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Abstract

Main physical-chemical features of hydration found in continuum studies and possible limitations of the method
are analyzed. Particular attention is given to: the choice of thermodynamic observables to be compared to the
calculations; representations of the solute polarizability; compensation between the loss of hydration enthalpy and
gain in Coulomb interactions upon a complex formation; two minima in interaction potentials between polar groups
in solution; similarities and dissimilarities between interaction potentials in solution from continuum and molecular
theories; continuum calculations of entropies of hydration; and evaluation of a temperature dependence of
thermodynamic characteristics of hydration with continuum methods.
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1. Introduction

Continuum methods [1,2] came a long way to
becoming a respected method in theoretical stud-
ies of the solution thermodynamics. Only seven to
eight years ago molecular simulation techniques
[3-6] solidly dominated the field with integral
equation techniques [7] trailing as a distant sec-
ond. Continuum methods were looked upon with
a suspicion at best, with most researchers unable
to believe that a simple model could faithfully
reproduce energetics of complex molecular sys-
tems. However, from 1985 results demonstrating
a remarkable success of continuum models in
reproducing the energetics of hydration started to
accumulate. In 1985 it has been shown [8] that a
physically transparent continuum model with only
one parameter obtained from fitting to experi-

mental data for alkali-halide salts allows predic-
tion of hydration enthalpies of over 30 spherical
ions within a few percent of their experimental
values. In 1987 a similar degree of success has
been achieved for nonspherical ions [9]. Results,
demonstrating similarities of potentials of mean
force between oppositely charged spherical ions
[10] and hydration energies from continuum mod-
els and molecular simulations [1,11] followed. So-
lute polarizabilities have been incorporated in the
continuum formalism {1,12]. More recently it has
been shown that continuum models can yield
good results in computations of entropies of hy-
dration as well {13-15]. A number of groups
joined in a pursuit of quantitative results in hy-
dration thermodynamics via continuum calcula-
tions [16-18]. Many different algorithms has been
developed for continuum calculation based on
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the boundary element technique {1,9,19,20], finite
difference technique [21,22], and finite element
technique [23] #12. Thé number of publications
based on the use of continuum models for evalua-
tion of hydration effects for small molecules, pro-
teins and nucleic acids greatly increased and is
reflected in an unusually large number of reviews
of the approach [1,2,26-31]. As continuum meth-
ods became or are becoming a routine tool for
thermodynamic studies, it is time, in our opinion,
to thoroughly examine possible limits of these
methods. The question of limits of accuracy in
reproducing experimental results by continuum
methods is addressed in another publication [32]
in this Issue. Here we concentrate on main fea-
tures of the physical picture of hydration thermo-
dynamics emerging from continuum studies, and
on instances in which the continuum method
seems to produce strange results or fail.

The continuum approach already succeeded
far beyond any predictions of its critics. We, of
course, realize that this approach, based on sim-
ple physical ideas, cannot by its design provide
the wealth of structural detail available from
molecular simulations and theories. This, how-
ever, may have its advantages often providing a
clear uncluttered physical picture. In our view all
approaches, quantum, molecular simulations, or
continuum, have their distinct place in the studies
of hydration and have their limitations. These
should be honestly explored to make further
progress possible, or to mark areas in which ap-
plications of a particular method are likely to
lead to erroneous results at a given stage of its
development. '

*#1 We note that modern studies of hydration with continuum
reaction fields have been started by Tomasi’s group, while this
group did not pursue quantitative studies and concentrated on
combinations of a crude version of BEM with SCF quantum
calculations. For a review and refs. therein see ref. [24].

#2 The work from Trular’s group stands somewhat apart from
our subject: while it uses a classical model in conjunction with
semiempirical quantum mechanics for evaluation of hydration
free energies, it does not directly use classical reaction fields
obtained from numeric solutions of Poisson or Poisson-Boltz-
mann equations but some heavily parametrized empirical sub-
stitute of it, making it less physically transparent. See ref. [25].

2, Fundamentals of the approach
2.1. Physical model

In our description of the physical model be-
hind continuum approaches we follow refs.
[1,2,15,29,30,33,34]. Two groups started to sys-
tematically pursue guantitative applications and
studies of the physics of continuum methods ear-
lier (ours - from 1987 [9], and Honig’s — from
1988 [16]) and did it more extensively than other
researchers in the field #. Thus, in our analysis
of particular choices made in implementations of
the physical model we shall concentrate on the
use of the boundary element method (BEM) in
our group [1,15] and of the finite difference
method (FDM) as used by Honig’s group [2,29].

Most of the continuum approach is based on a
direct or indirect solution of the Poisson equation

V[D(r)Ap(r)] +4mp(r) =0, (1)

where D(r), p(r) and o(r) are the dielectric
constant, charge distribution, and potential at
point r (here we ignore salt contributions which
are relatively small in the thermodynamics of
hydration [35]). A direct solution can be obtained
in the form of the potential ¢(r) using FDM
[2,29] or FEM (finite element method) [23], or
with BEM [20]. Indirect solutions are based on
the theorem that the total potential in inhomoge-
neous media can be represented by the sum of
potentials of: (a) a charge distribution of the
molecule, and (b) of the fictitious ‘polarization
charges’ on dielectric boundaries of the inhomo-
geneous media. The indirect solution in the form
of surface polarization charges can be most natu-
rally obtained with BEM [1,9,19],

1 Din out
o(r)= Z;TEout(r) “n(r), (2

where n(r) is an outside directed normal to the
boundary at some point, r, and E_(r) is the

1 fact, current revival of quantitative continuum studies
can be traced back to ref. [8] which, however, did not employ
numeric methods characteristic for the present state of the
continuum methodology.
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electric field at the point r on the surface of the
boundary. E,, has contributions from the charge
distribution of the solute, E,,, and from polariza-
tion charges on all boundary clements, E_, and
from dipoles induced on solute atoms, E,, and
D,, and D, are dielectric constants of the
medium inside and outside of the dielectric
boundary (the formalism for a general case where
D,, and D, can depend on r is considered in
ref [12], but we do not concentrate on it here).
Thus, the indirect method leads to a system of
integral equations for unknown surface densities
of polarization charges and dipoles, u;, induced
on atoms

1 Din_Dout
a(ry=—
47 D,
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where integration is over the surface, s, with
differential elements ds; the vacuum charge dis-
tribution of the solute is represented by a set of
point charges located at some points, r;, not
necessarily restricted to the nuclei; induced point

dipoles, u;, are located on another set of n,
points, r;, also not necessarily restricted to the
nuclei; a; are point polarizabilities (usually as-
signed to atoms and/or bonds); and functions
f(r;) and f,(r;,) are discussed below.

A discretization of the dielectric boundary into
a set of n, surface boundary elements and rear-
rangement of terms leads to a system of (n, +
Snﬂ) linear algebraic equations for densities of
surface polarization charges, g; (1 <i<n,), and
Cartesian components of induced dipole mo-
ments, p§ (k=x, y, z; 1<j<n .- The differen-
tial Eq. (2) is also discretized and reduced to a
system of linear algebraic equations for the values
of potentials, ¢;, on the grid nodes. The corre-
sponding systems of equations can be found in
refs. [32,36] in this Issue or in more detail in the
original papers [1,2,9]. It has been found that for
problems dealing with the energetics of hydration
it is advantageous to recast even FDM potentials,
¢, in terms of the surface densities of polariza-
tion charges o}, [21,36]. Thus, if we ignore effects
of the ionic strength, and set all point polarizabil-
ities, @; (and consequently all induced point
dipoles u,,), to zero, the electrostatic contribu-
tions to the free energy of hydration, AG,, in
both methods can be expressed as

(EmZa /r=r,l), (5)

where r; is the position of charge g;, and r; is a
point on a boundary element with the surface
area §; (these elements can be the same as in the
discretization of Eqs. (3) and (4) be their parts or
their combinations: we do not discuss these tech-
nical details here). If the cavity radii determining
the position of the dielectric boundary and the
partial charges used by both techniques are the
same, their results should also be the same. Any
differences under these circumstances are due to
numerical errors characteristic for a particular
numerical method or its implementation.

It is worth noting here that we have found
[1,8,9] from the analysis of electron density maps
in ionic crystals that cavity radii for positively
charged atoms should be similar to their covalent
radii, while for negatively charged atoms cavity
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radii should be similar to their ionic (or, which is
equivalent, van der Waals) radii. It follows from
these rules that cavity radii for atoms without
significant partial charges (or without an ability to
forrrg hydrogen bonds) should be approximately
0.6 A larger than their van der Waals radii [1,9].
Thus, according to refs. [1,8,9] cavity radii are
similar to van der Waals radii only for negatively
charged atoms. This asymmetry of cavity radii in
respect to the van der Waals radii seems to have
a number of important consequences (see below).
Many recent publications (e.g., [2,17]) adopt van
der Waals radii from some empirical force field
as the cavity radii. This may lead to a loss of the
above discussed asymmetry and consequently of
physically meaningful effects.

