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Protein Stability in Mixed Solvents: A Balance of Contact
Interaction and Excluded Volume

John A. Schellman
Institute of Molecular Biology, University of Oregon, Eugene, Oregon 97405

ABSTRACT Changes in excluded volume and contact interaction with the surface of a protein have been suggested as
mechanisms for the changes in stability induced by cosolvents. The aim of the present paper is to present an analysis that
combines both effects in a quantitative manner. The result is that both processes are present in both stabilizing and
destabilizing interactions and neither can be ignored. Excluded volume was estimated using accessible surface area
calculations of the kind introduced by Lee and Richards. The change in excluded volume on unfolding, AX; is quite large. For
example, AX for ribonuclease is 6.7 L in urea and ~16 L in sucrose. The latter number is greater than the molar volume of the
protein. Direct interaction with the protein is represented as the solvent exchange mechanism, which differs from ordinary
association theory because of the weakness of the interaction and the high concentrations of cosolvents. The balance between
the two effects and their contribution to overall stability are most simply presented as bar diagrams as in Fig. 3. Our finding for
five proteins is that excluded volume contributes to the stabilization of the native structure and that contact interaction
contributes to destabilization. This is true for five proteins and four cosolvents including both denaturants and osmolytes.
Whether a substance stabilizes a protein or destabilizes it depends on the relative size of these two contributions. The constant
for the cosolvent contact with the protein is remarkably uniform for four of the proteins, indicating a similarity of groups exposed
during unfolding. One protein, staphylococcus nuclease, is anomalous in almost all respects. In general, the strength of the
interaction with guanidinium is about twice that of urea, which is about twice that of trimethylamine-N-oxide and sucrose.
Arguments are presented for the use of volume fractions in equilibrium equations and the ignoring of activity coefficients of the
cosolvent. It is shown in the Appendix that both the excluded volume and the direct interaction can be extracted in a unified way

from the McMillan-Mayer formula for the second virial coefficient.

INTRODUCTION

The unfolding of proteins by reagents such as urea or
guanidinium chloride has long been considered to arise
because of the favorable interaction of these reagents with the
normally buried interior segments of a protein, thereby sta-
bilizing the unfolded form relative to the folded one (Wu,
1931). In like manner the stabilization of folded protein
structures by osmolytes such as sucrose is thought to result
from unfavorable interactions with interior residues of the
proteins thereby producing a relative destabilization of the
unfolded form (Lee and Timasheff, 1981). It is possible to
treat both of the above processes as two aspects of the same
phenomenon, differing from one another only in the sign of
the free energy of interaction (Schellman, 1990). The analogy
with Flory’s discussion of ‘“good’ and ‘‘bad’’ solvents is
strong (Flory, 1953). The main difference is that proteins
collapse into predesigned three-dimensional structures rather
than random aggregates. Water itself is a slightly bad solvent.
This is nature’s way of causing proteins to fold spontaneously.

A number of different models have been proposed to put
this problem into quantitative form. These include: the
summation of free energies of transfer of protein groups from
solvent to the interior of proteins (Nozaki and Tanford, 1963;
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Tanford, 1970), changes in solvent surface tension and its
effect on exposed protein surface (Arakawa and Timasheff,
1982; Kita et al., 1994), and the correlation of exposed
surface area with free energies of exposure (Myers et al.,
1995; Baskakov and Bolen, 1999; Courtenay et al., 2000),
i.e., “m values’’ and models in which the solvation region is
treated as a domain amenable to thermodynamic analysis
(Eisenberg, 1976; Lee and Timasheff, 1974; Courtenay et al.,
2001). In recent years, exposed areas have been partitioned
into polar and nonpolar parts making use of structural data
for the proteins (Pace, 2001).

This paper will deal with a quite old model that attempts to
describe the effect of denaturants in terms of basic molecular
events: a water molecule in contact with a protein is replaced
by a denaturant or osmolyte. Simple equilibrium theory is
used, though it takes an unusual form because of the
smallness of the binding constants and the high concen-
trations of denaturant or osmolyte (Schellman, 1987).
Section 2, ‘““Physical Aspects of the Model”’, provides
a description of the physical processes and concepts that are
involved in protein-solvent interactions. Section 3, ‘‘Formula
for Data Analysis”’, will combine these processes into
a formulation that differs from previous work by the author.
Section 4, “‘Calculation Strategy’’, outlines the steps and
parameters that are used in the calculations. Section 5,
“Excluded Volume and Accessible Area’’, discusses the
special problem of the excluded volume of unfolded states.
Section 6, “‘Results’’, presents the results of calculation on
several protein-denaturant and osmolyte systems.
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PHYSICAL ASPECTS OF THE MODEL

There has been some misinterpretation of my earlier papers
that might be cleared up by a description of the binding event
in the context of the site-binding model. As depicted in Fig.
1, the protein molecule is surrounded by water molecules
represented by small circles. Most water molecules are not
localized on the surface of a protein so that the entire array of
contact molecules should be considered as sliding and
exchanging in every possible way, the only rule being that
the surface must at all times be completely covered. (Kuhn
et al. (1992) have made an extensive study of water
molecules localized at protein surfaces. They find that such
molecules have a strong tendency to be located in grooves
rather than open areas of the surface. Although very
important for understanding the inhomogeneity of surface
hydration, the results do not affect our model too much since
homogeneity of sites is not assumed.) A binding event is
described as the replacement of a water molecule in the
contact layer by a cosolvent molecule or a moiety of
a cosolvent molecule as shown by the dark ‘““groups’ in Fig.
1. We will ignore the fact that a large cosolvent molecule
could replace more than one water molecule. At present we
can only calculate average binding constants, and multiple
contacts will be a minor part of this average. With the present
state of knowledge, there is little point in worrying about
further refinements.

The ““accessible surface area” (ASA) can be computed for
any known structure using the methods of Lee and Richards
(1971) or Connolly (1983). For water, a probe radius of 1.5 A
is assumed. This is intermediate between recently proposed
values for polar and nonpolar contacts (Li and Nussinov,
1998). A mean area of 10 A? is assumed for each water

FIGURE 1 Representation of a solvated protein. The small circles
represent water molecules. Cross-hatched circles depict the solvation layer
in contact with the protein. The black triple circles represent modes of
contact of cosolvent molecules interacting with the protein by replacing
a contact water molecule. Cosolvents making double contacts with the
protein, like the one at 10 o’clock in the diagram, are not specifically
considered in the model.

109

molecule. This value has been used by previous workers
(Chothia, 1975; Schellman, 1978; Colonna-Cesan and
Sander, 1990). The number of sites and therefore the number
of first layer water molecules can then be calculated from the
total area.

The present study differs from previous ones in a number
of ways, which will now be outlined:

1. Inclusion of excluded volume in the calculations. In
previous reports from this laboratory, excluded volume
effects were neglected. It was thought that utilizing
molalities, which are detached from the measurement of
volume, would largely compensate the excluded vol-
ume effect. In addition, for protein unfolding we are
considering a difference in excluded volume between
two states of the same molecule so that there should be
considerable cancellation. As will be seen by direct
calculation in a later section, there is compensation and
cancellation, but the excluded volume effect is neverthe-
less quite large as has been noted by other authors (Wills
et al., 1993; Colonna-Cesan and Sander, 1990; Saunders
et al., 2000; Ebel et al., 2000). We emphasize that we are
discussing the excluded volume of a large molecule for
a small molecule and not the large molecule-large
molecule exclusion that has been emphasized in many
recent papers (Minton, 1998; Wills et al., 2000).

2. Volume fraction, ¢, will be used for equilibrium
calculations rather than mole fraction or molality. The
probability of a molecule being at a point near the surface
of a protein is proportional to its concentration. If the
molecule contains more than one group, e.g., NH,, OH,
C=0, there are a number of ways that it can penetrate the
solvation shell. For urea it would be three, not counting
bifurcated or flat contact. The concentration should then
be multiplied by a factor that provides a weighted mean
over possible contact modes. Use of volume fraction at
least approximates the use of such a factor. For example,
the ratio of the volume of a urea molecule to a water
molecule is 2.5. This gives a more realistic description of
the probability of contact.

