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Abstract: The solvation Gibbs energy of proteins is expressed in terms of its various 
ingredients (refs. 1,2). Estimation of the magnitude of these ingredients can lead to 
an estimate of the overall solvation Gibbs energy of the protein. As expected, the 
hydrophilic groups exposed to the solvent are mainly responsible for the solubility of 
the protein. However, we also found, unexpectedly, that correlation between 
hydrophilic groups on the surface of the protein can have a decisive contribution to 
the solvation Gibbs energy, and hence to the solubility of the protein. 

PINTRODUCTION 
We begin with a short introduction to solvation thermodynamics (refs. 1,2). We define the solvation pro- 
cess as the process of transferring a solute from some fixed point in an ideal gas phase, into a fixed point in 
the liquid. The process is being carried out at constant pressure P ,  temperature T and composition N. 
Using the most common variables, in solution chemisfry, namely P , T , N ,  we can write the chemical 
potential of the solute s in the ideal-gas, and in the liquid phases, as 

(1) 

(2) 

p: = p:’ + kT In psAs 1 3  

pf = pz8 + kT In pf AS 
where pi and pf are the number densities of s in the liquid and in the gaseous phases, respectively (note 
that these are not restricted to be small compared with the solvent density, as required in the conventional 
definition of the solvation Gibbs energies (ref. 1). A: is the momentum partition function, and it is 
assumed to be the same in the two phases. ps is referred to as the pseudo-chemical potential (PCP). It is 
defined in eq. (1) and eq. (2) for each phase. It should be noted that this quantity is different from the so 
called excess chemical potential. The latter is defined by 

(3) 
i.e., in Eq. (3) we extract the ideal-gas part of the chemical potential, which includes the term kT lnq,, 
where qs is the internal partition function of the solute s. In eqs. (1) and (2), only the translational (or the 
liberation (ref. 1)) part of the chemical potential is extracted from pi. 

Using statistical mechanical arguments it is easily shown that the Gibbs energy change for the solvation 
process as defined above is given by 

(4) 
For small solutes s, one can measure the solvation Gibbs energy (SGE) from the equilibrium partition of s 
between the two phases of 1 and g. This follows from the condition of equilibrium pi = puf, and from eqs. 
(1) and (2), i.e. 

Clearly, fo: large solute molecules, such as proteins, having no measurable vapor pressure, the determina- 
tion of AGs through relation (5) is not possible. Nevertheless, since the knowledge of the solvation Gibbs 
energies of proteins is essential for estimating the driving forces of biochemical processes involving pro- 
teins, we appeal to theoretical estimates of these quantities. We shall next describe our procedure of esti- 
mating the solvation Gibbs energies of proteins. 

pf = pi - pi8 = pi - [kT In pfA;qi1] 

AG:(g -+ 1 )  = Apz(g + I )  = p:‘ - pz8 

AG:(g I) = p:’ - pi8 = kT ln(pflpi),, (5 )  
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2. BUILDING UP THE COMPONENTS OF THE SOLVATION GIBBS ENERGY 
OF A GLOBULAR PROTEIN 
Proteins are large and very complicated molecules, having many different groups, each of which interact 
differently with water. Its smcture is also not fixed in time. All these make an estimate of the Gibbs energy 
of solvation an almost impossible task. We describe here the procedure we adopt to make such an estimate, 
or at least to identify the most important factors that contribute to the Gibbs energy of solvation. 

As our first step we can view the protein as a giant non-polar molecule. Clearly, it would be inappropriate 
to extrapolate the properties of such a large molecule of a diameter of about 50-80A from the properties of 
small non-polar molecules with a diameter of about 3-5&. A better way of viewing the protein, still as a 
giant non polar molecule, is as a cluster of, connected or disconnected, small molecules, closely packed to 
form a nearly spherical structure. Here, we can distinguish between two groups of molecules. Those that 
are exposed to the solvent, and those that are buried in the interior of the cluster, and therefore are not 
exposed to the solvent. Clearly, when the cluster becomes very large, the mI particles in the interior (I) will 
determine the volume of the cluster, whereas the m, particles on the surface(s) of the cluster will determine 
the surface area of the cluster. Accordingly, starting from the statistical mechanical expression for the sol- 
vation Gibbs energy (SGE) of a solute a (refs. 1,2), we write 

