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Molecular recognition—viewed through the eyes of the solvent
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Abstract

The binding of a ligand. to a specific site on an adsorbent molecBlé usually studied within the lock-and-key

model. In this article we argue that the presence of an aqueous solvent may change dramatically the means by which

a ligand recognizes its binding site. The main factor, originating from the specific property of water, is the ability of
a water molecule to form a hydrogen-bond-bridge between a functional group awrd a functional group oR.
This factor will change the criterion for selecting the best binding site.
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1. Introduction

Binding processes are ubiquitous in biological
systemdq1—-4]. These range from binding of small
molecules, like drugs to plasma proteins to binding
of proteins to DNA. Most of these binding pro-
cesses are highly specific with respect to the
selection of the binding site.

How does a given ligand select the specific site,
on a relatively large surface of the adsorbent
molecule, on which it binds? This is the problem
of molecular recognition.

Almost all the studies of the means by which a
ligand molecule ‘recognizes’ the selected binding
site have focussed on thgomerry, or the form,
of the binding partner. The geometrical fit between
the ligand and the binding site lies at the heart of
the well known lock-and-key mode(Fig. 13,

*Tel.: +972 2651 3742; fax+972 265 85733.
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proposed more than 100 years ago by Emil Fischer
(1897 [1-3. Modern drug-design methodologies
are also based on the search for the best geomet-
rical fits between ligands and potential binding
sites[5-9.

Indeed, if one assumes that the major driving
forces for binding are weak van der Waals forces
[10], then the better the geometrical fit between
the ligand and the site, the larger the binding
constant. Hence, recognition of the best binding
site is equivalent to finding the site at which the
ligand—site interaction energy is the strongés.
lowest energy of the system of the two binding
partners.

This, very simple recognition model has evolved
through several more complicated recognition
models; one is by means of matching functional
groups(FG), such as the one depicted in Fig. 1b.
The second is the so-called induced-fit mof)].
The latter may be viewed as a generalization of
the lock-and-key model where the adsorbent mol-
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Fig. 1.(a) Lock-and-key model. Here the geometrical fit maximizes the van der Waals interaction bétaeel; (b) Recognition
by direct interaction through matching FG&;) Possible switch of preference for binding sites. In vacuum, site A is prefoek-
and-key model In water, site B becomes preferred, due to the formation of hydrogen-bond-bridge bétveeeP.

eculeP is assumed to be an equilibrated mixture same cannot be said fa&G(i). Only very recently
of conformers, each of which offering different an analysis of the ingredients that make A@(i)
binding sites to the ligand.. The process of has been undertakeli4,19. Yet, still very little
binding induces a shift in the equilibrium distri- is known on the relative magnitude of the various
bution of conformers-favoring the conformers with ingredients that contribute tAG(:).

the largest binding constaf]. The solvent-induced effect afnG(i) is defined
In all of these molecules, the driving forces for by the difference14,14
binding originates fromiirect interaction between 8G() = AG() — AU(P) (1.3

the ligandL and the site orP. The criterion for
selection of the best-binding-site is based on the In this article we explore some of the solvent
interaction energy between the ligand and tthe induced effects on molecular recognition. We shalll
site AU(i), namely see that switching from the energy criterion Eq.
: . (1.2) to the free energy criterion Eq.1.2), can
m,.mAU(l) (1.9 lead to switching the preference for the best
) ] ] binding sites. Fig. 1c shows schematically this
AU(i) is the change in the potential energy of gwitch of preferences. In vacuum site A is pre-
interaction when the ligand. is brought from ferred (by means of the lock-and-key modeln
infinite separation to the specific siieon P. (In the presence of the solvent site B becomes pre-

more general cases bdthandP can offer different  ferred due to solvent induced effects, discussed in
binding sites. This criterion is used either explic-  gegction 2.

