PDB database [77] grows continuously (being near 36,000
tructures at May 2006), this data is not readily available, or
s very difficult or expensive to obtain. If the three-dimensional
tructure data is not available, an alternative is to use an estimate

ig. 8. Flowchart of the methodology based on the amino acidic composition
f the target protein [55].
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hat is developed using comparative modelling or, in some cases,
b initio models. However, these methodologies are known to
e quite complex and computationally expensive.

A natural approach is to use features associated to the amino
cidic sequence of the protein, since the number of sequences in
he UniProtKB/Swiss-Prot database [47] is almost six-fold the
umber of structures in PDB (being near 220,000 sequences in
he release of May 2006). Below is a review of different method-
logies for predicting protein retention in HIC using only their
mino acid composition.

.2. Prediction of protein retention times in HIC using only
heir aminoacidic composition

The first to use this kind of approach has been Salgado et

l. [87]. They proposed three models for predicting the dimen-
ionless retention time of proteins in HIC [87]. These models
se only the amino acidic composition to perform their calcu-
ations and, therefore, they do not require the protein’s amino

o
w

a

ig. 9. Flowchart to explain how to implement the different methodologies to carry
rotein.
togr. B 849 (2007) 53–68

cid sequence, its secondary structure, or its three-dimensional
tructure.

The core idea behind the models proposed by Salgado et al.
55] is to predict the average superficial hydrophobicity of a
rotein by using different assumptions about the amino acid’s
endency to be exposed to the solvent: the first one states that all
mino acids are fully exposed (called DRT I model), the second
ne uses a simple correction factor considering the general ten-
ency of each amino acid to be exposed (called DRT II model),
nd the last one is based on a linear estimation of the amino
cidic surface composition (called DRT III model). Moreover,
hese models use a collection of 74 amino acidic property vec-
ors (APV) which cover a wide spectrum of physical, chemical
nd biological amino acidic characteristics plus a collection of
388 vectors derived from these, using k-means [88] and self-

rganizing maps (SOM) [89] algorithms. A schematic diagram
ith the different steps of this methodology is shown in Fig. 8.
By using these mathematical models and data, Salgado et

l. [87] achieved the same predictive performance given by the

out computational experiment for determining suitable purification of a target



hroma

m
p
K
k
t
o
S
i
a
v
u
t
w
q
d
u
m
o

p
r
t
r
b
a
t
u
t
t
p

6

H
p
s
b
m
e
a
m
d
H

7

g
t
o
p
t
u
t
s
t

s
c
g
t
t
b
d
o
c
s
p
t
s
i
o
i

p
t
o
s
a

A

R

[
[

[
[

[
[
[
[
[
[

M.E. Lienqueo et al. / J. C

odels that use the three-dimensional protein structure. The
redictive capacity of the model was estimated using the Jack
nife re-sampling method (leave-one-out), which is a widely
nown methodology [90,91] considered as an effective tool for
he evaluation of predictor models [92,93]. The best results were
btained by the DRT III model with a vector generated by the
OM algorithm. This vector was interpreted as a hydrophobic-

ty scale based to a certain extent on the tendency of the amino
cids to be inside proteins. The performance of DRT III with that
ector was even 5% better than the one observed with the model
sing the three-dimensional structure of proteins. The disadvan-
age of these models was that they do not consider the way in
hich amino acids are distributed on the protein surface. Conse-
uently, their models do not consider how the hydrophobicity is
istributed. This distributional effect is only possible to be eval-
ated if the 3-D structure of protein is well-known and using
ethodologies based on LH [54,82], HI [83], ASHavg, ASHmax

r ASHstd [84], described above.
On the other hand, Ladiwala et al. [43] have investigated the

rotein retention in HIC using quantitative structure retention
elationship. This proposed methodology used over 20 descrip-
ors based on 2-D and/or 3-D structure for predicting the protein
etention under different stationary phases (ligand and back-
one chemistry and ligand density). The QSRR models showed
good correlation level between experimental and predicted

ime (0.96 > r2 > 0.84). Additionally, the QSRR models could be
seful for understanding the physicochemical effects that con-
ribute to protein retention on different HIC media; therefore,
hese methodologies facilitate the in-silico optimization of HIC
rocesses.

.3. Selecting the best in-silico operating condition in HIC

Finally, for selecting the best in-silico operating condition in
IC, it is necessary to predict the DRT of target and contaminant
roteins at different operating conditions (i.e. type of salt, ionic
trength, chemical nature of the backbone, type of hydropho-
ic ligand, and substitution level of the stationary phase), using
ethodologies shown in Fig. 9. After that, it is necessary to

stimate the resolution of HIC for each operating condition,
nd finally select the operating condition that gives the maxi-
um resolution. Additional methodologies could be useful for

esigning a rational protein purification process that involves an
IC step.

. Conclusions

In our view, the main factors affecting protein chromato-
raphic behaviour in HIC are salt type and ionic strength of
he mobile phase and chemical nature of the backbone, type
f hydrophobic ligand, and substitution level of the stationary
hase. The effect on protein retention time in HIC of each of
hese factors could be evaluated by computational experiments,

sing the different methodologies described. For example, in
he simplest case, when the target protein has a well-known 3-D
tructure and relatively homogeneous surface hydrophobic dis-
ribution, it is possible to use the methodology based on average

[
[
[

[
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urface hydrophobicity proposed by Lienqueo et al. [46]. In the
ase when proteins have a well-known 3-D structure but hetero-
eneous surface hydrophobic distribution, it is possible to use
he methodology proposed by Mahn et al. [54] for determining
he local surface hydrophobicity, or the methodologies proposed
y Salgado, based on hydrophobic imbalance [83] or statistical
escriptions of the surface amino acid distribution [84]. On the
ther hand, in the case of proteins with only the amino acidic
omposition is well-known, it is possible to predict the average
urface hydrophobicity of the protein based on methodologies
roposed by Salgado et al. [55], which use different assump-
ions about the tendency of amino acids to be exposed to the
olvent. The main disadvantage of the latter methodology is that
t does not consider the hydrophobic distributions of amino acids
n the protein surface; however, this methodology needs basic
nformation about the protein, i.e. its amino acidic composition.

Then, considering the different developed methodologies for
redicting protein retention time in HIC, it could be possible
o carry out computational experiments by varying the different
perating conditions for the purification of a target protein, then
elect the best in-silico conditions, and last but not least, design
rational protein purification process that involves an HIC step.
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