Another substantial advantage is that volume fractions
and molar concentrations are easily interconvertible,
making comparison with experimental papers easier.
Volume fractions are calculated from molarities via the
formulas @3 = V3C3, @; = 1 — ¢5. Subscripts 1, 2, and
3 refer to water, protein, and cosolvent, respectively. C
indicates molarity. Protein concentration will be consid-
ered to be sufficiently small that ¢, is negligible in
comparison to the other components. V values of solvent
species will be assigned their low concentration values
and considered as constants. Equilibrium at a site follows
the solvent exchange relation

(LI
(p3 |1|<

I, +3 < 3], +1 K, = (sites), (1)
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where |1|; and |3|, represent the occupation of the site by
solvent or cosolvent, respectively. The subscripts will be
used to indicate a single contact site for interaction with
a solvent or cosolvent molecule. These relations are
formally the same as in a previous discussion where mole
fractions rather than volume fractions were used (Schell-
man, 1987).

3. Activity coefficients are ignored. Even though accurate
values of activity coefficients are available for most
denaturants and some osmolytes, there are reasons for
neglecting them. One reason is pragmatic. Osmolytes and
especially denaturants are far from ideal in aqueous
solution. On the other hand, it is known that the effects of
these and other reagents on other solutes tend to be linear
in concentration (Pace plot for unfolding of proteins
(Greene and Pace, 1974)), Sechinov’s equation (Harned
and Owen, 1950, Eq. 12-10-3). Concentration-dependent
activity coefficients lead to deviations from Eq. 2 (below)
unless they cancel. This nonlinearity was extensively
observed in a previous publication that made use of
activity coefficients (Schellman, 1990).

In addition, inspection of the way in which activity
coefficients are normally introduced into equilibria like Eq. 1
reveals an inconsistency. The argument is clearer in terms
of molarity, and since molarity and volume fraction are
essentially in direct proportion to one another, the results will
apply to volume fractions as well. On a molarity scale for
a nonideal solution, Eq. 1 would be written as

:ylcl ‘3|s
¢ ¥3Cs ‘1|s’

where C; and C5 are the molarities of the principal solvent
and cosolvent, y; and y3 are the activity coefficients of the
two solvent components, and |3|, and |1|; are the same as in
Eq. 1. Activity coefficients are inserted for the bulk solution
components because we know how to do it, but not for the
bound components. It does not seem possible to design
experiments that would measure a thermodynamic activity
coefficient for loosely bound ligands on a protein surface.

The activity coefficient of, say, a urea molecule in solution
results from its interaction with other urea molecules. By
ignoring activity coefficients for bound molecules, we
assume that the interactions of a urea molecule in contact
with a protein molecule do not differ very much from those
of a free urea molecule. This is illustrated in Fig. 1, which
shows that a molecule bound by a single contact to a protein
is still largely surrounded by solvent. The assumption of
solution interactions for the free molecule, but not for one in
contact with the protein, is likely to increase errors rather
than eliminate them.

With these matters out of the way, we may proceed to an
overall description of the method. The standard formula for
unfolding in the presence of a cosolvent is (Greene and Pace,
1974)
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AG,; = AG, ; + AG., = AG, , — mCs, (2a)

which can also be expressed in terms of equilibrium
constants

anunf =1In K;)nf - Ab23C3; —Ab23 = m/RT, (2b)

where m or Aby; are measures of the change in AG,s or
In K¢ caused by the addition of the cosolvent. In most
work this interaction term has been equated to the free
energy of contact of component 3 with sites on the
protein molecule. In the present context it consists of two
parts, the contact free energy and the excluded volume
free energy. Later it will be seen that these parts are
additive:

AG™ = AG™™ + AG". 3)

We drop the unf subscript at this point. AG* is the free energy
associated with excluded volume. Its evaluation will be
discussed in Section 4, ‘“Calculation Strategy’’. The contact
free energy, AG®™ is known to be related to the binding
polynomial emphasized by Wyman (Schellman, 1975).
Because of the analogy between mole fractions and vol-
ume fractions, we replace the mole fractions in Eq. 19 of
Schellman (1987) by volume fractions to obtain the
interaction at a specific site, s,

AG:"m = —RTIn(¢p, + K,p;) (sites), 4

with K defined in Eq. 1. In the limit of very small protein
concentration, ¢, + ¢; = 1 and

AGE™ = —RTIn(1+K, — 1)p;) (sites). (5

The —1 factor subtracts the probability that 3 occupies a site
in a random fashion determined by the composition of the
solution. Note that if K, = 1, the ratio of (3) molecules to (1)
molecules on the site becomes equal to the ratio of the
volume fractions in the bulk solvent. In this case there is no
preferential solvation and AG = 0. Converting to concen-
tration, @5 = V3C3,

AGS™ = —RTIn(1 + (K, — 1)VsC) = —RT In(1 + K!C3).
(5a)

We introduce the constant K{ = V3(K — 1) because it turns
out to be directly related to the quantity determined by
experiment.

We also know that empirically the free energy is a linear
function of concentration (Myers et al., 1995). Expanding
the log in Eq. 5 to the linear term

AG™ = —RTK!C; (sites), (6)
the total interaction is given by a summation over all
sites:

AGconl _ —RTC?ZKS, = —l’lRTCxK;v (7)
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In the last expression, we replace the sum over all exposed
sites by the number of sites multiplied by the average K’ per
site. In Section 6, ‘‘Results”, it will be seen that the assumed
linearity is in agreement with numerical results but leads to
a small error.

Note that the sites are expected to be very heterogeneous.
A guanidinium ion, for example, will be attracted to negative
charges and H-bond acceptors, repelled by positive charges
and proton donors, and will have a variety of interactions
with other polar and nonpolar interactions. Also K remains
an equilibrium constant based on volume fractions even
though we have transformed the results to molarity to match
experimental results. Ky and Kj, are not true equilibrium
constants. This is demonstrated by the fact that they can have
a negative sign.

FORMULA FOR DATA ANALYSIS

As we shall see, there are two factors that determine the
interaction of solvents with sites on a protein. The first is
solvation preferences at the site, and the second is excluded
volume. These concepts will be developed in terms of a
simple model of interaction in gases. This is an allowable
approach since the McMillan-Mayer theory shows that the
interaction of a pair of molecules in a gas can be treated in
exact analogy with the interaction of a pair of molecules in
a principal solvent (e.g., water), which does not make a direct
appearance in the formulation (Hill, 1960). For the pressure,
which is the osmotic pressure for a solution, we make use of
the virial equation

7/RT = C, + C; + By,C + By3C,C3 + BCa 4+ -+, (8)

where the Bj; are virial coefficients associated with the
interaction of a molecule of type i with a molecule of type j.
See Appendix for more details. B, is the term we are in-
terested in since it evaluates the principal interaction be-
tween component 2 and component 3. Suppose molecules of
type 2 and 3 are hard spheres of radii r, and ry, so that they
cannot approach one another any closer than the distance
r, + 1. For this case, the molecular excluded volume is
v = (47 (r, + 1) /3) and the virial coefficient, B,s, equals
the molar excluded volume, X = N,v, where N, is
Avogadro’s number.

This is shown in all elementary texts of statistical
mechanics and in Tanford’s book (Tanford, 1961, page
192). The symbol X will be used for the excluded volume to
distinguish it from real molar volumes. Excluded volume
decreases the free volume for the molecules and increases the
pressure.

The second example is a weak interaction between
components A = 2 and B = 3 governed by the equilibrium

Cap a

A+B < AB K= = ,
CACB (C2 — a)(C3 — a)
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where « is C g. For small concentrations it is readily shown
that « = KCACg. Summing the contribution of all three
species to the pressure

7/RT = (C,—a)+(C;—a)ta=C,+C;—a. (9

Putting @« = KC,Cp and comparing Eqgs. 8 and 9, we see that
for this case By3 = —K. Association lowers the number of
molecules in the system and decreases the pressure.

We concentrate on the B,z term, which deals with the
interaction of protein with cosolvent. The two models reflect
the current practice in the discussion of protein solvent
interactions. Some authors assume that excluded volume is
the major contributing factor, especially for osmolytes;
others assume the dominance of selective interaction,
especially for denaturation. For the general case, we make
the heuristic assumption that B,z is simply the sum of the
association and excluded volume terms, i.e.,

B23 :X—K’

See the Appendix for a discussion that demonstrates this
additivity. For the thermodynamics of unfolding, the
interaction term must be summed over all sites. In addition,
we want the difference in B,3; between the folded and
unfolded states, i.e., AB3. Introducing these changes,

exposed
sites

AX is the difference in excluded volume, unfolded minus
folded, and the sum is over all sites exposed by the
unfolding. K is the apparent equilibrium constant for site s
introduced in Section 2, ‘“‘Physical Aspects of the Model™.
This expression is especially clear in the molecular dis-
cussion of the appendix.

