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Abstract

The evolution of concepts developed in the study of the hydrophobic affect is surveyed, within the more general
context of solvent-induced effects. A systematic analysis of the solvent-induced contribution to the driving force for
the process of protein folding has led to two important modifications in our understanding of these effects. First, the
conventional concepts of hydrophobicsolvation and hydrophobicinteractions had to be replaced by their respective
conditional effects. Second, each of the hydrophobic effects has also a corresponding hydrophilic counterpart. Some
of the latter effects could contribute significantly to the total driving force for the process of protein folding, and
perhaps even dominate the driving force for biochemical processes.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

I met Dr Kauzmann in one of the first Gordon
conferences on Water in the late 1960s. It was
during our long walks through the woods of New
Hampshire that I first learned about hydrophobic
interactions—or rather—hydrophobic bonds, as
referred to in those days. It was Dr Kauzmann
who suggested and encouraged me to write a book
on the theory of liquid waterw1x. In this book I
dedicated the last chapter 1974 to review what
was known at that time on the subject of hydro-
phobic interactions. After writing the book, I have
continued to work on the problem of hydrophobic
interactions for almost fifteen years, continually
corresponding and discussing the subject with Dr
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Kauzmann. This period has ended with my writing
of a book on hydrophobic interactions in 1980w2x.

In this paper I would like to review the evolution
of the concepts associated with the so-called
hydrophobic effect.
The term Hydrophobic bond was coined by

Kauzmann in his 1959 review articlew3x entitled:
‘Some factors in the interpretation of protein dena-
turation’. During those years this concept has
evolved and mutated into quite a few related
concepts.
In the next section we shall survey four model-

systems that were designed for studying specifi-
cally the hydrophobic phenomena. In Section 3,
we turn to a general definition of the solvent-
induced contribution to the free energy of any
process taking place in a solvent. In Section 4, we
shall discuss the result of an analysis of all possible
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Fig. 1. A non-polar solute is transferred from an organic liquid
into water.

solvent-induced effects for the specific process of
protein folding. Among these we shall see that
Kauzmann’s model does not feature, but a close
relative of this model is identified. In addition, we
find other solvent-induced effects, which may be
classified either as hydrophobic or as hydrophilic
effects. As we shall see, some of the latter could
contribute significantly and perhaps even domi-
nantly, to the driving force for biochemical
processes.

2. Model-systems designed for studying solvent-
induced contributions to the driving force of
protein folding

In this section, we review some of the most
basic models that have been used in the study of
the hydrophobic effects.

2.1. Kauzmann’s model

Kauzmann was obviously puzzled by the fact
that some proteins after being denatured, either by
increasing the temperature or by addition of a
cosolvent, can refold back(or renature) into their
original, active form. How does the protein ‘know’
to refold, from a highly random configuration, into
a precise three-dimensional structure, in a surpris-
ingly short time? Moreover, why does this highly-
specific process occur only in aqueous media?
Posing the same question in physical-chemical

terms: what is the source of the large negative free
energy that drives the process of refolding? More
specifically, what is the contribution of the water
to this driving force?
The first serious attempt to answer these ques-

tions was undertaken by Kauzmann in 1959. Kauz-
mann reviewed all possible factors that might be
contributing to the driving force for the process of
refolding.
Following a comment made previously by Kirk-

wood in 1954w4,5x, on the possible role of the
solvent in such processes, Kauzmann brought for-
ward the idea of the hydrophobic bond, which, at
that time, was conceived as the tendency of non-
polar solutes to adhere to each other in aqueous
media.