2.2. The choice of thermodynamic observables

AG,; is the free energy and not, for example,
enthalpy, because both the dielectric constants
and cavity radii that determine the position of the
dielectric interface depend on temperature (ref.
[1] and references therein, [37]). Thus, a tempera-
ture derivative of AG,, at constant cavity radii is
the entropy of hydration, ASp, due to the tem-
perature dependence of the dielectric constant,
D; a temperature derivative of AG,; at constant
D is the entropy of hydration due to the tempera-
ture dependence of the cavity radii, AS, (see
footnote 1). TASy, is =0.0177 of AG, if one
assumes that the dielectric constant inside the
solute D, =1 and that the temperature depen-
dence of the dielectric constant of water near the
solute is well described by its bulk value [1,9]. The
latter is not necessarily the case but it is usually
assumed to be true in the literature (e.g., see ref.
[37D. AS, is of the order of 0.02 of AG,, for
water, and about an order of magnitude smaller
for ionic solutes, as estimated from the thermal
expansion coefficients of water and ionic crystals
correspondingly [1]. While it is again unclear
whether the bulk values faithfully reproduce ther-
mal expansion near the solutes in water, these
corrections seem to be small compared to AG,;.
At the same time hydration entropies of polar
uncharged molecules are of the same order as
AG,, [32], and for ions they constitute about 8%

of AG,, [1], which is a few times larger than AS,.
Thus, the question arises of how to compare
calculated AG,, to measurable thermodynamic
characteristics of hydration.

A suggestion found in the literature more of-
ten is to assume that the measured free energy of
hydration, AG®, should be considered as a sum of
AG,; and of other ‘non-polar’ contributions to the
free energy of hydration, AG,, [31]. The latter
term is derived from the data on gas to water
transfer of non-polar molecules and is usually
assumed to be determined exclusively by their
accessible surface areas. It is assumed that this
non-polar contribution is the same for polar and
non-polar molecules with the same accessible ar-
eas [29,31), and can be further divided into the
contributions from van der Waals interactions,
AG 4w, and those from the cavity formation,
AG

AGO = AGC] + Aan = AGC] + AGVdW + AGcav'
(6)

It is doubtful that this decomposition is gener-
ally valid. First of all physical processes leading to
AG,,, are rather different for the transfer of
non-polar and polar molecules. Water molecules
cannot any more form hydrogen bonds in the
direction occupied by a non-polar solute. On the
other hand, polar solutes (and especially small
ions) can replace water-water hydrogen bonds by
either equally strong or even stronger water—ion
bonds [30]. Thus, there is no a priori reason to
assume that the cavity term does not change with
a change of the solute charge or that such a
change is compensated (either exactly or almost
exactly) by a part of AG,. This concerns both
enthalpic and entropic contributions to AG,,,.

Similar problems arise in AG,gy, which is
favourable for gas to water transfer of nonpolar
solutes and should be unfavourable at least for
transfer of small ions. The latter can be the result
of a methodological problem: if total water-ion
interaction is a sum of only the electrostatic
{Coulomb) and van der Waals terms then the
minimum energy at a finite separation can be
achieved only at a point where the decrease in
the electrostatic energy is compensated by the
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increase in the repulsion, At the equilibrium sep-
aration the repulsion can be quite significant. In
fact, ‘van der Waals’ in empirical force fields
stands for a large number of quantum-mechanical
terms (exchange, repulsion, polarization, charge
transfer and penetration in the second order per-
turbation theory [30, and references therein]) that
are partially compensating.

Thus, if AG® is chosen as an observable to
which the calculated results are compared, one is
faced with doubtful transferability of characteris-
tics from nonpolar to polar solutes and has to
compensate for it by fiddling with the position of
the boundary (cavity radii) and /or with the charge
distribution of the solute, Such fiddling may lead
to a reasonable agreement between the experi-
mental and the calculated value but may compro-
mise the physical-chemical foundations of the
calculation. This may lead to a failure when the
same procedure and parameters are applied in a
somewhat different structural context. And one
would not know what is wrong.

We have chosen a different path which, of
course, has its own problems. We attempt to
calculate solute charge distributions with a high
quality quantum mechanics [32,36] that repro-
duces experimental vacuum multipole moments
(only experimental dipole moments are usually
available). Because, as discussed above, the en-
tropic contribution to AG.,, (eq. 5) comprises only
a few percent, we correct AG, by these few
percent to obtain the electrostatic contribution to
the enthalpy of hydration, AH, [1,9,30]. Note
that, as discussed above, for ions only the temper-
ature dependence of the dielectric constant con-
tributes to this correction significantly. For polar
uncharged molecules the value of AG,; is usually
below 10 kcal /mol and, thus, a few percent error
in its evaluation corresponds to only a few tenths
of a kcal/mmol. (Note, of course, that these
estimates of the magnitude of corrections are
based on the assumptions of the physical model
described in the previous section).

It is obvious that a molecule transferred to
water from vacuum will have van der Waals inter-
actions with water in addition to the electrostatic
interactions, The energy (enthalpy) of the
solute-water van der Waals interactions, AH,,,

can be more easily computed for any solute than
AG,,. Unfortunately, enthalpy change due to the
water reorganization in the transfer, AH,,, ap-
pears to be more elusive computationally (e.g.
[13]. However, it equally contributes to both AG,,,
and to the total enthalpy of hydration, AH™. It
is usually assumed that it is positive but small in
the transfer of small nonpolar solutes, and is
accounted for as the electrostatic energy of the
solvent polarization in transfer of small ions {30,
and references therein]. The situation may be
more complicated in hydration of large solutes
where corrections to AH,, AAH,,, may become
significant.

We have recently demonstrated that entropies
of hydration, AS), can also be calculated with the
help of continuum methods [13-15] and seem to
be simple functions of the accessible areas of
solutes in gas to water transfer at constant pres-
sure [32] (see also below). Calculated values of
AS}, can be directly compared to the correspond-
ing experimental values, AS® [32]. Thus, within
our approach, the free energy of hydration, AG',
can be expressed as

AG®' = AH,,+ AH g+ AH, — TAS, (7

The free energy of hydration calculated with Eq.
(7) can be compared to the corresponding experi-
mental value, AG®. Note that only AH,, may be
difficult to calculate, but it can be assumed negli-
gible for small solutes. At the same time we
compute three observables that can be checked
against experimental data in contrast to only one
observable in approaches currently focused on
implementations of Eq. (6) (e.g., see refs. [29,31)).
We expect that our approach including more
observables (Eq. (7)) may allow a better under-
standing of discrepancies that may arise in vari-
ous applications.

2.3. Representations of the solute polarizability

Differences between FDM and BEM formula-
tions start to arise when one attempts to incorpo-
rate into the formalism the polarizability of a
solute or its parts in the electric field of its other
parts or in the reaction field of the solvent. Such
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attempts also lead to distinct problems character-
istic for each technique.

Within the FDM formulation [34] solute polar-
izability is represented by solute’s dielectric con-
stant, D, (usvally D, is assumed to be in the
range of 2 to 4). Partial charges of a polar un-
charged solute will polarize it, and if D, is larger
than D, the induced dipole, p .4, will be di-
rected against the initial dipole, u ., due to the
partial charges [34]. It is suggested to increase (by
scaling) partial charges assigned to atoms so that
the sum of new &, = u" (in the notation of ref.
[34) and new i, equals to the experimental
vacuum dipole moment [34]. It can be noted that
for asymmetric solutes u;,, may have different
orientation than u, and thus the new ‘vacuum’
dipole moment (u” + ;) may have different
orientation than the original dipole, p g, from the
partial charges in vacuum. Additional problems
may arise in calculations of interactions of groups
now characterized by partial charges yielding
dipoles for these groups equal to u® in the
medium with the same dielectric constant D,
The minimum energy of interaction in vacuum of
two identical dipoles characterized by point po-
larizabilities a is [33]

Moy ~2
W1_2 = 3T A3

rip 1-2a/r,

If these two dipoles are in cavities of radius « in
the dielectric with the dielectric constant D, ,
then at large separation between the cavities they
would interact as point dipoles through the di-
electric. However, each dipole would increase
due to its polarization by the reaction field of the
solvent [33]

(8)

ooy [lyo 2 APu=D)
Bkl |2 3 2D, + 1)

A substitution of the continuum expressions for o
{33,34]

a=0*(Dy—1)/(Dy+2) (10)
leads to

9

* (Din—1) 2(Dy— 1)
W= by '[1” (D.+2) 2D, +1)

.(11)

The interaction energy, W23, of these polarized
dipoles in the dielectric is

2 2
%Dy, - 1)

(D +2)(2D,+2) |

(12)

According to ref. [34] u"=p,(2+ D,)/3.
Therefore, the interaction energy of two u”
dipoles in the dielectric characterized by the same
dielectric constant D, is

“Z(M")2 _ -2u%, (Din+2)2
Dinr132 Din’132 9 .

-3= 3
Dy ri

Wy = (13)
Thus, the parametrization within two methods
providing the same vacuum dipole moment and
hydration energy of the individual group leads to
a rather different asymptotic behaviour of the
energy of interaction of two such groups (Eq. (12)
for BEM and Eq. (13) for FDM) (the ratio is
=15 for D=2, and it is 2 for D, =4, with
larger absolute values always yielded by Eq. (13)).
There may be some way out of this apparent
inconsistency, but it was not elaborated in ref.
[34] and we are not aware of it (the difference in
the reference hydration energy of two infinitely
separated groups in two descriptions does not
change the asymptotic behaviour). Other prob-
lems may arise in a consistent treatment of inter-
actions of multiple polarizable groups in complex
molecules, but we do not attempt their analysis
here. It is clear, however, that partial charges of a
solute obtained from quantum calculations do not
polarize this solute (i.e. we do not need to ac-
count for such polarization classically). All polar-
ization by the partial charges is already accounted
for by the quantum calculation that yielded these
partial charges. Problems arise precisely because
we try to treat the solute both as a quantum
mechanical system (when we obtain its charges)
and as a classical continuum dielectric. This di-
chotomy is difficult to avoid because a classical
description is required for large systems.
Problems of different sort arise in methodolo-
gies ascribing point polarizabilities to atoms or
bonds. Our Egs. (3)-(4) are a particular imple-
mentation of such a methodology. Attempts to
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resolve these problems are reflected in the
‘damping’ functions f(r;) and f,(r;,) in Egs. (3)
and (4). These functions reduce (‘damp’) electric
fields respectively of charges and dipoles inducing
point dipoles. The ‘damping’ functions reduce
polarizing electric fields at very short separations
or allow ‘to switch off’ interactions between par-
ticular points. A necessity of ‘damping’ for
dipole-dipole interactions has been demonstrated
by Applequist [38] and implemented by Thole
[39]. Recently it has been suggested that different
and steeper function should be used for a
partial-charge to induced dipole interactions [40).
An example of a ‘switch off’ can be found in ref.
[41] where f(r;,)=0 for pairs of covalently
bonded atoms. In another example both functions
were set to zero for all pairs of centers (of partial
charges and induced dipoles) within a solute
whose partial charges were obtained from quan-
tum-mechanical calculations [1,32], However, it is
not clear whether such ‘damping’ functions or
even the classical description utilizing point po-
larizabilities truthfully reflects the physical real-
ity.

