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Response of a Protein Structure to
Cavity-Creating Mutations and Its
Relation to the Hydrophobic Effect

A. E. ERIKSSON,* W. A. BAASE, X. J.
E. P. BALDWIN, B.

Six "cavity-creating mutants, Leu46 -* Ala (LA6A),
L99A, L118A, L121A, L133A, and Phe'53 -i' Ala
(F153A), were constructed within the hydrophobic core
of phage T4 lysozyme. The substitutions decreased the
stability of the protein at pH 3.0 by different amounts,
ranging from 2.7 kilocalories per mole (kcal mol-') for
L46A and L121A to 5.0 kcal mol-1 for L99A. The
double mutant L99A/F153A was also constructed and
decreased in stability by 8.3 kcal mol-1. The x-ray struc-
tures of all of the variants were determined at high
resolution. In every case, removal of the wild-type side
chain allowed some of the surrounding atoms to move
toward the vacated space but a cavity always remained,
which ranged in volume from 24 cubic angstroms (A3)

IT IS GENERALLY AGREED THAT THE HYDROPHOBIC EFFECr IS

the major factor in stabilizing the folded structures of globular
proteins [see, for example, the recent reviews by Dill (1) and

Sharp (2)]. Until recently, it has also been generally agreed that the
strength ofthe hydrophobic effect, that is, the energy ofstabilization
provided by the transfer ofhydrocarbon surfaces from solvent to the
interior ofa protein, is about 25 to 30 cal mol- l A-2 (3). However,
some recent studies in which site-directed mutagenesis and protein
denaturation were used suggest that the strength ofthe hydrophobic
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for L46A to 150 A3 for L99A. No solvent molecules were
observed in any of these cavities. The destabilization of
the mutant Leu -* Ala proteins relative to wild type can
be approximated by a constant term (-2.0 kcal mol-')
plus a term that increases in proportion to the size of the
cavity. The constant term is approximately equal to the
transfer free energy of leucine relative to alanine as
determined from partitioning between aqueous and or-
ganic solvents. The energy term that increases with the
size of the cavity can be expressed either in terms of the
cavity volume (24 to 33 cal molP' A-3) or in terms ofthe
cavity surface area (20 cal mol' A-2). The results suggest
how to reconcile a number ofconflicting reports concern-
ing the strength of the hydrophobic effect in proteins.

effect might be much greater. In a typical experiment, a hydrophobic
residue within the core of a protein is substituted by a smaller
hydrophobic residue and the resulting change in the stability of the
folded versus the unfolded (or denatured) form of the protein is
taken as a measure of the difference between the hydrophobic
stabilization provided by the two amino acids. Such experiments
carried out with different proteins (4-6) or at different sites within
the same protein (7) have, however, given variable results. For
example, Shortle et al. replaced each ofthe leucines in staphylococcal
nuclease with alanine and found that the decrease in free energy
of protein folding ranged from 1.6 to 5.8 kcal moll (7). The lat-
ter value corresponds to stabilization of -80 cal mol-' A-2, a value
about four times that estimated from solvent transfer experiments
(3, 8-10). The reason for this discrepancy has not been resolved and
remains the subject of debate. A principal difficulty in addressing
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Table 1. X-ray data collection and refinement statistics. Data were collected
either by oscillation photography or with a Xuong-Hamlin area detector
system. The cell dimensions of pseudo-wild-type lysozyme are a = b = 60.9
Aand c = 96.8 A. Rmerg gives the agreement between intensities measured

on different films (29), R is the crystallographic residual giving the agreement
between the refined structural model and the observed structure amplitudes,
and Abond engt1, and Alfld 1 give the average deviations ofthe bond lengths
and bond angles in the final refined model from "ideal" values.