Measurements of osmotic pressure are not a practical way
to study the interactions of solvent with proteins, but AB»3
has simple relationships with quantities that are measured.
These are the excess free energy change caused by the de-
naturant or osmolyte (Ab,3, or m values) and the preferential
interaction coefficient. This paper will concentrate on the
former. Using thermodynamic arguments it is possible to
show that

AB23 = Ab23 = 7m/RT (11)

This is the relation that connects denaturation studies with
the change in virial coefficient. This will be proved in a later,
more technical, article. Combining Eqgs. 10 and 11,

YK = AnK}, = AX — Aby,. 12)

This is the operative formula for the calculation that
evaluates the solvation term. Rather than trying to predict
the values of m or Ab,z, the experimental values of m and
calculations of the excluded volume are used to obtain values
for the selective interaction with solvent.

Biophysical Journal 85(1) 108-125
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CALCULATION STRATEGY

The present approach is analytical. AB,3 is known from
experimental m or Ab,3 values. As discussed below, good
estimates of AX, the change in excluded volume, can be
made from the structure of the native protein and
a reasonable model for the unfolded protein. What we
don’t know about these systems is the interaction term,
ZKS’ , and the aim of the procedure is to evaluate this
quantity from the experimental data and volume calcu-
lations via Eq. 12. This result is then converted into an
average interaction per site exposed during denaturation.
This strategy was also adopted by Saunders et al. (2000)
but with a different model and type of calculation. Because
of the excluded volume contribution, this term has been
consistently underestimated in most publications, including
the author’s.

Excluded volumes and accessible surface areas were
computed using the Connolly MSRoll program (Connolly,
1993). Atomic structures are used for the native and de-
natured protein. The small molecule cosolvents are
represented as spheres. The effective radii of these spheres
are obtained from their molecular coordinates determined
by x-ray diffraction. Each atomic position (or group like-
CH3;) of a cosolvent molecule is surrounded by a sphere-
with a radius equal to its van der Waals radius
(McCammon et al., 1979). Three principal diameters of
the cosolvent molecule are calculated, averaged, and
divided by two to obtain a mean radius (see Table 1).
The accessible surface area (ASA) is the surface that goes
through the centers of all the solvent spheres in contact
with the protein (see Fig. 1). This area, calculated for both
the folded and unfolded molecule in contact with water, is
taken as the solvent contact area. Water is assumed to
occupy an area of 10 square A (Chothia, 1975; Schellman,
1978; Colonna-Cesan and Sander, 1990) so that the
number of contact sites is obtained from the accessible
surface area by dividing by 10.

The excluded volume is different for each cosolvent. To
calculate the volume within the ASA, rather than the
molecular surface area, the probe radius is set to zero and
the van der Waals radii of the protein atoms are increased by
the radius of the probe molecule. I thank J. W. Ponder and M.
L. Connolly for suggesting this strategy.

Schellman

The determination of the surface areas and excluded
volumes of the native proteins is straightforward. The Con-
nolly program MSRoll accomplishes both calculations using
the crystal structure coordinates (Connolly, 1993). Five well-
studied proteins were selected for analysis: ribonuclease-T
(RNT), ribonuclease-A (RN), hen egg white (HEW)
lysozyme (LZ), staphylococcus nuclease (SN), and T4
lysozyme (T4L). The protein database indices for the
structures are shown in Table 2.

The surface area and excluded volumes of the unfolded
form pose a problem for which there is at present no
definitive answer. It is easy to obtain a surface area for the
polypeptide chain in an extended conformation, and results
have been available for many years (Chothia, 1975). The
problem is that there are intramolecular contacts in the
unfolded state and the fraction of surface area (and excluded
volume) that is obscured in this way probably varies from
protein to protein and definitely depends on the solvent
medium. Many years ago, Tanford’s group studied the extent
of unfolding of proteins in urea and guanidinium chloride,
concluding that complete unfolding occurs only at high
concentrations of the latter and is not reached in the former
even at high concentration (Aune et al., 1967; Tanford et al.,
1966). Bolen’s group has shown that the osmolyte Trimethyl-
amine-N-oxide (TMAO) has the opposite effect to guanidi-
nium chloride in that it leads to a smaller size distribution of
the unfolded protein as its concentration is increased (Qu
et al., 1998). Standard polymer theory interprets this as
resulting from increased intramolecular contact and therefore
diminished surface area and excluded volume. Shortle has
found that the unfolded states of staphylococcus nuclease and
its mutants are not completely unfolded and have a variable
residual structure depending on mutations (Shortle and
Meeker, 1986; Shortle et al., 1992).

Creamer et al. (1997) have taken up this problem. They
selected 43 peptide chains that occur in unordered regions of
globular proteins. The ASA of these chains was calculated
retaining the conformations found in the crystal structures.
This was considered to be a lower limit for the surface area,
because these chains would be expected to have more
frequent intramolecular contacts and therefore lower surface
area than freely varying peptide chains in solution. They
obtain an upper limit for the ASA of an unfolded chain by
converting these chains to a relaxed extended conformation

TABLE 1 Ratios of probe volumes to default area, X(r,)/ASA(1.5 I:\)

No. Protein =15 rp=18 rp =122 =24 rp = 2.96 rp = 4.0
1 RNT 1.903 2215 2,651 2.887 3.586 5.043
2 RN 1.900 2212 2.648 2.883 3.582 5.036
3 LZ 1.894 2.206 2.643 2.878 3.576 5.024
4 SN 1.890 2.201 2.639 2.874 3.572 5.027
5 T4L 1.896 2.208 2.644 2.879 3.576 5.025
Av. 1.896 2.208 2.645 2.880 3.579 5.031
SD 0.005 0.005 0.005 0.005 0.005 0.008
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TABLE 2 Experimental data

Protein PDB No. m Abys Cn pH, T Ref.

A Experimental parameters for urea unfolding
RNT ORNT 1.21 -2.03 5.3 7.0, 298 *
RN IRND 1.14 —191 6.5 7.0, 298 f
LZ 1LKS 1.29 -2.16 6.8 7.0, 298 ¥
SN 1SNO 2.38 —3.99 2.56 7.0, 296 *
T4L 2LZM 2.00 —3.36 6.3 7.0, 295 §
B Parameters for unfolding in guanidinium chloride
RNT 9RNT 2.56 —4.30 2.9 7.0, 298 1
RN IRND 3.09 —4.97 2.99 7.0, 298 1
LZ 1LKS 2.33 -3.91 4.24 7.6, 298 !
SN 1SNO 6.83 —11.5 0.81 7.0, 293 ¥
T4L 2LZM 5.50 -9.38 2.20 7.4, 295 §
C Parameters for folding in TMAO (unfolding data from Baskakov and Bolen (1998))

RNT 9RNT —-1.77 2.97 1.26 7.0, 298 -
SN ISNO —2.55 4.28 1.57 8.8, 303 -

*Shirley et al. (1992).
tAhmad and Bigelow (1982).
*Shortle and Meeker (1986).
$Zhang et al. (1993).

Tpace et al. (1990).

"Saito and Wada (1983).

with essentially no intramolecular contacts and determining
the accessible surface area for the chains in the sample. Their
reasonable assumption is that a real unfolded chain will have
fewer intramolecular contacts than a chain that is part of
a globular protein and more than an extended chain. As
a consequence, the ASA of a real unfolded chain should be
intermediate between these two limits. They provide tables
so that an ASA can be calculated for both limits from the
amino acid composition. Their results will be used in the
calculations below. Because of the uncertainty and variabil-
ity of the mean structure of the unfolded form, there is no
firm ground for selecting a best value for a real protein under
given solvent conditions. What can be done is to examine the
two limits for each system and to take the average of the two
extremes as a representative value. The excluded volume
effect is large and any reasonable estimate is better than
ignoring it.

The excluded volumes of the unfolded chains create
a special problem, which is discussed in Section 3,
“Excluded Volume and Accessible Area’.

The procedure

1. Evaluate the ASA of the native protein (ASA,ive) USING
the Protein Data Bank coordinates with a probe radius
representative of a water molecule (here, 1.5 A).

2. Evaluate the ASA for water molecules (ASA,.¢) of the
unfolded protein at both limits, and take the mean value
as an approximation to the correct ASA for the unfolded
protein.

3. Subtract ASA,.iive Obtained in (1) from ASA,,¢ obtained

in (2) to get AASA for the unfolding. Divide by 10 for the
change in number of contact sites for water molecules
that occurs with unfolding.

