Biophysical
Chemistry

22O VAN

ELSEVIER

Biophysical Chemistry 62 (1996) 81-93

Retention in hydrophobic interaction chromatography and
dissolution of nonpolar gases in water

Anant Vailaya, Csaba Horvath ~
Department of Chemical Engineering. Yale Universitv, New Harven. CT 06520-8286. USA
Received 4 March 1996; revised 8 April 1996; accepted 26 April 1996

Abstract

The retention data of dansyl amino acids in hydrophobic interaction chromatography (HIC) is interpreted in terms of
physicochemical properties of the eluites and solvent and the results are compared to data for the dissolution in water of
nonpolar gases. Isothermodynamic temperatures, certain linear relationships between thermodynamic quantities and molecu-
lar structure as well as the hermeneutics of the solvophobic theory are employed for data analysis. van't Hoff plots of the
retention data with dansyl amino acids are curved and intersect at the isoenergetic temperature, indicative of enthalpy-ent-
ropy compensation. The isoenthalpic and isoentropic temperatures are also evaluated and the three isothermodynamic
temperatures are found to fall in the same narrow ranges as those for the dissolution of gases in water. Plots of
thermodynamic quantities for the retention in HIC against the nonpolar molecular area are linear and thus allow the
evaluation of enthalpy, entropy, Gibbs energy and heat capacity changes per unit nonpolar surface area of dansyl amino
acids. By employing the solvophobic theory thermodynamic expressions are derived in terms of the nonpolar molecular area
and interfacial tension. Using these expressions and n-heptane as model compound it was found that the above group
molecular parameters are nearly identical for the retention in HIC and the dissolution of gases in water. thus confirming the
mechanistic identity of the two processes.

Kevwords: Hydrophobic effect; Isothermodynamic temperatures; Solvophobic theory; Mechanistic identity

1. Introduction

Hydrophobic interaction chromatography (HIC) is
widely used for the separation and purification of
proteins in their native state [1-3]. The technique
employs mildly hydrophobic stationary phase and
aqueous eluent with salt as the modulator. Protein
retention is governed by the hydrophobic effect [4]

" Corresponding author. Tel.: (203) 432-4357 Fax.: (203) 432-
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and the effect of salt has been treated by an adapta-
tion [5,6] of the solvophobic theory [7] and of
Wyman'’s linked functions [8~10].

Recently, the effect of temperature in HIC from
5-50°C was investigated by HPLC using dansyl
amino acids as model compounds [11]. Chromato-
graphic retention data revealed large negative heat
capacity and mostly positive entropy changes at 25°C
[11] so that this approach parallels calorimetric stud-
ies on dissolution in water of nonpolar liquid [12].
gaseous [13—15] and solid substances [16] as well as
on protein folding [17.18].
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In this work the thermodynamic data [11] ob-
tained with the retention of dansyl amino acids in
HIC is examined first within the framework of en-
thalpy-entropy compensation, a diagnostic tool in
mechanistic investigations of chemical reactions and
equilibrium processes [19,20] such as chromato-
graphic retention [21]. Chromatographic data is also
used to examine the relationship between the ther-
modynamic quantities and the nonpolar water acces-
sible surface area of the molecules of interest that
has been found to be linear for hydrophobic interac-
tions [22-24]. Lastly, the solvophobic theory [25] is
employed to establish such a relationship also for
retention in HIC by using cavity area and interfacial
tensions. The results of the analysis are compared to
those for dissolution in water of nonpolar gases in
order to explicate further the role of hydrophobic
interactions in HIC.

2. Evaluation of thermodynamic parameters from
chromatographic data

A method for evaluation of thermodynamic quan-
tities associated with the retention in HIC of hydro-
carbonaceous eluites has been presented earlier [11].
In the following we briefly outline the key features
of the method.

In the chromatographic literature, retention data is
usually presented in terms of the retention factor, &',
which is simply the ratio of the number of moles of
the eluite that is adsorbed on the stationary phase to
the number of moles in the mobile phase [26]. The
retention factor is given by the product of the equi-
librium constant, K', and the phase ratio, ¢, of the
column which is considered invariant with tempera-
ture. In our analysis the value of ¢ is set unity so
that the retention factor simply represents the equi-
librium constant of the process [11].

In this work we wish to compare the energetics of
HIC retention with other processes based on the
hydrophobic effect. For this reason, we present chro-
matographic data in a manner to reflect the transfer
of hydrocarbonaceous eluites from the stationary
phase to the mobile phase so that the standard Gibbs
energy change is given by

AG’= —RTIn K (1)

where K is the equilibrium constant, R is the gas
constant and T is the temperature.

The temperature dependence of In k" or —1In K is
given by Haidacher et al. [11] assuming that the
standard heat capacity change, AC?, associated with
the transfer of eluites from stationary to mobile
phase is invariant with temperature as

AG (T, T,
(7-nz-1) @
RA\T T

where T, and 7, are the temperatures at which the
enthalpy and entropy changes for the same transfer
process are zero. By fitting the above equation to
retention data measured on three different types of
HIC columns [11] the thermodynamic parameters

were evaluated for the transfer of eluites from sta-

Ink'=—-InK=—

Table 1

Thermodynamic parameters associated with the retention of dan-

syl derivatives of amino acids on three HIC columns as evaluated

by fitting Eq. (2) to experimental data in {11]. The three parame-

ters ACy, T, and T, presented here can be used to evaluate the

change in enthalpy by AH”=AC,‘,’(T—T,,) and in entropy by

AS = ACIIN(T/T,)

Amino acid moiety ACy 7, [K] T, [K]
[calmol ™' K™']

Column A (Spherogei™ HIC)

Alanine 46.4 2876  307.6
Valine 61.4 303.2 3223
Phenylalanine 62.4 293.5 318.0
Leucine 73.7 3133 331.5
Column B (SynChropak® Propy!)

