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Abstract Solvent induced forces (SIFs) among solutes
derive from solvent structural modification due to solutes,
and consequent thermodynamic drive towards minimiza-
tion of related free energy costs. The role of SIFs in bio-
molecular conformation and function isappreciated by ob-
serving that typical SIF values fall within the 20—200 pN
interval, and that proteins are stable by only a few kcal
mol= (1 kcal mol™ corresponds to 70 pN A). Here we
study SIFs, in systemsof increasing complexity, using Mo-
lecular Dynamics (MD) simulations which give time- and
space-resolved details on the biologically significant scale
of single protein residues and sidechains. Of particular
biological relevance among our results are a strong mod-
ulability of hydrophobic SIFs by electric charges and the
dependence of this modulability upon charge sign. More
generally, the present results extend our understanding of
the recently reported strong context-dependence of SIFs
and the related potential of mean force (PMF). This con-
text-dependence can be strong enough to propagate (by re-
lay action) along a composite solute, and to reverse SIFs
acting on a given element, relative to expectations based
on its specific character (hydrophobic/ philic, charged).
High specificity such as that of SIFs highlighted by the
present results is of course central to biological function.
Biological implications of the present results cover issues
such as biomolecular functional interactions and folding
(including chaperoning and pathological conformational
changes), coagulation, molecular recognition, effects of
phosphorylation and more.
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Introduction

Hydration and associated freeenergy Gg, arefamiliar con-
cepts in solution thermodynamics. Microscopically, they
are the results of structural modifications of the agueous
solvent due to solutes. The thermodynamic drive towards
minimization of Gg,, is expressed by solvent induced
forces (SIFs), written asthe negative gradient of Gg, with
respect to coordinates of the given solute. A subset of sol-
vent induced interactions is that of “hydrophobic interac-
tions’, taking place among apolar solutes in the aqueous
solvent (Frank and Evans 1945). Sincelong ago hydropho-
bic interactions have been thought to play acentral rolein
biomolecular conformation and function (Kauzmann
1959). The idea has generated innumerable publications
(see e.g. Tanford 1980; Ben Naim 1994; Dill et al. 1995)
Hydrophobic interactions and, in general, solvent-induced
interactions among solutes of any kind have usually been
treated in terms of pair additivity, that is disregarding
higher order interactions (for biological relevant cases, see
e.g. Makatadze and Privalov 1995; see, however, also La-
zaridis et al. 1995). High order interactions have been
mostly considered in their average effects only, e.g. by
means of virial expansion. In views of this type, notions
such as “hydrophilic” and “hydrophobic” rest on solid ex-
perimental grounds, although hydrophobicity scales may
become questionabl e as a consequence of triple and quad-
ruple correlations of solute interactions (Ben Naim 1990 a
and b). Infact, in the case of proteins, approachesin terms
of average hydrophobic interactions have proved very use-
ful down to a scale encompassing several residues. Thisis
the case, for example in “hydrophobic collapse”, a useful
concept in a somewhat coarse grained description of pro-
teinfolding (Dill et al., 1995). Itisalso the casein the der-
ivation of theroleof the solventinthefunctional AG (T—R)
free energy difference between T and R conformations of
hemoglobin (HbA). In this case the work dueto hydropho-
bic forces offsets that of all other forces and is crucial to
the function of HbA, the paradigm of regulatory enzymes
(Bulone et al. 1991, 1992 and 1993; Palma et al 1994).
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Successful treatments such as the ones above make it
clear that the energetics of solvent induced interactions of -
ten coversacrucial role in biomolecular conformation and
functional interactions. This s, after all, not surprising if
we recall that proteins are stable by only afew kcal mol™
(Privalov and Gill 1988), which is equivalent to the work
of atypical SIF (20—200 pN) across a few Angstrom or
less (1 kcal mol~ being equivalent to 70 pN A). However,
for our understanding of protein function on the grounds
of basic physical laws, accounting for overall energeticsis
only a prerequisite. Indeed, the frequently encountered
high specificity of intra- and inter-biomolecular interac-
tions often depends on exquisitely specific molecular rec-
ognition through the solvent and on equally specific func-
tional interactions. These interactions concern a small
number of very close residues of different types (apolar,
polar, charged), which may be parts of the same protein or
of different functionally interacting biomolecules. In these
conditions, concepts derived from the field of diluted or
semi-diluted solutions or, more broadly, implying averag-
ings of some type, cannot be taken for granted without fur-
ther scrutiny. Thisisbecauseignoring interactions of order
higher than two, or at most averaging them out, can easily
cancel specific and functionally all-important details.

This concept is crucial to the present work. In order to
illustrate it, let us call Ggy (1) the hydration free energy
of an isolated solute. In the case of n solutes at large dis-
tances(infinitedilution) thetotal hydrationfreeenergy will
be Z" Ggy (i), that is the sum of n independent Gg sin-
gle solute terms. However, thisis no longer true when the
solute distance allowsthe occurrence of overlaps of hydra-
tion regions of single solutes, asin the case of protein res-
idues (see e.g. Lifson and Oppenheim 1960). In such cases
the total hydration free energy is expected (and indeed
found) to exhibit a strong many body character (Palma et
al. 1994; Brugé et a. 1996 a; Martorana et al. 1996 and
1997), so that:
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Herethe 6Gg,, terms of different order represent contribu-
tions of pair, triplet, . . . n-plet interactions among sol utes
in establishing (self-consistently and collectively) the to-
tal hydration free-energy. These terms will depend upon
distance and mutual configuration of all elements. As al-
ready mentioned, the negative gradient of Gg, with re-
spect to coordinates of a given solute expresses the sol-
vent-induced force (SIF) acting onthat solute, first derived,
although in a different formulation, by Kirkwood (1935).
We note that, in principle, Eq. (1) shows that a change of
type or position of even one element affects 0Gg,, terms
of all orders and, consequently, the total Gg,, and related
SIFs on any other element. We further note from Eq. (1)
that the existence of SIFsrequires at |east the existence of
the first order 6G3), terms, while their non-additivity re-
quires higher order 6Gg,, terms. Since the latter have the

same origin as SlIFs themselves, they are expected and in-
deed found to be of comparable magnitude.

