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ABSTRACT: While the hydrophobic driving force is thought to be a major contributor to protein stability,
it is difficult to experimentally dissect out its contribution to the overall free energy of folding. We have
made large to small substitutions of buried hydrophobic residues at positions 8 and 13 in the peptide/
protein complex, RNase-S, and have characterized the structures by X-ray crystallography. The
thermodynamics of association of these mutant S peptides with S protein was measured in the presence
of different concentrations of methanol and ethanol. The reduction in the strength of the hydrophobic
driving force in the presence of these organic solvents was estimated from surface-tension data as well as
from the dependence of the∆Cp of protein/peptide binding on the alcohol concentration. The data indicated
a decrease in the strength of the hydrophobic driving force of about 30-40% over a 0-30% range of the
alcohol concentration. We observe that large to small substitutions destabilize the protein. However, the
amount of destabilization, relative to the wild type, is independent of the alcohol concentration over the
range of alcohol concentrations studied. The data clearly indicate that decreased stability of the mutants
is primarily due to the loss of packing interactions rather than a reduced hydrophobic driving force and
suggest a value of the hydrophobic driving force of less than 18 cal mol-1 Å2.

It is generally believed that the hydrophobic driving force
is a major determinant of protein stability (1). There are
several other contributors to the overall free energy of folding
(∆G°f). These include differences in hydrogen bonding, van
der Waals interactions, electrostatic interactions, and con-
formational entropy between the folded and unfolded states.
Hence, it is difficult to estimate the contribution of the
hydrophobic driving force alone to the overall∆G°f. Many
previous estimates have been derived from measurements
of the thermodynamics of transfer of model compounds from
the solid, vapor, or liquid phase into aqueous solution (2-
7). An alternative approach taken to measure this contribution
is detailed thermodynamic and structural studies of proteins
having large to small substitutions of buried, nonpolar amino
acid residues (8-11). Such substitutions should result in a
decreased hydrophobic driving force for folding. Previous
studies have used the difference in free energy of folding
upon mutation,∆∆G°f [∆∆G°f ) ∆G°f(mutant)- ∆G°f-
(wild type)], to estimate the contribution of the hydrophobic
driving force to protein folding. In addition to a reduced
hydrophobic driving force, such mutations often result in

formation of cavities in the interior of the protein (11-14),
leading to a loss of van der Waals interactions. It was
previously suggested (15) that loss of packing interactions,
rather than a reduced hydrophobic driving force, largely
determines the value of∆∆G°f for these cavity-containing
mutants. To further clarify this issue, we have carried out a
series of thermodynamic and structural studies in mutants
of the protein/peptide complex, ribonuclease S (RNase S).1

Bovine pancreatic ribonuclease A (RNase-A) can be
cleaved by subtilisin between residues 20 and 21 to yield
two fragments, S peptide (residues 1-20) and S protein
(residues 21-124) (16, 17). These fragments can be sepa-
rated and reconstituted to form the noncovalently associated
S peptide/S protein complex, ribonuclease S (RNase-S),
which is catalytically active and has a three-dimensional
structure very similar to that of native RNase-A (18, 19).
Because residues 16-20 are not important for the binding
of the two fragments (20), a truncated S peptide (S-pep)
comprising of residues 1-15 can be used instead of the 20-
residue peptide. The binding energetics of this association
can be studied using isothermal titration calorimetry (ITC).
This enables the study of mutational effects on the thermo-
dynamic parameters of association at different temperatures
in the absence of any denaturants. In addition, mutants can
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be readily crystallized and a variety of nonnatural amino acid
mutants can be incorporated into the S peptide. Residues
Phe8 and Met13 are two hydrophobic residues in S peptide
that are buried in the interior of RNase-S. These residues
are important for the binding of S peptide to S protein (17,
21). These positions have been mutated to smaller, hydro-
phobic residues, and the impact on the thermodynamic
parameters and structure of the enzyme have been reported
previously (13, 15, 22-24). In the present study, we have
incorporated additional substitutions at these two positions
in the S-pep. The thermodynamics of association of these
mutant S-pep’s with S protein in the presence of different
concentrations of methanol and ethanol was examined to
characterize the effect of a reduced hydrophobic driving force
on the binding energetics of this fragment complementation
system. We have also solved the crystal structures of three
of these mutant complexes and analyzed the change in cavity
volumes as a result of the substitutions at positions 8 and
13.