The main reason underlying Kauzmann’s model
is the following:
It was known that the solubility of a non-polar

solute is extremely low in water, compared with
the solubility of the same solute in an organic
liquid. This may be translated into free energies
as follows: Consider the transfer of a simple solute,
say argon or methane, from an organic liquid, say,
ethanol or dioxane, into water. The process is
schematically shown in Fig. 1. The very low
tendency of the non-polar solute to dissolve in
water, relative to an organic liquid, is equivalent
to a large positive change in the free energy of the
processes depicted in Fig. 1. Kauzmann noted that
in the process of protein folding, many non-polar
groups, attached to the backbone of the protein
that are initially exposed to the solvent become
buried in the interior of the protein in the folded
form. These non-polar groups that are initially
solvated by water, become ‘solvated’ by the envi-
ronment of the interior of the protein, in the final
folded form.
Hence, Kauzmann argued, the whole process of

protein folding can be viewed as a reversal of the
process depicted in Fig. 1. Thus, if each non-polar
side chain that is transferred from water to the
interior of the protein contributes a few kcalymol
to the total driving force, one can expect a very
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Fig. 2. Two non-polar molecules approaching each other on
water.

large negative free energy change originating from
all the non-polar side chains being transferred into
the interior of the protein, in the folding process.
This is essentially the Kauzmann’s model for the
hydrophobic effect. This model has dominated the
biochemical literature for almost thirty years. It
obviously provided a simple, though ill under-
stood, explanation for the driving force for many
biochemical processes including protein folding,
protein–protein association and binding of small
ligands to proteins.
In spite of the overwhelming acceptance of the

Kauzmann’s model, there remained two disturbing
questions that could not be resolved with what
was known at that time.
First, to what extent is Kauzmann’s model

appropriate for estimating the contribution of each
non-polar side-chain to the total free energy of the
process of protein folding? Second, how do we
know that this particular effect is the most impor-
tant contribution to the overall free energy change
in the entire process of protein folding? In fact,
the first question consists of two parts: one, con-
cerning the choice of the appropriate solute-mole-
cule to represent the non-polar group being
transferred into the interior of the protein. The
second concerns the choice of the appropriate
organic liquid, which is supposed to represent the
environment of the interior of the protein.
It should be noted that the solvation free energy

is indeed a measure of the extent of affinity
between the solute and the solvent. However, non-
polar groups hung on the protein are not solvated
solely by water. They are, by definition, attached
to the backbone of the protein. Hence, they are
only partially solvated by the solvent. This, in
turn, has a significant effect on the solvation free
energy of these groups.
These questions clearly could not be answered

before a complete analysis of all possible solvent-
induced effects, as well as detailed structures of
both folded and unfolded states, became available.
We shall return to discuss these questions in
Section 4.

2.2. Hydrophobic interaction

The second model introduced and studied in the
early 1970s is the pairwise interaction between

two simple non-polar solutes in waterw6,7x. This
has required redefinition of the hydrophobic effect,
from solvation of a single solute molecule to
interactions between two or more solutes in water.
The main idea behind this new model was simple.
The transfer of a non-polar solute as depicted in
Fig. 1, models the extreme process, where a non-
polar group is transferred from an aqueous envi-
ronment into an organic-liquid-like environment.
However, in a real protein folding processes, as
well as in many other biochemical processes, polar
groups do not always loseall their solvation in
water and acquire a new solvation environment.
Instead, we often observe non-polar groups
approaching each other in water, where onlypart
of their solvation by water is eliminated. This case
is illustrated in Fig. 2.
The main question posed here is whether one

can detect a strong tendency for the two solutes to
adhere to each other in water, as compared with
other solvent? To answer this question it was
suggestedw6,7x to study the Gibbs free energy of
the system,G(R), of two non-polar groups in
water as a function of their relative distanceR, as
illustrated in Fig. 2. Knowing the functionG(R)
would tell us all we need to know on this system.
At that time there was no way to compute the
function G(R), the simulation techniques were in
their infancy and the experimental data were very
scarce and were not directly relevant to this prob-
lem. For instance, Scheraga and his groupw8x
studied the dimerization free energies of carboxylic
acids in water. Kozak et al.w9x studied the second
osmotic virial coefficient of some molecules in
aqueous solutions, such as alcohol carboxylic
acids. Although some qualitative information on
hydrophobic interaction could be extracted from
these data, these methods were obviously not
adequate. The reason is that these types of mole-
cules have both a hydrophobic group and a hydro-
philic group. Hence, both the dimerization free
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Fig. 3. Two methane molecules are brought from infinite separation to a very short distance, then replaced by one ethane molecule.