Parameter L46A L99A L133A L118A L121A F153A L99A/F153A

Data collection
Cell dimensions

a, b (A) 60.9 60.9 61.3 61.1 61.0 61.1 61.4
c (A) 96.4 96.8 96.2 96.9 96.8 95.5 95.6

Resolution (A) 1.8 1.75 1.9 1.8 2.0 2.0 1.9
Unique reflections 14,062 14,445 10,953 16,392 13,324 10,935 12,333
Completeness of data (percent) 76 65 71 75 88 77 72
Rmerge 0.050 0.074 0.082 0.061 0.035 0.066 0.058

Refinement
R 0.153 0.156 0.162 0.157 0.162 0.163 0.171
Abond length (A) 0.018 0.016 0.015 0.015 0.013 0.016 0.017
'Abnd kno (degrees) 2.4 2.0 2.3 2.0 2.0 2.2 2.2

this problem has been the lack of relevant structural data. How does
a protein structure respond when a bulky hydrophobic residue such
as leucine is replaced by a smaller residue such as alanine? Does the
protein structure remain essentially unchanged (5), or is there
structural rearrangement to avoid the creation of a cavity (2, 11)? If
cavities are created, do they contain solvent (5)?

In this article we describe the high-resolution crystal structures
and the thermal stabilities of six "cavity-creating" mutants in T4
lysozyme. Five of the mutants were created by replacements of Leu
residues with Ala; the sixth is a Phe -- Ala substitution. A double
mutant combining the Phe -- Ala substitution with one of the
Leu -- Ala replacements was also constructed. The changes in
thermal stability associated with each of the mutations vary substan-
tially from case to case but can be correlated with the size of the
cavity that is created by the mutation. This result provides a
rationalization for the variability that has been observed in the
directed mutagenesis experiments and also reconciles the apparent
differences in the hydrophobic stabilization estimated by mutagen-
esis and by solvent transfer experiments.

Experimental. The side chains of the six amino acids chosen for
substitution, Leu46, Leu99, Leul"8, Leul21, Leu33 and Phe'53 are
all buried within the protein and inaccessible to solvent except for
Leull8, which has 10 percent solvent accessibility. The Leu4
residue is within the amino-terminal domain; the other residues
constitute part ofthe hydrophobic core within the carboxyl-terminal
domain of T4 lysozyme.

Replacement of these bulky amino acids with alanine achieves a
relatively large change in side-chain volume but avoids possible
complications that might accrue from replacement with the amino
acid glycine. Replacements with other amino acids have been made
but are more complicated to analyze than the Ala replacements (12).
The mutant L133A was created by using the gene for wild-type

lysozyme as a template. All of the other mutants were constructed
with the gene for a pseudo-wild-type lysozyme, Cys54 -_ Thr/Cys97
-- Ala (C54T/C97A, or WT*), in which the two Cys residues were
replaced with Thr and Ala, respectively (13). This cysteine-free
lysozyme has properties similar to the wild type but displays better
reversibility in thermal denaturation experiments (13, 14). The full
identifications of these mutants are, for example, L46A/C54T/
C97A, but are referred to below as L46A, L99A, L118A, L121A,
F153A, and L99A/F153A.
Methods for generation and purification of the mutants were as

described (4, 15). All of the proteins were judged to be at least 95
percent pure by the analytical reversed-phase high-performance
liquid chromatography (HPLC) and SDS-polyacrylamide gel elec-
trophoresis. Crystals were grown from -2.2 M phosphate solutions

10 JANUARY 1992

at pH -6.7 by batch or hanging drop methods (16).
Prior to x-ray data collection, the crystals were equilibrated in a

standard mother liquor containing 1.05 M K2HPO4, 1.26 M
NaHPO4, 0.23 M NaCi, and 1.4 mM 2-mercaptoethanol at pH 6.7.
Procedures for data collection and crystallographic refinement (17)
were similar to those used for other lysozyme mutants (18).
Essential statistics are summarized in Table 1. Coordinates will be
deposited in the Brookhaven Protein Data Bank.
Thermal unfolding experiments for all ofthe proteins were carried

out in 0.025 M potassium chloride, 0.020 M potassium phosphate,
pH 3.01, with an in-cell probe as previously described (19). Protein
concentrations were between 0.01 and 0.03 mg ml-' in all cases.
These conditions were chosen to optimize reversibility, which was
greater than 95 percent except for the dual cavity mutant, L99A/
F153A, in which case it was 80 percent. In this buffer the dual cavity
mutant was only -50 percent folded at room temperature and was
unfolded for the greatest length of time during melting. Circular