MATERIALS AND METHODS

Materials.RNase-S was prepared from RNase-A (Sigma,
Type XII A), by subtilisin cleavage (16) and as modified by
Neumann and Hofsteenge (25). S protein was purified from
RNase-S by reverse-phase HPLC on a C18 Vydac preparative
column using a 5-95% acetonitrile gradient with 0.1% TFA.
The S protein and S-pep eluted at 45 and 30% acetonitrile,
respectively. These fractions were placed in a speedvac to
remove the acetonitrile and then lyophilized. The purified S
protein gave a single peak at the expected molecular weight
of 11 527.8 (this corresponds to cleavage between the 20th
and 21st residues) on a mass spectrometer. All traces of
acetonitrile were removed by repeated lyophilization of the
S protein and dissolution in water. The concentration of
purified S protein was determined from the absorption of
its aqueous solution at 280 nm [ε ) 9.56 mM-1 cm-1 (23)].
The S-pep mutants M13Nle, M13Nva, M13Anb, F8NleM13-
Nle, F8NvaM13Nle, and F8AnbM13Nle were obtained from
the Keck Biotechnology Resource Laboratory at Yale
University. Anb, Nva, and Nle are three nonnatural amino
acids, aminobutyric acid, norvaline, and norleucine, and have
the side chains-CH2-CH3, -CH2-CH2-CH3, and-CH2-
CH2-CH2-CH3, respectively. Because all peptides with
mutations at position 8 contain the conservative M13Nle
mutation, we hereafter refer to this as the wild type (WT)
and the remaining mutants as 13Nva, 13Anb, 8Nle, 8Nva,
and 8Anb, respectively. The crude peptides were purified
by reverse-phase HPLC on a Vydac C18 preparative column
using a water/acetonitrile gradient containing 0.1% TFA. The
samples were repeatedly lyophilized to remove any traces
of the solvent components. The presence of mutant S-pep
in the peak fraction was confirmed by MALDI-MS. The
concentration of the peptide stocks was calculated assuming
that 70% of the weight of the lyophilized powder corresponds
to the peptide. Concentrations calculated in this fashion
agreed closely with values determined by quantitative amino
acid analysis described previously (23, 24). The purified S
protein and the peptides were stored at-20°C. Alternatively,
the S protein was purified by gel-filtration chromatography
through Sephadex G-50 equilibrated with 10% formic acid.
Formic acid was then removed from the protein by repeated
lyophilization.

ITC. S protein and S-pep solutions used for the titration
experiments were prepared by redissolving the lyophilized
samples in an appropriate volume of buffer. For 13Nva and
13Anb, 50 mM sodium acetate buffer at pH 6.0 containing
100 mM NaCl and different percentages (v/v) of organic
solvent (methanol or ethanol) was used. For the S-pep
mutants 8Nle, 8Nva, and 8Anb, 50 mM sodium phosphate
buffer at pH 7.0 containing 100 mM NaCl and different
percentages (v/v) of organic solvent (methanol or ethanol)
was used for the titrations. Sodium phosphate is known to
enhance binding (15) relative to sodium acetate. It was
necessary to use the latter buffer for mutants at position 8
because these have intrinsically weaker affinity than similar
mutants at position 13 (15, 24). Nle was used in preference
to the Met present in the native S-pep for two reasons. First,
Met is prone to air oxidation. Second, conservative substitu-
tion of the Met sulfur atom with a methylene group leads to
unexpectedly large values of∆∆Cp, ∆∆H°, and∆∆S (15,
22). To avoid such complications in the interpretation of the
thermodynamic data of large to small residue substitutions
and because all of the peptides used in the study have the
M13Nle substitution, the M13Nle peptide serves as the
reference (WT) peptide for the purpose of our study. With
this choice of reference peptide, values of∆∆Cp have
previously been shown to be close to zero (15). Hence, values
of ∆∆H°, ∆∆S, and ∆∆G° are temperature-independent,
facilitating interpretation of the results. Reference titrations
of WT binding to S protein were performed in both buffers
as a function of methanol and ethanol concentrations. A total
of 50 µM S protein in the calorimetric cell was titrated with
700-800 µM mutant S-pep in buffer containing various
concentrations of organic solvents in a VP isothermal titration
calorimeter from Micro Cal Inc. (Northhampton, MA) at 25
°C. The titrations were performed as described previously
(23, 24). Data were analyzed using the ORIGIN software
package and fitted to a single set of identical binding sites
(22). The association constant for the 8Anb binding to S
protein was low, and the titrations with this mutant were
performed at 5°C. The thermodynamic parameters thus
obtained were extrapolated to 25°C as described previously
(24) for comparison with the other mutants. The extrapolation
used the measured values of∆G° and ∆H° at 5 °C and
assumed that the∆∆Cp of mutation was zero. The∆Cp value
of the WT as a function of methanol was determined by
carrying out titrations at several different temperatures in
the range of 5-25 °C (24) at each methanol concentration.