Fig. 4. A non-polar solute, attached to a backbone(BB), is
transferred from vacuum into water.

energy, and the virial coefficients include contri-
butions from hydrophobic interactions as well as
hydrophilic interactions; the separation between
the two contributions is not possible(these studies
were critically reviewed in Ref.w1x. There was
clearly a need for a genuine measure of the extent
of association(‘dimerization’) of two strictly non-
polar solutes in water.
Information on this aspect of the problem started

to accumulate, first from experimental sourcesw6x,
then from theoreticalw10,11x and simulated cal-
culations w12–14x. It should be noted that the
function G(R), i.e. the free energy of the system
as a function of the distance between the two non-
polar groups, could not be obtained experimentally.
Since the solubility of non-polar solutes such as
methane or argon is extremely low in water, one
cannot expect to detect any measurable amount of
‘dimers’ in liquid water. However, simulation of
aqueous solutions of simple non-polar molecules

became available. Once we have the function
G(R), one can simply define a ‘dimer’ as the two
molecules(or atoms) at a distanceR. Thus, the
function G(R) may be interpreted as the free
energy of ‘dimerization’, in the sense of the free
energy required to form a ‘dimer’(i.e. the two
monomers at a distanceR), from the two mono-
mers at infinite separation.
In spite of these difficulties it was possible to

obtain a great deal of information on hydrophobic
interactions between pairs, triplets, etc. of non-
polar groups in water by replacing a pair of say
methane molecules at very short separation, by
one ethane moleculew6,7x. The trick is to ‘fool’,
so to speak, the solvent into ‘thinking’ that the
pair of methane molecules at very short distance
is indistinguishable from a single ethane molecule.
Thus, instead of the required, but unavailable free
energy changes:

G(at R)-G(at infinity), one could use the exper-
imental data on the solvation of methane and
ethane, namely . This process* *DG y2DGethane methane

is described schematically in Fig. 3.

2.3. Conditional solvation of a non-polar solute in
water; a modified Kauzmann’s model

As we mentioned above, Kauzmann’s model for
studying hydrophobic phenomena dealt with an
extreme process: i.e. when the solute loses its
solvation upon transfer from water into an organic
liquid. However, when detailed analysis is made
of all solvent effects on protein folding, one finds
that this model is not adequate for two reasons.
First, the non-polar groups in the unfolded form
of the protein are not fully solvated by water. They
are only partially exposed to the solvent. Second,
the groups being transferred into the interior of the
protein is not solvated by the protein. It does
interact with other parts of the protein, but this
interaction is already taken care of by the energy
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Fig. 5. Two non-polar molecules attached to a backbone(BB)
approaching each other in water.

change in the process, and is not part of the
solvent-induced effect. What remains is thecon-
ditional solvation of a non-polar group. Fig. 4
shows a modified Kauzmann’s model. The modi-
fied process is now used as a model to the study
of the contribution of a single non-polar group
being transferred from the unfolded form into the
interior of the protein.
The two main differences between the processes

of Fig. 1 and Fig. 4 are the following: First, the
organic liquid solvating the group is replaced by
vacuum. Secondly, the non-polar group is trans-
ferred not to pure liquid water, but to a point
adjacent to the backbone of a protein. It should be
noted that these two modifications to Kauzmann’s
model result from the general analysis of all the
possible solvent-induced effects, details of which
may be found elsewherew7x. These new models
have also changed significantly our estimate of the
magnitude of the hydrophobic effect as predicted
by Kauzmann’s model.
The method of obtaining information on the

conditional solvation free energies is quite different
from the one used to obtain the transfer free
energies. In the latter, the free energy change
associated with the process of Fig. 1 is obtained
from the following difference in solvation free
energies: * *DG in wateryDG in organicŽ . Žsolute solute

. On the other hand, the conditional solva-liquid.
tion free-energy of a non-polar group attached
to a backbone (Fig. 4), is obtained from
the difference: *DG yDGbackbone with the group backbone

. Here, the solvation frees energies of*
without the group

the backbone with and without the group is both
evaluated in water. The ‘organic liquid’ does not
feature in this quantity. It has been found that
these two quantities as defined above could differ
by one or even two orders of magnitudew7x.