Themany body character of solute-solvent interactions,
as detailed in Eg. (1) has been shown by MD studies to
have unexpectedly strong and even counter-intuitive ef-
fects. These include a strong non pair additivity of SIFs
(Brugé et al. 1996a; Martorana et al. 1997), an equally
strong context-dependence and long range correlated or re-
layed action (Martorana et al. 1996 and 1997), and even a
sign reversal of SIFs on specific protein residues, relative
to predictions based on their individual (hydrophobic/
philic) character (Martorana, Corongiu and Palma, to be
published). This shows that simple and useful concepts
such as hydrophobic/philic are not neccessarily sufficient
for the treatment of solvent-induced interactions in the
complex context of proteins. Consequently, we must be
ready to deal with a higher degree of complexity.

The main concern of this paper is a study of solvent in-
duced interactions among apolar and charged solute ele-
ments and among solely apolar ones, at distances compar-
able with those within functional groups of residuesin a
protein. With the aim of eliciting the full size and signifi-
cance of high order interactions, we make no use of trun-
cations or of averagings of any kind and perform molecu-
lar dynamics (MD) simulations taking solvent molecules
explicitly into account. This allows usto obtain space and
time resolved detailswhich are not jointly accessibleto | a-
boratory experiments or to computer efficients approxi-
mate methods.

In what follows we recall some results and report new
and extensive data on SIFs acting between hydrophobic
and electrically charged solutes. We demonstrate for the
first timethe strong and biologically very significant mod-
ulation of pairwise hydrophobic interactions by a third
(otherwise identical) solute bearing a positive, negative
and null electric charge. We also €licit and discuss the mi-
croscopic and quantitative origins of these novel, strongly
collective effects. Use of simple model solutes avoids am-
biguitiesin tracing such origins. Aspectsstrictly related to
the particul ate nature of the solvent are highlighted. Time-
resolved and space-resolved features are also presented
and related to hydration, to the dynamics of hydration wa-
ter, and to the known spectroscopic properties of bulk wa-
ter. Finally, we proceed to the study of solutes of increas-
ing complexity, up to the realistic case of a protein. Sig-
nificant biological implications of the present results are
discussed in closing. In an Appendix we use the concept
of configurational energy landscape and related “inherent
structures’ to express hydration and related free energy.
This allows a straightforward visualization and a quanti-
tative expression of hydration free energy and forces.

A summary of basic concepts

The known complexity of liquid water can be traced to the
multitude of geometrically and topologically distinct con-
figuration of its hydrogen-bond network. Thismultitudeis



reflected, for example, in its unusually large contribution
to specific heat (Eisenberg and Kauzmann, 1969; Kell,
1972). In the absence of solutes, as a result of frequent
switching among different statistically populated configu-
rations, the probability of finding water molecules in any
elementary volume of the fluid is uniformly distributed
(uniform density). Solutes alter the statistically populated
water configurations, as combined result of excluded vol-
ume and interaction potential. The consequent change of
the configurational energiesand multiplicity causesrel ated
changes of enthalpy, entropy and free energy. The latter,
Ggw, isthehydration free energy. Thisand the correspond-
ing ateration of configurational lifetimes and of spatial
statistical distribution of solvent molecules (non uniform
local density around solutes) characterize the thermody-
namics and the spatial and dynamic features of hydration.
Each solute (or each element such as protein residues), at
any given time, is subject to aforce Fg which isthe vecto-
rial sum of all forces Fg exerted by each solvent molecule,
through the appropriate interaction potential. The average
SIF in expressed as:

SIF=< FS>=<IZFSi>

[2]

wherethesumiscarried out over all solvent moleculesand
the angular brackets express thermodynamic averaging
over al solvent configurations (Kirkwood 1935). Clearly,
in the case of a single symmetric solute all forces will av-
erageto zero. Asymmetriesin the statistical distribution of
water molecules (non-uniform density), jointly caused by
the given solute and by other near-by solutes produce non-
zero average SIFs. This showsthe causal relation between
hydration and SIFs and provides a useful view of the lat-
ter, in terms of space resolved contributions (Brugé et al.
1996, a). In fact, each elementary volume will contribute
aforce obtained from the appropriate interaction potential,
weighted by the statistical occupancy propability of sol-
vent molecules (as collectively perturbed by all solutes).
The resulting SIF is the non-zero difference of opposite
(comparatively much larger) contributions. Also, time-re-
solved features of theinstantaneous F, (which we have av-
eraged out in Eq. (2)) reflect the dynamic properties of hy-
dration water.

SIFs can be expressed either as per Eqg. (2), or as the
gradient of the hydration free energy (Eg. (1)). Alterna-
tively, onecan defineapotential of meanforce, PMF (Kirk-
wood 1935; Hill 1956), such that its negative gradient (in
the absence of direct solute-solute force) is SIF. As Ggy,
PMF isof course amany-body potential. Accordingly, an-
alytical treatments based on Eq. (2) require the use of cor-
relation functionsof all orders(see Appendix), whichturns
out to be aformidable task. To make it manageable, Kirk-
wood introduced the superposition approximation (KSA).
In this approximation (Kirkwood 1935; Hill 1956), facto-
rizability of higher order correlation functions in terms of
pair correlation functionsis assumed. In thisway, only the
term responsible for the existence of SIFsis retained, not
those responsible for non pair additivity. In terms of
Eg. (1), KSA is equivalent to neglecting all Gg, terms
for threeand more particles, responsiblefor the many body
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character of hydration and of PMF, and for non pair addi-
tivity of SIFs. Further developments and applications to
complex systems of Kirkwood's theory had to wait for the
availability of modern computing facilities and adequate
interaction potentials (Stillinger and Rahman 1974; Mat-
suokaet al. 1976; Jorgensen 1979; Mc Donald et al. 1980;
Clementi et al. 1981). Treatments such as Molecular Dy-
namics (M D) simulations, however, remain very demand-
ing in terms of computing time when dealing with large
systems. This has stimulated the advent of a number of
computing efficient methods retaining KSA or similar ap-
proximations. Such highly efficient approaches using ap-
proximations of various types have been tested in a num-
ber of cases and shown to reproduce with reasonable ade-
guacy features of free energies and hydration (seee.g. Hir-
ata et al. 1982; Pettitt et al. 1986; Kitao et al. 1991; Kle-
ment et al. 1991; Pellegrini and Doniach 1995; Garde et
al. 1996). Thisisbecause non additivitiesarelesslikely to
show up in cases involving averages of large numbers of
interactions (de Gennes 1979) than in casesinvolving dif-
ferences of large terms (Lazaridis et al. 1995). Interest-
ingly, theadequacy of approximated methodsto the coarse-
grain understanding of mesoscopic features and phenom-
enaisindorsed by both experimental and theoretical work
(Martorana et al. 1997). However, those methods are no
longer adequate when the main concern is to understand,
in terms of basic physical laws, single, microscopic situa-
tions (say, at the biologically significant single residue
level) and the physical drive governing related, local
events. In these cases accuracies of, say, 10% or better in
computing, for example, hydration are in general far from
sufficient. Indeed, as we shall seein what follows, afully
explicit and non approximate treatment is required in or-
der to understand crucial detailed features on which the ex-
quisite functional specificity of biomolecules is based
(Palma-Vittorelli et al. 1993; Palma et al. 1994; Brugé et
al. 1994; Smith and Pettitt 1994).