Crystallization, Data Collection, and Refinement.Purified
S protein at a concentration of 1.0 mg/mL in water was
mixed on ice with mutant S-pep (13Nva, 8Anb, or 8Nva) in
the ratio of 3 mol of peptide/mol of S protein. The mixture
was speedvacced to dryness and immediately redissolved in
6.0 M CsCl solution in 0.1 M sodium acetate buffer (pH
5.75 for 8Anb and 8Nva or pH 5.2 for 13Nva). An equal
volume of 70% ammonium sulfate solution in the same
buffer was added to it, and 8.0µL drops were placed in the
wells of 96-well flat-bottomed ELISA plates, covered and
sealed with cover slips, and kept undisturbed at 20°C.
Crystals suitable for data collection were obtained in 5-7
days with final protein concentrations of 10 mg/mL in the
drop for all three mutants. Crystals were transferred from
the drops to Petri plates, and CsCl was washed off with
repeated changes of a large excess of 70% ammonium sulfate
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solution in 0.1 M sodium acetate at pH 4.75. Crystals were
stored in this stabilization buffer for a few days.

Crystals were mounted in 0.7 mm capillary tubes, and
diffraction data were collected using a MAR300 imaging
plate system mounted on a Rigaku RU-200 rotating anode
X-ray generator at room temperature. The crystal-plate
distance was 100 mm, and images were collected for every
1° oscillation with an exposure time of 300 s. The data were
processed using DENZO and scaled using SCALEPACK
from the HKL program package (26).

The structures of the mutants were solved using the
coordinates of WT as a starting model (PDB code 2RLN).
The structure was refined using CNS version 1.1 (27), and
further manual adjustments were made using O. Refinement
included positional refinement followed by simulated an-
nealing and finallyB-factor refinement. Standard topology
and parameter files in CNS were modified to include the
nonnatural amino acid residues, Anb, Nva, and Nle. Water
molecules were added using the water_pick program in CNS.
2fo - fc and fo - fc maps were generated in CNS and
contoured at 1.5σ and 3.0σ, respectively. Alternate confor-
mations for the 13Nva side chain were modeled using CNS
and O.

CaVity Volume and SolVent Accessibility Calculations.
Cavities for the 8Anb, 8Nva, and 13Nva mutants were
detected, and their volumes were calculated using the MC
procedure previously described (28). The output of the
program gives the centroids of the cavities in the protein
molecule. The centroids of the side chains of Nle13, Phe8,
and Phe120 were calculated using the coordinates of the WT
(PDB code 2RLN). The volumes of all cavities whose
centroids are within 6.0 Å of these side-chain centroids were
summed to get the total cavity volume.∆Cav, the difference
in cavity volume between mutants and WT is given by cavity
volume (mutant)- cavity volume (WT). Cavities in the
region of the side chain of Phe120 were also considered
because there is a movement of this side chain in the 8Anb
mutant. Solvent-accessible surface areas and solvent acces-
sibility were calculated using the Lee and Richards (29)
algorithm with a probe radius of 1.4 Å.