Glycine 15.2 124.2 215.1
Proline 26.2 260.3 298.3
Alanine 34.5 269.2 299.8
a-amino n-butyric acid 45.7 289.7 315.7
Valine 527 306.7 3317
Norvaline 57.2 298.3 323.0
Leucine 65.8 3142 3370
Column C (TSK-GEL® Butyl-NPR)

¥-amino n-butyric acid 70.0 271.0 285.6
Glycine 80.9 271.1 281.7
Alanine 97.7 2934 3010
a-amino n-butyric acid  103.2 302.0 311.2
Valine 116.5 307.0 3163
Methionine 124.8 300.7 310.8
Norvaline 126.7 305.5 315.5
Leucine 135.5 3133 323.1
Norleucine 140.5 306.3 318.5
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tionary to mobile phase and they are listed in Table 1
for the retention of selected dansyl amino acids on
columns Spherogel™ HIC (A), SynChropak® Propy!
(B) and TSK-GEL® Butyl-NPR (C).

3. Isothermodynamic temperatures

Processes involving a group of structurally related
substances exhibit compensation behavior when plots
of AH" versus AS? are linear at a given tempera-
ture [20,21]. The slope represents the compensation
temperature, 7, that marks the common intersection
point of linear van’t Hoff plots and is a characteristic
of the process, e.g., fundamentally related so called
isoequilibrium processes have similar 7 values [19].

Classical enthalpy-entropy compensation (EEC)
cannot occur with processes involving hydrophobic
interactions because they are associated with signifi-
cant heat capacity effects [27]. Compensation behav-
ior in this case manifests a compensation tempera-
ture that is function of the experimental temperature
and three other characteristic temperatures that are
described as follows.

When AC, is constant for a process involving
structurally related substances, the entropy and en-
thalpy changes have been expressed as [18.28]

N

T
AS? = AS” +AC;,)1I1(—T7) (3)
AH”=AH*+AC;,’(T_TH*) (4)

where 7" and T,/ are the isoentropic and isoen-
thalpic temperatures at which all participating sub-
stances attain a common value AS* and AH",
respectively. It is noted that T;* and T are different
from T and 7, in Eq. (2). According to Eq. (3) and
Eq. (4) a plot of AS” or AH” versus AC, yields a
straight line with In((T/7")) or (T — T, ) and AS”*
or AH" as the slopes and intercepts, respectively.
The significance of 7;" and T,; has been recognized
in studies on protein folding and Eq. (3) and Eq. (4)
have been used for mechanistic interpretation of
calorimetric data [17,18].

The isoenergetic temperature, T, is expressed in
terms of 7, and T,; as [27]
(TG* -1y )
T, = — 7 (5)
G
In—
Ty
T, is akin to T{" and T, that mark common
intersection points of the respective plots of entropy
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Fig. 1. Plots of the retention factor in HIC of dansy! amino acids
against the reciprocal temperature. The data measured with (a)
Column A, (b) Column B and (c¢) Column C is taken from Ref.
[11]. Solid lines represent the best fits of the equation In &' =-
(ACy /RX(T, / T)In(T, / T)-1). The isoenergetic temperature 7]
marks the common intersection point of the van't Hoff plots. The
symbols for dansyl amino acids are: (+) glycine, (@) alanine,
(M) a-amino n-butyric acid, (¥) norvaline, (A ) valine, (#)
leucine, (X) vy-amino n-butyric acid, (&) phenylalanine, (®)
proline, (O) norleucine, (<) methionine.
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and enthalpy versus temperature so that all three
characteristic temperatures are collectively called
isothermodynamic temperatures [27]. In another
sense, T, can be considered a generalized compen-
sation temperature marking the intersection of non-
linear van’t Hoff plots. Thus, 7, of classical EEC is
a particular case of 7, in the absence of heat
capacity effects and both T and 7, represent tem-
peratures where all substances would have the same
AG”?, e.g., they would coelute in HIC.

Retention in HIC with dansyl amino acids is

TS\IHI
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AS°[cal mol! K]

15 | I— | L —1 | | I

0 20 40 60 80 100120140

40 1 1 1 I A1
0 20 40 60 80 100 120 140
T[°C]

Fig. 2. Plots of entropy change against temperature for the HIC
retention of dansyl amino acids on (a) Column A, (b} Column B
and (c) Column C. The data is taken from Table 1. Solid lines
represent the best fits of the equation AS® = AC) In(T/ T,). The
isoentropic temperature T,” marks the common intersection point
of the plots. Symbols are the same as in Fig. 1.
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Fig. 3. Plots of enthalpy change against temperature for the HIC
retention of dansyl amino acids on (a) Column A, (b) Column B
and (c) Column C. The data is taken from Table 1. Solid lines
represent the best fits of the equation AH”=AC(T-T,). The
isoenthalpic temperature 7,; marks the common intersection point
of the plots. Symbols are the same as in Fig. I.

examined here within the context of EEC. Fig. 1
illustrates van’t Hoff plots for the retention of dansyl
amino acids on columns A, B and C at temperatures
5-50°C [11]. The solid lines represent best fits of Eq.
(2) to the experimental data. Upon extrapolation,
three out of four plots in Fig. 1(a) show a common
intersection point at a 7; value of —11°C at which
dansyl alanine, valine and leucine would coelute.
The retention of dansyl proline appears to be much
higher than that of the other dansyl amino acids at
the isoenergetic temperature and this may be ex-
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plained by a particularly strong interaction of the
hydrophobic moiety of the stationary phase with the
cyclic portion of proline. The retention data mea-
sured on columns B and C showed similar results as
seen in Fig. 1(b) and 1(¢), although the scatter in the
intersection points of the plots is larger. Dansyl
glycine is the most prominent outlier in both cases.
This is probably due to its smaller size and greater
polarity as compared to those of other dansyl amino
acids. The T, values for retention on columns B
and C are obtained as —8°C and — 12°C and they
are close to those with dansyl amino acids on col-
umn A.