Table 2. Thermodynamic data for mutant lysozymes; Tm is the melting
temperature, AH is the change in enthalpy of unfolding at Tm, and AAG
is the free energy of unfolding. All of the measurements were performed
at pH 3.01. For L133A, AAG is the difference between the free energy of
folding of the mutant and wild-type protein. In all other cases, AAG is the
difference between the mutant and the pseudo-wild-type lysozyme, WT*,
from which it was constructed. Because of the wide range of melting
temperatures, isothermal ,AAG values were calculated at 51.8°C with the
use of a thermodynamic model (30) that includes a constant change in
heat capacity, AC estimated in this case to be 2.5 kcal mol-1 degree`.
The accuracy of the AAG values is limited by choice of this model and of
A&Cp itself (31). For the plots in Fig. 2, calculation of AAG values with
ACp ranging from 1.5 to 4.0 kcal mol-1 degree` had almost no effect
(less than 4 percent) on the intercept values, but the slopes were more
sensitive to the choice of ACp, which varied +20 percent over this range.
Thus, for the intercept values, random error is dominant, which we
estimate from the scatter of the points to be ±_10 percent, whereas for the
slopes the uncertainty associated with the choice of the constant ACp
model and with ACp itself is more significant.

Tm AH A
Lysozyme (O(C) (kcal mol-') (kcal mol-')

WVT 53.5 130.0 0.7
WT* 51.8 118.8 0.0
L46A 43.2 89.8 -2.7
L118A 39.6 75.5 -3.5
L121A 42.5 81.0 -2.7
L99A 36.1 79.6 -5.0
L133A 42.9 91.5 -3.6
F153A 39.5 74.9 -3.5
L99A/F153A 10.0 6.0 -8.3
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dichroism (CD) data at 223 nm taken as a function of temperature
were analyzed by means of a two-state van't Hoff procedure to give
the temperature of melting, Tm, and enthalpy of unfolding, AH, at
Tm (Table 2). In the case ofthe dual mutant, the folded baseline was
taken as that of WT*, the background in which these mutations
were constructed.

Results. The crystal structures of four representative single
mutant proteins in the vicinity of the respective amino acid substi-
tutions are shown in Fig. 1. In each case the structure relaxes
somewhat in response to the mutation, although the amount of

C

D

M102

structural change differs significantly from case to case. Surrounding
atoms tend to move slightly toward the space vacated by the
removed side chain. Typically, these movements are a few tenths of
an angstrom and are therefore better characterized as slight adjust-
ments rather than repacking. Two extreme examples are provided by
L99A and F153A. When Leu9 is replaced by Ala the structure
hardly changes at all. The largest shifts are in atoms within the side
chains ofVal87 and Tyr88, which shift, respectively, 0.4 A away from
and 0.5 A toward the mutation site (Fig. IB). The backbone atoms
of residues 87 and 88 also move by -0.2 A. Other than this, the

mutant and wild-type structures are virtually
identical.

In contrast, when Phe'53 is replaced with
so Ala the structural adjustments are substan-

tially larger (Fig. ID). One end of the a
helix that includes residue 153 moves -0.8
A toward the cavity created by the removal
ofthe Phe side chain. The maximal shift (1.0
A) is for the carbonyl oxygen ofresidue 153.
The distal region ofthe side chain of Met'02
also moves 0.6 A toward the space vacated.
The effect of these changes is to reduce in
size, but not to eliminate, the putative cavity
created by the Phe -> Ala replacement. The
side chain of Leu'2' is in contact with that
of Phe'53 (Fig. ID), and when Leu` is
replaced with Ala the structural changes are

7 4 *relatively large and, in many respects, similar
to those seen for the Phe'53 -> Ala replace-
ment. The structural changes in the double

F153 mutant L99A/F153A are essentially the
F153 combination of those seen in the respective

single mutants. Because mutant F153A has
relatively large structural changes and L99A
has very few changes, the structure of the
double mutant is similar to that for F153A,
except for the loss of the side-chain atoms of
Leu99 (20).