RESULTS

Crystallographic Structure of the Mutants.Structures for
WT, 13Anb, and 8Nle have been described previously (13,
15, 22). A summary of the X-ray crystallographic data for
the three RNase-S mutants determined in this study is shown
in Table 1. All mutants were crystallized in the same space
group,P3121, with similar unit-cell parameters. A compari-
son of these structures with each other and with the WT
reveal that the overall structure is similar in all of them. The
backbone traces superpose well on each other. The root-
mean-square deviation (rmsd) values for all backbone atoms
with respect to that of the WT are 0.47, 0.29, and 0.28 Å
for the 8Anb, 8Nva, and 13Nva mutants, respectively. The
side-chain dihedral angles of residues that differ from the
WT are listed in Table 2. The side chains that show
significant differences from WT are Phe120 in 8Anb, Nle13
in both 8Anb and 8Nva, and Nva13 in 13Nva. The Leu51
side chain in 8Anb and 8Nva also differs significantly from
the WT. The total cavity volumes around the side chains of
residues 8, 13, and 120 were determined from the crystal

structures and are listed in Table 3. In the absence of any
structural rearrangement, deletion of a single methylene
group from a side chain would be expected to result in a
cavity with a cavity volume equal to the Voronoi volume of
a buried methylene group [25 Å3 (30)]. The expected values
of ∆Cav were calculated for each mutant and compared with
the observed ones. The data show that the 8Anb mutant has
a smaller cavity than expected for a Phe to Anb substitution.
This is because the potential cavity created by the substitution
is partly filled by the inward movement of the Phe120 side
chain into this cavity (parts a and b of Figure 1). Such a
movement has been previously observed for the F8A mutant
also (15). The side chain of Nle13 also moves toward the
created cavity. A similar movement is also seen in the 8Nva
structure, but there is only a small change in conformation
of Phe120 in this case. The Nva side chain in 13Nva exhibits

Table 1: Summary of Data Collection, Reduction, and Refinement
for the RNase-S Mutantsa

parameter 8Anb 8Nva 13Nva

a ) b (Å) 44.46 44.39 44.38
c (Å) 97.47 97.70 97.46
Rmerge(%) 7.1 10.6 6.7
total number of reflections 125 966 91 284 103 336
number of unique reflections 10 679 7993 7872
resolution (Å) 1.8 2.0 2.0
completeness (%) 97.8 99.7 97.1
number of water molecules 63 55 53
R 19.66 19.55 18.84
Rfree 22.63 25.01 23.50
rmsd bonds (Å) 0.0044 0.0046 0.0047
rmsd angles (deg) 1.20 1.19 1.17
backbone rmsd relative to the WT (Å) 0.47 0.29 0.28

a All mutants crystallized in the space groupP3121.

Table 2: Side-Chain Dihedral Angles of Residues Close to the Site
of Mutation that Show Differences from the WT in at Least One
Mutant Structure

residue property WT 8Anb 8Nva 13Nva

residue 8 ø1 177 -178 -177 177
ø2 85 -180 84

residue 13 ø1 -69 -57 -58 177a, -49b

ø2 -60 179 180 -61a, -55b

ø3 -53 -175 -177
Leu51 ø1 -178 -151 -161 175

ø2 50.3 -177 94.4c 59
Phe120 ø1 -163 -87c -161 -165

ø2 88 61c 69 88
a,b Values for the two alternate conformations.c Rotamers not

typically found in proteins.

Table 3: Expected and Observed Change in Cavity Volumes of
RNase-S Mutants with Respect to the WT and the Relative
Distribution of the Change in Cavity Volumes around Residues 8,
13, and 120

∆ cavity volume
around residue

mutant
expected∆ cavity

volume (Å3)a
observed∆ cavity

volume (Å3) 8 13 120

8Anb 77 37 13 -9 33
8Nva 52 49 62 -18 5
13Nva 25 22 2 15 5
8Nleb 27 33 27 0 6
13Anbc 50 50 18 33 -1

a Calculated based on the known average Voronoi volume of a buried
CH2 group of 25 Å3 (30). b Calculated from PDB file 1D5E (15).
c Calculated from PDB file 1RBD (24).
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alternate conformations. The observed cavity volume at this
site is close to the expected value for this substitution. No
water molecules were detected in any of the cavities in any
of the three mutants.