4. Evaluate the excluded volume (X,.iv.) of the native

protein using a probe radius for the osmolyte or
denaturant under consideration. This is done by setting
the probe radius equal to zero and adding the cosolvent
radius to the van der Waals radii of the atoms of the
protein.

5. Evaluate the excluded volume of the unfolded chain for

the osmolyte under consideration. Our indirect method of
doing this is explained in Section 5, ‘““Excluded Volume
and Accessible Area”.

6. Subtract X, ... obtained in (4) from X, obtained in

Section 5 to get AX for the cosolvent arising from the
unfolding.

7. Obtain values of Ab,3; or m from the literature and

evaluate Y K{ = AnK,, via Eq. 12.

8. The partial molar volume of cosolvent, V3, is usually

available from the literature or from density data. In this
paper, it is assumed to be a constant for simplicity. We
can then calculate the site average K,y =1+ K/ Vs
from the definition in Eq. 6.

9. The mean site occupancy by cosolvent can then be

obtained via the relation v3 = 3K, /@ + @3K, and
compared with the random occupancy, ¢5. In this paper,
@3 1s evaluated at the transition concentration, so
3 =V3Cp and @; = 1 — 3.

Biophysical Journal 85(1) 108-125
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EXCLUDED VOLUME AND ACCESSIBLE AREA

The excluded volume for a probe molecule is the sum of the
real volume of the target molecule estimated from van der
Waals radii plus a gap space or envelope, around the
molecular surface, where the center of the probe molecule
cannot penetrate. Excluded volume = target volume + gap
volume (see Fig. 2). The thickness of this gap layer is the van
der Waals radius of the probe molecule. The gap volume
increases with surface area. For a planar surface, it is given
by the area times the probe radius, A X rp, where r is the
radius of the probe sphere. In a recent paper, the gap volume
was estimated by multiplying the surface area by the probe
radius (Ebel et al., 2000). For a sphere, it is approximately
A X r, (1 + rp/Ry); for the curved surface of a cylinder, it is
A X1, (1 4+ 1p/2Ry). R, is the radius of the target sphere, and
it is significant that 1/R; is its curvature. These systems
exemplify the general relation of Isihara, which gives the gap
volume as the surface area times an averaged curvature over
the surface (Isihara and Hayashida, 1951a,b).

In proteins, the types of atoms and the curvature of their
surfaces are usually strongly limited (C, O, N, S, (H)) and
their elemental compositions are very similar. Space-filling
models of molecules consist of overlapping spheres of the
van der Waals radii of these atoms. With the mean curvature
very similar for most protein surfaces, we would expect
a proportionality between the gap volume and the accessible
surface area that increases with probe radius as in the above
formula for spheres. We tested this by examining the ratio r,,
/ASA(1.5) for our set of five proteins. GapVol is defined as
X — protein molecular volume, the latter quantity being also
a standard output of the MSRoll program. GapVol was
calculated for the five extended proteins using the probe
radius, rp,, for the six solvent species: H,O, CI™, urea,
guanidinium, TMAO, and sucrose. Proportionality was
observed. For a 1.5 A probe, the standard deviation for

FIGURE 2 The nature of excluded volume. The center of the small probe
sphere is restricted from a volume that is the sum of the volume of the large
sphere plus the gap volume indicated in the drawing. The larger outer sphere
is the accessible surface area for the smaller probe. The volume within the
ASA is the excluded volume.
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(gapVol/ASA was ~1 part in 1500. The standard deviation
increased very slowly as r;, was increased. Of more interest
to this investigation is the fact that the ratio of the excluded
volume for a probe of radius ry, i.e., X(i,)/ASA(1.5) is also
essentially constant for extended chains (see Table 1). This
table permits us in principle to go directly from surface areas
to excluded volumes for the various probes. Our use of this
idea was to apply it to the estimated areas of unfolded chains
of Creamer et al. (1997) to convert these areas into estimated
excluded volumes:

Xount = const. X ASA¢(1.5).

The constant depends upon 7, but not on protein. There
should be no problem with the extended chain. The ASA and
excluded volumes of extended chains are simply the sums of
independent contributions of the amino acids, a procedure
initiated by Chothia (1975). There is no structural compo-
nent, only the peptide chain with almost independent side
chains. Even for the amino acids themselves, the standard
error in excluded volume divided by surface area is in the
neighborhood of 1%. The small differences among various
amino acids are diminished further by averaging over the
rather similar compositions of globular proteins.

Applying the results to unfolded chains that are not
extended is more questionable. These chains have partial
elements of structure that lead to intramolecular contacts or
near contacts that diminish the surface area. This is obvious
from the results of Creamer et al. From the above analysis,
it is clear that the excluded volume will also be reduced
because of these contacts. This should cancel errors ap-
preciably. Adopting the method of Creamer et al. by
analyzing 43 peptide chains with six probes would be
a major project that would delay the present publication
considerably. This would be a useful study of the effect of
intramolecular contacts on the unfolded chain. On the other
hand, it would only help the present problem in an
approximate way. As discussed above, it is not yet possible
to quantify the surface area of an unfolded peptide chain
under varying solvent conditions. All we can do is make
a reasonable estimate. Our provisional approach is to take
the average of the excluded volumes, calculated via the
proportionality constants of Table 1, for the extended chain
and for the lower bound estimate of Creamer et al. We have
also examined the limits by making use of the low and high
limits of the surface area.

RESULTS

The procedure for calculation has been outlined in previous
sections, so the results may be presented in tabular form.
Table 2, A—C, contains data on the unfolding of the selected
five proteins. The choice of references therein was partially
guided by an extensive review of such studies (Myers et al.,
1995). The m and C,, values were taken from the original
papers. Contact interactions with a protein are dependent on
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pH and temperature, but apparently only the pH dependence
has been studied (Pace et al., 1990). We have tried to select
data for which the pH varies as little as possible. Mea-
surement of the temperature variation would be of great
importance since it would lead to values for the enthalpy of
solvation by the cosolvent. m values are converted to Aby;
(Eq. 11), since all the theoretical quantities have the units of
L/mole = (molarity)fl.

Partial molar volumes for the cosolvents and mean radii of
the cosolvent molecules are listed in Table 3. The mean radii
were obtained from crystal coordinates of the cosolvent
molecules adding a van der Waals radius for each atom or
group like CH3. A standard set of van der Waals radii
(McCammon et al., 1979) was used, the same as in
Connolly’s MSRoll program. The V; entries were obtained
from density data on water-cosolvent mixtures using the
methods outlined in a previous publication (Schellman and
Gassner, 1996). For the purposes of this paper, V3 was
assumed to be a constant and the small variations with
concentration were ignored. The value for the guanidinium
ion was found by subtracting the partial molar volume of the
chloride ion, estimated by Mukerjee (1966), from that of
guanidinium chloride.

Note that the Ab values for TMAO are positive, an
indication that the unfolded form is destabilized relative to
the folded form and the transition is inverted.

All the empirical quantities required for the calculation are
listed in Tables 2 and 3. The procedure has been completely
outlined in previous sections so we may go immediately to
the results that are shown in Table 4, A-C, for urea,
guanidinium chloride, and TMAO.

Urea

Looking at the gross properties of the interaction revealed in
Table 4 A (columns 4-6), we see that in each case there
is a large change in excluded volume, AX, which can be

TABLE 3 Cosolvent properties

Cosolvent V3(L/mole)* Ref. rp(A) Ref.
Urea 0.046 t 22 *
TMAO 0.073 § 2.95 1
Gdn.HCI 0.072 t

cr- 0.022 I 1.81 I
Gdm™* 0.050 2.4 sk
Sucrose 0.211 tt 4.3 i

*V3, assumed constant.

tVolumetric data from Kawahara and Tanford (1966).

*Mean of three principal radii. Coordinates from National Institute of
Standards and Technology Chemweb: www.nist.gov/srd/online.htm.
$Volumetric data from Lin and Timasheff (1994).

ICalculated from crystal data of Mak (1988).

"Estimated by Mukerjee (1961).

*##Calculated from data of Averbuch-Pouchot and Durif (1993).
t*Calculated from data in CRC (1965), page D163.