Methods

Long MD simulations (up to 1,200 ps) were performed in
the microcanonical (NVE) ensemble, at T=298 °K, and
density 1 gr cm™3, using a modified (leap-frog) Verlet al-
gorithm (Corongiu and Martorana 1993). Periodic boun-
daries were used, and long-range el ectrostatic forces were
dealt with by Ewald sums, notwithstanding their high com-
puting cost. For water-water interactions we used the
TIP4P potential (Jorgensen et al. 1983), particularly ap-
propriate in the case of ionic solutions (Jorgensen et al.
1993; Del Buono et al. 1994). We used hydrophobic “ so-
lutes”, modeled as Lennard Jones (LJ) spheres having the
same potential parameters as in TIP4P (¢=0.64875 KJ
mol™ and 0=3.154 A). When appropriate, a unitary elec-
tronic charge of either sign was attributed to one of the
LJsolutes, and neutralized by an evenly distributed charge
density of opposite sign (Figueirido et al. 1995). Solutes
were kept in fixed positions, in the configurations speci-
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fied below, in a bath of water molecules. The simulation
box was a rectangular parallelepiped. Its size was chosen
for each solute configuration so as to allow at least three
layers of water molecul es between solutes and boundaries.
Accordingly, the total number of molecules (water+so-
lutes) ranged, for different cases, from 343 to 728. Inde-
pendent runs of not less than 800 and up to 1,200 ps were
obtained for each configuration of solutes. For better sta-
tistical significance, each run was obtained as a sequence
of 200 ps trajectories decoupled from each other by 20 ps
annealings at 800°K, followed by 40 ps equilibration at
298 °K. SIFson each solute could by computed astime av-
erages of instantaneousforce vectorsexerted upon that el e-
ment by all water molecules (Brugéet al. 1994, 1996 aand
b; Martoranaet al. 1996 and 1997; Buloneet al. 1997). Di-
rect solute-solute forces were not taken into account. Re-
lated errors (< 4 pN) and statistical significance were eval-
uated as in Flyvbjerg et al. (1989) and as in Brugé et al.
(1996 a) with identical results. The total force and torque
acting on all solutes were seen to be zero within the same
accuracy.

To obtain hydration patterns, the simul ation box was di-
vided into cubic cells and the probability INM that the center
of the oxygen atom of a solvent molecule fell within the
cell was computed. The average probability Mg relative to
the unperturbed solvent was similarly computed, and the
ratio M/My=P was also computed. In thisway, P was nor-
malized to unity at large distances from solutes. The side
length of the cells was 0.35 A for two-solute simulations
and 0.7 A in all other cases. Using this space-occupancy
probability P and the interaction potential and (whenever
appropriate) the orientation of water molecules, contribu-
tions from each cell to SIFs acting on LJ solutes could be
computed (Brugé et al. 1996 a) and summed up as an al-
ternative way to obtain SIFs. In fact, thisis equivalent to
computing them as time averages of instantaneous (time-
resolved) vectors. From time-resolved analysis of SIFs,
normalized Fourier power spectrawere obtained using the
maximum entropy method (Presset al. 1986) with 40 poles.
Impulses exerted by time-resolved SIFs were aso
computed (Brugé et al. 1994) for each time interval T
between two consecutive zeros of the given force (see
Fig. 7b). Impulses of duration 7, I, (1) were added to ob-
tain| (1) :é I, (1), that isthe weighted distribution of im-
pulse durations.

Results
a) SIFswithin solute pairs

Results in Figs. 1-7 illustrate the main features of SIFs
between a pair of LJ solutes, one of which bearsin turn a
zero, positive, or negative unitary electronic charge.
Average SIF values as afunction of solute-solute distance
aregivenin Fig. 1. Force values for the case of uncharged
LJ solutes (empty squares and continuous line in Fig. 1)
exhibit the known feature of solvent-separated hydropho-

80
A
40 A A4
z
[ o °
w
w
-40 | Error bar
-80 ' T
4 6 8
A

Fig. 1 Solvent induced force (SIF) between a pair of fixed simple
spherical solutes, vs. their center-to-center distance. SIFs are com-
puted as average values of instantaneous force exerted on each so-
lute by all water molecules, along MD simulations of 800 psor more.
Squaresand best-fitting polynomial continuousline: both solutesare
modeled as uncharged particles, interacting with the solvent via a
Lennard-Jones (LJ) apolar potential. The LJ parameters are the same
as for the oxygen of water. Circles: one of the two solutes bears a
unitary positive electronic charge. This is accounted for by adding
the appropriate Coulomb term to the LJ interaction potential.
Triangles: same, for a negative charge. Direct solute-solute forces
not included. (Redrawn from Bulone et al. 1997)
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Fig. 2 Contributions to SIFs acting on two LJ solutes, due to the
presence of an electric charge on one of them (see captionto Fig. 1).
Data are calculated from those of Fig. 1 by subtracting SIFs acting
on uncharged solutes from val ues obtained when one of the solutes
is charged. Circles: positive charge. Triangles: negative charge.
These contributions are compared to those cal culated by classic elec-
trostatics for the force acting between a point charge and an empty
sphere in a continuum polarizable medium, with e=78. Best fitting
of data points (continuous lines) are obtained using different effec-
tive radii for positive and negative charge (3.4 A and 3.9 A respec-
tively). Even using these unphysical best fitting values, small dis-
tance data cannot be accounted for. The comparison shows the inad-
equacy of continuum modelsin accounting for hydrophobic-charged
solute interactions on the microscopic scale (redrawn, from Bulone
et al. 1997)

bicinteractions, reflecting the particul ate nature of the sol -
vent (Pratt et a. 1980; Pangali et al. 1982; Ravishanker et
al. 1982). The contact equilibrium configuration is ex-
pected to occur in the neighborhood of 3.5 A. The solvent-
separated configuration occurs at about 6.5 A (Martorana
et a. 1997). A positive or negative charge on one solute
causes the occurrence of a repulsive contribution AF to



SIFs which fades out rapidly at distances larger than 6 A.
At shorter distances, AF isstrongly charge-sign dependent,
(always larger in the case of negative charge) and it over-
whelms the hydrophobic contribution. In Fig. 2 AF values
are compared with the force, calculated in terms of classi-
cal electrostatics, between a point charge and a spherical
cavity in acontinuum polarizable medium, with e=78 and
optimal sphere radii determined by best fitting. At suffi-
ciently large distance (dz 4.5 A), MD data follow atrend
similar to that of the continuum model, under the (unphys-
ical) choice of different cavity radii in the cases of posi-
tive and negative charge (3.4 A and 3.9 A, respectively).
Even when using such ad hoc values, strong deviations
from the continuum model description (stronger for nega-
tive charges) are observed at short distances.