We have calculated hydration enthalpies and
solvent induced dipoles of four dipolar molecules
using hybrid quantum-mechanical + reaction-field
approach [36]. The calculations [36] yielded good
agreement with experimental hydration en-
thaipies and the solution dipole moment of water

in a close agreement with experimental estimates
[1]. Calculations of the same observables with our
BEM based method utilizing additive point polar-
izabilities from ref. [42] yielded a similar agree-
ment between the calculated and experimental
hydration enthalpies, but the calculated solution
dipole moments were systematically larger than
the corresponding values from our hybrid quan-
tum calculations (see Table 1). The classically
calculated solution dipole moments of water and
methanol are = (0.2 D larger than the respective
results from our hybrid calculations [36]. The
corresponding differences for ammonia and
methylamine in Table 1 reach 0.5 D. Even the
choice of a smaller (and apparently less proper)
polarizability value for the nitrogen reduces the
discrepancy for ammonia only to the level found
for water and methanol (= 0.2 D). Is the scheme
of additive polarizabilities inaccurate? May it im-
ply that the dielectric response is not linear as
expected in the classical electrostatics? Or may
be quantum DFT calculations that we employed
[36] are not accurate enough? We look into these
equations, but answers are not available yet. The
‘damping’ functions should also closely corre-
spond to some reality, but this may be even more
difficult to pinpoint. It is important to note that
in this methodology problems again arise when
we try to treat classically phenomena that are
essentially quantum mechanical in nature.

Table 1

Comparison of solution dipole moments calculated with classical * and hybrid quantum-mechanical ® methods (D)

Solute Vacuum g Classical Quantum hybrid Difference
induced total solution induced total solution

water 1.857 0.827 2.685 0.605 2.492 0.193

methanol 1.626 0.617 2237 0.462 2.088 0.149

methylamine 1.397 1,085 2484 0.523 1.920 0.564

ammonia 1.467 € 1.383 2.851 0.747 2.334 0.517

ammonia 1467 ¢ 1.099 2567 0.747 2334 0.233

® BEM based program HydrEnII with additive polarizabilities on atoms, see ref. [42).
® The hybrid method incorporating classical reaction field of the solvent into quantum mechanical DFT calculations [36). Vacuum
dipoles are taken from ref. [36). Point charges in classical calculations are taken from ref. [32] and linearly scaled to reproduce

vacuum dipoles calculated with DFT in ref. [36].
© Polarizability on nitrogen a = 1.094 A [42)
¢ Polarizability on nitrogen o = 0.852 A [42].
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3. Applications and results

3.1. Compensation between hydration and Coulomb
interactions

Such a compensation is a recurrent result of
continuum approaches, and we discuss it here
and in the following section. If two solutes are
brought from infinite separation in water to some
separation R in a complex, then the energy of the
complex stabilization in solution, AG$,(R), can
be expressed as

AG3,(R) = AGy,(R) + AG)(R)
~(AG" + AGY) (14)

where the first term on the right-hand side (rhs)
corresponds to the energy of the complex stabi-
lization in vacuo, the next term stands for the
energy of hydration of the complex, and the sum
in the parentheses is the sum of hydration ener-
gies of individual solutes. All terms can be calcu-
lated either only with a classical continuum the-
ory (including some Lennard-Jones terms at short
separations) or with any of its combinations with
quantum mechanical calculations,

The first example concerns formation of some
of 28 possible nucleic acid base pairs in water [43,
and unpublished results]. The old textbooks usu-
ally stated that the genetic code is determined by
the formation of ‘correct’ sets of hydrogen bonds
in complementary A-T and G-C Watson—Crick
base—pairs. In fact, there are 28 hydrogen bonded
base-pairs that are structurally different [44, and
references therein). This leads to the question
whether the genetic code is determined by a
significantly strong stabilization of the Watson—~
Crick relative to other base pairs. This has been
checked for all 28 pairs using Eq. (14) [43, and
unpublished resuits]. The vacuum interaction en-
ergy in Eq. (14) has been computed quantum-
mechanically with some classical corrections (see
legend to Table 2), and hydration energies were
computed using our continuum method [9] (so-
lute polarization has not been included, and hy-
dration entropy was not accounted for). The re-
sults of calculations for some base pairs hardly
suggest any simplistic explanation of the origin of
the genetic code. There are seven base pairs
within 2 kcal /mol spread of stabilities and about
twenty are within 4 kcal/mol. The accuracy of

Table 2
Calculated stabilities of some nucleic acid base-pairs
Base pair ? Ranking ® Contributions to the free energy of the pair ©

AEg solution AEgant AHvér AH AGS,
GG(IV) ] 1 -14.70 5.17 2.65 1.12
AQD 6 2 —15.80 6.52 2.59 131
CcC 3 3 -17.91 8.82 2.63 1.54
GC(WC) 1 4 -21.92 11.54 13 1.55
GC(ID) 5 5 -15.97 7.59 2.67 229
AA(ID 16 6 -12.96 4.82 2.60 2.46
AT(WC) 14 7 -13.13 5.37 2.85 2.59
GG 2 10 -21.27 14.06 2.84 3.63
TAI) 18 11 -12.12 4,65 3.12 3.65
TT{I) 24 15 -10.24 kv 272 426

* For the nomenclature of the base-pairs see ref. [44]; WC stands for Watson~-Crick pairs.
® The ranking is from the lowest energy towards the highest one; the first ranking is according to the vacuum interaction energy;

the second ranking is according to the base pair stability in water.

¢ The vacuum interaction energies were calculated with SCF MINI-1 basis set corrected for BCCE, dispersion energy, correlation
change in the electrostatic energy (see refs. [44-45] and references therein), and zero point energy [46]. Changes in the hydration
energy were calculated with method described in ref. [9], with partial charges on the nuclei obtained from fitting to the electrostatic
potentials [47a). The stabilities of pairs in the last column contain the loss of the rotational, translational and vibrational entropies;
for the Watson—Crick pairs their values (8.8 keal /mol for GC and 7.5 kcal /mol for AT) were taken from ref. [47b], and for all

other pairs were estimated to be 8 kcal /mol.
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the calculations is hardly better than =2
kcal /mol. However, the spread of stabilities is so
narrow that it cannot support an expectation that
the genetic code may be determined by a speci-
ficity at the base pair level.

Regardless of their particular focus, the calcu-
lations contain the result of a general impor-
tance: even if the spread of stabilities of hydrogen
bonded complexes is large in vacuum, it is signifi-
cantly smaller in solution, For the data of Table 2
this spread narrows from 11 to 3 kcal /mol. As a
rule the better two bases interact with each other
the better they interact also with water when
separated. Thus, a better electronic complemen-
tarity is usually compensated by a larger loss of
hydration. The typical examples are two GC and
two GG base pairs in Table 2. GC(WC) is 5-6
kcal /mol more stable in vacuum than GC(II), but
this is compensated by about 4 kcal /mol differ-

g7
XV
L
h

ence in hydration enthalpy in the opposite direc-
tion. The change is even more dramatic for GG
pairs. In vacuum GG() is 6.5 kcal/mol more
stable that GG(IV), but it is destabilized relative
to GG(IV) by 9 kcal /mol larger loss in hydration
enthalpy. This reverses the stability ranking of
these base pairs in solution relative to that in
vacuum. Thus, ranking of complexes in solution
cannot be done on the basis of even the best
calculations (as well as experiments) in vacuum.
Other examples concern with attempts to eval-
uate the energetics of the hydrogen bond forma-
tion in short protein fragments. Fig. 1 depicts two
three residue fragments of RNase A that form
two interfragment hydrogen bonds in the crystal-
lographic structure of the protein. We were inter-
ested in an estimate of the energy of formation of
the hydrogen bond between CO group of residue
Thr3 and NH group of residue Lys7. N7-03

Fig. 1. Electrostatics of the formation of main-chain hydrogen bond CO3-NH7 in RNase A. Fragments 2-4 and 68 are depicted in
their crystallographic conformation in RNase A [48). In the calculations partial charges [49] are on atoms C,,, C, O, H_ of Thr3 and
N, H of Ala4; on C, O of Ala6 and on N, H, C_, H_ of Lys7. Calculated hydration energies are: fragment 2-4: —5.37 keal /mol;
fragment 6-8: —4.85 kecal /mol; complex: —6.67 kcal /mol; Coulomb interaction between two fragments: —4.20 kcal /mol.
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distance in the crystallographic structure is 2.95
A, which is close to the ideal length of the hydro-
gen bond. To avoid end effects partial charges
from Amber [48] were placed only on peptide
units containing hydrogen bonding groups and on
adjacent Ca atom to keep each fragment electri-
cally neutral. Electrostatic part of the enthalpy of
hydration has been calculated for the isolated
fragments and for the complex. The interfrag-
ment vacuum binding energy included only the
coulomb interactions between the charged atoms
and equaled —4.2 kcal/mol. However, 3.55
keal/mol of hydration enthalpy is lost upon the
complex formation. Thus, the electrostatic contri-
bution to the enthalpy of the hydrogen bond
formation is only —0.64 kcal /mol.