According to the isoenergetic temperatures in Fig.
1 the retention of dansyl amino acids exhibits com-
pensation behavior on all three HIC columns. There-
fore, T," and T,; may also be evaluated from plots
of entropy and enthalpy changes against temperature.
Figs. 2 and 3 illustrate such entropy and enthalpy
plots with the HIC retention data obtained on the
three columns. Except with data presented in Fig.
2(a) and Fig. 3(a) (Column A) the intersection points
of the plots scatter somewhat. However, there is a
narrow temperature range where all eluites seem to
attain about the same entropy and enthalpy values.
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The 7, and T, values obtained from the plots
shown in Figs. 2 and 3 are approximately 102°C,
109°C, 96°C and 84°C, 87°C. 84°C for columns A. B
and C.

In the following we wish to calculate isothermo-
dynamic temperatures for the dissolution of nonpolar
gases in water and compare them to those obtained
with HIC retention data. Since the calorimetric data
for gas dissolution is available only at 25°C [13-15]
we cannot obtain 7. T, and T,; values for gas
dissolution in the same way as we did for HIC
retention. Nevertheless, the use of Egs. (3)-(3) of-
fers an alternate means for the evaluation of isother-
modynamic temperatures from thermodynamic data
at a given temperature.

Fig. 4(a) illustrates virtually linear AS“ versus
AC, plots of data on three HIC columns and of
calorimetric data for dissolution in water of nonpolar
gases at 25°C. The isoentropic temperatures evalu-
ated from the slopes of AS” versus AC, plots by
using Eq. (3) are listed in Table 2. The 7" values
from HIC retention on all three columns are about
the same and very similar to those obtained from
Fig. 2. Further, the 7" values for these apparently
different processes that involve the interaction of
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Fig. 4. Plots of the entropy (a) and enthalpy (b} against the heat capacity change at 25°C for retention in HIC and dissolution of gases in
water. HIC retention data of dansyl amino acids on Columns A, B and C is indicated by the letter code of the column and the corresponding
plots by solid lines. The symbols for dansyl amino acids are: (+) glycine, (@) alanine, (M) a-amino n-butyric acid. ( ¥ ) norvaline, (A )
valine, ( #) leucine, (X) y-amino n-butyric acid, (@) phenylalanine, (&) proline, (*) norleucine, (R) methionine. Dashed lines are for the
dissolution in water of the vapors of: (V) alkyl benzenes, aliphatic (<) hydrocarbons, (O) ketones, (1) alcohols, (+) acids and ( ® ) amines.

Sources of data are listed in Table 2.
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Table 2

Isothermodynamic temperatures [°C] for the retention of dansyl amino acids in HIC and the dissolution of nonpolar gases in water.
Isoentropic 75" and isoenthalpic 7,; temperatures were derived from the linear dependence of the entropy and enthalpy on the heat capacity
change at 25°C according to Eq. (3) and (4), respectively. The isoenergetic temperature 7,7 was evaluated by using Eq. (5). Standard states
are ideal gas at 1atm. and ideal aqueous solution at 1 M concentration. Errors shown are 1 SD of the best fit

Process No. Substances Ty Ty 7 Ref.
HIC on Column A 1 3 dansyl amino acids * 103+3 83+ 4 —13 [11]
HIC on Column B 11 7 dansyl amino acids ° 103+9 88+ 9 2 [11]
HIC on Column C I 9 dansyl amino acids © 95+ 9 81 +8 -2 [11]
Dissolution of gaseous v 3 aliphatic hydrocarbons ¢ 103 + 13 85+ 9 ~7 [13—15]
substances in water \% 3 alkyl benzenes © 105 + 10 84+ 10 ~14 [15]
" VI 3 aliphatic ketones f 101 + 13 8348 -9 [15]
" vl 5 aliphatic alcohols # 99 +7 80+5 - 13 [15]
" VI 3 aliphatic acids " 100 £ 6 80+3 —-15 [15]
" X 4 aliphatic amines 86 +2 7342 ~6 [15]

* Dansyl alanine, valine and leucine. b Dansyl glycine, proline, alanine, a-amino n-butyric acid, valine, norvaline and leucine. © Dansyl
y-amino n-butyric acid, glycine, alanine, a-amino n-butyric acid, valine, methionine, norvaline, leucine and norleucine. d Ethane,
n-propane, n-butane. ° Methyl, ethyl and propyl benzene. f 2-Propanone, 2-butanone, 2-pentanone. £ 1-Ethanol, 1-propanol, 1-butanol,
1-pentanol, 1-hexanol. " Acetic, propanoic and butanoic acid. ' Propyl, butyl, pentyl and hexylamine.

hydrophobic molecules or moieties in aqueous media
fall in a very narrow range with a mean value of
99°C. The close resemblance of 7¢" is taken as a
manifestation of the dominant role of water in deter-
mining the mechanism of hydrophobic interactions
[18].

The same holds for the corresponding enthalpy
plots depicted in Fig. 4(b), i.e., the dependence of
AH? on AC; is also linear for both sets of processes
and the plots have very similar slopes. The corre-
sponding isoenthalpic temperatures calculated from
the slopes by using Eq. (4) are listed in Table 2.
Again, T values for HIC retention are very similar
to those obtained from Fig. 3 and, along with the
values for dissolution of nonpolar gases in water, fall
into a narrow range with a mean value of 82°C.

We also calculated the errors in Ty" and T
values as 1 SD of the best fit to data in Fig. 4 and
they are listed in Table 2 for the two processes based
on the hydrophobic effect. It is seen that the errors
obtained with HIC retention data are of the same
order of magnitude as those obtained with calori-
metric data for gas dissolution. This supports the
validity of either method for the evaluation of
isothermodynamic temperatures from chromato-
graphic data.