The space-resolved origin of these features on the mo-
lecular scaleisillustrated in Figs. 3—5. Figure 3 refersto
the case of two uncharged LJ solutes, at the selected dis-
tances shown at the top. Hydration patterns are presented
as 2D contour plots of space occupancy probability P (de-
fined in Methods) along with space-resolved contributions
to SIFs. Itisof interest to seethat relatively minor changes
of hydration patternscorrespondto large changes (and even
to signreversal) of SIFs. Thisis because the total SIFisa
small difference between large opposite contributions. Ac-
tually, values of the total of either attractive or repulsive
contributionsfall in all casesin the range of 100—150 pN,
to be compared with values of 20 pN at most for the resul-
tant SIF. We note that the relatively small changes in hy-
dration patterns illustrated in Fig. 3 would not be easily
detected by X-rays or revealed by approximate, computer
efficient methods. Hydration details highly significant
for SIFs can therefore be easily missed, unless the molec-
ular nature of the solvent is explicitly taken into ac-
count.

Figures4 and 5 show the effects of the addition of apos-
itive or negative charge on the solute to the right, for the
particular center-to-center distance of 5A. In Fig. 4
2D contour plots of hydration and of space-resolved con-
tributionsto SIFsareshown, asinFig. 3. InFig. 5weshow
amore pictorial 3D view of related iso-surfaces. Thisrep-
resentation emphasizes differences of hydration of the so-
lute to the left, due to the presence and sign of acharge on
the solute to the right. We see that, as expected, the pres-
ence of acharge now causes significant changesin hydra-
tion patterns. At the 5 A distance to which Figs. 4 and 5
refer, SIFs on the two solutes are: zero for the uncharged
case (top); 17 pN (repulsive) for the positive charge case
(center); 35 pN (repulsive) for the negative charge case
(bottom). On each solute of a pair, SIFs are expected and
found to the equal and opposite. Hydration and contribu-
tionsto SIFsaround the charged solute, however, illustrate
how SIFs acting on it result from the balance of 10-fold
larger contributions, compared to those acting on the un-
charged solute. Infact, around charged sol utes, thetwo op-
posite contributionsto SIFs are in the range of 1000-1500
pN, while those around the uncharged partner are againin
the range of 100—150 pN. Note that, as a consequence of
the much larger values of contributions to SIFs acting on-
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Fig. 3A—D At the top of this figure the continuous line of Fig. 1 is
redrawn. For each of the four distances corresponding to points A, B,
C, D, are shown on the | eft contour plots of space occupancy probabil-
ity by water molecules, P, normalized so asto have P - 1 at large dis-
tance from solutes. These contour plots are shown in increments of
AP=0.5 up to maximum P values of the order of 10. Similar contour
plots of SIF contributions are shown on the right, in increments of
0.025 pN, up to maximum contributions of 0.8 pN. Continuous and
dotted lines refer to repulsive and attractive contributions respectively
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Fig. 4 Contour plots of space occupancy probability P (left) and
space-resolved contributions to SIFs (right) asin Fig. 3. The solute
totheright bearsinturn anull (top), positive (center), negative (bot-
tom) unitary electronic charge, while the solute on the left remains
uncharged. Center-to-center distance of solutesis 5 A, correspond-
ing to case B in Fig. 3. Contour plots on the left are shown in incre-
ments of AP=0.5, up to maximum P values of the order of 15. Those
on the right are in increments of 0.1 pN, up to maximum contribu-
tions of 4 pN. Continuous and dotted lines refer to repulsive and at-
tractive contributionsto SIFsasin Fig. 3

charged solutes, scalesused in Fig. 4 for contour plotsto the
right are significantly different from those used in Fig. 3.

While such space-resolved features provide informa-
tion on the average distribution of the hydration water,
time-resolved features provide complementary informa-
tion on its dynamics. Information of thistypeis shownin
Figs. 6 and 7 for the same solutes and configurations asin
Figs. 4 and 5. Figure 6, left, was obtained by projecting on
the plane of the figure the trajectories of the tip of the
SIF vector acting on each solute of the three pairs. Force
valuesand directionsare seento bemuch morewidely fluc-
tuating around their mean values for charged than for un-
charged solutes, as quantitatively shown by statistical dis-
tributionsinFig. 6, right. Thisisbecausetheforce between
water molecules and charged solutes is strongly sensitive
totheorientation and related dynamics of water molecul es.