**Calculated from dimensions of Garrod and Herrington (1970).
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larger than the molar volume. The latter can be estimated (in
liters per mole) by multiplying the molecular weight by 0.7/
1000 (Quillan and Matthews, 2000). AX stabilizes the folded
form. But the interaction term, ZK ’, which contributes
negatively to AB, is even larger, leading to a net negative AB.
This result is depicted in Fig. 3 for all five proteins. Urea is
a denaturant because its contact interactions with the
exposed interior of an unfolded protein are attractive and
large enough to overcome the AX term. Excluded volume
stabilization is a common element in all cosolvent-protein
interactions and it is invariably positive for unfolding
(increased surface area). Note that AX, AB, and Y K' are
all global properties, roughly proportional to exposed surface
area, and therefore generally increase with molecular weight.
SN provides an exception.

Column 7 of Table 4 A contains the values for Ky,
obtained via Eq. 12. We can now justify the representation of
YIn(1+K{C) by Y K;,C, which leads to the linear Pace
plot. Ribonuclease and urea will be used as an example,
since Cy, has a high value, and should provide a relatively
stringent test. Plots of In(1 + K;,C) and K;,C are presented
in Fig. 4 using the value of K,, from Table 4 A. The plots
range over four units of molarity centered on the ribonucle-
ase Cy, of 6.5 M. In an experiment, the In(1 + K;,C) plot
would certainly be taken as linear even with very small
experimental errors. A linear least-square analysis of this
curve yields an intercept of 0.002 and a slope of 0.0095,
which are to be compared to the correct values of zero and
0.0101. The agreement with the intercept indicates that the
extrapolation to zero concentration should give the correct
value of AGj, ;. This is support for the most widespread use
of these plots. On the other hand, the apparent slope is ~6%
lower than that of an exact straight line. In a linear analysis of
data, K, and K,, — 1 would be underestimated by the same
percentage. At the present time, this type of error must be
accepted since experimentally the only information available
is the approximate straight line.

The last three columns of Table 4 A are concerned with the
average interactions at the sites. The equilibrium constants
are the average site equilibrium constants, K,,, defined by
Eq. 1 on a volume fraction basis and obtained via Eq. 12.
The value for staphylococcus nuclease, SN, is significantly
higher than the other four proteins, which differ by less than
0.005 from a mean of 1.225. The unfolding anomalies of SN
are well known (Shortle and Meeker, 1986) and will be seen
in most of our results. The close agreement for the four other
proteins is consistent with a free energy that is proportional
to the number of sites, presumably arising from a similarity
in the composition of the areas exposed by unfolding. This is
different from the usual free energy versus area comparison
because of the inclusion of excluded volume. However,
excluded volume is also proportional to area as was shown in
Section 5, “Excluded Volume and Accessible Area’’. Both
ZK "and K,y — 1 are measures of the strength of the contact
interaction, the former for the entire protein, the latter for the
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TABLE 4 Results
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Protein Xunt Xnat AX AB 3K’ K Ky Occupation Random
A Results for urea unfolding
RNT 19.0 14.3 4.67 —2.03 6.70 0.0102 1.224 0.283 0.244
RN 24.2 17.5 6.66 —1.91 8.57 0.0101 1.221 0.342 0.299
LZ 253 18.1 7.24 —2.16 9.40 0.0100 1.227 0.358 0.313
SN 30.8 20.5 10.3 —3.99 14.3 0.0123 1.269 0.145 0.118
T4L 337 239 9.84 —3.36 13.2 0.0104 1.229 0.334 0.290
Protein Xunt Xnat AX AB 3K’ K.} Occupation by Gdn™ Random, ¢
B Results for guanidinium chloride unfolding
RNT 36.6 28.0 8.6 —4.30 12.8 1.40 0.194 0.147
RN 46.4 34.3 12.1 —4.97 7.1 1.41 0.195 0.147
Lz 48.6 353 133 —3.91 17.2 1.34 0.260 0.208
SN 59.2 422 17.0 —11.5 28.5 1.50 0.058 0.040
T4L 64.8 46.7 18.1 —9.38 27.5 1.41 0.146 0.108
Protein Xuns Xnat AX AB 3K’ K'w K. Occupation Random occupation
C Results for folding in TMAO*
RNT 25.7 16.9 8.8 2.97 5.84 0.0089 1.12 0.102 0.0920
SN 41.6 24.1 17.5 4.28 13.2 0.0114 1.16 0.131 0.1146

The units of Xynf, Xpay AX, AB, and K’ are L/M.

*Distributions in the last two columns are evaluated at C,,, which varies for different proteins. See Table 2 B.

average site. Later these quantities will permit a comparison
of the interactions of urea, guanidinium and TMAO.

An overall understanding of the results in Fig. 3 and
Table 4 requires a distinction between preferential in-
teraction, a thermodynamic quantity accessible to direct
measurement, and preferential solvation, which is defined
as the excess or deficit of a component in the solvation
shell around the protein molecule relative to its bulk
concentration. (The dual use of the term preferential
interaction as a thermodynamic measurement and as
preferential solvation is so engrained in the author’s mind

that misuse has been hard to eliminate. To protect the
reader from the same error, the words solvation and
interaction are italicized throughout the rest of this paper to
emphasize the difference between these quantities.) If an
excess of component 3 tends to accumulate in the
neighborhood of a protein relative to its macroscopic
concentration, the preferential solvation is positive for
component 3 and negative for component 1, and vice
versa. Table 4 A and Fig. 3 A illustrate the positive
preferential solvation for urea. The random occupation of
a site by components 3 or 1 is simply given by their

20

K

ZK'

L/mole
™M
)

AX

0
RNT | RN

AB

]

AB AB

FIGURE 3 The balance of forces
involved in stabilization or destabiliza-
tion (see Eq. 10). The stability of the
folded form is proportional to AB,
which is directly related to m values.
Negative AB is a measure of instability.
AB is the balance of two thermody-
namic forces: the change in excluded
volume and the change in interaction
with the cosolvent are represented by
AX and Y K', respectively. For unfold-
ing, AX is always positive. For denatur-
ants, the interaction is sufficiently
strong that the stabilizing effect of the
excluded volume is overbalanced, lead-
ing to a negative AB. A-C are bar
diagrams for urea, guanidinium, and
TMAO, respectively.
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FIGURE 3 Continued.
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volume fractions in the solution (last column of Table 4
A). The actual site occupation may be calculated by
the usual binding polynomial formula, v; = 3K,/
(¢, + @3K,), given in the next to last column. Urea
preferentially solvates the exposed areas of all the proteins.
This interpretation of the mechanism of solvent denatur-
ation goes all the way back to Wu (1931).

From the last two columns of the table, it is seen that
there is an excess of only ~15% in the occupation (23%
for SN) as a result of the interaction; 85% of the oc-
cupation is a random event. Although all interactions
contribute to the unfolding, the selectivity (preferential
solvation) is only 15%. This aspect of the problem will be
discussed in a later paper. It is also recognized in the
models of Timasheff and Record, who discuss binding as

an excess over bulk concentrations in the neighborhood of
the surface (Lee and Timasheff, 1974; Record and
Anderson, 1995; Courtenay et al., 2000).

Preferential interaction, on the other hand, includes all
factors that increase or reduce the quantity of component 3
in the solution when the concentration of the protein is
increased. It was shown by Hill (1957) and especially
pertinently by Wills and Winzor (1993) that preferential
interaction is proportional to the virial coefficient between
components 2 and 3 and therefore contains an excluded
volume term. Solvent denaturation has long been consid-
ered as primarily due to preferential solvation. Several
investigators have suggested that stabilization by osmo-
Iytes results from the excluded volume effect alone. It is
only very recently that both terms in Eq. 10 have been
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b FIGURE 4 Demonstration that In
(I +x) is essentially linear in x. x =
K Cp,. Values of K and C,,, were taken
4 from data for the denaturation of ribo-
nuclease A in urea. See text.
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recognized as factors in stabilization studies (Saunders
et al., 2000; Davis-Searles et al., 2001). The present paper
presents a model that applies to denaturation and
stabilization and gives realistic results for the preferential
solvation term.

Ignoring nonideality corrections, the change in preferen-
tial interaction (associated with unfolding is given by
AT’ = —CAb (Casassa and Eisenberg, 1964); i.e., it is
proportional to the length of the third bar associated with
each protein of Fig. 3 A. On the other hand, preferential
solvation is given by CZK;V, i.e., it is represented by the
length of the central bar in the figures. As will be seen below,
it is possible for the preferential solvation and the preferential
interaction to be opposite in sign. The excluded volume term
can partially cancel or even override the preferential
solvation term.