AG; = -kT In c exp[-PB,] >o 

= -kT In c exp[-,B(Bt +Bi)] >o 

= -kT I n  < exp[-PB:] >o -kT In < exp[-PBi] >H 
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Fig. 1 Calculated curves of solvation Gibbs energy as a function of the protein diameter, using 5% as the criteria in determining 
whether a HQI atom is exposed to the solvent. Curve 1 is the solvation Gibbs energy of cavity formation. In curve 2, the soft 
part of interaction between protein and the solvent is turned on. In curve 3, we further turn on the hydrogen bond part of interac- 
tion by treating all the HQI atoms as if they were independently solvated. In curve 4, we add the negative correlations among 
HQI atoms. Curve 5 is the total solvation Gibbs energy of protein, which results from the addition of positive correlations 
among HQI atoms to curve 4. 
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In eq. (6) we have simply rewritten the SGE of a, our hypothetical cluster, in two terms. The fisrt is due to 
the hard (H) - repulsive interaction between a and its surrounding solvent molecules. It can be shown that 
this term is equivalent to the work required to create a cavity, at some fixed position in the solvent, capable 
of accommodating the entire solute a. The second term on the r.h.s. of eq. (6) is the additional work asso- 
ciated with "turning on" the soft (S) part, or the van der Wads interaction between the solute and the sol- 
vent. Once the cluster, representing our hypothetical protein is large enough, it is mainly the m, particles 
that are exposed to the solvent that will interact with the solvent molecules through "soft" or van der Waals 
interaction. The cavity work is determined essentially by the total number of particles in the cluster. 

may be approximated by the scaled-particle-theory (ref. 3). Figure 1 shows the dependence of 
A G F  on the diameter of the cavity. It is clear that AG;' is everywhere positive and increases monotoni- 
cally with the size of the protei? Had we extrapolated from AG, of inert gas molecules we would have 
predicted negative values for AG,. In Fig. 1 we also show the contribution of the van der Waals interaction 
between the m, particles (on the surface) and the water molecules. Clearly, for large clusters of particles 
the relative contribution of the m, - surface particles becomes negligible compared with the volume of the 
entire clusters. This means that for very large clusters the SGE will be large and positive. Thus, modeling 
of a protein by a giant non-polar molecule is inadequate to explain the high solubility of proteins. Such an 
explanation must be obtained by including the groups, on the surface of the protein, that "interact favor- 
ably" with water. We shall be more precise in defining the term "interact favorably" below. First, we add to 
our model, as depicted in Fig. 1, some side-chains that we know that they do interact favorably with the 
solvent, but we assume that these groups are far apart from each other, so that their solvation spheres do 
not overlap. 

Since there are some 20 different side chains that could be exposed to the solvent, and since each of these 
could only be partially exposed to the solvent, we must deal with a very large number of possible groups - 
each of which interacts differently with the solvent. Therefore, in order to proceed we must make some 
drastic simplifications regarding the number of different groups that we are going to include in our analy- 
sis. We take only two representative groups, one referred to as hydrophobic (HW), which interacts unfa- 
vorably with water (see below) and the second, referred to as hydrophilic (H@I), which interacts favorably 
with water. At this stage it is also assumed that these groups are far apart from each other. 

We next address ourselves to the question of defining the term "interact favorably" with water. This is part 
of a more general question that has led to the construction of various "hydrophobicity scales". These scales 
assign numerical values to each of the amino acid, or to its side chain. These values are supposed to mea- 
sure the extent of the affinity of the particular amino acid towards water. In my opinion, none of these 
scales is satisfactory, and as we shall point out below, there can be no such scale that will be completely 
satisfactory. To see this, let us first ask what are we looking for, in constructing a hydrophobicity scale. In 
the context of the solvation properties of protein, we seek a quantity that measures the relative Contribution 
of each amino acid, or its side chain, to the solvation Gibbs energy of the entire protein. Unfortunately, 
there is no such quantity. The main reason for this is that the contribution of each side chain depends not 
only on the properties of that particular amino acid, but also on its neighbors, i.e., it depends on the envi- 
ronment in which that particular group is found. Clearly, the environment is different for different proteins. 

There is, however, one case for which one can construct an "ideal" hydrophobicity scale. This occurs when 
the side chains on the surface of the protein are independently solvated (see below for a more precise defi- 
nition, qualitatively we require here that the side chains that are exposed to the solvent be far apart from 
each other). In this case, eq. (6)  is extended to 

(7) 

This expansion can be easily obtained from the statistical mechanical expression for the SGE. Qualitatively 
it means that in order to solvate the protein a, we can first "turn on" the hard part of the solute-solvent 
interaction. Next we "turn on" the soft part of the interaction, and finally we "turn on" each of the side- 
chains exposed to the solvent. The latter part produces the sum over i in eq. (7). This is valid only for the 
case when the n side chains are independently solvated; In this case, eq. (7) already suggests a definition of 
the required hydrophobicity scale. The quantities AGk"" are referred to as the conditional SGE of the 
group i given that the hard (H) and soft (S) parts of the interaction have already been "turned on". If the 
groups are independently solvated then the quantities AG2IS*" depend on the type of the backbone, i.e., the 
hard and soft interactions, but not on the other groups that are exposed to the solvent. We can now say that 
a group i interacts favorably or unfavorabl with the solvent according to the value of AG2ISfl of that 
group. The more negative the value of AG$H, the larger will be the contribution of that group to the solu- 
bility of the protein. We stress that this assignment is meaningful only within the assumption of indepen- 
dence of the groups i. When the groups are not independently solvated the quantities AG ' I S s H  will in gen- 
eral depend on other groups in their vicinity. In such a case one cannot construct a hydrophobicity scale 
which assigns numerical values for each amino acid side-chain. To see this, and in order to obtain a precise 
definition of the concept of "independence" of the conditional SGE, consider the following simple 

