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Abstract

Pairwise enthalpic interaction coefficients of the virial expansion of the excess enthalpies were determined at 298 K by measuring the en-
thalpies of dilution in aqueous solution of binary aqueous solutions containing 4-hydroxyphenylacetic acid, 2-phenylethanol, 3-phenylpropanol,
3-phenylpropionic acid,-tyrosine and.-phenylalanine. Coefficients obtained are compared with those already reported in the literature for
other aromatic substances in aqueous solutions. Not withstanding the similarity of the substances employed, the values of the enthalpic coeffi-
cients range from highly negative to highly positive, an indication that the interactions between the benzene rings are largely dependent on the
nature of the functional groups. For hydroxylated substances, enhanced hydrophobic interactions are operating, probably for the simultaneous
interaction between the benzene rings and the alkyl chains, forced by the hydroxyl group. On the contrary, the strength of hydrophobic
interactions in the solutions of the amino acids depend on the pH of the medium and on the presence of hydroxyl group on the aromatic ring.
The data are discussed according to an interaction model which assumes the presence of a preferential configuration between two hydratec
molecules.
© 2005 Published by Elsevier B.V.
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1. Introduction and probably they are as important as the hydrophobic ones
in many different biological processgs-8].
It is generally accepted that the amino acid sequence of It is difficult to make prediction of protein structure since
a protein uniquely determines its native conformation that, suitable potentials for calculating the free energies of dif-
for small globular proteins, is expected to represent the ther-ferent conformations are missing. Some studies report con-
modynamic minimum free energy conformation accessible formational free energies as given by the sum of pairwise
during the time scale of the folding procg4$. Hence, the interactions between amino acid residues evaluated from the
interactions of the side chains of constituent amino acids with statistical analyses of available structU@sl 1]. Another ap-
the solvent and with each other largely determine the folding proach assumes that the free energy of a given conformation
process. Hydrophobic interactions are known to play a major can be evaluated from the solvent-accessible surface areas
role in these process§®-4]; however, other studies put in  of aliphatic, aromatic and polar residid2-15]. However,
evidence that hydrophilic interactions are strong, highly de- no potential proposed to date has proven to be sufficiently
pendent on orientation and on the properties of the solvent,accurate for the realistic folding simulations.
Experimental studies with the model compounds help in
* Corresponding author. Tel.: +39 081 674239; fax: +39 081 674090.  treatingthis problem. Amethodisreportedinthe literature for
E-mail addresscastronuovo@chemistry.unina.it (G. Castronuovo). quantitating the energetics of pairwise interactions between
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amino acid side chains using high-pressure liquid chromatog-was twice distilled and filtered on a Millipore membrane.
raphy[16,17]. In the same way, pairwise interaction coeffi- Measurements of the heats of dilution were carried out using
cients of the virial expansion of the excess thermodynamic a Thermal Activity Monitor (TAM) from Thermometric,
properties are very useful parameters to getinformation aboutequipped with a GP 10 gradient programmer, a p00nix-
the mechanism through which two hydrated molecules inter- ing chamber, a PSV 50 electrovalve and a P3 peristaltic pump
act in solution. The physical meaning of the pair interaction (all from Pharmacia) for the authomatic preparation and for
coefficients of an excess property is linked to the variation the pumping of solutions into the cells of the calorimeter.
of a thermodynamic property when two hydrated molecules The method has been tested through known systems.
are brought from an infinite distance, where solute—solvent Enthalpies of dilution in water of urea and hexane-1,2-diol
interactions prevail, to a finite distance where solute—solute, have been determined, and the evaluated pairwise en-
water-mediated interactions are operating. thalpic interaction coefficients gh=—331+ 3 Jkgmot?
Preceding studies from this laboratory on the aqueous so-for urea and hy, =2999+ 46 Jkgmot?2 for hexane-
lutions of model molecules of biological interest allowed to 1,2-diol) were in agreement with the literature val-
establish that the cooperativity of hydrophobic interactions ues (h=—350+13Jkgmot?2 for urea [22] and
depend on the presence of interactions between hydrophilichy = 2955+ 46 Jkgmot?2  for hexane-1,2-diol [23].

functional groups on the same molec{d&]. In particular, The values of the dilution enthalpieaHgj, were obtained
the analysis of the signs and values of the pairwise enthalpicfrom:
interaction coefficients have allowed us to explain the be- dQ/dp)

haviour in solution of a variety of hydroxylated substances A Hygi(my, — ML) P
[18,19], a-aminoacidg[20], carboxylic acidg21], amines W

[21] and the mixture of these solutfi®,20]. An interaction ~ Where (dQ/dt) is the heat evolved or absorbed per unit time,
model has been proposed postulating the presence of preferPy the total mass flow rate of water per unit time, aridand
ential configurations in aqueous solution determined by the m are the initial and final molalities, respectivelyHgi is
interactions between hydrophilic groups. This interaction al- given in J kg* of solvent in the final solution.

lows the juxtaposition of hydrophobic groups, making their
interaction more effective and different from a simple statis-
tical one.