2.4. Conditional pairwise hydrophobic interac-
tions; intramolecular hydrophobic interactions

We have seen in the last paragraph that Kauz-
mann’s model for solvation has been modified into
a conditional free energy of solvation. Similarly,
we need to modify the models for studying pair-
wise (or higher order) hydrophobic interactions.
The reason for the modification is the same as

before. Two non-polar groups approaching each
other in the folded form of the protein are not
‘free’ solute, as implied by the model studied in
Fig. 2. Instead, we recognize the fact that the two
groups are attached to a backbone in both the
initial and the final state of the protein-folding
process. Thus, instead of the model used in Fig.
2, we need to study the modified model depicted
in Fig. 5. Here we follow the free energy of the
system of two groups attached to a backbone as a
function of their separation.
A great deal of information has been accumu-

lated on the functionG(R) pertaining to Fig. 2,
but none is known at present on the functionG(R)
pertaining to Fig. 5.
Instead, limited information on the conditional

hydrophobic interaction(previously referred to as
intramolecular hydrophobic interaction) has been
obtained for a specific distance and a specific
backbonew6,7x. Two examples of such models
w15,16x are shown in Fig. 6. The two models are
designed to provide the same information. In the
first process(I), we transfer a methyl group from
the para(4) position to the ortho(2) position with
respect to a methyl group already situated at
position (1). Note that this process involves also
changes in the internal energy of the molecule.
However, when we do the same process once in
vacuum and once in the liquid we can eliminate
the changes in the internal energy, and we are left
with solvent effect only on this process.
The quantityDG yDG is thus a measure of1,2 1,4

the indirect or solvent-induced contribution to the
change in the free energy of the process I in Fig.
6. If we further assume that the two methyl groups
at the 1, 4 positions are far away(‘infinity’ ) from
each other, i.e. if we can assume that the correla-
tion between the two methyl groups at this distance
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Fig. 6. Two models for studying conditional pairwise hydrophobic interactions(or intramolecular hydrophobic interactions).

Fig. 7. Thermodynamic cycle shows the relations between the
quantities in Eq.(3.7).

is negligible, then we can interpret the measurable
quantity as the intramolecular hydrophobic inter-
action at the ortho position. This approximation is
confirmed by the second model process depicted
in Fig. 6 (process II), where now we transfer a
methyl group from toluene(i.e. a singly methyl-
ated benzene ring), to another toluene molecule at
position 2. The indirect part of the free energy
change for this process isDG y2DG , Where1,2 1

DG is the solvation free energy of the toluene1

molecule. The approximate values obtained for the
two processes indicate that the correlation between
the two methyl groups at the para(1,4) positions
is indeed negligible.

2.5. Conditional higher-order hydrophobic
interactions

So far, we have seen four different model
systems that were used to study hydrophobic
phenomena. The first two were ad-hoc models
suggested long before a general analysis of all
possible solvent-induced effects has been undertak-
en. Once this analysis has been carried outw7,17x,
it became clear that these ad-hoc model-systems
should be modified to take into account the pres-
ence of the backbone. This has a significant effect
on the solvation of the attached side chains. Clearly
one cannot stop at pairwise hydrophobic interac-
tions. Indeed, several studies of hydrophobic inter-
actions among three or more solutes have been
carried outw2x. The extreme process of these is
the formation of a droplet consisting of many non-
polar solute particles. So far no study of the
corresponding higher-orderconditional hydropho-
bic interaction has been undertaken.
With this comment we have exhausted all pos-