In the case of L46A, The C81 atom of
lle27 moves 0.6 A and some backbone atoms
in the vicinity of residues 45 and 46 and 54
to 56 move up to 0.4 A (Fig. 1A). The

M106 structural changes observed for L133A are
4 _vp somewhat larger and more distributed (Fig.
iHe LC). The largest shift, 0.8 A, is in the

13-carbon of Leu'33, the residue that is sub-
stituted by Ala. Backbone atoms within the
short a helix that includes residues 108 to
113 can also move as much as 0.6 to 0.7 A.
Atoms within the side chains of Met106,
Phe"14, Leu"8, and Leu121 can move as

R95 9 much as 0.4 to 0.5 A.
Energetics of cavity-forming mutations

and the hydrophobic effect. The mutant

15
157 structures described here, four of which are

D1598 Fig. 1. Superposition of the structures of cavity-
creating mutant lysozymes (solid bonds) on the
structure of wild-type (WT) or pseudo-wild-type
lysozyme (WT*) (open bonds) in the vicinity of

R146 A160 the amino acid substitution (32). Oxygen atoms
are drawn as solid circles, nitrogen as half-solid

147
circles, and carbon as open circles. (A) L46A

K147 versus WT*. (B) L99A versus WT*. (C) L133A
versus WT. (D) F153A versus WT*.
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shown in Fig. 1, A to D, provide examples of the changes that are
likely to occur in a typical protein structure when a bulky buried
hydrophobic residue is replaced by a smaller one. The results do not
support the liquid oil drop model of a protein interior in which the
hydrophobic residues segregate themselves into a liquid-like cluster
from which water and other polar groups are excluded. Rather, the
core is seen to include some parts that are relatively rigid, and other
parts that are more flexible, but not disordered. The protein
structure does not remain completely invariant, but neither does it
repack so as to fill the space vacated by the substituted amino acid. Side
chains that contact the bulky residue in the parent structure usually,
but not always, tend to move toward the cavity that is created when
the bulky residue is removed. Maximal shifts of 0.4 to 1.0 A were
observed but varied from case to case. Shifts in backbone atoms
tended to be smaller (up to -0.6 A) than side-chain atoms, although
in the case of F153A backbone shifts up to 1.0 A were observed.

In every case a cavity remained in the mutant structure. As
summarized in Table 3, the size of this cavity varies substantially
from case to case. In wild-type T4 lysozyme there is a cavity ("cavity
I"), the center of which is within 3.5 to 4.5 A of Leu'9, Met'02,
Phe144', Leu"8 Leu'21, Ser"17 and Leu'33 (Fig. 1, B and C). A
second, somewhat smaller cavity (cavity II) also occurs in the
vicinity of Leu121, Ala'30, Leu'33 and Phe'53. Leu99, LeU 18
Leu'21, Leu'33, and Phe'53 are five of the substituted residues. The
effect ofthe mutations L99A, L1 18A, F153A, and the double mutant
is to increase the size of this preexisting cavity (Table 3). In L121A
and L133A, cavities I and II coalesce to form a single connected
cavity. Mutant L46A simply creates a new cavity within the amino
terminal domain (cavity III). In no case is there evidence to suggest
that an ordered water molecule occupies the cavity that is created.
Another way to assess the consequences of a given mutation is to

compare the size of the actual cavity in the mutant structure (Vc)
with the cavity that would have been formed if the protein structure
had remained exactly the same as in wild type. This model cavity
volume (Vm<,de) is also included in Table 3. In general V, is less than
Vmsdei, but in the case of L99A the volume of the resultant cavity is
actually slightly greater (17 A3) than the model.
The changes in protein stability associated with the six cavity-

creating mutations show substantial variation (Table 2). The most
destabilizing replacement was Leu99 -+ Ala, which decreased stabil-
ity by 5.0 kcal mol-'. The replacement of Leu4 with Ala was least
destabilizing (2.7 kcal mol'-). This variability is very much in line
with Leu -- Ala replacements reported elsewhere (5, 7).