Fig. 5a—c A 3D representation of the same data asin Fig. 4. Sur-
faces of equal probability (left) are at P=1.6. Surfaces of equal SIF
contributions (right) areat 0.25 pN ina, and 0.8 pN inb and c. Dark
and light surfaces refer to attractive and repulsive contributions, re-
spectively. Graphics from SciAn (Pepke and Lyons 1993)
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Fig. 6 Left: projection on the figure plane of the trgjectory of the
tip of the SIF vector, throughout the MD run. Right: statistical dis-
tributions of SIF components along the sol ute-sol ute direction (dot-
ted lines: SIF on the solute to the left; continuous lines: SIF on the
solute to the right). Solute types and configurations as in Figs. 4
and 5. Note how the thermodynamic SIF value results from the av-
erage of large instantaneous values of opposite sign. The range of
instantaneous valuesis seen to be much larger in the case of charged
solutes
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Fig. 7a—c Time-resolved features of SIFs acting on the same so-
lutepairsasin Figs. 3, 4 and 5. a Normalized Fourier spectra. There
arefour essentially superposed continuouslinespeaked onzerocm™.
These lines refer to SIFs acting on uncharged solutes. They exhibit
a broad, bareley resolved shoulder due to translational vibration of
water. Continuous and broken lines with a pronounced peak in the
100-300 cm™ range refer to SIFs acting on the positively and neg-
atively charged solutes, respectively. The peak is due to an increase
in frequency and intensity of the translational band, demonstrating
more pronounced packing of hydration water, which istighter in the
case of negative charge. Note that the small band at about 700 cm™,
caused by water librations, isvisible in the case of anegative charge
only, asexpected. b Definition of singleimpulses | (1) and their per-
sistence time 7. ¢ Weighed distributions of positive and negative im-
pulses on each solute, vs. persistence time 7. Note that the duration
of impulses acting on uncharged solutes extends up to 3 ps, suggest-
ing a similar lower limit for permanence times of hydration water
mol ecul es. Inthe case of charged solutes, theimpul seduration should
instead be compared to the (much shorter) orientational time
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Fourier transforms of SIFsin Fig. 7aagree with thisview,
as they show peaks in the spectra of SIFs acting on the
charged solutes corresponding to translational vibrations
(in the 200 cm™ range) and librations (in the 700 cm™
range) of water molecules (Eisenberg and Kauzmann
1969). When comparing the translational peak observedin
the cases of negatively and positively charged solutes, we
seethat thefirst issignificantly shifted towards higher fre-
guency. In agreement with the hydration pattern data, this
reveal sthat water moleculesare moretightly bound to neg-
ative than to positive charges. Also, we see that the libra-
tional mode does not affect Fourier spectrain the case of
the positive charged solute: thisis because this mode only
involves motions of the positive charges of water mole-
cules, which are close to the solute when negatively
charged, but far from it when positively charged. Notably,
these features hardly appear in the spectrum of SIFs act-
ing on LJ solutes (irrespective of the presence and sign of
the charge on the partner solute). Thisfully agreeswith the
fact that such SIFsdepend only on the center-to-center dis-
tance between solute and water molecules. In Fig. 7c we
show the distribution of impulse durations, as defined in
“Methods” and illustrated in Fig. 7b. We see that impulse
durations in the case of uncharged LJ solutes go up to
3 psec or more, suggesting a similar lower limit for per-
manence times of hydration water molecules. In the case
of acharged solute, theduration of impul sesisinstead com-
parable with the much shorter orientational time. Thisis
seen to be shorter in the case of negative charge, so indi-
cating that hydration water molecules are in this case
trapped in steeper potential wells.

In summary, this first part of our results shows that:
i) adding an electric charge to one LJ solute of a pair can
changetheattractive hydrophaobic forcewithinthepair into
astrong repulsive force; ii) the origin of this strong effect
liesin the similarly strong attraction between the charged
solute and solvent molecules; iii) owing to the asymmet-
ric distribution of electric charges on water molecules, the
effect depends strongly on the sign of the charge; iv) time-
resolved features of instantaneous SIFs provide direct in-
formation on the dynamicsof hydration water, as perturbed
by solutes.

The above effects, particularly the charge-sign depen-
dence, are strictly related to the particulate nature of the
solvent, which must be taken into explicit consideration
for their full appreciation.

b) Effects of athird solute on pairwise hydrophobic
interactions

Further simulationsreveal strong effects of athird charged
or uncharged solute on hydrophobic interactions between
two solutes. Three solutes are now used, in the configura-
tion shown in Fig. 8 (inset). Solute 3 bears, in turn, anull,
positive or negative unit of electronic charge. In different
runs the 1—2 distance varies from 3.5 to 8 A, while the
third soluteis maintained in afixed position. Average val-
ues of SIF between solutes 1 and 2 (i.e. of components
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Fig. 8 Components along the 1-2 direction of average (thermody-
namic) SIFs between hydrophobic solutes 1 and 2, in the presence
of athird solute 3, in the configuration shown in theinset. Each point
isobtained from adifferent set of runsat the corresponding 1-2 dis-
tance. For all runs h=3.86 A. Data points refer to uncharged
(diamonds), positively charged (circles) and negatively charged (tri-
angles) solute 3. Lines through data points are only a guide to the
eye. The dotted line (redrawn from Fig. 1) is shown for comparison
purposes, as it refers to the case when solute 3 is absent

along the 1-2 direction of SIF acting on solutes 1 and 2)
are plotted in Fig. 8 as afunction of the 1-2 distance. We
seethat at d;_,<5.5 A the presence of athird uncharged LJ
solute boosts the hydrophobic attraction between 1 and 2.
The presence of acharge on solute 3 causesinstead astrong
and charge-sign dependent repulsive contribution, larger
in the case of a negative charge. At short distances, this
contribution weakens the hydrophobic attraction, while at
larger distances it adds to the (already repulsive) force.
Whether a solvent separated equilibrium configuration of
solutes 1 and 2 still exists when solute 3 is charged is not
clear from data presently available and more computing
effort would be required to make it clear. Simple inspec-
tion of areas encompassed by curvesin Fig. 8 shows, how-
ever that the negative part of the work necessary to bring
solutes 1 and 2 in the contact configuration is remarkably
increased by the presence of a charge on solute 3. In other
words, the hydrophobic contribution of the free energy of
the 1-2 pair is strongly reduced, and it might even become
unfavorable. If so, thevery concept of “ hydrophobic bond”
of two apolar groups would become questionable in the
presence of a charged group (particularly so if negatively
charged). Work to determine the full PMF curve is cur-
rently in progress. InFig. 9, 3D iso-surface representations
are used to show hydration patterns of the system and space
resolved contributions to SIFs (1-2) for the three charge
values (0, +q, —q) at a 1-2 distance of 5 A. Time-resolved
features of SIFs are similar to those for the solute pairs
(Figs. 6 and 7) and are therefore not shown.

Fig. 9a—c A 3D representation of total hydration (left) and of
space-resolved contributions (right) to the component along the 1-2
direction of average (thermodynamic) SIFsacting on solutes 1 and 2,
in the configuration shown in Fig. 8, inset. Thisfigure is analogous
toFig. 5andreferstod, ,=5 A. Solute 3isuncharged in a, positive-
ly charged in b, negatively charged in c. Surfaces of equal probabil-
ity are at P=1.6. Surfaces of equal SIF contributions are at 0.8 pN.
Dark and light surfaces refer to attractive and repulsive contribu-
tions, respectively. Graphics from SciAn (Pepke and Lyons 1993)