sible model-processes that are pertinent to the
study of hydrophobic phenomena. We stress again
that the study of theconditional processes was
initiated only after an inventory of all possible
solvent-induced effects has been establishedw17x.
It was quite surprising and unexpected to find that
the conditional quantities are quite different from
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the unconditional quantities, sometimes the differ-
ence amount to one or two order of magnitude.
What was even more unexpected is the finding
that hydrophilic effects, both solvation and inter-
actions seem to be far larger than the correspond-
ing values of the hydrophobic effects. This of
course has a significant impact on our efforts to
understand the driving forces underlying the high-
ly-specific biochemical processes in aqueous solu-
tions. We shall quote some numerical figures in
Section 4.

3. General definition of solvent-induced effects

Consider any process taking place in a solvent,
which symbolically is written as:

R™P (3.1)

WhereR represents all the reactants, andP repre-
sents all the products. This process could be a
simple isomerization process, a dimerization of
two monomers to form a dimer, or any more
complex process. We shall refer to the L.H.S. of
the equation as the initial state and to the R.H.S.
as the final state of the process. TogetherR andP
are presumed to represent all the solutes involved
in the process Eq.(3.1).
When the reaction Eq.(3.1) takes place in

vacuum, the total potential energy of the system
in the initial and the final states are written as
U (R ,«,R ) andU (P ,«,P ), respectively. Heren 1 n n 1 n

R ,«,R is the configuration of all solute mole-1 n

cules in theinitial state, whereR is the locationi

vector of the i atom of the solutes involved inth

the process. SimilarlyP is used to denote thei

location vector of the i atom of the solutes in theth

final state. On the other hand, when the same
process takes place in a solvent we write the total
potential energy of the system as:

N nU X ,R sU X ,...,X qU R ,...,RŽ . Ž . Ž .N 1 N n 1 n

qU X ,...,X ±R ,...,R (3.2)Ž .1 N 1 n

N nU X ,P sU X ,...,X qU P ,...,PŽ . Ž . Ž .N 1 N n 1 n

qU X ,...,X ±P ,...,P (3.3)Ž .1 N 1 n

For the initial state, Eq.(3.2) and for the final
state, Eq.(3.3), respectively. HereU (X ,«,X )N 1 N

is the total interaction energy between allN solvent
molecules, at a specified configurationX ,«,X ,1 N

X being the location and orientation vector of thei

ith solvent molecule, andU(X ,«,X NR ,«,R ) is1 N 1 n

the total interaction energy between all solute
atoms and all solvent molecules. Note that the
configuration of all the solute molecules is speci-
fied by the locations of all soluteatoms, whereas
for the solvent configuration we specify theloca-
tion and orientation of all solvent molecules.
Normally one also assumes that the total potential
energy is pairwise additive. However, for the
analysis we describe in the next section, we shall
need a weaker assumption. Namely, that only the
solute-solvent terms in Eq.(3.2) and Eq.(3.3) are
pairwise additive, i.e. we write:

n N

U X ,...,X ±R ,...,R s U X ,R (3.4)Ž . Ž .1 N 1 n j i8 8
iy1 jy1

WhereU(X ,R ) is the interaction energy betweenj i

the j solvent molecule and the i atom of theth th

protein, at the specified configuration. A similar
expression applies to the interaction energy
between the solvent molecules and the solute atom
at the final state.
When applying Eq.(3.1) to the protein folding

process, as we shall do in the next section, we
always assume that the protein is very dilute in
the solvent. Hence, no solute–solute interactions
are taken into account. In this case, the potential
energy term,U (R ,«,R ) includes only directn 1 n

interactions between the atoms of a single protein
molecule.
The Helmholtz energy change associated with

the process Eq.(3.1) is obtained from the ratio of
the corresponding canonical partition functions,
i.e.:

Qfw x w xexpybDA sexpyb(A yA ) sf i Qi

N n Nw xexpybU(X ,P ) dX|
s

(3.5)N n Nw xexpybU(X ,R ) dX|
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Here Q and Q are the partition functions fori f

the initial and final states, respectively, the integra-
tions in both the numerator and the denominator
are extended over all the configurations of the
solvent molecules only. The coordinates of all the
atoms belonging to the solute molecules are pre-
sumed to be fixed at the initial and final states.
In Eq. (3.5), bs(k T) , where k is they1

B B

Boltzmann constant, andT is the absolute
temperature.
FactoringU (P ,«,P ) from the numerator andn 1 n

U (R ,«,R ) from the denominator we can rewriten 1 n

Eq. (3.5) as:

* *w x w x w xexpybDA sexpybDU expyb(DA yDA )f i

(3.6)

whereDU is the change in energy associated with
the process Eq.(3.1), and and are the* *DA DAf i

solvation Helmholtz energies of the final and initial
states, respectively. We can now define the solvent-
induced contribution to the total Helmholtz energy
of the process by:

* *dAsDAyDUsDA yDA (3.7)f i

Thus, for any process the solvent-induced con-
tribution to the Helmholz(or the Gibbs) energy is
defined by the difference between the total Helm-
holtz (or Gibbs) energy and the corresponding
energy change for the same process(for more
details on the definition of the solvation Helmholtz
energy and the relations Eq.(3.5) and Eq.(3.6),
the reader is referred to Ref.w7x). This in turn is
equal to the difference in the solvation Helmholtz
(or Gibbs) energies of the solutes in the final and
in the initial states. The relation between all the
quantities in Eq.(3.7) is schematically shown in
Fig. 7.
It should be noted that each of the two contri-

butions to the total free energy change, as repre-
sented in Eq. (3.7), is a very complicated
expression, for a process such as protein folding.
However, the solvent contribution is vastly more
complicated than the direct energy term. The
reason is simple. The termDU on the R.H.S. of
Eq. (3.7) includes all the interactions among all
atoms belonging to all solutes that are involved in

the process. Note, that this term should not be
confused with the thermodynamic change in the
internal energy of the system; this normally
involves averages over all configurations of the
solvent molecules, as well as over all possible
conformations of the protein molecule. For a typ-
ical protein of say, 150 amino acid residues, this
term includes quite a large number of contribution
due to all interactions between the atoms of the
protein. The term, defined in Eq.(3.7) is far more
complicated, since it involves averages over all
configurations of the solvent molecules these in
turn depend on all the interactions between all the
solute–solvent molecules as well as sol-
vent–solvent molecules. Clearly, there is no obvi-
ous way of looking ‘into the detailed content’ of
this term, let alone estimating the order of magni-
tude of these ingredients.
In the next section, we shall outline one possible

way of dissecting the solvent-induced contribution
to the total free energy change into smaller more
manageable ingredients. This has led to two impor-
tant consequences. First, we have obtained an
inventory of all possible ingredients of the solvent-
induced effects. Second, the theoretical analysis
has indicated a way of studying each of these
ingredients by either theoretical or experimental
means. This, in turn, has also led to estimating
some of the order of magnitudes of the different
ingredients, the most unexpected result has been
the finding that varioushydrophilic effects might
be playing a more important role in the process of
protein folding than the corresponding hydropho-
bic effects.

4. Dissecting the solvent-induced contribution
into its ingredients: the emergence of the hydro-
philic phenomena

In this section, we briefly review the procedure
for dissecting the quantitydG into its ingredients.
Details of this procedure have been described
elsewherew17x, and shall not be repeated here. In
Section 3, we specified the configuration of the
solutes by the locational vectors of all atoms of
the solutes. In this section, we treat the case of
protein folding process. Here, we choose a more
convenient characterization of the configuration of
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the protein. Instead of specifying the locations of
all atoms, we specify the locations and perhaps
also the orientations of allgroups of atoms such
as methyl methylene, hydroxyl, etc. This level of
characterization of the protein configuration is
more convenient, since it leads us naturally to
what has been traditionally referred to as hydro-
phobic and hydrophilic phenomena.
The general reaction in Eq.(3.1) will now be

specified for the protein folding process, namely,

Unfolded form™ Folded form (4.1)