Structural Studies as a Function of the Alcohol Concen-
tration. CD spectra and activity measurements of RNase-S
were carried out as a function of the alcohol concentration.
The CD spectra of RNase-S were independent of the alcohol
concentration in the range of 0-40% (Figure 2). The effect
of methanol on the CD spectra of the S protein and the free
13Nva peptide were also examined (Figure 2). While the
CD spectra of S protein remained the same at all methanol
concentrations examined, the spectra were a little different

for the free 13Nva peptide. This showed a small increase in
helicity from 1.7% in the absence of methanol to 7.1% in
the presence of 40% methanol. The helicities were calculated
assuming that 100% helix has an ellipticity of 29 200° cm2

dmol-1 (31). Residues 8 and 13 are part of the N-terminal
helix that extends from residues 3 to 13 in RNase-S (or
RNase-A). Solvent accessibilities of these two residues were
calculated using the coordinates of only the S-pep region in
the absence of S protein, and we found them to be about 75
and 55%, respectively, in all of the RNase-A and RNase-S
structures examined [WT (2RLN), 7RSA, and 1RNY].
Hence, it can be assumed that both residues 8 and 13 of the
free S-pep are highly accessible to the solvent even in the
presence of 40% methanol. RNase-S activity was similarly
unaffected by alcohol at concentrations up to 40% (data not
shown). Crystal structures of RNase-A have been previously
determined in the presence and absence of alcohol. The
coordinates for RNase-A crystallized from 43% tertiary butyl
alcohol (7RSA) (32) and from 80% ammonium sulfate/3.0
M cesium chloride (1RNY) (33) were compared. The
structures are virtually identical (rmsd) 0.42 Å). The
volume of the cavity close to Met 13 in RNase-A was
calculated using the MC procedure as described previously
(28). The cavity volume was also virtually identical in both
structures (86 and 92 Å3 for 7RSA and 1RNY, respectively).
Hence, it is reasonable to assume that the cavity volumes of
the various mutants are also independent of the alcohol
concentration.

Thermodynamics of Interaction of S Protein with Mutant
S-pep’s.The thermodynamics of the interaction of S protein
with the WT and mutant S-pep’s in the absence and presence
of different concentrations of methanol and ethanol were

FIGURE 1: Stereo plots of the RNase-S structures (thick line)
superposed on the WT (thin line) in the region around the mutation
site. The van der Waals dot surface of residues around the cavity
is shown for the mutant structures to highlight the cavity formed.
(a) Model of the 8Anb mutant, constructed from the coordinates
of the WT by mutating the Phe8 to Anb, superposed on the WT
structure to show the potential cavity. (b) Actual structure of the
8Anb mutant showing the movement of the Phe120 side chain,
which minimizes the potential cavity. (c) Structure of the 8Nva
mutant superposed on the WT. (d) Structure of the 13Nva mutant
superposed on the WT.

FIGURE 2: Far-UV CD spectra of S protein, a representative mutant
S-pep (13Nva) and RNase S (with 13Nva) at room temperature in
the presence of different concentrations of methanol. (s) represent
spectra in the absence of methanol, while (b, - - -, 2, and 9)
represent spectra in the presence of 10, 20, 30, and 40% methanol,
respectively.
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studied using ITC. The thermodynamic parameters for the
association of the WT, as well as each mutant S-pep
analogue, with S protein in the absence and presence of
different concentrations of methanol and ethanol at 25°C
were determined (Tables 1-7 in the Supporting Information).
Figure 3 shows the titration profiles (enthalpy change as kcal/
mol of peptide injected, as a function of the molar ratio of
peptide/protein) for the WT at 20°C in the presence of
varying concentrations of methanol. The WT peptide was
titrated with S protein over the temperature range of 5-25
°C at each concentration of methanol to obtain∆Cp as a
function of methanol (Figure 4). The magnitude of∆Cp

decreases linearly with an increasing methanol concentration,
with the values being-0.56( 0.02,-0.46( 0.06,-0.48
( 0.06,-0.39( 0.03, and-0.35( 0.02 kcal mol-1 K-1 in
the presence of 0, 10, 20, 30, and 40% methanol, respec-
tively. Over the 0-40% range of methanol examined,∆Cp

decreases by 38%, suggesting a similar decrease in the
magnitude of the hydrophobic driving force over this range
of methanol concentrations.