It should be noticed in Table 3 that the Leu99 -+ Ala replacement
is the one that causes the greatest increase of cavity volume within
the folded protein. The replacement Leu46-> Ala created the small-
est cavity. It appears that the Leu -- Ala replacements destabilize the
protein not only because of the reduction in hydrophobic stabiliza-
tion ofAla relative to Leu, but also because there is an energetic cost
associated with the creation of a cavity in the folded protein.
Roughly speaking, the larger the cavity that is created, the more
destabilizing is the replacement.
The Leu99 -- Ala replacement is the one for which the protein

structure remains practically unchanged (Fig. IB). Apparently the
protein structure in the vicinity of Leu99 is relatively rigid and is
unable to relax in response to the Ala replacement. In the cases of
L133A and F153A the protein structure can relax somewhat in
response to the mutation. As a result the size ofthe cavity is reduced.
This reduction in turn appears to offset the potential energetic costs
of these cavity-creating replacements. In the case of L46A, the
structural changes are not particularly large, but nevertheless the size
of the cavity created by this mutant is the smallest of the six
examples.
These observations are consistent with the results noted for other

10 JANUARY 1992

mutant protein structures. In particular, mutant proteins can relax or
adapt their structures to ameliorate the consequences of potentially
destabilizing lesions (6, 18, 21-23). Also, the most destabilizing
replacements tend to occur in the most rigid parts of a protein
structure (24), presumably because in such cases it is energetically
costly for the protein structure to adjust in response to the mutation.
The relation between increase in cavity size associated with a

given replacement and reduction in protein stability is shown in Fig.
2. Five of the replacements are of the form Leu -- Ala. We also
included the Phe'53 -> Ala replacement because a Phe side chain is
approximately the same size as a Leu and is expected to have
approximately the same hydrophobic strength (9, 10). In addition,
we constructed the lysozyme variant Leul'53 and showed that its
structure and thermal stability are similar to the Phe'53 protein (12).
Therefore, in this case we know that the Phe'53 - Ala result is
similar to that which would be obtained in comparing the Leu'53
with the Ala'53 variant. The inclusion of the double mutant L99A/
F153A in Fig. 2 provides an example where the overall cavity
volume is large (207 A3; equivalent to a 5.9 A cube) and the protein
is quite unstable. We take this double mutant to be approximately
representative of a protein in which two leucines have each been
replaced with alanine.

Subject to these and other limitations (see below), Fig. 2 suggests
that the decrease in protein stability associated with a Leu -> Ala
replacement consists of a constant energy term of 1.9 kcal mol`
plus a second energy term that depends on the size of the cavity
created by the substitution. The magnitude of the constant energy
term agrees remarkably well with values of 1.7 to 1.9 kcal mol- 1 for
the difference in hydrophobicity of leucine and alanine estimated by
transfer from water to ethanol (8), octanol (9), or N-methylaceta-
mide (10). A value of 1.9 kcal mol-[ for leucine relative to alanine

Fig. 2. (A) Change in -A
the free energy of un- 0
folding (AAG) of mu- HL99Z/F1 53A
tant lysozymes relative L F
to wild type (from Table 4-6 L
2) plotted as a function o 0
of the cavity volume cre- E L118A
ated by the amino acid 4 L o8 F153A
substitution or substitu- . L46Aoo
tions (from Table 3). -2 L121A
The straight line was fit-
ted by least squares to = O
the data for the six single . 0 50 100 150 200 250
mutants by the equation f Increase In cavity volume (A3)
AAG = a + bAVwhere '- B
a = -1 .9 kcal mol,1 b 1-8 53A
=-0.024 kcal mol- CL L99A1

A-3, and AV is the in-
crease in cavity volume. L99A
In the vicinity of the
double mutant an addi- S-4 L118A 0
tional - .9 kcal mol- is L46A- L133A F153A
added to 1AG to reflect -2 L121A
the fact that in this case
both a Leu and a Phe
(which is here regarded C0 do 100 150 200 250
as equivalent to a second
Leu) have been replaced increase in cavity surface area (A2)
with Ala. See legend to Table 2 for analysis of errors in AAG. In addition,
there are other uncertainties in both the slope and intercept (see discussion).
(B) Change in AAG of mutant lysozymes relative to wild-type plotted as a
function of the increase in cavity surface area created by the amino acid
substitution or substitutions. The equation of the straight line that best fits
the data for the single mutants is AAG = c + dAA where c = -1.9 kcal
mol 1, d = -0.020 kcal mol-' A-2, and AA is the increase in cavity surface
area. In the vicinity of L99A/F153A an additional -1.9 kcal mol' has been
added to AAG to reflect the fact that the double mutant is roughly equivalent
to two Leu-to-Ala replacements.
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corresponds to -25 cal mol-' A-2. The cavity-dependent energy