The present investigation deals with the pairwise interac-
tion coefficients of the excess enthalpies evaluated from theinally proposed by McMillan-Mayef24] and specifically

enthalpies of dilutiqn in water of'binary aqueous squtions. applied to those of aqueous solutions of nonelectrolytes by
of _substances bearing benzene rings: 4-hydroxyphenyl_ace_t|q<auzmam{25] and other authorf26,27], an excess thermo-
acid, 2-phenylethanol, 3-phenylpropanol, 3-phenylpropionic gy namic property can be expressed as a function of molalities

acid, L-tyrosine andL-phenylglanin(_a. We aim to ascertai_n through a virial expansion of pair and higher order interaction
whether the preferential configurations can be hypOtheS'Sedcoefficients j, as follows:

for these systems, to gain more information about the vari-

ous contributions acting in the interaction between hydrated jE _ Z Z jik mimg + higherterms (1)

molecules, and to study the influence of the different func- i=1~k=1

tional groups on the hydrophobic interactions between the  For two-component solutions containing a solute x and

benzene rings. The comparison with the data already reportedwvater, virial coefficients of the power series of the excess

in the literature about other model molecules allows to ascer- enthalpiesh, as a function of molalities can be easily derived

tain whether the aromatic—aromatic, water-mediated interac-from the enthalpies of dilutionAHgj;, as follows:

tion is different from the other interactions acting in these _ . .

solutions. It must be emphasized that our analysis will be A Hail(m' — m") = hym (m" — m') + hyooe ' (m'™ — m'2)

based on enthalpic interaction coefficients. In fact, obtain- + higher terms )

ing Gibbs free energy data presents many experimental dif- .

ficulties because of enthalpy—entropy compensation effectswherem; and m; are the molalities of the x solute before

which would lead only to small Gibbs energy interaction co- and after the dilution process, respectively. Theoeffi-

efficients. cients appearing in Eq2) represent the enthalpic contri-
butions to the Gibbs free energy coefficients characterising
the interaction between pairs, triplets, or higher order inter-

2. Experimental actions. They implicitly account also for all the variations
of solvent—solvent and solute—solvent interactions. The val-

The solutes employed, Sigma or Aldrich products, were ues of the self coefficients for each solute are obtained by

of the highest commercially available purity (98—99.5% dilution of binary solutions. To determine the coefficients, a

minimum). They were dried on phosphorus pentoxide under least square procedure was used. Owing to the limited range

reduced pressure. Solutions were prepared by weight: waterf concentrations explored, only pairwise coefficients were

3. Results

According to the treatment of solution properties orig-
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found to be necessary for the best fitting of experimental 4. Discussion
data.

For all of the investigated systems, dilution is an exother- It is reported in the literature that the group contri-
mic process and, consequently, the derived enthalpic in-bution to the overall pairwise coefficient of the virial
teraction coefficients are positive. The only exception is expansion of the Gibbs free energy, obtained through
4-hydroxyphenylacetic acid whose dilution is endothermic; a group additivity approach, is negative for the in-
then, the corresponding enthalpic coefficient is negative. teractions between groups having the same effect on
Measurements have been carried out using agueous sothe structure of water and positive for mixed inter-
lutions of hydrochloric acid as solvent; this is necessary actions (Gydrophilic-hydrophilic< O, Ghydrophobic-hydrophobi& O,
in order to avoid the dissociation of some of the solutes Ghydrophilic-hydrophobic> 0) [33,34]. Thus, two interacting

employed. molecules prefer to be oriented in a configuration where
In Table 1, the coefficients are reported for favourable interactions between like groups are maximized.
4-hydroxyphenylacetic  acid, 2-phenylethanol, 3- Mixed interactions are less probable because of the positive