TMAO

The results for TMAO are shown in Table 4 C and Fig. 3 C.
There are only two entries in the table because the folding
effect of TMAO has only been observed reversibly for
ribonuclease-T (RNT) and staphylococcus nuclease (SN)
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(Baskakov and Bolen, 1998). Both proteins were altered to
destabilize the native form. RNT was carboxamidated and
SN was subjected to a strongly destabilizing mutation. The
calculations of AX were performed for the native proteins,
ignoring small changes in the surface area and volume that
result from the alteration of the proteins. To make a consis-
tent comparison with denaturants, we continue to consider
the free energy of unfolding. Since the proteins fold with
increasing TMAO, the result is a negative m and a positive
Ab and AB. This was pointed out in the original experimental
paper. The relation AB = AX — ) K, still holds. Since both
AB and AX are positive, there are two possibilities: 1), K, is
<1 so that —ZK av 18 positive; both terms contribute to the
stabilization. 2), K,, is >1; on average the interaction is
favorable but not enough to overcome the positive AX. The
results in Table 4 C show that the second possibility is the
correct one. The excluded volume contributions are larger
than for urea because TMAO is a larger molecule. Compare
the probe radii in Table 3.

Comparing K,y — 1 in Table 4, A and C, we note that the
intrinsic interaction of exposed surface groups with TMAO
is favorable on the average but is diminished by a factor of
one-half. We thus have the same general picture for TMAO
as for urea. There is a generic excluded volume effect that
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will tend to stabilize the folded form. Opposing this are the
contact interactions at the exposed surface that on the
average are favorable and tend to destabilize the folded form.
Only the relative size of the two effects differentiates be-
tween the two types of reagent. TMAO stabilizes proteins
because its excluded volume is larger and its interaction with
solvent smaller than that of urea.

Fig. 3 C and Table 4 C show that the contact free energy of
exposed surfaces is mildly negative for TMAO. This leads
to local preferential solvation with the osmolyte rather than
local preferential hydration. These statements are not in
disagreement with the findings of Timasheff’s group that
osmolytes are preferentially hydrated. Preferential interac-
tion measurements are thermodynamic and are proportional
to Ab, i.e., the algebraic sum of the excluded volume and the
contact interaction term. (Preferential interaction studies are
usually measured in mass or molality units and are therefore
proportional to Scatchard’s AB rather than Ab. It may be
shown that the use of molality corrects for molecular
volumes, but not for excluded volumes.) In the present an-
alysis, preferential hydration occurs in osmolyte solutions
because of the dominance of the excluded volume term.

Wang and Bolen (1997) studied the transfer free energies
of amino acids from water to TMAO solutions and analyzed
their results in terms of backbone and side chain transfers.
Significantly, the free energy of transfer of peptide groups
changes from the negative value it has for denaturants such
as urea to positive values for TMAO. They conclude that this
preferential solvation by water of peptide groups is the
dominant cause of the stabilization of proteins by TMAO.

There are some difficulties in making comparisons
between the free energy of transfer method and the present
model in which the free energy is decomposed into excluded
volume and preferential solvation, because this decomposi-
tion is not made in experimental transfer studies. A partial
harmonization of the two sets of results is as follows:
Courtenay et al. (2001) have observed that peptide backbone
makes up ~13% of the area exposed by the unfolding of
a typical globular protein. They also make the point that the
interaction of peptide groups with urea is ~4 times as strong
as the typical exposed area of a protein as measured by m
values of equivalent areas. We have found that the average
preferential solvation by TMAO, measured by K,, — 1, is
only half that of urea and this is most certainly attributable to
the cosolvent rejection by peptide groups observed by Wang
and Bolen. With the present analysis, there are two effects of
TMAO that lead to the stabilization of the folded form. One
is the excluded volume and the other is the reduced affinity
of proteins for a TMAO solution as depicted in Fig. 3 C. This
combination prevents the preferential solvation from over-
riding the excluded volume term as it does with denaturants.
Viewed in this way, there is no qualitative disagreement
between the two interpretations. A more meaningful com-
parison will require a detailed study of the free energy of
transfer method that includes excluded volume effects.
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If K,y — 1 were negative for TMAO, we would have the
conditions for a Flory-Fox collapse and aggregation of the
protein. It has in fact been shown that proteins contract in
size and tend to precipitate at higher TMAO concentrations
(Quetal., 1998). This was interpreted as enhanced intrachain
interactions resulting from the positive contact free energy of
peptide groups with TMAO, which is quite reasonable and in
accord with polymer theory. On the other hand, it could be
expected that at least a small affinity for a solute, i.e.,
K, —1>0, is required to form a stable solution. This
presumably results from the nonpeptide groups of the
protein.

Guanidinium chloride

For an ionic substance, a small change in formulation is
necessary. The relation that replaces (¢; + K @3) in Eq. 4 is

Y=tk HK b =1+ (K — 1)
+ (K, — )¢, (13)

where K and ¢" are the site binding constant (volume
fraction basis) and volume fraction of the cation, and K and
¢~ apply to the anion. This relation is obtained in the same
way as Eq. 5. See Schellman (1987) for a similar discussion
involving mole fractions rather than volume fractions. It is
not possible to evaluate K or K individually by purely
thermodynamic means, though comparison with other an-
ions or cations often will establish relative magnitudes. Em-
pirically it is clear that the dominant denaturant effect in this
case comes from the guanidinium ion, Gdm'", though it
would be a mistake to consider the chloride as negligible.
See Wong and von Hippel for a demonstration of anion
effects and Baldwin for a further discussion (von Hippel and
Wong, 1964; von Hippel and Wong, 1965; Baldwin, 1996).
With no clear-cut directive, we will arbitrarily assign all the
interaction to the guanidinium ion by putting K = 1 for
the anion. If relative values for Gdm" and Cl~ become
available, the calculations can be redone. With this sub-
stitution we have

Y=, +K ¢ +¢ =1+(K —1)¢". (14)

The populations at a given site will thenbe ¢, /Y, K. ¢ * /Y
and ¢~ /) for water, guanidinium ion, and chloride ion,
respectively.

The results are shown in Table 4 B and Fig. 3 B. Look-
ing first at the global properties AX, Y K’, and AB, we see
that the excluded volume change is considerably larger for
guanidinium chloride than for urea. This is because the
addition of a protein molecule to a solution excludes both the
Gdm™ ion and the C1™ ion. The Gdm" ion itself is less than
10% larger than the urea molecule. On the other hand, AB,
the thermodynamic quantity is more than twice as large for
the guanidinium ion as it is for urea, except for HEW
lysozyme, which will be discussed shortly. This yields a large

Biophysical Journal 85(1) 108-125



120

increase in ZK " via Eq. 10, showing that the guanidinium
ion has a larger preferential solvation than urea. The values
for K, — 1 show the same effect; they are roughly twice as
large as for urea.

As usual, SN is anomalous relative to our small set of
“normal” proteins. Its contact interaction with guanidinium
is stronger; its stability is lower; and finally its change in
excluded volume is larger. One sees the latter by plotting AX
as a function of the number of amino acids. In general, the plot
rises monotonically, but SN does not fit this pattern. This
protein poses interesting questions for those who deal with the
detailed analysis of protein structures. What is different about
the surface area of the folded and perhaps unfolded protein
that results in an anomalous AX? What is different about the
nature of the exposed surface that it interacts so strongly
relative to normal proteins? What are the physical and
teleological explanations for its low stability?

The interaction constant, K,,, for HEW lysozyme and
guanidinium is low relative to RN, RNT, and T4L, whereas
for urea it was in quantitative agreement. It might be that in
this case the chloride ion is perturbing the result by binding to
the native form of the protein. Beychok and Warner (1959)
have observed electrophoretically a strong interaction of
lysozyme with chloride. Any favorable interaction of the
cosolvent with the native form will stabilize it and give rise to
an apparent decrease in ) K' and K. The model assumes that
one need only consider the exposed area in evaluating the
binding. Ion binding by proteins most often takes place near
charge clusters on the surface of the native protein. Unfolding
will break up such clusters and thereby add a negative term to
Y K'. Von Hippel and Wong (1964) observed strong anion
effects for the unfolding of a number of proteins.