term, at least for the Leu -. Ala (or Phe -- Ala) replacements in T4

lysozyme, is 24 cal mol-' A-3. Expressed in terms of area, the energy

cost is 20 cal mol` for each square angstrom ofcavity surface created.
This result suggests a way to reconcile the different values for the

hydrophobic strength obtained, on the one hand, by solvent transfer
experiments, and, on the other hand, by directed mutagenesis. The
analysis in Fig. 2 suggests that the change in energy associated with
the replacement of a buried leucine with an alanine consists of two
parts. The first part is a constant and is presumed to depend only on
the identities of the two amino acids being compared, in this
instance Leu (or Phe) and Ala. Physically this energy term can be
considered as the difference in energy required to desolvate (that is,
transfer from solvent to protein interior) a leucine relative to an

alanine. The second part ofthe change in protein stability associated
with the Leu -- Ala replacements (Fig. 2, A and B) depends on the

context within the three-dimensional structure and the way in which
the protein structure adjusts in response to the substitution. Two
extreme situations might exist. In one case a Leu -- Ala replacement
is constructed and the protein structure remains completely un-

Table 3. Size of the created cavities. Cavity volumes (VJ) and surface areas

(Sc) were calculated from the refined coordinates of the different structures
by using the program of Connolly (27). The model cavity volume (Vmeid.),
for example for L99A, was obtained by taking the coordinates for WT*
lysozyme, truncating the Leu" coordinates to Ala, and calculating the
volume of the resultant cavity assuming no change in structure. The cavity
surface is the area swept out by a sphere of radius 1.2 A as it rolls over the
cavity surface. The volume of the cavity is the volume contained within the

changed (compare with L99A). In this situation the size of the
created cavity is large and the mutant (Ala) protein is maximally
destabilized. In the other extreme, the protein structure relaxes in
response to the Leu -- Ala substitution, fills the space occupied by
the Leu side chain and so avoids the formation of any cavity
whatsoever. In this case, and in the absence of any other energy

terms that might come into play, the decrease in energy of the
mutant protein relative to wild type would reduce to the constant

energy term described above, that is, -1.9 kcal mol`.
In order to explain the observed changes in protein stability

caused by cavity-creating mutations it is not necessary to suggest

that the hydrophobic effect should be counted twice, once for the
residue removed and once for the cavity created (5). Neither is it
necessary to argue that the strength of the hydrophobic effect needs
to be revised from the accepted value of about 25 to 30 cal mol-
A-2 to a new value of 43 to 47 cal mol' A-2 (11, 25).
When a bulky internal side chain such as leucine is replaced with

alanine, many favorable van der Waals contacts in the folded protein
are often lost. The creation of a cavity would remove favorable van

der Waals interactions from the folded protein, and we presume that

cavity surface (that is, the total volume that can be occupied by the 1.2 A
radius sphere). The increases in cavity volume and area are the overall
increases associated with the mutation. Mutant L133A is calculated relative
to WT. All ofother mutants are relative to pseudo-wild-type lysozyme, WT*
(see text). Cavities I and II are located within the hydrophobic core of the
carboxyl-terminal domain. They are present in L46A with sizes essentially
the same as in wild type but were ignored because the mutation is in the
amino-terminal domain.

Center of cavity Observed Model Increase in cavity Cavity
Ce f cavity Ocavity . surface Increase in area

Lysozyme Cavity caiy volume voiearea [SC(mut),-S:(WTr)IX Y z ~~~volume V,: [V,(mut)-Vc(WT)] 3V(A2)(A) (A) ( (A) (A3) (A3) (As)
WT I 28.2 8.9 0.7 40.8 62.7