AG; = AGLH + AG;?* -I- 5 AG2lsfl 
i- 1 
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example: Suppose that we have two side-chains, a and b exposed to the solvent, but which are close 
enough. Their contribution to the SGE of the entire protein is 

(8) 
where B ,  and Bb are the total binding energies of a and b to the solvent, the average being taken over all 
the configurations of the solvent molecules, given that the hard and soft parts (S,H) of the interaction are 
already "turned on". We shall say that the two groups a and b are independently solvated, whenever this 
average can be factored into a product of two averages, namely 

AG2.blS.H - - -kT In < exp[-pB, -pBb] >S,H 

< exp[-PBa - PBbl >SH=< exp[-pBaI >S.H< exp[-PBb] >S,H (9) 

Clearly, this occurs whenever the two groups are far apart (and therefore the two groups are uncorrelated in 
the probabilistic sense). Another way to write eq. (8) when the two groups are dependent is 

AG2.bIs.H - - -kT In[< exp[-PB,I >s,H< exP[-PBbl >S.H.al 

Compare this eq. (1 1) with the pyvious one (eq. 10). Here we first turn-on the group a. The correspond- 
ing contribution to the SGE is AG,"ISsH. Next, we turn on group b. Now, the corresponding contribution is 
not AG:b'S*H as in the case of independence (eq. lo), but it is a new conditional SGE, depending on S,H as 
well as on the presence of a. In view of the last equation, we can say that a and b are independently sol- 
vated when AG:bISfi*a is independent of condition "a", i.e., when condition "a" can be eliminated without 
affecting the SGE of b. 

It is now clear that if the side-chains, or functional groups that are exposed to the solvent are not indepen- 
dently solvated, there exists no hydrophobicity scale that will assign numerical values of hydrophobicity to 
the individual groups. The contribution of each group is strongly dependent on the other groups in its 
immediate vicinity. In the most general case, eq. (7) should be extended to read 

(12) 

where the fourth term on the r.h.s. of eq. (12) includes all pair correlations between groups. Higher order 
correlations must be taken in an exact expansion of the SGE. 

AG: = AG:H + AGLSlH + AG:lSpH + C AG2/'IS.H + . . . 
I 

3. ESTIMATION OF THE SGE OF GLOBULAR PROTEINS 
Having identified the various ingredients that contribute to the SGE of protein, we try to use all the infor- 
mation, theoretical or experimental, which is available to estimate the SGE of proteins. From the recently 
available data, we know that the conditional SGE of a HOO group, such as methyl or ethyl, is positive and 
relatively small. On the other hand, the conditional SGE of a HOI is negative and large, on the order of -7 
kcal/mol. Therefore we shall focus only on those HOI groups that are exposed to the solvent. 

In the first stage of our estimate of the contribution of all the HOI groups we assume that they are indepen- 
dently solvated. We then add the sum of all the contribution of these groups, using some criteria regarding 
the extent of exposure of each of these groups to the solvent. As expected, adding all the HOI groups 
changes the SGE curve from highly positive to slightly negative. This is equivalent to an increase of solu- 
bility. As an example, a fully solvated group Contributes about -7 kcaVmol to the SGE. This can be trans- 
lated into an increase in solubility on the order of exp[-7/0.6]-10'. This is a huge increment in the solubil- 
ity per one (independently solvated) HOI group. 

Next, we add pair correlations between pairs of Ha1 groups. With our limited information on these corre- 
lations we were obliged to use various simplifications to determine which pairs are positively and which 
are negatively correlated (ref. 4). Qualitative1 we expect to find negative correlations whenever two HOI 
groups are at a distance shorter than about 4621 The reason for such a negative correlation is that the pres- 
ence of one HOI group, close to a second HOI group may interface with the solvation of the second group. 
The possible loss of "favorable interaction" with the solvent, contributes positively to the SGE of he pro- 
tein. On the other hand, when the two HOI groups are at a range of distances between 4-51, the solvation 
of one group will enhance the solvation of the second group. This enhancement is due to the geome of 
hydrogen-bonding by water molecules. If the two groups are ideally located at a distance of about 4-2, a 
solvating water molecule can form a hydrogen-bonded bridge between these two HOI groups. It was esti- 
mated that this HOI effect may contribute about -2.5 kcal/mol. These positive correlations will make the 
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SGE of the protein more negative. It is seen From Fig. I that the contribution of positive pair correlations is 
far larger (in absolute magnitude) than the negative correlations. We have estimated that the contribution of 
each (ideal) positive correlation to the total SGE is on the order of exp[2.5/0.6] = 60. 

From this analysis we can arrive at the following conclusion: A large non-polar molecule will have an 
extremely low solubility (this is mainly due to the extensive work required to create the suitable cavity). 
Adding the independently solvated Ha1 group, brings the SGE of the protein to near-zero values, i.e., this 
eliminates much of the positive SGE due to the cavity work. Addition of pair correlations between Ha1 
groups gives rise to an additional negative contribution to the SGE. We suspect that these pair (and per- 
haps higher order) correlations are responsible for the large solubility of globular proteins. 
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