Sucrose

There are no transition data for sucrose, so an estimate of the
unfolding parameters will be made in a different way. This is
a good place to point out that there is a great deal of excellent
data from preferential interaction studies by Timasheff’s
group (Lee and Timasheff, 1981; Timasheff, 1998) and more
recently by Record’s (Courtenay et al., 2001). These studies
are usually done on a molality basis giving the quantity 3,3
instead of b,3, but there are conversion formulas that permit
the evaluation of the virial coefficients (Hill, 1959; Garrod and
Herrington, 1969; Wills et al., 1993). This will be discussed in
alater publication. With this technique, one measures directly
the excess of stabilizing osmolytes or denaturants associated
with the addition of protein to the solution. It includes
excluded volume and selective interaction with the latter
always contributing a negative component. Extending the
measurements to both forms of the protein is difficult but has
been accomplished (Lee and Timasheff, 1974).

Two estimates of the size of sucrose molecules have been
made. From a crystal structure and space-filling models,
Garrod and Herrington (1970) modeled the sucrose molecule
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as a prolate ellipsoid with semiaxes of 5.9 and 3.5 A (mean
radius = 4.3 A). Using space-filling models, Davis-Searles
et al. (2001) estimated a mean radius of 4.0 A. Since using
a mean radius for a distinctly nonspherical molecule like
sucrose raises some questions to be considered shortly, both
values have been used in our estimates, but details will be
presented only for the case of average radius 4.3 A.

The discussion will be restricted to the case of
carboxamidated ribonuclease T1, where extra information
is available for a qualitative estimate of the interaction. As in
Section 6, “‘Results’’, the excluded volume calculations are
for native RNT whereas the experiments were performed on
the carboxamidated derivative. Excluded volumes were
calculated as described in Section 5, ‘““Excluded Volume
and Accessible Area”, and are presented in Table 5, which
also includes the results for r, = 4.0. Because of the large
average radius of sucrose, these are the largest changes in
excluded volume for RNT. Estimates of this effect caused
Wills and Winzor (1993) to suggest that the excluded
volume was sufficient by itself to account for the stabilizing
effect of sucrose on proteins. This is in accord with our own
evaluation, but we will be concerned with selective inter-
actions as well. The aim of the calculations below is to esti-
mate these interactions.

Two facts are of assistance. It is known that sucrose is
a stabilizer so AB(sucrose) >0 and thus ) K’'< AX. Bolen
compared the effect of sucrose and TMAO on carboxami-
dated RNT (Bolen and Baskakov, 2001) and concluded that
TMAO is a more effective stabilizer on a molarity basis.
Consulting Table 4 C, this means that 0 < A B < 3.0. From
Eq. 12 () K’ = AX — AB) and the AX value of Table 5, we
conclude that 14.5 <) K’ < 17.5 L. For purposes of discus-
sion, we will consider the mean of 16 L/M. For r, = 4.0 A,
the average is ~14 L.

The interactions of the various cosolvents with RNT are
presented in Table 6 for comparison. Note that Y K' for
sucrose is greater than that for urea! This is, however, not
a measure of the strength of the interaction. A 1 M solution
of sucrose is 21% by volume; a 1 M solution of urea is 4.5%
by volume. Quite apart from any preferential selection,
sucrose molecules are ~4.5 times as likely to make contact
with a protein surface. This weighting by volume is seen
directly in the definition of K', Eq. 5a. In K,y — 1, this
random factor has been approximately cancelled out and
urea turns out to have twice the preferential affinity for the
protein surface as sucrose. In turn, the guanidinium ion has
twice the affinity of urea. Note that all the cosolvents are
preferentially solvated, though the stabilizing osmolytes are

TABLE 5 Excluded volumes, ZK’ and K,,, for ribonuclease-T
and sucrose

rp(A) Xunt(L) X«(L) AX(L) YK'(L) Koy — 1
4.0 36.2 20.6 15.6 12.6-15.6 0.091-0.113
4.3 39.2 21.7 17.5 14.5-17.5 0.105-0.127
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TABLE 6 Interaction parameters for cosolvents with RNT

655 sites

Cosolvent o YK'(L) Ky — 1
Urea 22 6.7 0.224

Gdm+ 2.4 12.8 0.403

TMAO 3.0 5.8 0.122

Sucrose* 4.3 16.0 0.116

Sucrose* 4.0 14.1 0.102

*Mean of lower and upper estimates.

“preferentially hydrated”. The difference results from the
fact that preferential interaction measurements include the
excluded volume term.

It should be noted that though the size of a molecule like
sucrose may increase the probability of contact with a protein,
it also increases the excluded volume term. The latter is the
dominant effect. Urea unfolds proteins () Ky, > AX) whereas
sucrose stabilizes them () Kz, < AX).

There is a minor caveat associated with the use of volume
fractions for sucrose. The ratios of the molar volumes of
urea, guanidinium, and TMAO to the molar volume of water,
discussed in Section 2, ‘‘Physical Aspects of the Model”’, are
rather close to the number of ways in which the cosolvent
can replace a water molecule on the surface. The volume of
a sucrose molecule is ~12 times that of a water molecule,
but its complexity and convoluted shape makes it difficult
to apprise whether this is a reasonable numerical factor.
Furthermore, with an assumed diameter of 8.6 10\, a pair of
groups roughly 14 A apart could block access to a concave
region of the surface of a protein. A real molecule of sucrose
could find an orientation in which it could penetrate a much
smaller gateway than this. A possible way of dealing
approximately with this problem would be to evaluate the
lengths of the three representative axes in an asymmetric
molecule, treat the semiaxes as radii of spherical probes, find
the excluded volume for each of them separately, and take
the average. This could be an improvement but there would
still be problems since realistic models for a molecule like
sucrose have no circular cross sections.

SUMMARY AND CONCLUSIONS

We first review the notation and concepts that have been
introduced. The experimental parameters, which are meas-
ures of the change in free energy of unfolding caused by
cosolvents, are related by

—m/RT = Ab = AB,

where m is the empirical slope of AG versus C; Ab is the
change in solvation free energy on unfolding, and AB is the
change in virial coefficient. (In a later, more technical, paper,
it will be shown that the relation Ab = AB is true only for
special cases like the present one and that the virial coefficient
should be replaced by the Kirkwood-Buff integral (Kirkwood
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and Buff, 1951). These considerations do not affect the
interpretation.) All are defined on a molarity scale. Preferen-
tial interaction measurements, I, are proportional to Ab. All
are measurable thermodynamic quantities. Direct interaction
of cosolvents with the protein are presented via two quantities
YK’ and K,,. Y K' measures the global interaction of the
protein with the cosolvent. It is not an equilibrium constant: it
does not properly account for water in the equilibrium of Eq.
1, and it is negative for preferential hydration. It is, however,
the measure of preferential solvation that enters into m values
and virial coefficients, both of which are reported on amolarity
scale. K,,, on the other hand, is a unitless equilibrium constant
based on volume fractions, Eq. 1. It measures the probability
of exchange of cosolvent molecule for a solvent model at the
contact surface.

1. Volume fraction rather than molarity is the concentration
unit used to describe the interactions of the cosolvent at
a surface site of the protein. This compensates for the
inequality of molecular size. This should be a reasonably
good approximation for urea, the guanidinium ion and
TMAUO. It is better to compensate in this way than to
ignore the problem.

2. mvalues, Ab and AB are composed of two terms, the first
of which is the change in excluded volume, AX.
Excluded volumes and surface areas were evaluated
using the MSP surface program for all cosolvent mol-
ecules and water (Connolly, 1993). Since the unfolded
protein has a variable structure, a procedure was used for
estimating the excluded volume for these cases. Consult
Section 5, “Excluded Volume and Accessible Area”,
for details. Changes in excluded volume are often as
large or larger than the molar volumes of the proteins.
This is a major factor that has been ignored in many in-
vestigations.

3. Contact interactions with the protein are the second fac-
tor that contributes to the change in the virial coefficient.
In the analysis of this paper, this is calculated via the
standard method of site-binding using volume fractions
for water and the cosolvent. The free energy of in-
teraction at a site is given by —In(l + (K — 1)¢3),
which can be converted to molarity for comparison with
experiment, i.e., —In(l + (K{C3). The results of this
study demonstrate that K{C; is small enough (on
average) to expand the log to the linear term (Fig. 4).
ZK; C; is the term that counteracts the excluded volume
(Eq. 10). The appendix shows that K;Cj3 is a measure of
the excess of cosolvent in the solvation shell over the
amount that would be there in a random distribution. This
demonstrates that C3) K{ is the change in preferential
solvation resulting from the unfolding. This quantity
must be distinguished from the preferential interaction,
which is an experimental quantity that is related to AB
and arises from excluded volume as well as preferential
solvation.
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The appendix presents an alternative description of the
contact interaction in terms of the distribution of
cosolvent near the protein surface. Both the excluded
volume and the selective interaction appear in a simple
and intuitive fashion.