The total solvent-induced effect is given by:

* *dGsDG yDG (4.2)F U

where, on the R.H.S. of Eq.(4.2) we have the
difference in the solvation Gibbs energy of the
protein in the folded and unfolded forms. It should
be noted that for our particular analysis, we take
one specific conformation of each form, say the
fully extended all transforms for the unfolded
protein and the exact three-dimensional structure
of the protein in the folded form, as determined
by X-ray diffraction.
It is clear from Eq.(4.2) that the total solvent

effect is determined by the change of the solvation
Gibbs free energy of the entire protein in the
process of folding Eq.(3.1). This is an immensely
complicated expression. Not only because it
involves the changes in the coordinates of all
atoms of the protein, but also because it includes
an average overall configurations of all solvent
molecules. Obviously, at this level of description
it is impossible to carry out any analysis of the
solvent contributions to the driving force. The
other extreme and the most detailed description
would have been achieved by following the ‘fate’
of each atom of the protein when the process Eq.
(3.1) is carried out(this has been the reason for
the description of the protein configurations by
their atomic coordinates in the previous section).
This may be referred to as the atomic level of
analysis. Clearly, such a detailed description will
not lead to a feasible analysis. A more traditional
and more effective level of description would be
the level of groups of atoms, such as methyl, ethyl,

hydroxyl, etc. This intermediary level will lead us
to identify the traditional hydrophobic and hydro-
philic groups, hence, to the corresponding solvent
effects.
Our task is now to follow the ‘fate’ of each

group upon the performance of the process Eq.
(3.1). We first make a distinction between three
broad classes of groups. In each class the groups
are characterized according to the extent of the
change in their solvation in the process Eq.(4.1).
The first class consists of those groups that are
initially exposed to the solvent and become buried
in the interior of the protein. These are the groups,
the solvation of which is completely lost upon
folding. The second class contains all the groups,
the solvation of which is unchanged in the folding
process. Finally, the third class contains all the
remaining groups, i.e. all groups, the solvation of
which is changed to some intermediate extent
between the first and the second class.
What is the contribution of each group to the

total solvent induces driving force?
Clearly, the answer depends on both the type of

the group and on the class to which it belongs.
We present here a brief description of the types of
solvent-induced contribution, which together con-
stitutes the inventory of solvent-induced effects.

4.1. Groups belonging to the first class

Each group belonging to the first class will
contribute its conditional solvation free energy.
Since such a group is initially solvated by water,
and it loses it solvation upon folding, its contri-
bution will be the loss of the conditional solvation
Gibbs energy. It is conditional since this group is
attached to the backbone of the protein in both its
initial and its final state. It should be stressed,
however, that the solvation-in-the-organic-liquid
does not feature in this contribution. The reason is
that in the final state the groups under discussion
are surrounded by other groups of the protein.
Hence, the interaction energy of this group with
its surroundings belongs to the termDU, in Eq.
(3.7) and not to the solvent effectsdG. It has
been found that the typically conditional solvation
Gibbs energy for a hydrophilic group is in the
order of approximatelyy6 to y7 kcalymol.
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Whereas, the corresponding quantity for a hydro-
phobic group is approximatelyq0.3 toq0.6 kcaly
mol w7x. The latter quantity was found to be
strongly dependent on the type of backbone, say,
saturated or unsaturated backbone, and could vary
significantly, sometimes a few orders of magnitude
when the type of the backbone is changed.

4.2. Groups belonging to the second class

Groups in the second class do not experience
any change in their solvation. Hence, their contri-
bution to dG will be zero. This can formally be
proven, but it is also intuitively quite clear.