The isoenergetic temperature, T, is evaluated by
Eq. (5) using an iterative procedure. Since the isoen-
tropic temperatures for HIC retention are higher than

the corresponding isoenthalpic temperatures, we ex-
pect to observe two isoenergetic temperatures [27].
This is confirmed by the observation of another
isoenergetic temperature at 225°C upon extrapolation
to higher temperatures of HIC data presented in Fig.
1. In Table 2 we report only the lower T; values
because they are closer to the temperatures employed
in the experiments. These compare well to the isoen-
ergetic temperatures obtained from Fig. 1, lending
further support to our approach for the evaluation of
isothermodynamic temperatures from chromato-
graphic data. The 7 values range from 2 to — 15°C
for the gas dissolution and HIC retention in Table 2,
so that both processes are energetically similar and
can be considered mechanistically identical. This
prompted us to examine the energetics of the two
processes at the molecular level by using molecular
surface area correlations and the solvophobic theory.

4. Molecular area correlations

The Gibbs energy, entropy, enthalpy or heat ca-
pacity changes, A X°, associated with hydrophobic
interactions have been expressed as [28]

AX°=a AA,  +b, (6)

where A A, , is the change in nonpolar surface area
exposed to water upon transfer. The group molecular



A. Vailaya, C. Horvdth / Biophysical Chemistry 62 (1996) 81-93 87

— 140 T r 1 5 T v T

A3 34 5 a :_‘ lﬁz 3 b

v—¥ 120 e a 1 & ° L .*&; 1

'-o" 100 2 .- L ] E 5 o |
.0 N P —_ r PN

E 80 o" 8:5",0’ - S o..

Ttg 60 55 /,V I3 -10 | O v.‘_v_._v A

L2, g i o 5 X Rt aeaan,

o 40 % I reem

< 20 N" L L ) < -20 L L L .

50 100 150 200 250 300 50 100 150 200 250 300

- 10 ll f T T ¢ — 4 T T T T

X 0 o\% 4w 2l 1 23455000 |

= . 0

° 10 r B E 0+ JST 4

E .20} e 3. 1 & -2l j

© . B T, Q

8 0L  CollL vl X -4 S EEEE A

o 40 © Q‘“g.__@ ° f--BEE

(g T g 6 I b

-50 1 1 L L - L L il L
50 100 150 200 250 300 50 100 150 200 250 300

Surface area of the aliphatic side chain, AA,, [A?]

Fig. 5. Plots of (a) heat capacity, (b) enthalpy, (c) entropy and (d) free energy against A A, , at 25°C. Data for the retention of dansyl (1)
alanine, (2) a-amino n-butyric acid, (3) valine, (4) norvaline and (5) leucine on (M) Column A, (@) Column B and (&) Column C is
shown by solid lines. Dashed lines are for the dissolution in water of the vapors of (O) alkyl benzenes and the following aliphatic
substances: (&) hydrocarbons, (V) ketones, (O) alcohols, (X) acids and (£) amines. Sources of data are listed in Table 2 and the A A
values are taken from [22].

np

parameters [27], a_ and b, are assumed to be the on the rhs of Eq. (6) represent contributions by
same for a set of substances under investigation so nonpolar and polar interactions, respectively. From
that Eq. (6) is likely to apply only to substances with the slopes and intercepts of linear plots of AX” at a
identical polar moieties. The first and second terms given temperature against A A, ,, the group molecu-

Table 3
Group molecular parameters a,, a.

h

reflects transfer into aqueous phase

a, and a, evaluated according to Eq. (6) from linear plots shown in Fig. 5. The sign of HIC data

Process a, ay, a, a,
calmol ™' A2 calmol™'A™2 calmol 'K~ 'A™? calmol ™ 'K~ PA™?
HIC on
Column A 3.6 —-189 -0.08 0.33
Column B 3.8 —-23.0 -0.09 0.37
Column C 6.0 —28.1 -0.12 0.48
average value 45 —233 -0.10 0.39
Dissolution in water
of gaseous
aliphatic hydrocarbons 39 -24.1 ~0.09 0.40
alkyl benzenes 5.6 -28.7 ~0.12 0.48
aliphatic ketones 5.1 —-294 ~0.12 0.51
aliphatic alcohols 52 —26.3 ~0.11 0.48
aliphatic acids 5.5 —-252 ~0.10 0.46
aliphatic amines 4.0 —249 ~0.10 0.52

average value 49 —26.4 ~0.11 0.48
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lar parameters, a,, a,, a,, a. and b,, b,. b, b, for
the thermodynamic quantities can be evaluated.

In Fig. 5 the thermodynamic quantities associated
with the retention in HIC of dansyl amino acids [11],
which vary only in the length of the aliphatic side
chain and thus have quantifiable structural differ-
ences, are plotted against the surface area, A A, o of
the side chain. For comparison, the thermodynamic
data associated with the dissolution of nonpolar gases
in water is also plotted against the surface area of the
aliphatic chains. The plots are virtually linear and
have quite similar slopes, from which the group
molecular parameters, a,, a,, a, and a,, listed in
Table 3, were calculated using Eq. (6). The average
values of a,, a,, a, and a. from chromatographic
data are 4.5calmol ' A2, —23.3§almol"A‘2,
- 0.10 cal mol™!" K~ "A "2 and
0.39calmol™' K™'A~2, respectively. The corre-
sponding average values obtained for the dissolution
in water of various classes of substances are only
slightly higher.

5. Solvophobic theory

In order to extend the scope of this study to the
molecular aspects of hydrophobic interactions we
employ the solvophobic theory [7,25]. This approach
is broader than those aimed at the hydrophobic effect
proper and applicable also to the effect of solvents
other than water. Further, it employs only readily
available physicochemical properties.

The standard Gibbs energy of molecular associa-
tion, A+ B = AB, occurring in the solvent S is
expressed by the solvophobic theory as

AGl.. = AGY. + AG,

assoc. assoc. solv eff. (7)

where AG.%.. is the Gibbs energy for the associa-
tion in vacuo or in the vapor phase and AG,,, ¢ is
the net Gibbs energy change due to solvent effects.