phenylpropanol, 3-phenylpropionic  acid,L-tyrosine contribution to the Gibbs free energy. On this ground and
and vL-phenylalanine, together with those characterizing on the basis of thermodynamic and spectroscopic studies
the aqueous solutions of other aromatic compounds, on polyhydroxylated substances, we proposed the “prefer-
different in the functional group and in the length of ential configuration” mode]18,35]. Namely, the presence
the alkyl chain protruding from the benzene ring. In of a “side-on”, preferential configuration was hypothesised,
the same table, the structures are reported for the sub-which allows the simultaneous juxtaposition of the maximum
stances employed in the present study. Concentrationnumber of hydrophilic and hydrophobic domains. Other con-
range was 0.1-0.015molk§ for 4-hydroxyphenylacetic ~ figurations, in which hydrophilic—hydrophobic interactions
acid, 0.03-0.015molkgt for 2-phenylethanol and  could occur, cannot be excluded but are less probable.
3-phenylpropionic acid, 0.02-0.01molkly for 3- The aromatic substances presently examined are built up
phenylpropanol, 0.065-0.0098 molilyfor phenylalanine, by several groups: the aromatic ring, the alkyl chain and the
and 0.029-0.0086 molkg for tyrosine. Coefficients are  hydrophilic functional groups. According to the above cited
positive; they increase at increasing length of the alkyl chain. model, the interaction occurs through the juxtaposition of
There is a 1000 units increase passing from 2-phenylethanolthe aromatic rings and the alkyl chains, forced by the interac-
to 3-phenylpropanol, while 3-phenylpropionic acid has tion between the hydrophilic functional groups. The pairwise
almost the same coefficient as 2-phenylethanol. Only the enthalpic interaction coefficient increases by 1000 units on
coefficient for 4-hydroxyphenylacetic acid is large and going from 2-phenylethanol to 3-phenylpropanol. However,
negative. The coefficient for phenylalanine in acid solution the difference in the length of the alkyl chain, due to an added
is much higher than the one in water, while the coefficient methylene group, does not account for that increase since the
for tyrosine in HCl is much smaller than the one for pairwise enthalpic interaction coefficient is 243 J kg nfol

phenylalanine in the same experimental conditions. for ethanol[27] and 559 J kg mai? for propanol[27]. The
Table 1

Enthalpic self-interaction coefficients,y, for aromatic compounds in HCI 0.1 mof L aqueous solutions at 298 K

Substance 1 %%
4-Hydroxyphenylacetic acid, (OH}E,CH,COOH —2032 (134)
Phenol, GHsOH 816 (8f
2-Phenylethanol, §HsCH,CH,OH 2622 (46)
3-Phenylpropanol, §HsCH,CH,; CH,OH 3628 (142)
3-Phenylpropionic acid, §Hs CH,CH,COOH 2316 (48)
L-Phenylalanine, (HsCH,CH(COOH,NH;*)) 2750 (238)
L-Phenylalanine, (HsCH,CH(COO™,NH3")) 1140 (30§
N-Acetylphenylalanine, §HsCH,CH(COOH)NHCOCH 2267 (86Y
N-Acetylphenylalanineamide ¢El5CH,CH(CONH)NHCOCH 1049 (53§
L-Tyrosine, (OH)GH4CH,CH(COOH,NH;*) 563 (75)
L-Proline, GHgNH*COO~ 409 (8§
cis-L-Hydroxyproline, (OH)GH; NH*COO~ —528 (14§
trans-L-Hydroxyproline, (OH)gH7 NH*COO~ —156 (7§

a Units: J kg mot2. Number in parentheses represent the 95% confidence limits.

b Determined in water, Ref28].

¢ Determined in water, Ref30].

d Determined in HCI 0.01 mol t2, Ref.[29].
€ Determined in water, Ref31].

f Ref.[32].
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same thing is observed when passing from phenol to 2- effective promoter of hydrophobic interactiofsl]. How-
phenylethanol: a jump of about 1800 J kg mdin the val- ever, the values of the enthalpic coefficients for the lower
ues of coefficients is observed (s€able 1), assigning in  terms of the carboxylic acid series, namely succinic, glutaric
the average 900Jkgmdl to the successive addition of a and adipic acids, are negative and almost invariant while
methylene group. This enhanced effectiveness of hydropho-those for longer terms unravel that COOH is more effec-
bic interactions between the alkyl chains probably occurs tive than the OH group in promoting hydrophobic interac-
for the simultaneous interaction between the aromatic ringstions. Probably, the steric hindrance of the carboxyl group
and the alkyl chains, forced by the hydroxyl groups. The co- prevents the effective juxtaposition of a short alkyl chain,
efficient for 3-phenylpropionic acid is, instead, 1000 units causing the interaction between hydrophilic domain to dom-
less than 3-phenylpropanol and similar to the coefficient for inate. Then, the negative sign of the pairwise coefficient for
2-phenylethanol. This is not unexpected since the number of4-hydroxyphenylacetic acid could originate from the length
aliphatic carbon atoms is the same for 3-phenylpropionic acid of the hydrophobic part between the two functional groups,
and 2-phenylethanol. not enough to overwhelm the effect of the steric hindrance