4.3. Groups belonging to the third class

This class of groups is the richest in its content.
The variety of effects results from the fact that
there are different types of groups as well as
different extent of changes incurred to the group
as a result of the said process. We present here a
schematic list of possible solvent effects in this
class:

a. Pair correlations between two hydrophobic
groups.

b. Pair correlations between two hydrophilic
groups.

c. Pair correlations between a hydrophobic and a
hydrophilic group.

The above list forpairs should be repeated for
triplets, quadruplets, etc. then repeated for all
possible combinations of the types of groups, and
then repeated over all possible configurations of
the correlating groups. Clearly, the list becomes
very long, indeed there is a plethora of solvent-
induced effects. It should be noted that all of these
correlations are conditional correlations, i.e. the
groups are always attached to the protein back-
bone, as in the examples shown in figures. At
present, we have only very limited information on
the magnitudes of some representative cases only.
For instance the contribution due to pair correlation
between two methyl groups attached to a benzene
ring at the positions 1,2, is approximatelyy0.30
kcalymol, for two hydroxyl groups at positions 1,3

it has been estimated to be approximatelyy3.5
kcalymol w7x.
It should be pointed out that in this article the

terms hydrophilic and hydrophobic are understood
to be part of the solvent-induced effect to the
driving force. Direct intramolecular hydrogen-
bonding are included in the direct energy change
DU. Recently, some doubts were raised regarding
the dominance of the hydrophobic effect in protein
folding, as expressed by a recent review by Dill
w18x. For instance, Pace et al.w19x reached the
conclusion that ‘hydrogen bonding and hydropho-
bic effects make large comparable contributions to
the stability of globular proteins’. Similar conclu-
sions were reached by Makhatadze and Privalov
w20x and by Cooperw21x. All these authors refer
to the direct intramolecular hydrogen-bonding,
which in our nomenclature is a part of the energy
change DU, and not of dG. Our conclusion,
regarding the possible dominance of the hydro-
philic effects, such as loss of solvation, or corre-
lations mediated by the solvent, do not include
direct hydrogen bonding.
In concluding this section we note that the

dissection of the total solvent-induced effect to
obtain an inventory of all the ingredients was
achieved by theoretical arguments. Theory also has
provided us with some hints of how to study each
of these ingredients by experimental means. It is
only when one has acquired a complete inventory
of all possible solvent-induced effects, that one
can turn to explore their relative magnitudes and
hence their relative importance in building up the
total driving force for the process of protein
folding. Clearly, much work remains to be done
on both the experimental and theoretical ground

5. Conclusion

Over forty years ago, when Kauzmann first put
forward the hydrophobic effect hypothesis, the
driving forces directing the protein to fold into a
precise three-dimensional structure, were quite a
mystery. In spite of the tremendous effort expended
to unravel the sources of this remarkable process,
much of the mystery is still with us. Kauzmann’s
courageous and ingenuous hypothesis did not solve
the mystery. Its main impact was to produce a
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strong impetus to research on a whole range of
topics, from the structure of pure water to aqueous
solution of highly complex biomolecules. Kauz-
mann’s ideas did pave the way for an extended
study of the role of water in complex process,
such as protein folding. As we have seen in the
previous section, Kauzmann’s original model obvi-
ously was not adequate for the study of all the
driving forces for protein folding. In fact, the
model as it stands cannot account for the contri-
bution of hydrophobic effect in the context of the
study of protein folding. As we have seen in
Section 3 the hydrophobic effects should be stud-
ied through the corresponding conditional solva-
tion. This simply means that we recognize the fact
that the hydrophobic groups are attached to the
protein-backbone, and are not free to wander in
the solution. Furthermore, once we study all pos-
sible solvent-induced effects, it becomes clearer
that hydrophilic effects are more important than
the corresponding hydrophobic effects. For me,
personally, Kauzmann’s ideas were always a
source of excitement and encouragement to study
the structure of water, the properties of simple
aqueous solutions, and ultimately complex biolog-
ical fluids and the processed occurring therein.
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