Tables 4 and 5 list the changes in thermodynamic
parameters for the interactions of the mutants with S protein
relative to the WT. It can be seen that for all of the mutants
the∆∆G° values do not significantly differ in the presence
of different concentrations of methanol or ethanol. Because
decreasing the hydrophobic driving force by the presence
of organic solvents does not significantly affect the free-
energy changes, it implies that a reduced hydrophobic driving
force does not play a major part in the destabilization of
these mutants. The difference in thermodynamic binding
parameters for each peptide between the values in ethanol
and methanol, respectively, was also analyzed. As expected,
binding is typically weaker with the more hydrophobic
ethanol additive, resulting in positive values of∆∆G° of
about 0.2-0.6 kcal/mol. The positive value of∆∆G° is due
to a negative value ofT∆∆S, consistent with an entropy-
driven hydrophobic driving force under these conditions.

Substitution of Phe8 and Nle13 by smaller residues
destabilizes the complex as indicated from the positive values

FIGURE 3: Titration profiles for the WT peptide with S protein in
acetate buffer containing varying concentrations of methanol at 20
°C. The enthalpy change per mole of peptide injected is plotted as
a function of the molar ratio of mutant S-pep/S protein.

FIGURE 4: ∆Cp as a function of the methanol concentration for the
binding of WT to S protein.

Table 4: Difference Thermodynamic Parameters for the Interaction
of S-pep Analogues with S Protein Relative to the WT as a
Function of the Methanol Concentration at 25°C

peptide buffer
percent

methanol
∆∆H°

(kcal/mol)
T∆∆S

(kcal/mol)
∆∆G°

(kcal/mol)

13Anb acetate 0 1.5( 1.1 0.9( 1.2 0.6( 0.03
pH 6.0 10 0.2( 0.7 -0.6( 0.8 0.7( 0.04

20 0.8( 1.1 0.2( 0.5 0.6( 0.05
30 1.6( 0.6 1.1( 0.7 0.6(0.05

13Nva acetate 0 0.4( 0.9 0.5( 1.0 -0.1( 0.03
pH 6.0 10 -0.1( 0.5 -0.2( 0.6 0.1( 0.04

20 4.4( 1.2 4.5( 1.2 -0.1( 0.0
30 6.8( 0.6 6.9( 0.6 0.0( 0.05

8Anb phosphate 0 10.8( 1.1 6.6( 1.2 4.3( 0.05
pH 7.0 10 3.1( 1.7 -1.4( 1.7 4.6( 0.10

20 -14.1(3.2 -18.9( 3.2 4.8( 0.24

8Nle phosphate 0 1.6( 2.3 -0.7( 2.3 2.3( 0.1
pH 7.0 10 8.5( 1.9 6.5( 3.5 2.1( 0.06

20 7.3( 0.5 5.4( 0.6 1.9( 0.14
30 7.8( 1.0 5.7( 1.1 2.1( 0.07

8Nva phosphate 0 2.4( 1.4 0.2( 1.4 2.3( 0.1
pH 7.0 10 3.1( 1.8 1.0( 3.4 2.1( 0.1

20 13.9( 4.0 11.5( 3.9 2.5( 0.2

Table 5: Difference Thermodynamic Parameters for the Interaction
of S-pep Analogues with S Protein Relative to the WT as a
Function of the Ethanol Concentration at 25°C

peptide buffer
percent
ethanol

∆∆H°
(kcal/mol)

T∆∆S
(kcal/mol)

∆∆G°
(kcal/mol)

13Anb acetate 0 1.5( 1.1 0.9( 1.2 0.6( 0.03
pH 6.0 10 -0.8( 1.4 -1.4( 1.4 0.7( 0.05

20 -0.2( 0.6 -0.6( 0.7 0.4( 0.02
30 0.5( 0.9 -0.4( 0.9 0.7( 0.2

13Nva acetate 0 0.4( 0.9 0.5( 1.0 -0.1( 0.03
pH 6.0 10 -0.1( 1.1 -0.2( 1.1 0.2( 0.02