¢) SIFson acomposite solute, containing apolar and
charged elements

In Fig. 10—12 we show results concerning composite so-
lutes, containing 5 or 6 elements in fixed planar configu-
ration. In Fig. 10 all elements are uncharged LJ spheres
(for apartial report of thesedata, seeMartoranaet al. 1997).
The figure is organized in four pairs of panels, labeled a,
b, c, d. The top panel of each pair shows SIFs on each ele-
ment, computed additively (that isin the KSA) from data
forthepairsin Fig. 1. The bottom panel of each pair shows
true SIFs acting on each element, as obtained from ad hoc
MD runs. In Fig. 10a, the arrangement is an array of equi-
lateral triangles, at a nearest neighbor center-to-center dis-
tance of 4.6 A. The pairwise SIF between nearest neigh-
bours is seen from Fig. 1 to be 16 pN. At the largest dis-
tance (12.17 A, between elements 3 and 4) pairwise SIF as
well asdirect LJ-LJforces are zero. Large non-additivity
effects cause areinforcement of hydrophobic forceswhich
drivethe system towards hydrophobic collapse. In the next
panels b, ¢ and d, one of the elements is missing in turn.
In case b, the missing element is number 1. Non-additiv-
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Fig. 10a—d Average (thermodynamic) SIFsacting on each element
of acomposite solute, made of 5 or 6 LJ elements, in the planar con-
figuration shown. All nearest neighbor distancesare4.6 A. Thelarg-
est distance (between elements 3 and 4) is 12.17 A. In each pair of
panels, the one at the top shows the SIF vectors computed from pair-
wise data of Fig. 1, in the additivity hypothesis (corresponding to
Kirkwood’s superposition approximation). The bottom panel of each
pair shows the “true” SIF vectors obtained from MD simulations.
a 6-element composite solute. b Element 1 is missing. As a result,
particles 2, 5 and 6 are more strongly attracting each other. c Ele-
ment 2 is missing. Particle 3 is now driven away from other solute
elements and towards the solvent, despite its hydrophobic (apolar)
character. d Element 3 is missing. Compared with case a, SIF acting
on particle4 is stengthened by atransverse 10 pN contribution. Note
that the 3—4 distance is such as to rule out any direct or solvent in-
duced pairwise interaction. Differently stated, no force at all would
act on 3 and 4 in the absence of other solute elements. The observed
change reveals along-distance interaction occurring by way of are-
lay action through the interposed solutes, caused by the collective
character of hydration

ity enhances the drive on particles 2, 3, 5 and 6 towards
hydrophobic collapse, while it affects weakly SIF on par-
ticle 4. In case c, particle 2 is missing. Particle 3 is how
driven by SIF towards the solvent, despite its hydrophobic
character. In case d, the missing element is number 3. We
see that this causes a considerable change of the SIF vec-
tor on element 4 (a transverse 10 pN contribution) which
would not occur in the case of pairwise additivity, that is
in KSA. In orther words, an interaction between the dis-
tant elements 3 and 4 occurs at adistance sufficiently large
to rule out pairwise interactions of any kind. This interac-
tion is made possible by the presence of the intervening
particles 1, 2, 5 and 6. Aswe have already recalled, the or-
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Fig. 11a—c Average (thermodynamic) SIFs acting on elements of
the same composite solute asin Fig. 10a. Top: redrawn for compar-
ison purposes from Fig. 10a (all elements are uncharged). Centre:
element 3 bears a positive charge. Bottom: element 3 bears a nega-
tive charge. The effect of charges (stronger for the negative case) is
to enhance the drive towards hydrophobic collapse of elements 1, 2,
4,5,6

Fig. 12a—c A 3D representation (analogousto Fig. 5and Fig. 9) of
hydration (left) and of space resolved contributionsto average (ther-
modynamic) SIFs acting on elements 3 and 4 (right). The compos-
ite solute is as in Fig. 11. Top: al elements are uncharged. Centre:
element 3 bears a positive charge. Bottom: element 3 bears a nega-
tive charge. Surfaces of equal probability areat P=1.6 and at 0.5 pN,
respectively



192

igin of SIFs and of their non-additivity liesin the overlap
of hydration of individual elements and in the consequent
appearance of dGgyy, contributionsof different ordersinthe
total free energy of hydration (Eg. (1)). Therefore, the case
in Fig. 10d shows that arelay action transmitted self-con-
sistently along overlapping hydration regions of all solute
elements causes high-order 6Gg,, contributions and acon-
sequent significant extension of the range of solvent in-
duced interactions. Thisrelay action is closely related to
the context-dependence of individual SIFs, responsiblefor
reversingin some cases (asin Fig. 10c, but seealso thefol-
lowing section) individual SIFs. The resulting sign rever-
sal would appear counterintuitive on the grounds of expec-
tations based on widely accepted notions such as “hydro-
phobic” and “hydrophilic”. Its occurrence, however, is not
surprising in terms of non-zero high-order dGg,, terms.
These conclusions are endorsed and made clearer by
Fig. 11 where we show SIFs acting on each element of the
same composite solute when a positive or negative charge
is added to element 3. We see that the charged element is
driven away from the apolar part by a SIF which is larger
in the case of anegative charge. Thisagreeswith datacon-
cerning two-particle systemsin Figs. 1 and 2, and three-
particle systems, in Fig. 8. However, at variance with the
case of Fig. 8, we see that the group of apolar elementsis
more strongly driven towards hydrophobic collapse. Inthe
space resolved analysis visualized in Fig. 12, hydration
patterns and space resolved contributions to SIFs on ele-
ments 3 and 4 are compared for the three cases of a null,
positive and negative charge on element 3. Here again we
seethat relatively modest changes of hydration causelarge
changes of SIFs. Thisis because, as already noted, and as
visible from the right part of the figure, the net value of
SlFsisasmall difference of large opposite contributions.

d) SIFson aprotein, at single residue resolution

SIFs at single residue and at single side chain resolutions
have been obtained by MD simulation of bovine pancreatic
trypsininhibitor (BPTI) inwater. Results, already reported
elsewhere along with methods (Martorana et al. 1996 and
submitted), have shown marked effects of long-range cor-
relation and context dependence. These effects were seen
to be caused by the fact that the hydration pattern is not
uniquely determined by the specific character (charged,
polar, apolar) of each side chain, but rather collectively de-
termined by the whole protein. The context-dependenceis
such asto cause correlations of time-dependent SIFsat dis-
tances as large as the entire protein (up to 27 A). Also, in
afew significant cases, it causes a sign-reversal of SIFs,
with respect to expectations based on the specific charac-
ter of thesidechains, much asobservedinthemodel system
of Fig. 10c. As an example of this apparently counterin-
tuitivecontext dependence, weshow inFig. 13the SIF vec-
tor acting on similar groups (three identical hydrophobic
prolines) in different positions. From top to bottom, we ob-
serve a SIF directed towards the center of the protein (as
expected for proline), along the protein surface, or towards