The latter is expressed as

AG.solvAeff.= AGcavA+ AGinl,+ AGmixA+ AGred4
RT
+ RT In— (8)
VS
where AG,, is the net Gibbs energy of cavity

formation for A and B as well as for the complex

AB in the solvent, AG,, is the net Gibbs energy of
their interactions with the solvent molecules and
AG,;, is the net Gibbs energy of mixing of molecules
of different sizes. The AG,, term is the reduction of
AGE by solvent so that it accounts for the change
in the intrinsic Gibbs energy of the complex AB due
to the solvent medium [7,25]. The last term which
entails the molar volume of the solvent, vg, stands
for the change in free volume. The standard states
assumed are ideal gas at 1 atmospheric pressure and
the hypothetical 1 M concentration of ideal aqueous
solution.

In the following a simplified version of the theory
is applied to dissolution in water and retention in

HIC of hydrophobic substances.

5.1. Dissolution of nonpolar gases in water

The standard Gibbs energy change of dissolution,

AG, 4., of a nonpolar solute A in water, is ex-
pressed as

RT
AGgOAdis.&: AGcav.+ AGinl.+ AGmix,+ RT lI’lT (9)

N

The Gibbs energy of forming a cavity of surface
area, A A, is

AG,,, = kfysAA (10)
and the interaction term is expressed as
AG, = (Kisvas — kS — kdys) AA (11)

where vy, y, and vy, are the surface tensions of
water, solute and the solute /water interfacial ten-
sion, respectively, whereas k§, k§ and k4, convert
the respective surface or interfacial tensions to the
microthermodynamic value appropriate for molecu-
lar dimensions [25,29]. In Eq. (11), the k${y,AA
term represents the Gibbs energy change associated
with cavity formation in liquid A when A is trans-
ferred from the gas phase to the liquid state (con-
densation of A). On the other hand, the k§vy;AA
term stands for the Gibbs energy of cavity formation
associated with the transfer of solute A from the gas
phase into the solvent S. In the first case the solute to
solvent ratio of the molecular radii is unity so that
k4 is size invariant yet affected by the chemical
nature of the substance, whereas in the second case
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k4 is dependent on the ratio of the solute to solvent
molecular radii [25]. The «§;vy,sAA term in Eq.
(11) represents the interfacial Gibbs energy of a
surface A A between the molecules of the liquids
phases A and S [25]. Again, kg depends on the ratio
of solute to solvent molecular radii.

The Gibbs energy change of gas dissolution is
given by Egs. (9)-(11) as

RT
AG) i = (Kfvas — Kiv Y AA+RTIn— 4+ G

o diss.

e mix .
Vg

(12)

For aliphatic hydrocarbons AA =A A, and the v,
and v, values are rather similar [30] so that Eq. (12)
predicts a linear dependence of AGy ., on AA,
provided kf¢ and k5 vary only slightly. Then, the
Gibbs energy change per unit nonpolar surface area
can be evaluated as

JIAG,

¢ .diss.

_ﬁm = KAsYas — Ki% (13)

if the rhs of Eq. (13) is known. The entropy change

of dissolution per unit nonpolar surface area can be

obtained by differentiating Eq. (13) with respect to

the temperature. In a manner similar to Sinanoglu’s

analysis [25] we obtain that

aAS\"’,dl\\. dIn Ya
= ;')’4(

£

JAA

np

dIn AA,
_|._
aT oT

dlny,s dlndA,
— e ¥ . +
KasVas aT aT
(14)
and the analogous expression for enthalpy is
JAH] ;... , dlny,s dlndA >
_ T e kv ] — _
iAA,, st AT aInT )
A dlny, dlndA,,
7 -
: dlnT dlnT
(15)

where k' and «” convert the surface tension to
molecular dimensions in the expressions for entropy
and enthalpy, respectively. Eq. (14) and Eq. (15)
reflect that the spherical cavity area is a temperature
dependent structural property and is simply related to

the coefficient of thermal expansion of the solvent.
a, by the following expression
dlnAA, 2 16)
T 3 (
In a manner similar to the dissolution of gases in
water, we adapt the solvophobic theory to express
the Gibbs energy change for vaporization as

RT
AG!,, = Ky, AA—RT lnT (17)
A
and the Gibbs energy change associated with the
dissolution of liquids in water as

14
AG} o = Ky AA + RT an—‘* + Gy, (18)

N
where v, is the molar volume of the solute. Expres-
sions for other thermodynamic quantities may be
easily derived from the above equations by taking
the respective temperature derivatives. From the va-
porization data k4 values have been calculated and
tabulated for a number of solvents along with «
values for the entropy and enthalpy [29]. The values
of k¥, ks and k' were not available so that they
were obtained from liquid dissolution data, by plot-
ting the appropriate thermodynamic quantities for a
set of hydrocarbons against their water accessible
nonpolar surface areas. and from the relevant interfa-
cial tensions.

For the dissolution of nonpolar gases in water the
Gibbs energy, entropy and enthalpy changes. all per
unit nonpolar surface area. were calculated with the
Yar Vas- @ Iny, /0 In T).(d In y,,/3 In T)and (0
In AA, /@ In T) values from the literature and the
« values from vaporization and liquid dissolution
data by using Egs. (13)-(15).