itly or implicitly in most studies of molecular

recognition in model compoundd1-13. How- 2. Recognition by indirect, solvent-induced,
ever, most binding processes in living systems interactions

occur in a solvent, the major component of which

is water. In this case the criterion for selecting the  The general statistical mechanical expression for
best-binding-site [Eq. (1.1)] should be replaced the solvent-induced contribution thG (i) is [15]

by 3G(i) =
miinAG(i) (1.2 (exp[—BB(LP(N),

—kgT In
where AG(i) is the Gibbs energy change for the (expl—BB(LIDo(expl —BB(P)]),
same process of binding as described above. 2.1
While the ingredients that contribute tU(i) Here, kg is the Boltzmann constari, the absolute
are relatively well recognized and understood, the temperature ang =(kz7) . The quantityB(a)
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is the total interaction energy of a solutewith
all solvent moleculeghere, water molecules only
being at some specific configuratiorXV¥=
X1...Xy. This is defined as

B(a)= T U(X,.X)

i=1

(2.2

where U(X,, X,) is the pair potential between the
solutea and theith water molecule, being at some
specific configuratiorX; (this comprises both loca-
tion and orientation coordinates specifying the
configuration of theith moleculs.

In the denominator of Eq(2.1) we have the
binding energie®(L) andB(P) of the two solutes
L and P before they bind. In the numerator we
have the binding energ®(LP(i)) of the bound
pair LP at the specific sité. In all our discussions
we assume that botlh and P have a fixed
conformation[16]. The average, denoted k),
in Eq. (2.2) is over all the configurations of the
solvent moleculeghere in theT, V, N ensemble,
but in actual application the more appropridte
P, N ensemble should be usedhis is defined as

(b)o= J (X1 Xy)Po(X 1. X y)dX1...dX
(2.3

where Py(X,...X,) is the densitry distribution for
the configurations of allN solvent molecules,
before the solutea has been inserted into the
solvent, i.e.

exg —BUN(Xy1...Xy)]
Po(X .. Xy)=

f..fexp{— BUn(X1...Xy) |dXY
(2.9

The entire expression in Eq2.1) is the indirect
Gibbs energy changé.e. AG(i) —AU(3?)) for the
process of binding at sité Note that only the
numerator in Eq(2.1) depends on the sitg the
two average quantities in the denominator depend
only on the solvation of. andP in isolation, i.e.
before binding.

In terms of solvation Gibbs energied;(i) may
be expressed 445,117

3G())=AG*(LP()—AG*(P)—AG*(L) (2.5
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where AG"(a) is the solvation Gibbs energy of
the solutea [17].

Clearly, since the average quantities in E2.1)
involve integrals ovelN particles,(N being on the
order of Avogadro numbgy it is difficult, if not
impossible, to analyze the types and magnitudes
of the different solvent-induced effects hidden
within these integrals. Therefore, for the remainder
of this section we shall focus onto a very simple
‘solvent’; a single water molecule. This is clearly
an extremely simple solvent, for which a detailed
analysis of the integrals in Eg(2.1) can be
achieved. However, this is not a trivial ‘solvent’.
As we shall see below, the most important types
of solvent-induced effects of real liquid water can
be studied even for such a simple solvent. We
shall comment on some missing contributions and
their probable magnitudes—in real liquid water—
at the end of this sectio§Similar arguments were
employed recently in examining the solvent-
induced forces in the process of protein folding
[18].)

Each of the average quantities in E(R.1),
when applied to the one-water-mole-solvent, reduc-
es to

(exp—BB(a)])o= fexp[
—BB(a)]Po(X)dX,,  (2.6)