Fig. 2 depicts two five residue fragments form-
ing four hydrogen bonds in the B-sheet of BPTL
The fragments were kept electrically neutral with
Amber partial charges put on the backbone atoms
of residues 20-22 and 31-33. The total Coulomb
interaction energy between the two fragments is
—17.65 kcal/mol. However, 12.74 kcal /mol of

hydration enthalpy is lost upon the complex for-
mation, and thus the total electrostatic stabiliza-
tion by four hydrogen bonds is only —4.91
kcal/mol (see the legend to Fig. 2 for details).
This leads to an estimate of —1.23 kcal/moi
stabilization of the complex per hydrogen bond.
One may attempt to extrapolate these estimates
to cases when hydrogen bonds are buried deeper
inside proteins than in Figs. 1 and 2. Such an
extrapolation leads to expectations that buried
hydrogen bonds contribute very little of electro-
static stabilization to proteins (e.g., see ref. [50]).
Such suggestions may well be correct at least in
some cases, but should be taken with caution as
indicated in the next paragraph.

Another estimate of the electrostatic stabiliza-
tion per hydrogen bond has been done in the
study of electrostatic effects in the folding of the
C-peptide of RNase A [51]. In contrast to the
previous examples where fragments did not
change their conformation upon the hydrogen
bond formation, the C-peptide was studied in the
extended conformation (a model for the unfolded

Fig. 2. Electrostatics of the formation of four main-chain hydrogen bonds between fragments 19-23 and 30-34 of BPTL. The
fragments are depicted in their crystallographic conformation in BPTI [48]. In the calculations partial charges [49] are on main
chain atoms of res: 20-22 and 31-33. Calculated hydration energies are: fragment 19-23: —11.80 kcal /mol; fragment 30-34:
—10.58 keal/mol; complex: —9.64 kcal/mol; Coulomb interaction between two fragments forming four hydrogen bonds: —17.65

keal /mol.
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state) and in the a-helical one [51]. In a subset of
calculations partial charges were placed only on
the main chain and it was kept electrically neu-
tral. In the calculations utilizing the same AM-
BER charges and the same D, =1 as the previ-
ous examples, the electrostatic o-helix stabiliza-
tion per hydrogen bond is = 2.3 kcal /mol. This is
2-3 times larger than in the previous examples.
The gain in coulomb energy upon the helix fold-
ing is 20 kcal/mol and the loss in hydration
energy is only 4 kcal /mol. It is interesting to note
that two fragments in Fig. 1 are parts of the same
a-helical C-peptide. This seems to stress that the
degree of Coulomb-hydration compensation may
strongly depend on the reference state (helical in
Fig. 1 and extended in ref. [51]). The effect may
as well disappear as demonstrated by the calcula-
tions for the helix—coil transition of the C-peptide
with partial charges on the main chain from ref.
[52]. In these calculations hydration energies of
the extended and folded a-helical C-peptide are
practically identical: —29.0 and —29.4 kcal /mol
respectively. Thus, one should be careful with
generalizations as the effects may depend on the
processes studied and parameters (i.e. partial
charges) employed. The picture may change fur-
ther when more reliable charge distributions and
polarizabilities will be used in the calculations.

3.2. Mean potentials and probability distributions

The compensation between Coulomb and hy-
dration energies as a function of separation be-
tween polar groups can be manifested in specific
shapes of mean interaction potentials between
such groups in solution (e.g. see ref. [10]). Here
we show that mean interaction potentials (i.e.
potentials averaged over configurations of the
solvent) between polar groups in solution often
have both the contact and the water separated
minima. This, however is not necessary the case,
and such potentials can be completely repulsive
despite strong electrostatic attraction in vacuum.

Mean potentials between Lit and Cl~, and
between Na* and Cl~ are shown in Fig. 3. The
calculations were performed as described in ref.
[10] with the dielectric boundary represented (as
in all our applications of the continuum electro-
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Fig. 3. Mean potentials (or ‘potential of mean force’) between
the ions in pairs Li* Cl~ (solid line) and Na* Cl~ (dashed
line). Parameters used in the computations are the same as in
ref. [10), but calculations have been performed with HydrEnII
program.

statics) by the ‘molecular’ surface [53-55]. Both
curves in Fig. 3 exhibit one minimum at approxi-
mately ion-ion equilibrium separation, and an-
other minimum at approximately the distance
where one water molecule fits between the ions
(water separated minimum). Individual contribu-
tions (the hydration and Coulomb energies rela-
tive to infinite separation between the ions, and
repulsion [56]) are shown in Fig. 4 for Na*Cl™
pair. It is clear from curves for individual contri-
butions that all of them are monotonic. The two
minima and a2 maximum between them result
from differences in rates of change in these con-
tributions as a function of ion-ion separation.
The barrier between the two minima appears in
the sum of the Coulomb and hydration contribu-
tions. The repulsion contribution modulates the
curve and does not allow the Coulombic attrac-
tion to diverge at short separations (in fact a sum
of the Coulomb and repulsion contributions can
produce the double minimum profile if properly
shifted relative to each other). It is interesting to
note that the contact minimum is deeper for



178 A.A. Rashin, M.A. Bukatin / Biophysical Chemistry 51 (1994) 167192

150.00
50,00 3

2 E
g E ~
S 0007 - = =
8 E
Q ]
* E
& 3
3 ~50.00
S E P
- 3 -

-100.00 T

~150.00 3 -7

-200.00 Emmmrnmmmﬂ

150 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Ion—ion separation in A.

Fig. 4. Different contributions to the mean potential between
Na* and ClI: electrostatic hydration free energy (solid line),
Coulomb energy (short dashes), repulsion energy (long dashes
with stars).

Na*Cl™ than for Li*Cl~ [10]. This trend of
increasing depth of the contact minimum with
increasing size of the cation is preserved for
larger ions (K, Cs) [10]. NMR measurements show
a decrease in the probability of finding two ions
in proximity of each other along the same series
[M. Holz, personal communication].

It is of interest to find out whether this phe-
nomenon is exhibited for all pairs of positively
and negatively charged particles. Calculations for
Cu?*Cl~ pair [10] also exhibited two minima, but
the contact minimum was a few kcal /mol above
zero. Here we tried to compute mean potentials
in solution for LiCl and NaCl pairs with the same
parameters as for ion pairs [10] but reducing the
charge twofold on one of the particles. To our
surprise a contact minimum did not appear. The
total mean potential for Na*Cl%*~ and its de-
composition into different contributions are
shown in Fig. 5. It is possible to see that a contact
minimum appears for the sum of the hydration
and Coulomb contributions, but it is wiped out by
the repulsion contribution.

An attempt to substitute C1-%° by a dipole of
+0.5¢ placed in the centers of two Cl-sized
spheres shifted by 1 A relative to each other also

did not produce any contact minimum. Again the
sum of the Coulombic and hydration terms pro-
duces a shallow minimum but it is wiped out by
the repulsive contribution.

In our calculations of interactions between a
water molecule and various cations we found that
the depth of the contact minimum increases with
decreasing size of the cation [14] (see Fig. 6). This
trend is in the opposite direction to that observed
for C1~ alkali-metal pairs (the depth of the con-
tact minimum decreased for smaller cations). To
elucidate reasons for this reversal we calculated
mean potentials between a cation (Li* or Na*)
and a hypothetical small anion of the size of
water oxygen. The Lennard-Jones potential was
constructed as in ref. [14). The depth of the
minimum of this potential was (as in ref. [14])
chosen to be £ = 0.1 kcal /mol. Parameter o was
chosen so that the sum of the Coulomb, hydra-
tion and Lennard-Jones contributions have a min-
imum at a preset separation (2.03 for Li*O~ and
2.37 for Na* O~ pairs [14]). Computations lead to
curves for mean potentials with both the contact
and the water separated minimum (Fig. 7). The
contact minimum for Li*O~ is = 1.5 kcal/mol
deeper than the contact minimum for Na*tO~
potential. This provides a sought answer to the
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Fig. 5. Mean potential between Na* and C1~%% (solid line),
the sum of hydration and Coulomb contributions (long dashes),
the repulsion energy (short dashes).
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Fig. 6. Mean potentials between a water molecule and Li*
(solid line) and Na™ (dashed line). The water molecule is in
the optimal orientation for the water—ion interactions.

reversal of trend in depths of contact minima.
When cations pair with a larger anion the contact
minimum becomes deeper for larger cation; when
they pair with a smaller anion the trend reverses
itself and the contact minimum becomes deeper
for a smaller cation. There may be other mecha-
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Fig. 7. Mean potentials between the ions in pairs Li* O~
(solid line) and Na* O~ (dashed line).

nisms that would be interesting to investigate, but
this is one of them. Mean potentials for cation-
water pairs follow the same trends as cation-O~
pairs, but cation-water contact minima are shal-
lower.