4. The total interaction is given by the sum of the excluded
volume and interactions terms, AB = AX — ) K{. This is
the central formula of the analysis. It depicts the influence
of the cosolvent as a balance of two forces, the excluded
volume and the solvent interaction (Fig. 3.). For the
unfolding of proteins, AX is always positive, because of the
increase in surface area (section 5, ‘“‘Excluded Volume and
Accessible Area’). ZK; can be positive or negative.
Positive means preferential solvation by cosolvent,
negative means preferential solvation by water. All the
solvents from guanidinium to sucrose have a positive ) K.
This is probably necessary for the proteins to be stable in
solution. ZK; is an extensive property of the protein; it
depends not only of the strength of interaction but also on
the area exposed on unfolding. With equal average
interactions, Y K{ is larger for a large protein than a small
one.

5. By contrast, K, is an average equilibrium constant at a site
and K,, — 1 is a measure of the strength of the selective
interaction with a negative value meaning selective hy-
dration. There is no assumption of identical sites. Ex-
periment permits us to measure the sum of the effective
interaction over all sites, Y (K; — 1), and K,y results from
dividing this by the number of sites. There are doubtless
both attractive and repulsive interactions for any ligand. A
hydrophobic area of the protein will repel proton donating
H-bonding groups; a positive ion will interact unfavorably
with a guanidinium ion, etc. Possibly some of the in-
teractions may be sufficiently large that the expansion of
the logarithm (Eq. 5) is not valid. Such site deviations are
evidently not large enough to affect the overall linearity of
global denaturation curves.

Values of K,, — 1 for ribonuclease-T, ribonuclease A,
and T4 lysozyme are remarkably close to one another,
indicating a physicochemical similarity of the surfaces
exposed during denaturation. This is similar to but differs
from the proportionality of m values to exposed surface
area, since there is a very large and sometimes dominant
correction for excluded volume in obtaining these
numbers. Staphylococcus nuclease, as usual, is atypical
in essentially all respects. The m values of this protein vary
considerably as a result of single point mutations in
sequence, indicating large differences in exposed surface
area (Shortle et al., 1990; Green et al., 1992; Meeker et al.,
1996). This suggests a structure in the unfolded form that is
more detailed and specific than the generic polymer effects
normally associated with unfolded proteins. HEW lyso-
zyme also deviates from the others in guanidinium chloride
solution but this may arise from chloride binding (Beychok
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and Warner, 1959). More proteins will have to be studied to
establish the generality of these patterns.

6. Theories of the stabilization or destabilization of proteins
by small molecules will have to remain semiquantitative
for a long time. The main problem is the unfolded state
with its enormous number of configurations. The
evaluation of an accurate average of the interactions,
surface area, and excluded volume over these conforma-
tions is essentially hopeless. Earlier practice simply
assumed an extended conformation. A step in the right
direction was taken by Creamer et al. who made use of
a (hopefully) representative sample of conformations
taken from disordered regions of proteins. Further
progress may come along these lines.

However, difficulties are compounded by the fact that the
distribution of conformations is a function of the concentra-
tion of cosolvent. Almost 50 years ago, the author noted that
the rotatory dispersion of unfolded polypeptide chains
depends on the concentration of denaturants (Schellman,
1958). Tanford concluded that unfolded chains were truly
randomized only at the highest concentrations of guanidi-
nium chloride, but not in urea or in the thermally denatured
state (Tanford et al., 1966). Structure in the unfolded state is
a theme that was developed by Shortle (Shortle and Meeker,
1986). Bolen has observed the opposite effect, the com-
paction of unfolded proteins in TMAO (Qu et al., 1998).
At present, it seems hopeless to try to develop a truly quan-
titative description of all these phenomena. There is, how-
ever, no need for pessimism. Experimental measurements
provide us with quantitative information. The modest pur-
pose of theoretical discussions like the present one is to pro-
vide a qualitative picture of the molecular events that lead to
the observed phenomena.

APPENDIX: HEURISTIC DISCUSSION OF THE
VIRIAL COEFFICIENT

The McMillan-Mayer theory gives the expression

(B /)G, = <_ J (e - l)dv> (A

for the second term in the virial series, where B3 is the second virial
coefficient for molecule 2 immersed in a solution of water and cosolvent, 3
(see (Hill, 1960)). Units are normally molecules and milliliters, but to avoid
new notation we use liters as a volume unit and molarity for concentration.
The integral is over the solution surroundings of a single molecule of
component 2, the protein. Division of B,3 by Avogadro’s number converts
its units from L/mole to L/molecule. These unit complications disappear at
the end. w is the interaction potential for a cosolvent molecule at position r
(potential of average force). C9 is the concentration of cosolvent out in the
bulk solution, and for a dilute protein solution it is essentially the
macroscopic concentration. Bringing C9 into the integral, we obtain

(B /N,)C = (— ch’(e””“)/kT - l)dv) .

is the Boltzmann factor for finding a molecule of 3 at position r
measured from the center of a molecule of 2. The local concentration at r

(A2)

e—w(r)/kT
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may be identified with C3(r) = C3e /KT = K (r)C, where K(r) is a local
equilibrium constant defined as ¢~ ¥(")/%T_ Making these substitutions,

(B/N,)C5

I
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—_—
—
a
<
-
|
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SN—"
=

:—Qﬁmo—nw

(moles 3 per molecule 2). (A3)

C(r) — CY is the excess cosolvent at position 7 so that its integral is a measure
of the excess (positive or negative) of cosolvent in the neighborhood of the
protein. The second line introduces the local equilibrium constant. The
integrand is the excess concentration at r and the integral is the excess moles
of cosolvent in the neighborhood of the protein. These manipulations are
identical to those used in the derivation of the Debye-Hiickel theory.

The integral must extend over the entire volume of the solution where
C(r) differs from C5. We assume that the protein may be represented as an
impenetrable shell outside of which there are normal molecular interactions
of attraction or repulsion. In accord with the model in the main text, we
define the hard shell as the envelope of the ASA of the protein for the
particular cosolvent molecule. The shape of the potential outside this shell
need not be specified. We need only know that it is a negative well (K(r) > 1)
indicating attraction or a positive repulsion (K(r) < 1), or perhaps both
depending on r. From Eq. A3 it is clear that C,B»3 is the total excess of
cosolvent molecules in the neighborhood of the protein. Its identity with the
preferential interaction coefficient (in the absence of nonideality) is thus
completely explained at the molecular level.

We divide the integral into two regions inside and outside the ASA:

(B /N,)C; = — C;’J (0 — 1)dv
- CZJ ASA(K(r) — dv

(K(r) = D)dv.

>ASA

(A4)

cp—qj

C(r) and therefore K(r) vanish inside the hard shell so the first integral is just
the negative of the volume contained in the ASA envelope. By definition,
this is the excluded volume per molecule, x. The second integral evaluates
the excess of component 3 in the neighborhood of the protein outside the
ASA envelope. Multiplying both sides of Eq. A4 by N,,

CBy; = C (X - NaJ (K(r) — 1)dv>. (A5)
This converts from a molecular basis to a molar basis of the protein.
Molecular exclusion becomes the molar excluded volume X. Comparison of
Eq. A5 with Eq. 10 leads to a correspondence with the thermodynamic

formulation

>ASA

Y Ki= ) ViK,—1)= NaJ (K(r) — 1)dv. (A6)
e)(g[();ed exsi?ged >ASA

The summations are over all sites and the integral is over the space outside
the ASA and is effectively an integral over all sites. The integral could be
divided into domains radiating out from each of the 10 A binding sites,
thereby completing the analogy. This provides us with a very clear definition
of K',y as a measure of the average excess of a component in the
neighborhood of a site and shows that the K — 1 factor derived
thermodynamically has a direct counterpart in the Mayer virial coefficient.

The word heuristic in the title of this Appendix indicates an over-
simplified treatment. In a condensed phase, the w(r) in the exponent of the
Boltzmann factor is the potential of average force and not a simple
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intermolecular potential. w(r) is difficult to calculate, has a complicated
shape especially near contact, and the virial coefficient requires a theory like
that of Kirkwood and Buff (1951). This will not change its interpretation as
a measure of local excess in the neighborhood of the protein.
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unfolded state, Jeffrey Meyers for comments, R. L. Baldwin for extensive
interchange of ideas during the early part of this investigation, and Charlotte
Schellman for a careful reading of the manuscript.
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