Since there is onlyne solvent molecule, the
binding energy Eq(2.2) reduces to

B(0)=U(X 0 Xo) 2.7

i.e. this is simply the solute—solvent pair interac-
tion and the density distribution for solvent config-
urations Eq.(2.4) reduces to

expl—BU,]
J'EXH —BU,4ldX,

1
8wV

PO(XW)= (28)

whereV is the volume of the systerfin the T, V,

N ensemblg and 8r? arises from the integration
over all possible orientations of a single water
molecule. The quantityX,/8w?V is the probabil-
ity of finding the solvent molecule w at some
configuration within the infinitesimal element
dX,, [15].
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Now, each of the pair interactions in E(R.7) (P(X¥/H)). In other words AG™' is the condi-
for a=L, P or LP(i) can be written as consisting rional Gibbs energy of solvation of the soft inter-
of three components action, given that the hard part of the interaction

 tH L 775 1 T7HB has already been turned on. Similarly, we next

UXaXw) =UTHUHU (2.9 ‘turn on’ the HB part of the pair potential/"®,
where U" is the strong repulsive part of the by letting ¢, change from zero to unity. The
interaction energy betweew at X, and the water  additional change in the Gibbs energy of solvation
molecule w, atX,,. US is the ‘soft’, or the van der is denoted bYAG™8/"S(«). This is thecondition-
Waals, interaction between a water molecule and al solvation Gibbs energy of the HB pagiven
a, and UM is the hydrogen-bondHB), part of that the soft and the hard parts of the potential
the interaction, this part operates between a waterhave already been turned on.
molecule and FG om, that can form HB's, such Substituting the solvation quantiti€sG” («) in
as carbonyl, carboyxl, amine, etc. We shall see Eq.(2.10 for a=L, P andLP(i) in Eq. (2.5 we
below that this part of the pair potential provides obtain the corresponding split &G(i) into the
the most important contribution t8G(:) in liquid following three terms

water. N S H( S/H(; HB/S.H( ;
Before analyzing the relative contributions of BG(1) =8G™(D)+3G¥M()) +3G () (212

these three parts of the interaction, we shall rewrite Now, we can analyze the various contributions to
any of the solvation quantities on the rhs of Eq. §G(;), according to Eq(2.12). We shall discuss

(2.5) in the form the first two terms briefly, since these are the less
AG*(a) = AG*™(0) + AG*5/M(a) important quantities. We shall devote more space
+ AG*HB/MS(¢) (2.10 to discuss the third term on the rhs of HQ.12).

Some details of the derivation of this identity
are given in Appendix A, and more can be found
in Refs. [15,17. Here, we shall only give a ) N
qualitative reasoning underlying this identity for  Each of the solvation quantities of the hard part,
any solutea in a solvent (any solvents, not for the special one-water-solvent, has the form
necessarily the simple one discussed in this sec-Eds.(2.6) and(2.8)
tion) for which the pair potential can be expressed
as a sum of the form Eq(2.9). The solvation exq—BAGj';H]=J'ex|q—[3UH(a)]PO(XW)dXW
Gibbs (or Helmholt2 energy, written in the form 83V —VEX)

Eqg. (2.10), can be rationalized as follows: suppose S

2.1. The hard part of 8G(i)

we rewrite Eq.(2.9) as 5;(2\/
U(X o Xw) =U"+ £,US+ e UH® (2.1D =1-= (213

We begin by ‘switching off' the soft and the HB
parts, i.e. by lettings; = ,=0. In which case only
the hard part of the potential is active. The solva-
tion Gibbs energy of the hard part only is
AG™(a). This is the first term on the rhs of Eq.
(2.10. Next, we ‘turn on’ the soft parUS, by keT
letting &, increase from zero to unity. This turning- 9G™() = 7(VE>|§<1'>—VEX—VEX)

on of US would result in a change in the solvation _ EX(:

Gibbs energy which we denote G/, It can =pAVE) (214

be shown(Appendix A) that this part is the same wherep is the pressuréof the ideal gaskgT/V)
type of an average quantity as in E@.3) but and AVEX(i) is the change in the excluded volume
instead ofP, one must use theonditional density upon binding at the siteé This quantity will always

where VEX is the excluded volume for the water
molecule produced by the solute[15].

Combining the three expressions fa=L, P,
LP(:), we obtain
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be negative, i.e. the excluded volume of the pair
LP at sitei is always smaller than the sum of the
excluded volumes of andP, separately. Clearly, s
this term depends only on the sizes and forms of S
the particles involved and not on any specific | /
property of water. When searching for the mini- L/
mum of 3G"(i) for different binding sites, we !
do not expect that variation &G"(i) would be OH
large. Some more details on this quantity can be
found in Ref.[15], p. 600.