Is this double-well character of mean poten-
tials characteristic only for simple model systems

HEZ2
b

Fig. 8. (a) Side chains of Glu2~ and Argl0* from RNase A. One of NH2 groups of Arg interacts with both oxygens of Glu; (b) side
chains of Lys7 + and GInl11 from RNase A. The amino-group of Lys interacts with one of polar groups of Gln.
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or also for interactions between, say, protein side
chains? Two pairs of polar protein side chains are
shown in Figs. 8a and 8b. Both pairs are taken
from the C-peptide of RNase A and relative
positions of their polar atoms are subjected to
short energy optimization with Amber parame-
ters. Mean potential between Glu2 and ArglQ is
shown in Fig. 9, and that between Lys7 and
Glnl11 is shown in Fig. 10. Both figures show deep
contact minima with the water separated mini-
mum more pronounced for the ion-pair, The bar-
riers between the minima are quite low (0.5-0.75
kcal /mol) as approached from an infinite separa-
tion. These potential curves are obtained by rela-
tive translation of the groups along selected di-
rections (see legends to Figs. 9 and 10). Not all
translational directions produce minima with bar-
riers between them, and some of them can be
employed in actual conformational changes in
proteins,

The results reported in this chapter still leave
us with a question whether they correspond to
reality closely enough. The experimental data
mentioned above is scarce, and the only alterna-
tive is to compare our results to those from other
theories, e.g., molecular theories. A problem with
this way of verification is that molecular theories

16.00%

14.00 1

hid
°
S

N A

theabimerie)
S ®
-3 =3
(=3 =]
s
L

g
o
S

»
=
=

Total energy
S

g
e
S

\ N

-2.00 ]

TP T

3.00

—4,.00 T T T T T T T T T O T T T T
~-1.00 -0.00 1 2.00
Distance (A)

Fig. 9. Mean potential between Glu2 and Argl0 when they
are shifted from their position in Fig. 8a along the line from
CB2 to CZ10 atoms.
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Fig. 10. Mean potential between Lys7 and Glnll when they

are shifted from their position in Fig. 8b along the line from
NZ7 to CD11 atoms.

often disagree with each other [30]. A high simi-
larity of our mean potentials for alkali-chloride
ion pairs with RISM results [56] has been demon-
strated [10]. On the other hand for mean poten-
tials between like-charged ions our computations
did not predict near-contact minima in contrast
to RISM [56] and molecular simulations [57]. It
has been suggested [58] that for a like-charged
ion pair the quadratic dependence of the solva-
tion thermodynamics on the solute charge (be-
coming =~(2g)* for a like-charged pair) more
than compensates for the Coulombic repulsion
[58]. We do not find this suggestion to be correct
in calculations for hard core ions for which equi-
librium ion-water distance does not depend on
the pair’s charge. The Coulombic repulsion hap-
pily dominates the potential. For soft core ions
the situation may dramatically change [10], and a
1-2% contraction of the ionic cavity (equilibrium
ion—water separation) in the doubly charged pair
relative to that of a monomer can easily lead to a
minimum at near contact separations [10]. More
recent molecular studies show that pair potentials
of mean force are rather model dependent, which
to a significant extent disqualifies them as a stan-
dard for comparisons. Thus, the maximum we can
state now is that mean potentials for oppositely
charged ion-pairs and for ion-water pairs in solu-
tion obtained with the continuum approach are at
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least qualitatively similar to those from molecular
theories.

Another example of similarity between results
of the continuum approach and those of molecu-
lar simulations has been found for relative proba-
bilities of orientations of a water molecule near a
molecule of an inert gas (Fig. 11) [13]. But again
the degree of agreement is very high with some
molecular studies and only qualitative with the
results of the others [13}.

There is one important case where the mean
potential from the continuum method makes a
clear physical sense but is not similar to the
corresponding potential from molecular studies.
This is the mean potential between a water
molecule and a non-polar sphere in water (Fig.
12). The main feature of these potentials is that
they have positive value when the water molecule
is closer to the non-polar spherical particle. Then
the potential decreases and reaches its asymp-
totic value at about the distance between the
water and the non-polar sphere when another
water can pass between them. The degree of the
initial repulsion depends on the orientation of
the water relative to the nonpolar sphere. The
physical meaning of these potentials is very clear:
a water molecule does not like to be near a
non-polar particle. The reason for this ‘dislike’ is
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Fig. 12. Mean potentials between a water molecule and a
non-polar sphere in water for two different orientations of the
water molecule.

a loss of a part of hydration by the water molecule,
the part provided in the bulk water by water
molecules now displaced by the nonpolar solute.
The shape of the mean potential that is observed
in our studies closely correspond to liquid density
profiles near a wall known as ‘wetting by gas’
[59]. Mean potentials from molecular simulations
have a negative minimum around the contact
separation between the water and the solute
which then becomes slightly repulsive and then
oscillates around zero. This molecular profile is
to a significant extent reflecting just the packing
of water molecules around the solute which is not
described in the continuum model. Nevertheless,
the difference between the continuum and molec-
ular result is rather drastic in this case.

3.3. Entropies of hydration

~ As mentioned in the section on the choice of
observables, rather than to calculate the free
energy of hydration directly we chose to compute
it as a sum of the enthalpic and entropic terms.
This allows to clarify some of the specific features
of the hydration thermodynamics as shown below.

* We concentrate on the configurational contri-
bution to the entropy, assuming that the momen-
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tum part is not relevant to the thermodynamics of
the solute transfer between different phases [60].
Because in the classical statistical mechanics the
configurational entropy is defined only up to an
additive constant [61], we calculate the entropy of
hydration of a spherical particle as a difference
between the entropies of two model configura-
tional probability distributions. These model
probability distributions represent the water with
an added spherical solute (‘main’ model) and
pure water (‘reference’ model), correspondingly
[14]. The entropy in each of these models is [15):

§= k[ p(r) Inlp(r)] 4V, (15)

where r is a point in the configurational space,
dV is its differential element, and p(r) is the
probability density of a configuration r

p(r) = exp[ ~E(r) /kT] /2, (16)

where E(r) is the energy of a configuration r,
and {2 is the configurational integral

2= /V exp[ —E(r)/kT] av. (17)

To greatly simplify the computations of hydra-
tion entropies we make two assumptions {13-15}:
(a) the total entropy of water in a system is the
sum of entropies of individual water molecules;
(b) the contributions to E(r) of all water
molecules in the system other than the selected
one can be calculated as solvation energy by using
a mean field approximation which represents
these water molecules as a continuum dielectric
[1,13-15]:

B (1) =1 Dar TS/ I -

+%Eq:u Z "’m(rm_’n)
n

m#n

/=13, (18)

where su stands for the entire system of a spheri-
cal solute and one water molecule; to preserve
the spherical symmetry of the system induced
dipoles, u, are only on the atoms of the water
molecule and in the second term on RHS of Eq.
(18) they interact only with partial charges, ¢;*,

on the spherical solute. Eq. (18) differs from Eq.
(5) only by this second term on its RHS.

In the main model the position of the solute
particle is fixed. One water molecule is picked
up, allowed to run over the space occupied by the
system, and allowed to have all orientations. Each
such position of the water molecule corresponds
to a configuration in our model space.

A total energy value, E,,; (r), ascribed to each
configuration is the sum of energies of interaction
between all parts of the system under the study
[14]

water + solute ( r ) +E water —solute I‘)

E main( r ) =E solvation Coulomb

+ Eimarasones(T) (19)
where the first term on the RHS is the energy of
interaction of the molecular subsystem of a solute
and one water molecule with the continuum di-
electric representing the rest of water in the
system, and the energy of interactions of the
partial charges of the solute with the dipoles
induced on the water molecule by the solute and
by all other water molecules represented as a
continuum; the second and the third terms on the
RHS of Eq. (19) are energies of the Coulomb and
Lennard-Jones interactions correspondingly be-
tween the water and the solute in the subsystem
described in a molecular detail. In calculations of
entropy of non polar solutes the last two terms in
Eq. (19) are set to zero; in calculations for polar
solutes they are evaluated as described in ref.
[14].

The reference model has the same configura-
tional space as the main model. However, the
energies of all configurations are the same,

E_(r). The actual value, of the constant E _((r)

does not influence the value of the entropy, S,
(see Eqgs. (15)~(17)). For convenience we define
[14]

Eref(’) = Es?)?vtactrlon(r) + ssgll\:l;tcmn(r)’ (20)

where the first and the second terms on the RHS
denote energies of hydration in a continuum sol-
vent [13,14,16] of one water molecule and of a
solute molecule respectively. In calculations of
entropy of non-polar solutes the last term in Eq.
(20) is set to zero.
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Table 3

Calculated and experimental hydration entropies for noble gases and alkali and halide ions *

Solute He Ne Ar Kr Xe

Rn Li*

Na* K* Rb* GCs* F~ - Brm IT

calculated TAS 223 251 346 368 4.71 540
experiment TAS 240 3.03 439 486 519 544

976 9.13

437 374 355 113 403 336 323
795 530 466 423 982 538 422 258

® All values are in keal /mol and correspond to T = 298 K. The calculated values are from refs. [14,15}; the experimental values can

be found in refs. [13-15] and in references therein.

The total hydration entropy of water in the
volume V of configurational space is

ASV=(smain_sref)N’ (21)

where N is the number of water molecules that
can simultaneously occupy volume ¥V (N =V/30)
[13]. The way to make calculations for infinite ¥
is described in ref, [14].

Configurations with sterically overlapping so-
lute and water molecule are included in the cal-
culations [15). These configurations are treated in
two different ways: (1) they are assigned the
energy of E _(r); (2) they are assigned high posi-
tive energy. The first treatment assumes that wa-
ter molecules that occupy these configurations in
the reference model (in the absence of the solute)
are transferred somewhere else in the bulk water
in the main model. Within our model this treat-
ment closely corresponds to the solute transfer at
constant pressure. The second treatment forces
water molecules out of the solute excluded area
in the main model, and decreases the total vol-
ume occupied by water in the main model com-
pared to that in the reference model. Within our
model this treatment closely corresponds to the
solute transfer at constant volume.