Fig. 13 Average (thermodynamic) SIFs acting on (hydrophobic)
sidechains of prolines occupying three different sites of a protein
(BPTI), Top: SIFdriving Pro 13 away from the solvent, in agreement
with predictions based on the hydrophobic character of this residue.
Centre: SIF on Pro 8, essentially tangential to the protein surface,
not quite in agreement with predictions based on the hydrophobic-
ity of thisresidue. Bottom: SIF driving Pro 2 towards the solvent, at
oddswith predictions based on hydrophobicity of thisresidue. These
three cases show how the spatial context can riverse the hydropho-
bic force asif the given apolar element were hydrophilic. (From the
MD trajectory of Martorana et al. 1996)



the solvent (contrary to expectations and as would infact
be expected for a hydrophilic group). All together, these
results show very convincingly the context-dependence of
solute-solvent interactions. They also show how the col-
lective character of PMF and hydration in a complex
system such as a protein can cause, through arelay action
involving interposed solute, long-distance correlation and
interactions.

In closing this section it is in order to ask to what de-
gree of confidence can we take the collective character of
hydration and SIFs and their consequent properties evi-
denced here. We note that these features cannot be artifacts
dueto aparticular choice of water-water potentials. Infact,
they emerge from the data of Brugé et al. (1996) obtained
with the use of ST2, from results in sections a) b) and c)
obtained using TI1P4P, fromresultsinsectiond) andin Mar-
toranaet al. (1996) obtained with M CY. Use of flexible/po-
larizable potentials was not attempted, but it can be ex-
pected to emphasize non-linearity, modulability and long-
range extension of interactions.

Discussion and conclusions

The exquisite specificity of protein functional interactions
callsfor a complete understanding at atomic resolution of
al relevant interaction mechanisms. These include sol-
vent-induced interactions and Sl Fs because their work, as
already recalled, can have a central role in protein func-
tion and folding. Viewing SIFswithin clustered solute el e-
ments such as protein residues at single element/residue
resolution is therefore instrumental to our understanding
of how proteins fold and work. For this purpose, MD sim-
ulations with explicit solvent as used in the present work
are necessary. Thisisbecause truncations or averagings of
high order interactions used in theoretical treatments such
as of semidilute solutions (e.g. virial expansion) or in
highly efficient simulations will necessarily blur all fine
details. So, we do not expect such approximate treatments
to be always adequate on the microscopic scale and at the
concentrationswhich are significant in the case of specific
biological interactions. They are nevertheless adequate
whenever fine details are not required. In fact, a number
of experiments (San Biagio and Palma 1991; Sciortino
et al. 1993; Bulone et al. 1993; San Biagio et al. 1996a
and b) and theoretical models (de Gennes 1979; Dill et al.
1995) show that mean-field approaches can provide ade-
guate descriptions of biologically important gross grained
eventsin complex systems. Thisisbecausethe scalelength
of phenomena involved and the large number of interac-
tions present in such cases allows averaging (not ignor-
ing) non linear contributions. An approach in terms of av-
erage non additive effects has proved adequate down to the
scale of some 1,000 A?, for adetermination in quantitative
terms of the work of SIFsin the T-R transition of hemo-
globin (Buloneet al. 1991, 1992, 1993; Palmaet al. 1994).

Results in this work illustrate many novel or recently
elicited features of SIFs on the microscopic scale. These
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are: strong non additivity; extension of the range of action
of SIFs dueto interposed solute elements; modul ability of
hydrophobic forces by electric charges and its dependence
on charge sign. All these features are jointly due to the
strong many body character of hydration and PMF. Thus,
substitution of PMF for plain solute-solute potential does
not simply amount to the addition of a smooth contribu-
tion. Instead, the particulate nature of the solvent and the
great variety of its configurations endow SIFs and PMF
with a context-dependent character, not infrequently caus-
inglocally counterintuitive or unconventional interactions.
This agrees with and generalizes Anfinsen’s prescient
“thermodynamics hypothesis’, stating that the functional
folded form of a protein is one in which the free energy of
the whole systemis lowest (Anfinsen 1973). In this view,
optimization of the total free energy may well occur at the
expense of some unconventional local feature. That is, lo-
cal optimization of free energy in terms of the individual
character (hydrophobic/philic, charged) of each singleres-
iduetaken asinisolation doesnot necessarly coincidewith
global optimization. It follows that notions such as hydro-
phobic or hydrophilic interactions are certainly useful but
they should not be taken too strictly. Our studies on solutes
of diverse size and complexity show how the strongly col-
lective character extends in fact across a whole protein,
giving hydration and related SIFs acting on local sites a
very specific dependence upon the entire context of solute
elements around that site. In Figs. 10, ¢ and 13 this high
specificity of SIFs and the fact that they are not simply
amenable to additive effects of individual groupsisillus-
trated for diverse scale lengths. This leads us to conclude
that inter- and intra-biomolecular recognition can, not in-
frequently, occur along paths contradicting conventional
expectations based on local propertiesonly. Counter-intui-
tive steps of this type must be included in our predictive
approachesto issues such as protein functional recognition
and interaction, folding (including chaperoning), induced
pathological conformational changes and coagulation.
Giventhesizeof these effectsand of SIFsthemselves, there
isat present no reason for ruling out a central (if not nec-
essarily very frequent) role of such counter-intuitive steps.

The significance of the present results can be seen to
extend beyong the strong evidence for a need of diversi-
fied predictive approaches to inter- and intra-biomolecu-
lar recognition and interaction. For example, let us con-
sider the frequently observed, small and yet biologically
important non additivities of point mutation effectsin pro-
teins (Green and Shortle 1993; LiCata and Ackers 1995).
Since protein function involves conformational changesor
intermolecular encounters, it implies changes of total pro-
tein hydration and rel ated free energy changes, AGg,,. This
free energy change associated with the protein function
will contain contributions from all dGgy, terms of Eq. (1).
Mutations at even distant sites are therefore capable of al-
tering, non additively via related dGgy, terms, the AGgy,
value and thusthe function. Such long-distanceinteraction
via propagation of hydration perturbations is shown in
Figs. 10, 11 and 12. From these figures it can be inferred
that the strong many body character of hydration, PMF and
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Ggw provides a general molecular mechanism acting
through “some global elements of the protein”, as sought
by LiCata and Ackers (1995). The “globa elements’ are
the statistically populated configuration and dynamical
states of the two complex interacting systems: protein
+nH,0 (see Appendix and also Bulone et al. 1993; Palma
et al. 1993 and 1994).