2.2. The soft part of 8G(i)

The second term on the rhs of EQ.12) is due Fig. 2. Schematic representation of the interactions of a water
to turning-on the soft part of the solute—solvent molecule with the hydroxyl groups do.
interaction, given that the hard part of the inter-
action has already been turned on. One can show,groups distributed over the surface of the solute
using geometrical arguments as in the previous L.
subsection, that this term depends on the surface The corresponding contribution to the binding
aras of the various solutes, i.e. energy due to HB is written as

AGESH~ — A, (219 U= Y U"B(konX.) (2.17

koH

where A, is the surface area of the soluteand
g is some energy parameter, on the order of whereU"B(k,,,X,,) is the HB-interaction between
magnitude of the Lennard—Jones parameter the kth hydroxyl group and the water molecule at
between two small non polar solutes, say neon— X,,. Each of the terms on the rhs of ER.17)
methane, or methane—methane.The correspondinchas a very short range and strongly depends on
contribution todG() is the distance and relative orientation between the

S/HEN water molecule and the hydroxyl group. This is
3GY(D =~ elALpn ~Ap— Al (2.19 exactly the reason for claiming that this part of

We expect that this term will be positive, and the potential energy will be the most crucial for
its variation with the sitei will be small. More the selection of the specific binding sitdy the

details on this term may be found in R¢l5], p. water moleculg

601. To further analyze the general casedd¥™B(i)
would depend on the precise distribution of the

2.3. The hydrogen-bond part of 8G(i) FG on the surface of, P and LP(i). We have

recently made an approximate analysis of this kind

The third contribution t&8G(i) in Eq. (2.12) is to elucidate the factors that determine the relatively
due to turning on the HB contribution to the high solubility of globular proteingl9]. Here, we
interaction energies between a water molecule andshall limit ourselves to one representative example
the various solutes involved in the binding process. shown schematically in Fig. 2.
This contribution is likely to be not only the The most important step in the analysis of
largest in magnitude, but also the one that is 8G"® is to recognize three different types of FG’s
specific to water as a solvent. As we shall argue on the surface of. andP.
below, this term will be decisive in the selection In Fig. 3,L is the same solute as in Fig. 2, but
of the best binding sitéthrough the eyes of the here we enumerate the hydroxyl groups on the
solven). Fig. 2 shows schematically the interaction surface ofL by the numbers 1-4. In additon, we
between a water molecule and four hydroxyl added some hydroxyl groups on the surfacePpf
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Fig. 3. Same as Fig. 2, but the hydroxyl groupsLoare num-
bered 1-4. Some more hydroxyl groups are shémumbered
5-8) on P.

numbered 5-8. We now distinguish between the
following types of FGs on the surface of the
solutesL andP.

2.3.1. The external FGs

A. Ben-Naim / Biophysical Chemistry 101—102 (2002) 309-319

mally, one can show that such groups contribute
to the average quantities in the denominator of Eq.
(2.1), but not the the numerator of Eq2.1) (for
details, see Ref[15], p. 596. Earlier estimates
indicate that the loss of solvation of each FG, such
as OH or G=0 can contribute betweer-5 and
—6 kcal/mol to 8G(i). Normally such groups will
form direct HB with a FG orP, the energy of this
HB is part of AU(i), not of 3G(i).