20 0.9( 0.6 1.0( 0.7 0.0( 0.01
30 -0.5( 0.6 -0.7( 0.6 0.1( 0.2

8Nle phosphate 0 1.6( 2.3 -0.7( 2.3 2.3( 0.1
pH 7.0 10 1.4( 1.4 -0.9( 1.5 2.3( 0.04

20 1.5( 0.4 -0.7( 0.4 2.2( 0.06

8Nva phosphate 0 2.5( 1.4 0.2( 1.4 2.3( 0.1
pH 7.0 10 2.7( 1.6 0.4( 1.6 2.3( 0.02

20 20.4( 0.5 18.3( 0.5 2.1( 0.05
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of ∆∆G°. Because the hydrophobic driving force is not the
major contributor to the relative stability of these mutants,
the difference in free energy upon such large to small
substitutions must arise from the loss in packing interactions
as reported earlier (15).

DISCUSSION

Quantitative estimates of the strength of the hydrophobic
driving force are primarily derived from measurements of
the thermodynamics of transfer of small, relatively nonpolar
solutes from either the liquid, solid, or gas phase into an
aqueous solution (2-7). These yield a value of about 25-
30 cal mol-1 Å-2 for the hydrophobic driving force. For
transfer of small nonpolar solutes from the aqueous phase
to the nonpolar phase (analogous to a protein-folding
reaction), at room temperature, values of∆Htr° are close to
zero, while values of∆Str are positive (15), (4). With a
decrease in size of the solute, values of∆∆Htr° are close to
zero but values of∆∆Str are always large and negative and
result in a positive value of∆∆Gtr° for a small nonpolar
solute relative to a larger one (Table 4 of ref15). Some recent
simulations and calculations (34-36) have suggested that
the nature of hydrophobic hydration depends strongly on the
size and topography of the solute. Locally convex hydro-
phobic patches are thought to be characterized by clathrate-
like solvent structures, similar to those believed to be formed
around small, spherical nonpolar solutes. However, flat and
extended hydrophobic surfaces may be associated with a less
ordered and inverted clathrate solvent with disrupted hydro-
gen bonding for water close to the solute. The former,
clathrate type of association will be associated with a reduced
solvent entropy, and hence, the hydrophobic effect will be
entropy-driven with positive value of∆Str° from water to
nonpolar media. In contrast, for the larger and flatter
hydrophobic solutes, it is likely that the hydrophobic effect
will be enthalpically driven.

As discussed in an earlier section, thermodynamic studies
of large to small substitutions in globular proteins have been
used to estimate the strength of the hydrophobic driving force
in protein folding. Some of these studies yielded an estimate
of as high as 47 cal mol-1 Å-2 (37-39). However, it was
subsequently shown that this large number was due to neglect
of the contribution of cavity formation to the measured
decrease in stability (28). The latter analysis yielded an
estimate of the hydrophobic driving force of at most 18.5
cal mol-1 Å-2. On average, deletion of a single methylene
group in a well-packed structure was predicted to result in
losses in stability of 0.41 and 0.7 kcal mol-1, resulting from
decreases in hydrophobicity and packing, respectively.

The large contribution of loss of packing interactions to
the observed stability decrease was also consistent with
positive values of∆∆H° and ∆∆S of folding for such
mutants (15). Positive values of∆∆H° and ∆∆S are the
opposite of what is experimentally observed in small
molecule transfer studies, discussed above. In the present
work, we have adopted an alternative approach to determine
the relative contributions of close packing and the hydro-
phobic effect to destabilization of mutants with large to small
substitutions. Stability measurements in WT and mutant
proteins have been carried out in the presence of varying
concentrations of methanol and ethanol. These two additives