Another significant example refersto resultsin Figs. 8,
9 and 11. These figures show the need for extending and
diversifying conventional, simplified approaches to the
causal understanding of ubiquitous functional concomi-
tance of changes of protein charges and conformation. A
paradigmatic case of such interdependenceisof coursethe
relation of phosphorylation to mechanical work. Another
exampleillustrating therolethat features of SIFspresented
here can have, is the crucia specificity of modular bind-
ing domainsfor pTyrinsignal transduction proteins. Inthis
case, binding specificity is modulable over a remarkable
span of three orders of magnitude, by just changing one
residue at a given site (Cohen et al. 1995).

In conclusion, this work illustrates properties of non-
additivity, modulability, context-dependence and long-
range action of solvent-induced forces and interaction, and
of their well known subset, hydrophobic interactions. The
ubiquitous presence of SIFs, the size of the work that they
can perform (to be compared, for example, with free en-
ergy values stabilizing protein conformation), and their so
far unrecognized character of high specificity and equally
specific modulability by electric charges, illustrate the
need for taking them into account in understanding protein
function in terms of basic physical laws.
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Appendix

Insight into the physical origin of SIFs and their unusua
properties can be provided if unambiguous definition is
given of statistically populated configurations of the solvent
(that is of its “structure”) and of their relation to Ggy,. AS
first recognized by Fisher (1964), structural characterization
of liquidsshould bedoneintermsof vibration-averaged con-
figurations(V-structurein theterminol ogy introduced by Ei-
senberg and Kauzmann 1969). Thisis also required for an
appropriate definition of the H-bond (Naberukhin 1981 and
1984) and for numerical studies concerning the H-bond net-
work (Hirataand Rossky 1981; Belch et al. 1981; Zichi and
Rossky 1985). Related approaches focus on frozen struc-
tures (Malenkov 1984; Medvedev et a. 1987; Malenkov
et a. 1987 and 1989) or inherent structures (Weber and Stil-
linger 1984; Stillinger 1988). Thelatter has been carried out
to provide an explicit expression for free energy (Stillinger
1988), particularly useful in the present case.

Water configuration can be viewed in ordinary geomet-
ric space as well as in the more abstract multidimensional
configuration space. Let us first consider the total poten-
tial energy of asystem of N molecules of bulk water. This
isafunction of nN configurational variables (nisthe num-
ber of degrees of freedom) and it can be thought of as a
“landscape” intherelated multidimensional space. Insuch
space, the set of water configurationscorrespondingto (rel -
ative) minimal of potential energy isreferred to as “inher-
ent structures” (Weber and Stillinger 1984; Stillinger
1988). The whole configurational space can be partitioned
into “basins” surrounding each minimum. The dynamics
of the system are described by the motion of the represen-
tative point of the system within basinsand hopping among
them. Hopping can be identified as structural relaxation
events (Tanaka and Ohmine 1989; Ohmine and Tanaka
1990). The time scale of the latter is determined by the
multiplicity of paths, distances and barriers among basins.
Under given thermodynamics conditions (say, N,V,T)
only asmall subset of basinsis populated with overwhelm-
ing probability. Their depths ¢, that is the potential ener-
gies at their minimal, fall within a very narrow range of
values (essentially the same for all of them). Their multi-
plicity is a function of ¢ and N, and can be expressed as
e?@N_Accordingly, the free energy of the system can be
written as

G(N,V,T)=¢—-NkgT 0 (9)+GCyirr (4, T) [Al]

where G, isafreeenergy contribution of vibrational mo-
tions within basins (Stillinger, 1988). Statistically popu-
lated basinsidentify statistically relevant solvent configu-
rationsin ordinary geometric space. Hopping among them
accounts for the homogeneous density of bulk water.

As a consequence of excluded volume and interaction
potential, a solute alters the landscape of potential energy
in the solvent configurational space. More precisely, it al-
tersthe set of populated basins (and related configurations
in the geometric space), their depth, multiplicity and dy-
namical contributions. These alterations involve the con-
figurationsof solvent moleculesdefining “ solvation” (“hy-
dration” inthe case of an agueous solvent). The consequent
free energy change is the hydration free energy, Ggy. In
most cases, the multiplicity of available basinsis expected
to be reduced by the presence of solutes, e.g. as a conse-
guence of excluded volume. This causes the known longer
residence time, altered enthalpy and dynamics, and lower
entropy of hydration water. The effect of a solute on the
energy landscape aready perturbed by other solutesis of
course not the same as in absence of other solutes and it
depends upon sol ute-sol ute distances and mutual configu-
rations. More precisely, and with reference to Egs. [1] and
[2] in the Introduction:

Gsw(1.2..., n)=[A¢—NkgTAG(9) +AGyin)(12..n) [A2]
and the SIF acting on the h-th soluteis
SIF,=—grad,[A¢—NkgTA0(9) +AGind 1.2... n) [A3]

These expressionsfor Gg,, and SIFshelpinvisualizing the
concept of SIFs as the solvent contribution to the thermo-



dynamic drive towards solute configurations minimizing
the overall solute-solvent free energy. We see from
Egs. (A1)—(A3) that such solute configurationscorrespond
to apotential energy landscape which ismore favorablein
term of depth and multiplicity of the statistically popul ated
subset of basin.

Itisof interest to compare expressions of SIFsin terms
of inherent structures (Egs. (A1)—(A3)) and of PMF. Let
us consider asystem of n solutesinfixed positions(r...r,)
and (N—n) solvent particles. Solute-solute PMF, ¥(r;...r,)
isimplicitely defined by the equation:

g"(ry...r)=exp[-(kg T) 2 ¥(ry...1r,)]
thatis
W=—kgT Ing"(ry...1,)

where g™(r,...r,)) is the n-particle solute-solute correla-
tion function. ¥isthe sum of adirect solute-solute poten-
tial, that we may disregard for the present purposes (asin-
dependent of solvent configurations), and of a solvent-in-
duced contribution. Its knowledge requires an expression
of g™ which in turn leads to a hierarchy of equations link-
ing g™ to solute-solvent correlation functions of increas-
ingorder (seee.g. Hill 1956; Croxton 1975). Handling such
a set of equations requires some kind of truncation of clo-
sure. In this statistical treatment the visualization of hy-
dration and related free energy and forcesremainsimplicit.
In a complementary way, inherent structures offer a uni-
fied, more explicit view of solute-solvent interactions, of
hydration and SIFs, in terms of the global alteration of the
configurational energy landscape.

[A4]
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