2.3.3. The joint FGs

Once we have defined and characterized FGs as
external or internal, we can define all other FGs
as belonging to the joint group. Examples of such
FGs are the hydroxyl groups numbered 3, 4, 5 and
6. These FGs are solvated bdibhfore and after
the binding process. However, the extent of sol-
vation changes upon bindingNote that the sol-
vation of FG in the external regiafves not change
upon binding. The solvation of FG in the internal
region istotally lost upon binding) This change
could lead to either positive or negative contribu-

Representatives of the external FG's are num- tions to 8G(i). A positive contribution will occur
bered 1, 7 and 8. The characteristic properties of when the solvation of a FG say dnis partially
these FG's is that their solvation does not change hindered by a FG orP. It is negative when the

upon the formation of the paltP. The qualitative
reason is simple; a FG, sudfl) in Fig. 3, is
solvated by wateKeither real liquid water or the
one-water-molecule-solventWhen L binds toP
the conditional solvation Gibbs energy of this FG
will not change upon binding, hence, the contri-
bution of this FG todG(i) in Eq. (2.2) will cancel
out. A similar cancellation will occur for any FG
which is far away from the binding region between
L and P. Hence the Gibbs energy of the binding
process is not affected by these groups.

2.3.2. The internal FGs

We refer to the hydroxyl group numbered 2 in
Fig. 3 as aninternal FG. By internal we mean a
FG that is fully solvated wheh andP are isolated.
Oncel is bound toP, this FG becomes buried
within the complex formed by and P. Hence,
after the binding process, this FG is not exposed
to the solvent molecules. It is clear that upon
binding, the conditional solvation Gibbs energy of
any internal FG will be lost. This will have a large
positive contribution to the quantit3G(i). For-

solvation of a FG orL is enhanced by a FG on
P, We have recently shown that such an enhance-
ment of solvation will occur when a water mole-
cule (even our one-water-molecule-solveifdrms

a HB bridge between the two FGs. One water-
bridge between FGs 4 and 6 is shown in Fig. 3.
Numerical estimates indicate that under ideal con-
ditions such a HB bridge could contribute approx-
imately —2.5 to —3 kcal/mol [15]. This type of
contribution has been referred to as hydrophilic
interaction between the two hydrophi{©H) FG.

We believe that this particular solvent-induced
effect is one of the most important factors that
determine the strength of the binding Gibbs energy
betweenL andP.

Of course, in the case of a one-water-molecule-
solvent the possibility of finding a solvent mole-
cule at the right location and orientation to form
such a HB is very small. It is clearly much larger
in a real solvent where the local density of water
molecules around the FGs is much larges].

The two FG, say 3 and 5 in Fig. 3, that were
independently solvated before the binding, become
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correlated after the binding process. Clearly, there be formed. Here, the best binding site is the site
could be also a correlation between three and evenat which twodirect HBs can be formed between

four FGs due to the solvation by water molecules.
(These are discussed in REE5], p. 628 and 666.

In the above discussion we have listed the main
contributions of the solvation to the Gibbs energy
of binding. We have used a very simplified solvent
constituting a single water molecule. However, the

the ligandL and the surfacéthis site is denoted
A in Fig. 4b). If each HB contributes approxi-
mately 6 kcafmol to the interaction energy, then
the ratio of the probability of binding to the site
whererwo HBs are formed relatively to the prob-
ability of binding to a site where onlyne HB is

main picture does not change much when dealing fgrmed is

with a real solvent, at normal liquid densities. We

have pointed out that the major difference between

our simplified solvent and a real aqueous solvent
is the considerably enhanced probability of finding
a water molecule suitably located and oriented to
form a HB bridge.

There is one important new effect in a real
solvent that does not feature in our simple solvent.
This is the possibility of the formation of two, or
three, water molecule HB-bridges. Clearly, in our
simplified solvent, HB-bridges can be formed only
by a single water molecule. It has been shown,
however, that HB-bridges involving two or more
water molecules are not likely to contribute signif-
icantly to 3G(i) [15].

3. A simple two-dimensional example

Consider a ligand travelling along the ‘surface’
of an adsorbent molecule in a two-dimensional
system depicted in Fig. 4a. If only weak van der
Waals forces are operating betwderand P, then
the interaction energy is determined by the size of
the contact ‘area’ betweeh and P. Clearly the
site D is the preferable binding site-this is also the
site where the best geometrical fit betwederand
P is achieved.