Our definition of hydration entropies in Egs.
(15)-(17) and (21), suggested in ref. [13], is equiv-

“alent {15] to Eq. (42) of ref. [62] derived later and
using water—solute pair correlation function, g(r),
for calculations of hydration entropies of non-
polar solutes,

k(N-1) .
~ -————fgg,) In g@ dr, dw, - 3k,

Ve
(22)

where V@ is a normalization constant for the
integral over positions, r, and orientations, «.
However, physics of the problem in our approach

AS=

is reflected in p(r) calculated with mean-field
continuum approach, and in ref. [62] in g(r)
obtained with molecular computer simulations.

Both our approach [13,15] and that of ref. [62]
lead to good predictions of experimental en-
tropies of hydration of spherical non-polar parti-
cles. Our p(r)=g(r)/V®. For nonpolar solutes
g(r) is easily expressible through our mean po-
tentials between a nonpolar sphere and a water
molecule. Thus, it appears that both an accurate
g(r) from molecular simulations [62] and our
mean potential, which is drastically different from
the molecular mean potential for the same system
(see the previous section), lead to equally accu-
rate predictions of experimental hydration en-
tropies [13-15,62). It may suggest that there is
some systematic correspondence between these
two shapes of mean potentials that makes them
indistinguishable in expressions for hydration en-
tropies. E.g., many different mean potentials (or
probability functions) may give the same resultant
hydration entropy. It may be enough to get right
only some integral features of such potentials to
correctly predict experimental values. There is,
however, an element of surprise in this particular
equivalence of rather different mean potentials.
It may require some further analysis.

3.4. Do hydration entropies depend on the charge
of the solute?

This question is of interest not only from a
general theoretical point of view but also in a
more practical context of computing hydration
entropies of molecules with complex distributions
of charge. If the dependence on the solute charge
is strong and detail-sensitive then practical com-
putations may become complicated and costly.
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We already have shown that our computations
lead to a good agreements between the calcu-
lated and experimental hydration entropies of
noble gases [13,15] as well as for alkali and halide
ions [14,15]. These results are summarized in
Table 3 to give support to our findings for spheri-
cal particles that do not have clear experimental
analogs. In the following we will not further con-
centrate on the agreement with experimental data
but rather on more general implications of our
results. In this subsection we concentrate on the
influence of the solute charge on hydration en-
tropies.

The results of our calculations of hydration
entropies of spherical solutes with charges
te,+ 3¢ and 0.0 e (uncharged) are listed in
Table 4 for different radii of the solutes. The
most striking feature of these Eesults is that for
the van der Waals radius of 2 A all solutes have
similar hydration entropies regardless of their
charge. In fact, they all agree within =1
kcal/mol. The same degree of agreement holds
for half coharged and non-polar solutes with radii
below 2 A.

The next important feature of the results in
Table 4 is that starting with the radius of 2 A
hydration entropies for non-polar and positively
charged solutes coincide within 0.5 kcal /mol. Hy-
dration entropies for the negatively charged so-
lutes with radii larger than 2 A fall below the
corresponding values for non-polar and positively

Table 4
Entropies of hydration of spherical particles of different
charges and radii '

Charge  Solute van der Waals radius in ,Zu,

and — TAS of hydration at 298 K

10A 20A 30A 40A S50A
0.0e 133 372 6.72 10.40 14.82
+e 8.71 377 6.26 9.87 15.17
+1e 213 324 6.27 1006 1527
-e 37 3.80 5.26

- 3e 194+ 252 2.96 5.03

* All entropies of hydration (kcal /mol) were calculated with
our method as described above and in refs. [13-15). To obtain
solute-water equilibrium separation one should add the ra-
dius of water (1.4 A) to the listed van der Waals radius of the
solute, e is an absolute value of the charge of electron.

charged solutes. This difference in properties of
positively and negatively charged solutes comes
from different definitions of their cavity radii that
follows from our approach [1,8,9]. As mentioned
above, cavity radii of anions are similar to their
ionic radii (which in their turn are similar to their
van der Waals radii) while for cations the cavity
radii are similar to their covalent radii [8,9]. The
difference arises from the asymmetry of the water
molecules comprising the solvent and producing
electron density distributions (for simplicity we
can call them just ‘charge distributions’) that are
profoundly different around ions of opposite
charge [8,9]. This leads to larger cavity radii for
cations than for anions with the same ionic (van
der Waals) radii. Consequently, water molecules
next to such cations lose more of their hydration
that next to anions with the same ionic radii. This
in turn leads to a larger variation in the magni-
tudes of probabilities in Eqgs. (16) and (17) and
thus to larger hydration entropies given by Eq.
(21) (note that entropy is the highest for chaotic
systems at equilibrium where all probabilities are
similar; increase in the variation of probabilities,
which can be viewed as an increase of some sort
of order, leads to a decrease in the entropy of the
‘main’ model [13]).

We have argued [15] that for some large enough
radii any differences between anions, on one side,
and cations and non-polar spheres, on the other,
must disappear as electrostatic interactions of
water molecules with such large particles should
become negligible. However, we do not know at
what solute radius it actually happens. We have
found that if the cavity radius for an anion with 4
A radius is taken to be the same as for cation or
nonpolar solute with the same ionic or van der
Waals radius, calculated TAS for such three so-
lutes are indistinguishable from each other. This
behaviour is repeated for solutes with negative
charges of —0.5 e.

3.5. Is hydrophobicity determined by hydration en-
tropies?

Note that except for I~ radii of all ions in
Table 3 are smaller than 2 A. Thus, data in tables
3 and 4 show that for ions with van der Waals
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radii smaller than 2 A entropies are more nega-
tive than for non-polar or partially charged so-
lutes (see also Fig. 1 of ref. [15]). The data in
these tables also show that the transfer of any
solute from the gas phase to water leads to a
decrease in the entropy of water. For ions with
van der Waals radii below 2 A this decrease in
entropy of water is larger in magnitude than for
non-polar solutes of the same size. As discussed
above, the decrease of entropy of water around a
solute with the radius larger than 2 Alis practi-
cally identical for non-polar and positively
charged (+e or + ze) solutes of same radii. At
some radius larger than 2 A hydration entropies
of negatively charged solutes (—e or — e) should
become practically indistinguishable from such
entropies of other solutes with the same radii.
However, for some interval of van der Waals radii
above 2 A the decrease in the entropy of water
around negatively charged solutes can be only
about a half of that for the non-polar and posi-
tively charged solutes of the same size (Table 4).

Thus, the hydration entropy is negative for all
solutes, and for solutes with radii larger than 2 A
it is comparable in magnitude for all solutes of
the same size. The decrease of entropy of water is
even greater around small ions. As large negative
hydration entropy is considered to be the cause
of the hydrophobic effect [30, and references

Table 5

therein], our results ask for some clarification of
the usually accepted distinction between ‘hydro-
phobic’ (‘disliking to be dissolved in water’) and
‘hydrophilic’ solutes. All solutes are ‘hydro-
phobic’ entropically. Thus, ‘hydrophilicity’ can
come only from enthalpic component of the free
energy of transfer [15,63] #*. This component is
well expressed in transfer of polar solutes from
non polar (vacuum or non-polar liquid) environ-
ment to a polar one (water). The situation be-
comes less clear in transfer of polar groups from
polar water to polar hydrogen bonding environ-
ment. In such cases the enthalpy of transfer can
become very small as shown above, and the trans-
fer may be driven by negative entropies of hydra-
tion as for non-polar solutes. Thus, the free en-
ergy of hydrogen bonding in proteins may be-

#4S. Cabani et al. [63] drew conclusions similar to ours [15]
on the basis of their analysis of experimental thermodynamics
of transfer within a scheme of additive group contributions.
They state (p. 577): “The hydration entropy is always negative
and its value is not significantly dependent on the nature of
the group. ...In fact, the enthalpy is the most suitable func-
tion to distinguish polar from nonpolar groups”. We found
this statement after our paper [15] based on the continuum
theory was in press and we were working on ref. [32]. How-
ever, it is rather difficult to understand why apparently no-
body paid attention.

Entropies of hydration per A2 of accessible surface area for spherical particles of different charges and radii (cal /mol Ay

Charge Solute van der Waals radius in .&, and —TAS of hydration at 298 K per Az

104 144 20A 30A 404 50A 10A
00eb 184 25.6 277 217 288 300
te 1204 26.0 25.7 26.9 295
+iec© 293 23 258 275 29.7
-e 24.4 152 14.4
—te 233 18.1 17.3 122 13.7

* The data from Table 4 are normalized to the accessible surface area, ASA, of each solute; ASA = 47(R qw + 1. 4)2 [30, and
references therein); additional results for negatlvely half-charged solute with the van der Waals radius of oxygen (1.4 A) and for
non-polar solute with the Waals radius of 10 A are added;

For non-polar solutes results obtained w1th one of the sets of parameters are given; in computations with a different set of
parameters results for solutes with 1 and 2 A radii practlcally did not change; they increased to 30.0, 30.2, 32.1 and 35.0 cal/mol A
for non-polar solutes with the radii of 3, 4, 5 and 10 A respectively; results of still other computations fell between these values and
those given in the table; these variations may reflect the accuracy of our method;

¢ In addition calculations have been performed for a solute with parameters of the hydrogen bonding hydrogen (e.g., see ref. [32])
and a small partial charge (+0.3¢) yiclding the hydration entropy of 39 cal/mol A2 this solute has been thought to model a water
molecule, ammonia or a hydroxyl group.
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come mainly entropy driven [15,64]. These con-
clusions, of course, can be so far valid only at
room temperature for which the calculations were
performed in this work. They currently do not
address differences in temperature dependencies
of the transfer thermodynamics of different
solutes [65,66] (see also below).