will decrease the hydrophobic driving force. Hence, if the
destabilization of mutants with large to small substitutions
is primarily due to the hydrophobic effect, it is expected that
the magnitude of∆∆G° [∆G°(mutant)- ∆G°(wild type)]
will decrease with an increase in the alcohol concentration.
Furthermore, this decrease should be larger for the more
nonpolar ethanol additive. The data in Tables 4 and 5 clearly
show that values of∆∆G° are virtually independent of the
methanol or ethanol concentration. This confirms our earlier
assertion (15, 28) that loss of packing interactions rather than
the hydrophobic effect is the main determinant of the
observed destabilization. In Figure 5, the observed value of
∆∆G° is plotted against the observed cavity volume as well
as against the expected cavity volume (assuming no structural
rearrangement) for RNase-S mutants characterized in both
this as well as an earlier study (15). Only those mutants with
unbranched substitutions at positions 8 and 13 were consid-
ered. There is a better correlation between∆∆G° and the
expected∆Cav (R ) 0.59) than with the observed∆Cav (R
) 0.29). This probably arises from the fact that protein
rearrangement associated with reduction in cavity volume
(relative to the expected∆Cav) is associated with an
energetic cost. Evidence for this comes from the observation
that side chains that undergo movement to fill in the cavity
sometimes have unfavorable dihedral angles (seeø1 andø2

for Phe120 in the 8Anb structure andø2 for Leu51 in the
8Nva structure, Table 2; these dihedral angles are not
typically found in proteins). Similar observations were
previously made for other mutants at position 13 in RNase-S
(13). To interpret the values of∆∆G° as a function of the
alcohol concentration, it is important to confirm that the
structure of the protein and the volume of the internal cavity
are not affected by alcohol. As discussed in the results
section, CD, activity, and previous crystallographic studies
all suggest that the structures of S-pep, S protein, and RNase
S are not affected by alcohol over the concentration ranges
studied.

To estimate the approximate reduction in the strength of
the hydrophobic driving force as a function of the alcohol
concentration, two different approaches were taken. First,
the previously reported dependence of the surface tension
on the alcohol concentration (40) was examined (Figure 6).

FIGURE 5: ∆∆G° as a function of expected (b, 1, [, 2, and9)
and observed (O, 3, ], 4 and,0) cavity volumes for the 8Anb
(b, O), 8Nva (1, 3), 8Nle ([, ]), 13Anb (2, 4), and 13Nva (9,
0) mutants. (s) and (- - -) represent the linear fits of the data for
the expected and observed cavity volumes, respectively, and have
correlation coefficients of 0.59 and 0.29, respectively.
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The surface tension of water decreases from about 72 dynes/
cm (in the absence of alcohol) to about 35 dynes/cm in 50%
methanol and to about 30 dynes/cm in 50% ethanol. Second,
the dependence of∆Cp of binding of WT peptide to S protein
on the alcohol concentration was measured (Figure 4). Here
too, there was a linear decrease of approximately 38% from
-0.56 kcal mol-1 K-1 in the absence of alcohol to-0.35
kcal mol-1 K-1 at 40% methanol. Both of these approaches
are consistent with a decrease in the magnitude of the
hydrophobic driving force to about 60-70% of its aqueous
solution value over the range of alcohol concentrations
studied. Despite this significant decrease, there is no detect-
able change in values of∆∆G° with the alcohol concentra-
tion (Tables 4 and 5). When all of the data are taken together,
they strongly suggest that the reduced stability of mutants
with large to small substitutions is primarily due to the loss
of packing interactions rather than a reduced hydrophobic
driving force. We had previously estimated the strength of
the hydrophobic driving force to have an upper limit of about
18 cal mol-1 Å-2 corresponding to about 0.41 kcal mol-1

per methylene group deleted. In the mutants studied here,
the number of carbon atoms deleted varies from 1 (Nlef
Nva) to 4 (Phef Nva). This would correspond to stability
decreases of 0.4-1.6 kcal mol-1 because of a reduced
hydrophobic driving force. A reduction of about 30% in the
hydrophobic driving force should lead to decreases of
between 0.1 and 0.5 kcal/mol in values of∆∆G° as a
function of the alcohol concentration. The estimated standard
error in ∆∆G° is typically less than 0.1 kcal mol-1 (Tables
4 and 5). The fact that there is no observable decrease in
∆∆G° suggests that the true value of the hydrophobic driving
force is somewhat lower than 18 cal mol-1 Å-2 for protein
folding.
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