Now, suppose that the surface and the ligand

are featureless, as far as their geometry is con-

cerned. This means that when the ligdndravels
along the surface, the interaction energy is con-
stant, and there is no preferential binding site.
Now, we place some FG such as hydrox@H)

or carbonyl(C=0) along the surface, Fig. 4b. We
distinguish between a FG that can be a dotr
for HB, such as OH or NH, and an accept@

for HB, such as &0O. The ligandL travelling
along the surface will bind most strongly to the
site at which the maximum number of HBs can

P(2HB) 6 ]_ 4
P(1HB) exr{o'6}~2><10
Thus, for all practical purposes we can view the
two-HB-site as the only binding site for this
system. Note that in this example we have consid-
ered only thepattern of FGs on the surface, not
the geometry of the surface. The recognition has
been achieved by matching pairs of FGs on the
interface betweeh andP.

Now we take the same system lofand P, with
the same distribution of FGs as in Fig. 4b. We
immerse the system in water, and consider again
the potential sites for binding. There are two major
modifications that result from switching from the
energy criterion Eq.(1.1) to the free energy
criterion Eqg. (1.2). In the latter case, the best
binding site is the one for which the interaction
free energy is the lowest. The first modification
applies to the direct HBs we have discussed above.
Instead of the HBenergy, estimated to be approx-
imately —6 kcal/mol, we now have the HBree
energy, estimated to be approximately1.5 kca)/
mol, clearly providing a far weaker interaction
between the ligand and the surfa¢#5]. The
qualitative reason for this reduction in the inter-
action is simple. Before the binding occurs, each
FG (either d or a is fully solvated by the solvent.
Upon binding, this solvation free energy is lost
(partially or totally, depending on the extent of
exposure to the solvent of the pair of PGFhus
the gain of HB energy is partially compensated by
the loss of the solvation free energy of the two
FGs. A rough estimate indicates that the net free
energy change per one direct HB is approximately
—1.5 kcal/mol (more details on this can be found
in Refs.[14,19).

3.1
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Fig. 4. (a) Selection of site D as a binding site by means of the lock-and-key méaeBelection of site A for binding by means
of direct hydrogen-bonds betweénandP; (c) Selection of site B for binding by both direct and indirect interactions.

The second modification is due to indirect inter- orientation of the FGscan contribute between
action between FGs that are not in the interface 2.5 and —3 kcal/mol to §G(i), thus for the
betweenL andP. These are pairs of FGs that can specific example of Fig. 4c we can estimate that
interact by means of HB-bridge formed by a water in the absence of the solvent the best binding site
molecule. Two such pairs of FGs are indicated in (denoted A in Fig. 4bis due to the formation of
Fig. 4c. It should be noted that these pairs of FGs two direct HB, contributing approximately-12
do not contribute to thelirect interaction (since kcal/mol to AU(P). In a solvent, the same site will
they are relatively far apartand enter into play have a binding free energy of interaction of
only in the presence of the solvent. The details of approximately—3 kcal/mol. On the other hand,
such an indirect interaction mediated by the solvent the site indicated B in Fig. 4c will contribute
has been discussed in great in Refst,15. Here, approximately— 1.5 kca)/mol for the HB between
we note only that each HB-bridge connecting two the two FGs at the interface betwekerandP, and
such FGs, under ideal configurati¢distance and in addition, two HB-bridges will contribute
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approximately—5 kcal/mol. Altogether the pref- tured most of the important solvent-induced
erence for binding to the new sif@lenoted B in effects. Of course, in a real binding process both
Fig. 40 relative to the previous one is the direct and the indirect interactions operate
approximately simultaneously in recognizing the best binding site.
. . For any specific binding system one should take
P(2HB brldges+1 direct HB) into account both the geometry of the surface as
P(2 direct HB) well as the distribution of FG on both the ligand
+5+1.5-3 L and the adsorbent molecule This principle
= F{ 0.6 ]~340 3.2 applies also for more complicated processes such

] ] ~_ as self assembly of subunits to form macro bio-
Clearly, in the absence of solvent, site A in Fig. chemical molecule§20].