The coefficient for phenylalanine in water is much smaller of the carboxyl group. The forced interaction between the
(1140 J kg mot?) than those for other similar substances: in hydrophilic domains leads to the large and negative value of
acidic solution, it jumps to 2750 J kg md, thus indicating the coefficient.
an enhanced cooperativity of hydrophobic interactions. The  The coefficient fon.-tyrosine is much smaller than that
model of preferential configuration well rationalizes these for phenylalanine in the same experimental conditions. A
data. Among the various favourable configurations of two similar behaviour is shown by 4-hydroxyprolines whose en-
interacting molecules having the same chirality, the interac- thalpic interaction coefficients are negative, against a positive
tion between the opposite charges of zwitter ions is supposedvalue for prolingd32]. The trend of the enthalpic coefficients
to prevail in water, lowering the cooperativity of hydropho- for these systems, built up by the contributions originating
bic interaction. Preceding works, indeed, have shown that from interactions between zwitterionic, hydrophilic and hy-
zwitter ions are the worst promoters of hydrophobic inter- drophobic domains, is well rationalized through the model of
actions,a,m-aminoacids showing the lowest cooperativity preferential configuration. Accordingly, a configuration pre-
[21]. In contrast, in HCI, the electrostatic contributions are vails sustained by the concurrent hydrophilic interactions be-
repulsive because of the protonation of the carboxyl group. tween zwitter ions and OH groups, and by the juxtaposition
A new, preferential configuration prevails, the side-on, stabi- of hydrophobic domains. The positive value of the coeffi-
lized by the simultaneous juxtaposition of the aromatic rings, cient indicates that the interaction between the hydrophobic
the aliphatic parts and the carboxyl groupsAminoacids parts is strong enough to prevail on the hydrophilic ones. For
bearing unsubstituted residues behave similarly. In water, both hydroxyphenylacetic acid and tyrosine, there is afurther,
their enthalpic homochiral coefficients depend linearly on common contribution that makes the coefficients to decrease,
the first power of the number of aliphatic carbon atoms in namely the rigidity of the aromatic ring. The forced interac-
the alkyl chainng, thus indicating that the CHCH> inter- tion between the hydrophilic domains reduces the number of
action is not cooperative. In acidic solution, the coefficients juxtaposing hydrophobic hydrogen atoms, leading to a de-
depend linearly on the second powengfthat characterizes  creased value of the coefficient.
a behaviour typical of prevailingly hydrophobic solutes. The As a conclusion, the preferential configuration model al-
results for the two derivatives of phenylalanine, namgly lows to rationalise the values of the enthalpic interaction co-
acetylphenylalanine in HCl arid-acetylphenylalanineamide  efficients, assigning to the interaction between hydrophilic
in water, show that their coefficients are very similar to those groups the role of promoter of hydrophobic interactions. The
for phenylalanine in acidic solution and in water, respectively. knowledge of these interaction mechanisms is especially im-
Hence, the two molecules behave asNhacetyl group were  portant when studying the main driving forces stabilizing the
not present. Probably, the simultaneous hydrophobic interac-conformations of biological macromolecules in aqueous so-
tions between the aromatic rings and the alkyl chains prevail lution, or the possible mode of action of other molecules,
on the possible interactions between Macetyl group. Itis such as chemical denaturants, on the globular proteins
worth to remember that interactions between benzene rings,[36—40].
stronger than those between zwitter ions, are hypothesized to
be the cause of the lack of chiral recognition in the aqueous
solutions of free phenylalaniri80]. References

The presence of a hydroxyl group on the benzene ring
causes the coefficient to decrease or even to become negaq{1] C.B. Anfinsen, Science 181 (1973) 223.
tive. The pairwise coefficient for 4-hydroxyphenylacetic acid [2] W. Kauzmann, Adv. Protein Chem. 14 (1959) 1.
is large and negative; from the enthalpic point of view, this [3] W. Kauzmann, Nature (London) 325 (1987) 763.

" . ... [4] R.L. Baldwin, Proc. Natl. Acad. Sci. U.S.A 83 (1986) 8069.

substance behave_s asapr_evamngly destructuring hydrophilic (5] A. Ben-Naim, Biopolymers 29 (1990) 567.
solute[18]. Preceding studies on ternary agueous systems al- [g] k.R. Shoemaker, P.S. Kim, E.J. York, J.M. Stewart, R.L. Baldwin,
lowed to determine thatthe COOH carboxyl group is the most Nature 326 (1987) 563.