5.2. Hvdrophobic interaction chromatography

Salting out of proteins and HIC retention have
been treated extensively in the absence of specific
salt effects by an adaptation of the solvophobic
theory [5.,6] and the Gibbs energy was expressed by
the surface tension of aqueous salt solutions. Experi-
mental data for protein retention obtained with cos-
motropic salts [31] that do not preferentially bind to
the protein Icnds support to the theory.
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The present treatment of HIC is somewhat differ-
ent from the previous one [5] in that both the cavity
and interaction Gibbs energy terms, c.f., Eq. (10) and
Eq. (11), are lumped into the interfacial tension and
molecular contact area. According to Egs. (7), (8),
(10) and (11) the Gibbs energy, AGy,, of reversible
binding of a nonpolar eluite A at the hydrophobic
ligate of the HIC stationary phase at relatively high
salt concentration where electrostatic interactions are
negligible is written as

RT
AGyc = (KisYas — ki) AA, — RT ln—V—
]
+ AGmix.+ AGred.+ AG;{alcc (19)
where vy, is now the hydrocarbon /eluent interfacial
tension, AG}i%: is the hypothetical retention Gibbs
energy change in vacuo and A A_ is the contact area
upon binding, i.e., the surface area of the eluite /ligate
complex less the sum of solute and ligate surface
areas, which has a negative value in the retention
process. Eq. (19) is based on the assumption that the
interfacial tensions between the solvent and the ad-
sorbed eluite, the ligate or the unbound eluite are
given by +vy,, and the free volume changes of the
adsorbed eluite and of the ligate cancel each other.
For the HIC retention of nonpolar eluites with simi-
lar vy and k values, Eq. (19) predicts a linear rela-
tionship between AGp; - and AA, at a given tem-
perature.

Our analysis is based on the following two linear
relationships. First, the contact area upon binding is
linear in the nonpolar surface area of the molecules
so that

AA = adA,, + B (20)

Second, the surface tension of the eluent, v,, de-
pends on the molal salt concentration, m, as
Ys=7Y,tom (21)
where <y, is the surface tension of eluent in the
absence of salt and o is the molal surface tension
increment of the salt [5]. If Eq. (21) holds also for
the hydrocarbon /eluent interfacial tension, y,. then
the Gibbs energy per unit nonpolar surface area is
obtained by evaluating the rhs of the following equa-
tion
0AGY ¢
dAA, »

= [KAgs(YAs,o +om)— KAg'YA] o (22)

where v, is the hydrocarbon/water interfacial
tension. Analogous expressions for the entropy and
the enthalpy may be written as

ASTc s dlny, + dln AAnp
aAA"P A’yA aT aT
—Kis(Yaso + om)
d1n dln AA
y Yas i 2 o (23)
aT aT
dAH
6AA,”,
Jln Yas d1n AAn
= [K:s('YAs,0+0'm)(1 T 4mT  dInT ")
d1ln Vi dln AA
ok | — _ np 24
KA‘YA( dInT olnT « ( )

From Egs. (13)-(15) and Egs. (22)—(24) it fol-
lows that for both the dissolution in water of nonpo-
lar gases and the retention in HIC, plots of thermo-
dynamic parameters versus nonpolar surface area are
straight lines and the slopes are nearly identical
provided a is close to unity and the increment in
hydrocarbon/eluent interfacial tension due to the
presence of salt is negligible.

5.3. Comparison of retention in HIC and dissolution
of nonpolar gases in water.

A way to the group molecular parameters is of-
fered by the solvophobic theory and we shall calcu-
late (AG,° 4, /0AA, ), (BAS,° 4 /OAA, ) and
(BAH, ., /0A A, ) at 25°C using Egs. (13)-(15)
with n-heptane as model solute in order to test this
approach. n-Heptane was chosen in our analysis
because of the availability of surface tension and
other physiochemical data. Its surface tension (v,)
and the n-heptane /water interfacial tension (y, §).are
taken as 28.3 [32] and 73.2 [33] calmol 'A?
whereas the k%, k% and k’ values of 0.869, 0.542
and 0.687 as well as (8 In vy,/9 In 7) and (3 In
AA,,/8 In T) values of —1.505 and 0.248 are
obtained from Ref. [25]. The microthermodynamic
hydrocarbon /water interfacial tension, which is
given by the product K4y, is 30calmol™'A~2
[34,35] so that for k% a value of 0.41 is obtained.
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With data from the literature [17,22] for the dissolu-
tion of liquid aliphatic hydrocarbons in water at
25°C, plots of entropy and enthalpy against the
molecular area are straight lines with slopes of
—0.08calmol™" K™'A"2 and 11.6calmol 'A~2
which represent the second term of Eq. (14) and the
first term of Eq. (15), respectively. With —0.56 for
(@ In y,,/0 In T) [33] the respective k', and k'
values are obtained as —1.05 and 0.12. Egs. (13)-
(15) with these physical constants yield
54calmol "A™* —323calmol™'A~? and
—0.14calmol "' K~ 'A 2 for the respective molecu-
lar parameters a,. a, and a,, in good agreement
with those listed in Table 3 for various classes of
substances.

We shall now estimate group molecular parame-
ters associated with retention in HIC of dansyl amino
acids by using the solvophobic theory. In most HIC
experiments the eluting salt was (NH,),SO, [11]
that has a molal surface tension increment of 3.11
calkg mol "2A 2 [5]. The linear plots of the chro-
matographic data in Fig. 5 reveals that AA_ is
directly proportional to A A, | for the eluites on each
column so that Eq. (20) is applicable. The coefficient
a is taken as +0.7 with the sign reflecting transfer
to aqueous phase. This value was obtained in re-
versed phase chromatography [36,37] and is assumed
to hold also in HIC with nonpolar sample compo-
nents. Further, the physical properties of n-heptane
were assumed to be representative for the hydrocar-
bonaceous moieties of the eluites in HIC. Since k.
k), and «; are defined for a unit ratio of the solute
to solvent molecular radii, their vaiues for n-heptane
are not expected to be very different from those for
dansyl amino acids. In contradistinction, the «¥,.
ks and "¢ values are dependent on the ratio of the
solute to solvent molecular radii and, therefore, may
be different for n-heptane and dansyl amino acids.
As liquid dissolution data for dansyl amino acids
were not available we used the k§g, k' and ki
values of n-heptane instead. Since the ratio of molec-
ular radii of dansyl amino acids under investigation
to that of water is not very different from the radii
ratio for n-heptane-water system this approach can
be justified. With the data (3AGy,-/8AA4, ),
(@A H,-/8A A, ) and (BA S}, /0A A, ) were evalu-
ated according to Eqs. (22)—(24) and their respective
values were 4.9 calmol "' A~2, —22.2calmol 'A*

and —0.10calmol ™' K™'A~? in excellent agree-
ment with the corresponding average values listed in
Table 3.