4b in the preferred site for binding. In the presence
of the solvent, there is a switch to the preference acknowledgments
of site B relative to A.

It should be noted that in both cases the selection  tnis work was partially supported by a grant
of the preferred site is determined by the distri- £, INTAS number 1899. for which the author
bution of FGs on the surface d® and L, the is most grateful. '
criterion for the selection of the best binding site
is different when the direct interaction mode is
operating and when indirect interactions are
involved, i.e. recognition viewed via the eyes of
the solvent. In the absence of the solvent we must
count only the the number of matching FGs in the
interface region betweeh andP. Viewed by the
eyes of the solvent, we must count both matching
groups in the interface, as well as HB-bridges
formed by FG that are far from the interaction
betweenL and P, i.e. FGs belonging to the joint
region (Section 2.

Appendix A: Solvation and conditional solva-
tion of Gibbs energies

In Section 2 we have written the solvation Gibbs
energy of a solutex as consisting of three terms,
corresponding to the three terms of the pair poten-
tial U(X,, X,,) given in Eq.(2.9). We derive here
the expression for the solvation Helmholtz energy
of a solutea in any solvent havingV solvent
molecules. We assume that the intermolecular
potential energy may be written as a sum of two
contributions

U(X 0 X3) =UR(X (X)) +USX 0 X)) (A.1)

The solvation Helmholtz energy of is

4, Conclusion

Most of the theoretical work done on the factors
involved in binding processes have focused on the
direct interaction between the ligand and the bind- "
ing sites. These interactions are at the heart of the A30a = —ksT’ In<exr{
lock-and-key model, either as in its original for-

mulation or in one of the new variants. —BiU(Xin)}>
The indirect, or the solvent-induced effect, has -1 o
largely been neglected. The reason is that these — kT In/ex
effects are very difficult to analyze and it is almost 5 < ’{
impossible to estimate their magnitude. We have H
argued that solvent-induced effects could be large, _BZU (Xa,Xi)}exp{
and perhaps even decisive in selecting the best ’
binding-site. We have discussed some of the sol- _BZUS(Xth)D (A.2)
vent-induced effects for a highly simplified solvent ! °
consisting of asingle water molecule. We believe The two factors under the average sign are not

that even in this simplified solvent we have cap- independent. Therefore, the average of the product
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cannot be factored into products of two average

P(XV Xy
guantities. Instead, we proceed by rewriting the P(X"/Xu)=—1——

average quantity in EqA.2) as follows

Jexp{— BB+ BI|Po(XN)dX ™
exgd— BB lexd— BUAdXY | exd—BBSexd—BB"—BU yJdXY

Iexq —BU yJdXY J'exnf BBMexpd — BU y|dXY
= =(exd—BB")),(exd—BBY), (A.3)

In Eg. (A.3) we used a shorthand notation for
B"Y and BS, as the total binding energies due to
the hard and the soft parts of the interaction
energies, and/ for the total interaction energies
among all N solvent molecules, being at some
specific configurationX,...X,. The first average
on the rhs of Eq.A.3) is the average over the
hard part of the interaction energy, with the density

P(Xy)
exq - BUN - BBH]

(A.6)
fexq —BU y— BB |dXY

This is the density distribution used in the
second average quantity on the rhs of E4.3).

Translating Eg.(A.3) into solvation Helmholtz
energy, leads to

AGE=AGH+AG*S/M (A.7)

In words, instead of solvating in one step, we
first solvate the hard part of the solute—solvent
interaction. Then, we solvate the soft part—but
now this is a conditional solvation, since the hard

part of the interaction has already been turned on.

distribution of the pure solvenB,(X"), hence the
P o(XY), Clearly, one can extend the same argument for

subscript 0. The second average is a conditional

average, i.e. it is an average of the quantity[exp
BB3] with the conditional density(X,...Xy/X5)
of all the configurations solvent moleculegpen

any number of terms in the pair potential such as
three terms in Eq(2.9), and for a more general
case, as discussed in Section 2.
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