G. Castronuovo, M. Niccoli / Thermochimica Acta 433 (2005) 51-55 55

[7] M. Vasquez, M.R. Pincus, H.A. Sheraga, Biopolymers 26 (1987) [26] H.L. Friedman, C.V. Krishnan, J. Solution Chem. 2 (1973)

351. 119.
[8] M. Bloemendal, Y. Marcus, A.H. Sijpkes, G. Somsen, Int. J. Pept. [27] F. Franks, M.D. Pedley, D.S. Reid, J. Chem. Soc. Faraday Trans. |
Protein Res. 34 (1989) 405. 72 (1976) 359.
[9] S. Miyazawa, R.L. Jernigan, Macromolecules 18 (1985) 534. [28] G. Castronuovo, V. Elia, A. Pierro, F. Velleca, Can. J. Chem. 77
[10] C. Wilson, S. Doniach, Proteins 6 (1989) 193. (1999) 1218.
[11] A. Kolinski, A. Godzik, J. Skolnick, J. Chem. Phys. 98 (1993) 7420. [29] G. Castronuovo, V. Elia, F. Velleca, J. Solution Chem. 25 (1996)
[12] G.I. Makhatadze, P.I. Privalov, Biophys. Chem. 50 (1994) 285. 971.
[13] G.I. Makhatadze, P.I. Privalov, J. Mol. Biol. 232 (1993) 639. [30] G. Castronuovo, V. Elia, F. Velleca, J. Solution Chem. 24 (1995)
[14] K.P. Murphy, V. Bhakuni, D. Xie, E. Freire, J. Mol. Biol. 227 (1992) 1209.
293. [31] G.M. Blackburn, T.H. Lilley, P.J. Milburn, J. Chem. Soc. Faraday
[15] H.S. Chan, K.A. Dill, Annu. Rev. Biophys. Biomol. Struct. 26 (1997) Trans. | 81 (1985) 2191.
425. [32] G. Castronuovo, V. Elia, F. Velleca, J. Solution Chem. 25 (1996)
[16] T.C. Pochapsky, Q. Gopen, Protein Sci. 1 (1992) 786. 51.
[17] A.F. Pereira de Araujo, T.C. Pochapski, B. Joughin, Biophys. J. 76 [33] B. Okamoto, R.H. Wood, P.T. Thompson, J. Chem. Soc. Faraday
(1999) 2319. Trans. | 74 (1978) 1990.
[18] G. Castronuovo, V. Elia, F. Velleca, Curr. Top. Solution Chem. 2 [34] G. Borghesani, R. Pedriali, F. Pulidori, J. Solution Chem. 18 (1989)
(1997) 125. 289.
[19] G. Castronuovo, V. Elia, S. Perez-Casas, F. Velleca, J. Mol. Lig. 88 [35] G. Castronuovo, V. Elia, M. Niccoli, F. Velleca, Phys. Chem. Chem.
(2000) 163. Phys. 3 (2001) 2488.
[20] G. Castronuovo, V. Elia, M. Niccoli, D. Strollo, F. Velleca, Phys. [36] G.R. Hedwig, T.H. Lilley, H. Linsdell, J. Chem. Soc. Faraday Trans.
Chem. Chem. Phys. 1 (1999) 5653. 87 (1991) 2975.
[21] G. Castronuovo, V. Elia, F. Velleca, J. Chem. Soc. Faraday Trans. | [37] A.H. Sijpkes, G. Somsen, T.H. Lilley, J. Chem. Soc. Faraday Trans.
92 (1996) 3093. 86 (1990) 2943.
[22] J.J. Savage, R.H. Wood, J. Solution Chem. 5 (1976) 731. [38] J. Fernandez, T.H. Lilley, J. Chem. Soc. Faraday Trans. 88 (1992)
[23] C. Cascella, G. Castronuovo, V. Elia, R. Sartorio, S. Wurzburger, J. 2503.
Chem. Soc. Faraday Trans. | 86 (1990) 85. [39] A. Vallgvist, D.G. Covell, D. Thirumalai, J. Am. Chem. Soc. 120
[24] W.G. Mc Millan Jr., J.E. Mayer, J. Chem. Phys. 13 (1945) 276. (1998) 427.

[25] J.J. Kozak, W.S. Knight, W. Kauzmann, J. Chem. Phys. 48 (1968) [40] G. Castronuovo, V. Elia, C. Postiglione, F. \elleca, Thermochim.
675. Acta 339 (1999) 11.



	Water-mediated interactions between benzene rings
	Introduction
	Experimental
	Results
	Discussion
	References