6. Conclusions

The scope of exothermodynamic relationships,
such as enthalpy-entropy compensation and molecu-
lar area correlations, has been expanded by the use
of the solvophobic theory. Employing readily avail-
able physicochemical data, the solvophobic theory
establishes a link between thermodynamic quantities
and the nonpolar molecular area for processes in-
volving hydrophobic interactions. As shown here it
can not only describe the thermodynamics of molec-
ular interactions in solution and thus shed light on
the role of solvent but can also account for the major
factors determining the retention behavior in hy-
drophobic interaction chromatography (HIC).

The chromatographic data exhibits enthalpy-ent-
ropy compensation and the isothermodynamic tem-
peratures are very similar to those for the dissolution
of nonpolar gases in water. The availability of calori-
metric data at 25°C for other processes driven by
hydrophobic interactions, such as dissolution of solid
cyclic dipeptides and liquid hydrocarbons in water as

-
o
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-30
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Ac‘;[cal mol™ K]

AS°[cal mol” K]

Fig. 6. Plots of the entropy (solid symbols and lines) and the
enthalpy (open symbols and dashed lines) against the heat capac-
ity change at 25°C for processes dominated by hydrophobic
interactions. Data presented are for the (@, O) HIC retention of
dansyl amino acids on Column B; dissolution of nonpolar sub-
stances in water: (M, O) liquid hydrocarbons, and (a. ) solid
cyclic dipeptides: (O, #) thermal denaturation data of 11 proteins
calculated per mole of amino acid residue. Sources of data are
listed in Table 4.
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Table 4

Isothermodynamic temperatures [°C] for processes dominated by the hydrophobic effect. Isoentropic Ty and isoenthalpic T; temperatures
were derived from the linear dependence of the entropy and enthalpy on the heat capacity change at 25°C according to Eq. (3) and (4),
respectively. The isoenergetic temperature T, was evaluated by using Eq. (5). Standard states are ideal gas at 1 atm. and ideal aqueous
solution at 1 M concentration unless stated otherwise. Errors shown are 1 SD of the best fit

Process No.  Substances T4 Ty T; Ref.
HIC on Column B I 7 dansyl amino acids * 103+9 88+9 2 1]
Dissolution of liquid hydrocarbons in water I 8 alkanes and aromatics ° 104+ 6 33+14  —102  [17,38-40]
Dissolution of solids in water III 5 hydrophobic cyclic dipeptides ¢ 114+ 15 70+ 12 —-55 [16]
Denaturation of proteins v 11 proteins 4 112+0 100+ 5 20 [17]

* Those given in Fig. 1(b). b n-Propane, n-butane, n-pentane, n-hexane, benzene, toluene, ethylbenzene and cyclohexane. © c-Gly-gly,
c-ala-gly, c-ala-ala, c-leu-gly and c-val-val where ¢ indicates "cyclo". 7" and Ty values are different from those reported in the literature
[18,41] because only corrected data for dipeptides containing aliphatic amino acids was used here [16]. Standard state: unit mole fraction.
¢ Ribonuclease A, parvalbumin, egg-white lysozyme, fragment K4 of plasminogen, a-chymotrypsin, papain, staphylococcus nuclease,

carbonic anhydrase, cytochrome ¢, pepsinogen and myoglobin.

well as denaturation of proteins, allows us further to
extend the analysis to these processes. Fig. 6 illus-
trates plots of AS? and AH” against AC, for HIC
retention on column B and for the above mentioned
processes involving hydrophobic interactions,
whereas Table 4 lists the isothermodynamic tempera-
tures evaluated from the plots by using Egs. (3)-(5).
It is seen that the 7" values are very close for these
apparently disparate processes indicating that the
processes are entropically similar. In contradistinc-
tion, the isoenthalpic and isoenergetic temperatures
are quite different. For dissolution in water of solid
cyclic dipeptides T, is 70°C and this may be at-
tributed to a contribution by the heat of sublimation
to the enthalpy change. Further, for dissolution of
liquid hydrocarbons in water T,/ is 33°C that is
explained by the high heat of vaporization included
in the enthalpy change [28,40]. The isothermody-
namic temperatures associated with the retention in
HIC lie outside the experimental range employed so
far, so that they are yet to be confirmed by experi-
ments. HPLC at elevated [42] or sub-zero [43] tem-
peratures with columns packed with micropellicular
stationary phases [44] may offer a means to test the
predictions by the isothermodynamic temperatures.
This work indicates that molecular chromatogra-
phy, i.e. the evaluation of physicochemical parame-
ters by precision chromatographic measurements, can
be used to obtain and analyze thermodynamic quanti-
ties associated with hydrophobic interactions. The
results obtained by comparing the chromatographic
data from HIC to those from calorimetry for various

processes involving hydrophobic interactions con-
firm the mechanistic identity of the processes at the
molecular level. The common features of such pro-
cesses are expected to facilitate the treatment of
protein stability in terms of a hydrophobic and a
nonhydrophobic contribution [18] as well as in terms
of solvent effect. Indeed, values similar to those
obtained in this study for the group molecular pa-
rameters have been employed to express the contri-
bution of hydrophobic enthalpies [45], entropies [46]
and Gibbs energies [46] to the energetics of protein
folding.

Acknowledgements

This work was supported by Grant No. GM 20993
from the National Institutes of Health, US Public
Health Service.

References

[1] S. Shaitiel, in W.B. Jakoby and M. Wilchek (Eds.), Methods
in Enzymology, Academic Press, New York, 1974, pp. 126—
140.