II 32.4 4.0 -5.0 23.1 43.5

63.9 106.2

WT* I 28.0 8.9 0.6 33.5 52.4
II 32.1 4.0 -4.9 20.4 39.5

53.9 91.9

L46A III 38.8 18.4 24.8 24.3 47.8 24.3 42.2 42.2

L118A I 26.3 8.4 1.2 105.1 121.6* 71.6 127.2 74.8
II 32.0 3.9 -4.9 15.3 20.4 -5.1 31.5 -8.0

120.4 142.0 66.5 158.7 66.8

L121A I + II 29.9 6.1 -2.4 96.9 148.7 43.0 139.2 47.3

L99A I 27.3 6.8 3.3 149.5 138.7 116.0 182.3 129.9
II 32.2 4.3 -4.8 26.9 6.5 47.7 8.2 8.2

176.4 159.1 122.5 230.0 138.1

L133A I + H 31.0 7.4 -2.3 141.7 172.6 77.8 183.3 77.1

F153A I 30.2 6.3 0.7 100.7 135.2 67.2 151.9 99.5
II 32.2 4.4 -4.6 32.1 20.4 11.7 53.7 14.2

132.8 155.6 78.9 205.6 113.7

L99A/F153A I 28.8 5.9 2.4 221.6 238.7 188.1 271.2 218.8
II 32.3 4.6 -4.6 39.3 20.4 18.9 62.4 22.9

260.9 259.1 207.0 333.6 241.7

*Leul8 is 10 percent solvent-exposed. As a result, in the model cavity calculation with a probe sphere of radius 1.2 A the cavity connects with the exterior of the protein. In order
to obtain a meaningful cavity volume, dummy atoms were placed at van der Waals distance from the solvent-accessible surface of Leu' 18.
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this is the physical basis for the cavity-dependent part of the
destabilization associated with cavity-creating mutants. Readjust-
ments of the protein that reduce the size of the cavity presumably
increase the overall compactness of the protein, add new van der
Waals interaction energy, and so tend to restore protein stability.
With the limited set of data available at present it is not possible

to make a meaningful distinction as to whether the energy associated
with the creation of a cavity is better described by the dependence on
volume (Fig. 2A) or on surface area (Fig. 2B). Numerically, the value
of 20 cal mol' A-2 is roughly comparable with the values of 26 to
31 cal mol' A-2 for the creation of a cavity against surface tension in
organic solvents such as ethanol, isopropanol, or hexane (26).

It also should be noted that the calculation of cavity volume is
nontrivial. We have estimated cavity volume and surface area by
rolling a sphere of radius 1.2 A over the surface of the cavity (27).
If the data shown in Fig. 2 are recalculated with a probe radius of
1.4 A, the slopes are essentially unchanged but, for both figures, the
intercept increases to 2.1 kcal mol'1. A more fundamental problem
is that there may be cavities or packing defects in the wild-type
structure adjacent to the mutated residue that are too small to be
detected by the 1.2 A probe (28). The volume of such cavities can be
estimated as (Vmdcl - Vside chain), where V..d,. is as defined
previously (see Table 3) and Vside chain is the volume of the side
chain that is removed (47.8 to 48.6 A3 for the Leu -- Ala
replacements; 78.9 A3 for Phe'53 -* Ala). Thus, the increase
in cavity volume associated with each mutant can be estimated as
(Vc - Vod5l + Vside chain). Replotting Fig. 2A on this basis yields
an intercept of 2.3 kcal mol' and a slope of 33 cal A-3. The
estimate of 33 cal A-3 attempts to explicitly allow for packing
defects in the wild-type structure but ignores possible defects that
may be introduced in the mutant structure as a consequence of the
amino acid replacement. The estimate of 24 cal A-3 from Fig. 2A
assumes that the effect of packing defects present in the wild-type
structure in the vicinity of the substituted residue would cancel with
defects introduced in the mutant structure. As well as questions
concerning the best method to estimate cavity volume, there are
other reasons to expect that the structure and stabilities of "cavity-
creating" mutants would be modified by factors that have not been
considered here. For example, the entropy cost of transferring the
amino acid in question from solvent to the interior of the protein
can vary from case to case. There is also the possibility that the
residue being substituted may be under strain in the folded protein.
Effects of mutations on the unfolded protein might also be impor-
tant. For these reasons one cannot anticipate that there would be a
strict linear relation between AAG and cavity size. At best, one
might expect a general trend, as seen in Fig. 2. The hope, however,
is that the overall principles suggested by the data in Fig. 2 would be
supported by additional data and would provide a general frame-
work within which to quantitate the strength of the hydrophobic
effect and the energy cost of cavity creation in proteins.
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