3.6. Entropies of hydration at constant volume and
at constant pressure

The values in Tables 3 and 4 are calculated
assuming gas to water transfer at constant pres-
sure. Data from Table 4 are recast in Table 5 in
terms of hydration entropies per A? of the acces-
sible surface area, ASA [30, and references
therein].

It is easy to see that hydration entropies per
unit surface area change only =20% for non-
polar solutes with radii between 2 and 10 A, and
only = 10% between radii of 3 and 10 A. The
variations are similar in magnitude for positively
charged solutes and exhibit more complex behav-
ior for negatively charged solutes as described in
the previous section. For solutes with radii smaller
than 2 A trends in TAS/ASA are drastically
different for non-polar and polar solutes. For
non-polar solutes we see =40% increase m
TAS /ASA between solute radii of 1 and 2 A,
while for polar solutes we observe a decrease in
TAS/ASA values. Thus, our results show that
the interplay between the charge and the size
may lead to a rather complex trends observed
experimentally {32]: (a) for alkanes (which can be
represented by spheres larger than 2 A)
TAS /ASA is almost constant; (b) its value can be
significantly smaller for the carbonyl oxygen (rep-
resented here as negatively half-charged solute)
than that for alkanes; (c) it may be higher for
groups with hydrogen bonding hydrogens than for
alkanes (see the legend to Table 5).

We shall now concentrate on the observations
above that TAS/ASA remains fairly constant for
nonpolar solutes with radii larger than 2-3
This observation is valid only under conditions of
the constant temperature and pressure (NPT en-
semble) at which it was computed. Hydration
entropies under constant temperature and con-

stant volume conditions can be obtained from
those under the constant pressure within the
model assumed for our computations. Qur model
intrinsically possesses gas-like properties [15]. This
comes from inclusion of correlations only in the
mean field which is effectively felt as an external
field by each individual water molecule. In uni-
formly distributed gas (at constant temperature)
the entropy is defined by its volume [61]

Sy =Nk In V.. (23)

We can use Eq. (23) to calculate the entropy
change when the gas volume changes from V| to
V,, where V| =V, =ngly <V, =NV, V, is the
partial molecular volume of a gas molecule at
normal conditions (V, = 30 A3 for water), N is a

total number of gas molecules in the system.
Then for a single cavity of volume 7,V in the gas

v,
TASYL™"2=NkT In ( L )

1,gas

VoN
ng
= NkT ln(l - F) = —kTn, (24)

(Molar values can be readily obtained by consid-
ering Njoeasro Of Systems with one cavity). The
cavity volume n,V;, in our calculations is defined
analogously to the partial molecular volume of
the solute in the Kirkwood-Buff theory (e.g., see
Eq. (3.147) in ref. [60]). For water it is equal to
the volume of a spherical shell between radii
corresponding to the minimum water—water sep-
aration and the minimum solute-water separa-
tion [15] plus the partial molecular volume of
water. Our calculations show that within 2% Eq.
(24) gives the difference between hydration en-
tropies calculated at constant pressure and at
constant volume. This compression term [60] is
about 75% of TAS for solutes with radius of 5 A,
shown in Table 4, and it is = 200% for solutes
with radius of 10 A shown in the same table.
Thus, the entropy of hydration at constant vol-
ume conditions, TAS,,, is more negative than the
entropy of hydration at constant pressure, TASp,
(which is a usual experimental condition) by the
entropy of compression of ideal gas. Recent anal-
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ysis of experimental data for methane solutions
also suggest a difference of = 1.5 kcal/mol be-
tween entropies of transfer at constant pressure
and at constant volume [58,67). While for real
liquids the compression entropy may behave in a
more complex way than for the ideal gas, Eq. (24)
leads to the value of = 1.8 kcal /mol for the same
transfer if an equilibrium water—methane separa-
tion is 3.4 A. It may suggest that the entropy of
compression of ideal gas is a surprisingly good
model for the compression entropy of water. Note
that the entropy of hydration at constant pressure
is, according to our results, nearly proportional to
the accessible surface area of the solute (surface
term), while the change to the constant volume
conditions adds to it the gas compression term
which is proportional to the partial molecular
volume of the solute (volume term). This volume
term becomes larger than the surfcace term for
solutes with radii larger than =6 A. It can also
be noted that Eq. (24) is closely related to the
entropic correction suggested in ref. [68] but has
an opposite sign.

3.7. Are there volume terms in the free energy of
hydration?

Let us first consider an ideal gas compressed
to the volume of a real liquid. To keep N
molecules of the ideal gas in the volume NV (see
Eq. (24) and notations to it) the external pressure
should be P=NkT/NV,=kT/V,. If we insert
into this compressed ideal gas a solute with par-
tial molecular volume nyV, inaccessible for the
centers of the gas—solvent molecules, then under
the constant volume and temperature conditions
the entropy of the gas—solvent decreases by the
compression entropy of kTn, (see Eq. (24)). Un-
der the constant pressure and temperature condi-
tions the volume occupied by the ideal gas does
not change (V' =NkT/P = const) and, thus, its
entropy does not change because it depends only
on the volume (Eq. (23)). However, the system
would have to expand by the volume AV =nyV,
against the external pressure P=kT/V, (see
above). This requires the expansion work PAV =
kTn,. Thus, for the transfer of inpenetrable so-
lute into the solvent of the compressed ideal gas

free energy under either the constant volume or
the constant pressure will be significant and pro-
portional to the partial molecular volume of the
solute,

Now let us consider a model solvent that be-
haves like the ideal gas except that it is kept
together by its own mean field so that the exter-
nal pressure is only one atmosphere. Such exter-
nal pressure corresponds to strongly cohesive lig-
uids (e.g., water). This model solvent closely cor-
responds to our computational model described
above. Insertion of the same solute into this model
solvent under the constant volume conditions
would lead to the same compression entropy of
kTng as in the case of the compressed ideal gas.

However, under the constant pressure the ex-
pansion work against the external pressure (one
atmosphere) is negligible [15,60]. Ben-Naim ar-
gues [60] that for real liquids the PAV volume
term becomes significant only for macroscopic
solutes. Thus, no work proportional to the vol-
ume of the solute is done under the constant
pressure conditions. Because the free energy of
transfer should be the same under both condi-
tions [60], this requires that the internal energy
change due to the compression of the solvent in
the constant volume transfer should be negative
to compensate the negative compression entropy
change [15]. Recent simulations studies of the
Lennard-Jones liquid [69] indicate that such de-
crease in the internal energy upon a compression
is possible. The minimum of internal energy for
particles with the Lennard-Jones diameter o cor-
responds to the packing coefficients between 0.8
and 1.0 [69], which are significantly larger than
for the tight packing of hard spheres with the
same diameter (0.74 [70]). In our calculations and
in real cohesive liquids the mean field is per-
turbed around the solute leading to effects pro-
portional to the surface area of the sphere with
the diameter equal to the solute—solvent equilib-
rium distance. These effects lead to the free
energy of transfer that is nearly proportional to
the accessible surface of the solute [15] (the sur-
face term).

Our computations and the discussion above
suggest that non-cohesive liquids (e.g., com-
pressed ideal gas or hard spheres) and strongly
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cohesive liquids (e.g., water or a Lennard-Jones
liquid with a deep potential energy minimum)
should behave a drastically different way upon a
transfer of molecular size solutes. While for the
non-cohesive solvents the free energy of transfer
is dominated by the volume terms, it is domi-
nated by the surface terms for strongly cohesive
liquids. The logic of our argument suggests that
the size of the solute for which volume terms
become significant will increase with increasing
strength of the interactions between the solvent
molecules. We should note that for real liquids
with interactions deviating from the mean field
approximation used in our computations the
compression entropy may deviate from its ideal
gas behavior. However, as discussed above, the
ideal gas compression entropy reproduced the
corresponding effect upon the transfer of methane
to water within 20%. Other facts that seem to be
in line with our reasoning will be presented else-
where.

It was recently suggested on basis of consider-
ations of a thermodynamic cycle including a com-
pressed ideal gas intermediate that the free en-
ergy of transfer of molecular solutes (from the
gas phase and other solvents) to water contains a
large volume term [68]. We would argue that this
suggestion is likely to be correct only for weakly
interacting liquids and is most likely to be erro-
neous for such strongly cohesive solvent as water.
Of course, there is a possibility that strongly
cohesive liquids behave in a way intermediate
between the extremes discussed in this section.
This should be verified by molecular theories and
simulations. However, we believe that we have
shown here that a transfer of suggestions based
on the ideal gas behavior to real cohesive liquids
[68] can be internally inconsistent and unjustified.

3.8. Temperature dependence of hydration en-
tropies

The temperature dependence of the thermo-
dynamic characteristics of hydration can be im-
portant in such phenomena as protein denatura-
tion: [65,66]. To address this issue we did a few
preliminary calculations to determine whether ex-
perimentally observed temperature dependence

of the entropies of hydration is correctly pre-
dicted by our continuum approach. We did these
calculations in a very straightforward fashion ac-
counting for changes only in a few physically
obvious parameters.

We performed computations of hydration en-
tropies according to the description given above
and in refs. [13-15} at room temperature and at
373 K. The calculations at room temperature
were performed exactly as described above and in
ref. [15). For high temperature calculations T =
373 K was used in Egs. (16) and (17). Also the
solvent dielectric constant, D,,,, in Eq. (3) was
set to experimental value of the dielectric con-
stant of water at 373 K [71]. Data from the same
source indicate that the density of water changes
only a few percent between 298 and 373 K.
Therefore, we did not change the partial molecu-
lar volume of water in our calculations. We also
neglected the temperature dependence of the
cavity radii (see above).