[2] B.H.J. Hofstee, in N. Catsimpoolas (Ed.), Methods of Protein
Separation, Plenum, New York, 1976, pp. 245-278.

[3] Z. El Rassi, A.L. Lee and Cs. Horvith, in J.A. Asenjo (Ed.),
Separation Processes in Biotechnology, Marcel Dekker, New
York, 1990, pp. 447-494.

[4] C. Tanford, The Hydrophobic Effect: Formation of Micelles
and Biological Membranes, Wiley-Interscience, New York,
1980.



A. Vailaya, C. Horvath / Biophysical Chemistry 62 (1996) 81-93 93

[5] W.R. Melander and Cs. Horvith, Arch. Biochem. Biophys..
183 (1977) 200-215.
[6] W.R. Melander. D. Corradini and Cs. Horvéith, J. Chro-
matogr., 317 (1984) 67-85.
[7] O. Sinanogly, in B. Pullman (Ed.), Molecular Associations in
Biology. Academic Press, New York, 1968, pp. 427-445.
[8] J. Wyman, Adv. Protein Chem., 19 (1964) 223-286.
[9] R.A. Barford. T.F. Kumosinski, N. Parris and A.E. White, J.
Chromatogr., 458 (1988) 57-66.
[10] B.F. Roettger. J.A. Myers, M.R. Ladisch and F.E. Regnier.
Biotechnol. Prog., 5 {1989) 79-88.
[11] D. Haidacher, A. Vailaya and Cs. Horvdth, Proc. Nat!. Acad.
Sci. USA, 93 (1996) 2290-2295.
[12] S.J. Gill and 1. Wadso. Proc. Natl. Acad. Sci. USA, 73
(1976) 2955-2958.
[13] S.F. Dec and S.J. Gill. J. Solution Chem., 13 (1984) 27-41.
[14] S.F. Dec and S.J. Gill, J. Solution Chem., 14 (1985) 827-836.
[15) S. Cabani. P. Gianni, V. Mollica and L. Lepori, J. Solution
Chem., 10 (1981) 563-595.
[16] K.P. Murphy and S.J. Gill, Thermochim. Acta, 172 (1990)
11-20.
[17] P.L. Privalov and S.J. Gill, Adv. Protein Chem.. 39 (1988)
191-234.
{18] K.P. Murphy, P.L. Privalov and SJ. Gill, Science, 247
(1990) 559-561.
{191 J. Leffler and E. Grunwald. Rates and Equilibria of Organic
Reactions, Wiley-Interscience, New York, 1963.
[20] R. Lumry and S. Rajender. Biopolymers, 9 (1970) 1125-
1227.
[21] W.R. Melander, D.E. Campbell and Cs. Horvéth, J. Chro-
matogr., 158 (1978) 215-225.
[22] R.B. Hermann, J. Phys. Chem., 76 (1972) 2754-2759.
[23] S.J3. Gill, S.F. Dec, G. Olofsson and 1. Wadsd, J. Phys.
Chem.. 89 (1985) 3758-3761.
[24] T. Ooi, M. Oobatake, G. Némethy and H.A. Scheraga, Proc.
Natl. Acad. Sci. USA, 84 (1987) 3086-3090.
[25] O. Sinanoglu, in H. Ratajczak and W.J. Orville-Thomas
(Eds.). Molecular interactions. Wiley, New York. 1982. pp.
283-342.

[26] Cs. Horvath and W.R. Melander., in E. Heftmann (Ed.).
Chromatography, Elsevier, Amsterdam. 1983, pp. A27-135.

[27] A. Vailaya and Cs. Horvdth, J. Phys. Chem.. 100 (1996)
2447-2455.

[28] B. Lee, Proc. Natl. Acad. Sci. USA. 88 (1991) 5154-5158.

[29] O. Sinanoglu. J. Chem. Phys.. 75 (1981) 463—468.

[30] L.A. Girifalco and RJ. Good. J. Phys. Chem.. 61 (1957)
904-909.

[31] T. Arakawa and S.N. Timasheff, Biochemistry, 21 (1982)
6545-6552.

[32] D.R. Lide, CRC Handbook of Chemistry and Physics. CRC
Press, Boca Raton, FL, 1995,

[33] R. Aveyard and D.A. Haydon. Trans. Faruday Soc.. 61
(1965) 2255-2261.

[34] R.B. Hermann. Proc. Natl. Acad. Sci. USA. 74 (1977)
4144-4145.

[35] K.A. Sharp. A. Nicholls, R.M. Fine and B. Honig. Science.
252 (1991) t06~109.

[36] Cs. Horvith. W.R. Melander and 1. Molnir, J. Chromatogr..
125 (1976) 129~156.

{37] O. Sinanoglu and A. Fernindez. Biophys. Chem., 21 (1985)
157-162.

[38] R.L. Baldwin. Proc. Natl. Acad. Sci. USA. 83 (1986) 8069
8072.

[39] J.R. Livingstone, R.S. Spolar and M.T. Record Jr.. Biochem-
istry, 30 (1991) 42374244,

[40] SJ. Gill, N.F. Nichols and 1. Wads®, J. Chem. Thermodyn.,
8 (1976) 445-452.

[41] K.P. Murphy and S.J. Gill, J. Mol. Biol., 222 (1991) 699--709.

[42] H. Chen and Cs. Horvath, AMI, 1 (1993) 2{3-222.

[43] A. Kalmin. F. Thunecke. R. Schmidt, P.W. Schiller and Cs.
Horvith, I. Chromatogr., 729 (1996) 155-172.

{44] L. Virady. K. Kalghatgi and Cs. Horvith. J. Chromatogr.,
458 (1988) 207-215.

[45] G.1. Makhatadze and P.L. Privalov, J. Mol. Biol.. 232 (1993)
639-659.

[46] P.L. Privalov and G.I. Makhatadze. J. Mol. Biol. 232 (1993)
660-679.