Within this simplified model our calculations
showed a 25% decrease in the entropy of hydra-
tion of a nonpolar solute at 373 K as compared to
298 K. The experimental change amounts to =
75% [71]. While the trend is predicted correctly,
the discrepancy may indicate that the continuum
model does not contain a sufficient amount of
relevant physical information to reproduce the
magnitude of the temperature dependence of the
thermodynamic characteristics.of hydration. That
would indicate one of the areas where we cannot
expect the continuum approach to work in a
semiquantitative fashion. However, we can still
hope that we just have not accounted for the
temperature dependencies of all parameters used
in our continuum approach that would contribute
to the temperature dependencies of the thermo-
dynamic characteristics of hydration. While the
question remains open, we just would like to
mark the area where prospects of the continuum
approach do not seem to be clear enough at
present.

4, Conclusions

We have reviewed above physical ideas behind
continuum models of the thermodynamics of hy-
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dration and their consequences that seemed most
striking to us. Hopefully, we managed to demon-
strate that the continuum approach leads to a
view of hydration thermodynamics very rich in
detail and interpretive ideas. We also tried to
emphasize possible inconsistencies in the
methodology that may lead to problems in future
applications but may also indicate areas of possi-
ble research and improvement. We hope that our
exposition would facilitate a constructive unpreju-
diced attitude to the continuum approach from
those who observe its developments from the
outside, as well as more careful and informed
attitude on the part of its practitioners and devel-
opers.

The view of the thermodynamics of hydration
emerging from continuum studies is still heavily
clouded and inpenetrable at places. But on the
other hand it is broad, often very clear, and so far
always challenging. We feel thrilled and in-
trigued, and hope that the readers of this Special
Issue would be intrigued and challenged too.
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Discussion to the paper by A.A. Rashin and M.A.
Bukatin

Comments

By B.M. Pettitt

In general, the implied hierarchy of theory and
theoretical progress in the last century on the
physical science of solutions found in this paper is
disturbing. For one, rather than just by 1985, it
seems that by Born’s 1920 paper it was known
that the continuum method that bears his name
was successful in representing the hydration ther-
modynamics of ions at some level of accuracy.
Admittedly, adding (and judicious ¢hoice of) pa-
rameters to fit the thermodynamics as have been
done recently has improved the fitted representa-
tion. A certain amount of phenomenological in-
terpretation of such fitting parameters can, under
the best circumstances, be fruitful and informa-
tive. This is not, of course, an advance in theory
but an advance in phenomenological interpreta-
tion in some sense, akin to good engineering.

In a formal sense, the continuum terms in
common use are derived from low-order terms in
exact expansions. Much work in the last forty
years has gone into theories which incorporate
higher-order terms including molecular packing
effects. The resulting expressions do not often
lend themselves as easily to fitting as the analyti-
cal or numerical continuum results do. There is
often a clear distinction between the model
Hamiltonian and the theory (not always true for
the continuum cases) and thus not only thermo-
dynamic but structural results from such theories
may then be compared with their simulated coun-
terparts. In the case of a continuum method
especially where liberties with structural parame-
ters are taken no such test is possible. For the
hard sphere case (hard sphere ions in a hard
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sphere multipolar solvent) effects such as the
asymmetry between cations and anions in solu-
tion is not reproducible with a continuum method.
With soft spheres the arguments are the same but
can be clouded by phenomenological reference to
the real system, begging the question of agree-
ment. Thus, when the parameters of input are
then fixed one may be tempted to equate less
than quantitative results for modern theories as
meaning that they are not as good as an elaborate
continuum model where one is fitting data with a
flexible function that contains some correct
physics. Such an interpretation or outlook can
lead one to add more phenomenological terms to
continuum model and abandon attempting to un-
derstand the basic causes.

It depends on what you want. If you want a
quick guess today about solvation free energies,
then I would (and do) use a PB method. If I
wanted a method more efficient than simulations
from which I also had the chance to derive rules
of thumb (asymptotic expansions), then modern
theories of the liquid state offer a great deal of
hope.

By L.R Pratt

In discussing ion pair potentials of mean force
you note the indication that these properties are
sensitive to details of the interaction potentials
used in molecular calculations and you suggest
that for this reason the ion pair potentials of
mean force are less useful as tests for more
physical models theories such as dielectric mod-
els. Do these sensitivities not indicate a limitation
of dielectric models, that they do not utilize many
molecular details that molecular calculations
would, rather than a limitation of these proper-
ties for comparison with approximate theories?

Responses by A. Rashin to Comments

To B.M. Pettitt

One of the purposes of this Special Issue, as 1
understand it, is to expose divisions of opinions in
the field and, when possible, assumptions (and
often traditional beliefs) that underlie them. An-
other purpose is to develop a kind of adequate
translation of the ‘languages’ of different ap-

proaches one into another that would allow prac-
titioners of one of the approaches to extract
constructive information from results of the other
without prejudging them on the grounds of the
‘language’ they are cast in. Therefore I appreci-
ate your bringing up such differences in opinion
{or even scientific philosophy) in an open
straightforward way. This makes them amenable
to a rational discussion that may aid a more
constructive interaction between different ap-
proaches.

First I would like to mention that continuum
electromagnetic theory developed in the last cen-
tury by Maxwell and other brilliant scientists is no
less fundamental than statistical mechanics devel-
oped later by Boltzmann, Gibbs, and other. It
may be also worth reminding that last century’s
continuum scientists tried to denigrate Boltz-
mann’s revolutionary ideas for a quite long time.
We may just see a reversal of positions in the
current discussion while on much reduced scale
in issues and personalities. In saying all this I do
not mean to imply that a fundamental theory is
necessarily correct outside of the context within
which it was originally developed. Neither do I
intend to imply that a grandeur of an old giant
can always justify faults and mediocrities of its
humble descendant, such as the approach that we
advocate. Otherwise, we do deal with charge dis-
tributions, polarizabilities etc., that are the sub-
stance of the electromagnetic theory. Further-
more, the Hellmann-Feynman theorem does tell
us that after the electron density distribution is
determined the rest is just the classical electro-
magnetism. I hope that the arguments above may
to an extent remove a distinction between the
‘theories’ and ‘good engineering’. I am also un-
sure that such a distinction is justified: what we
do either does or does not help to understand
nature. If we can leave all this high philosophy
behind, then we are left with a question whether
a particular model used and its implementation
are physically justified. The question of the
agreement with experiment comes next, and I do
not think that we differ on that.

It is my impression that a part of your com-
ment stems from your viewing very modelistic
concepts of the statistical theory as you practice it
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as fundamental concepts. 1 mean spherical sol-
vent molecules with well defined radii, the pair-
wise additivity, etc. I would maintain that a sol-
vent of hard spheres with point dipoles inside is a
useful fiction for your model calculations but that
nothing like that exists in reality (see my com-
ments to Pratt’s paper in this Issue). In reality
any dipolar solvent has molecules with very asym-
metric electron density distribution, and this real
asymmetry provides well justified reasons for as-
signing different cavity radii to ions of opposite
charge with equal ionic radii, which are just an-
other useful fiction (see my comments to Pratt’s
paper). Continuum electrostatic theory deals with
charge distributions, dielectrics, etc., and it is not
obliged to work for such a fiction as a hard
sphere with a point dipole inside. It does not
mean that such a theory is wrong. It is just not
concerned with some artefactual objects. You
would prove a fault with the continuum theory
that assigns different cavity radii to ions of oppo-
site charge in the solvent of electronically asym-
metric molecules if you would observe the charge
asymmetry for solvation of ions in solvents of
(electronically) spherically symmetric molecules,
e.g., liquid argon. However, as follows from the
discussion of Pratt’s paper in this Issue, such
proof is unlikely. As for a parametrization to
achieve an agreement with experiment, we try to
keep it to a minimum and to verify its meaning-
fulness with quantum mechanics and any other
basic theories we can lay our hands on (see
Rashin, Young and Topol in this Issue). I would
disagree with your judgment that the current
continuum model is elaborate. It uses a small
number of justifiable parameters, and we would
like to keep it this way to critically evaluate it.

I agree with you that molecular models can
provide a wealth of structural data that contin-
uum methods are not equipped to deal with. I
also agree that the theory of liquid that you

practice is a powerful and useful tool as can be
judged by your comment to Ben-Naim’s paper in
this Issue. Your comment can appear to be deci-
sive for the current polemic on the role of volume
terms in hydration, and I do not know another
approach that could produce so important results
with such an ease. I also agree that molecular
models should provide crucial checks for less
detailed models such as the continuum ones.
However, we should concentrate on physically
meaningful issues and not on consequences of
particular modelistic assumptions (like hard
sphere solvents). I hope that we may understand
each other better as a result of this discussion,
and I am looking forward to your decomposition
of the volume effect demonstrated in your com-
ment to Ben-Naim into entropic and enthalpic
contributions.

To L.R. Pratt

Generally 1 would agree with you, but with
some qualifications. A picture provided by molec-
ular theories is richer in detail than that from
inherently simpler continuum models. However,
as you note yourself in your paper in this Issue,
simpler models can be physically more transpar-
ent. There can be certain advantage in a simpler
model with a limited potential for modifications:
you should guess it nearly right from the start.
The continuum model as we practice it has rather
rigid limits on the variation of parameters con-
trolled by experiment, quantum mechanics etc.
(see our papers in this Issue). Also, while I am
not sure that your modifications of the continuum
are warranted, you found yourself that qualitative
results do not depend on them. On the other
hand, we see qualitative differences in potentials
of mean force from different molecular studies. I
would just be happier to stand on a more firm
ground.



