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Structural and Energetic Responses to Cavity-Creating Mutations in Hydrophobic
Cores: Observation of a Buried Water Molecule and the Hydrophilic Nature of
Such Hydrophobic Cavitiés

Ashley M. Buckle, Patrick Cramérand Alan R. Fersht*
Centre for Protein Engineering, Medical Research Council Centre, Hills Road, Cambridge CB2 2QH, U.K.
Receied October 17, 1995; Résed Manuscript Receed January 19, 1996

ABSTRACT. We have solved the 2.0-A resolution crystal structures of four cavity-creating llefA&u
mutations in the hydrophobic core of barnase and compare and contrast the structural responses to mutation
with those found for LetAla mutations in T4 lysozyme. First, there are rearrangements of structure of
barnase that cause the cavities to collapse partly, and there is an approximately linear relationship between
the changes in stability and the volume of the cavity similar to that found for the mutants of T4 lysozyme.
Second, although it is currently accepted that hydrophobic cavities formed on the mutation of large
hydrophobic side chains to smaller ones are not occupied by water molecules, we found a buried water
molecule in the crystal structure of the barnase mutant HeXla. A single hydrogen bond is formed
between the water molecule and a polar atom, the carbonyl oxygen of Phe7, in the hydrophobic cavity
that is formed on mutation. A survey of hydrophobic cavities produced by similar mutations in different
proteins reveals that they all contain a proportion of polar atoms in their linings. The availability of such
polar sites has implications for understanding folding pathways because a solvated core is presumed present
in the transition state for folding and unfolding. Notably, the hydrogen bond between the cavity-water
and the carbonyl group of Phe7 is also a marked early feature of very recent molecular dynamics simulations
of barnase denaturation [Caflisch, A., & Karplus, M. (1995Mol. Biol. 252 672-708]. It is possible

that cavities engineered into the hydrophobic cores of other proteins may contain water molecules, even
though they cannot be detected by crystallographic analysis.

Globular proteins are characterized by the presence ofto mutation and offer an explanation as to why the strength
well-packed hydrophobic cores, the formation of which is of hydrophobic interactions as estimated from mutagenesis
thought to be the major energetic driving force in protein experiments is about two times larger than that estimated
folding (Kellis et al., 1988; Dill, 1990). The energetics of from model partition experiments (Eriksson et al., 1992).
formation of the cores is amenable to study by making  ope outstanding question is whether a water molecule
mutations in them, usually of large hydrophobic side chains g |q occupy a cavity created in the hydrophobic core on
to smaller ones, and analyzing the changes in energetics anghe mutation of a larger to a smaller residue. So far, no
structure (Kellis et al., 1988, 1989; Matsumura et al., 1988; \ater molecules have been detected in any of the cavities
Lim & Sauer, 1989; Shortle et al., 1990; Sandberg & created in mutants of lysozyme and barnase (Eriksson et al.,
Terwilliger, 1991a,b; Eriksson et al., 1992; Serrano et al., 1992; Buckle et al., 1993). Further, the probability of a

1992; Buckle et al., 1993; Jackson et al., 1993a). The gjngje water molecule being in a purely hydrophobic cavity
thermodynamic and structural consequences of mutationsig astimated to be approximately 1:20 000 (Wolfenden &
depend, however, on the exact location within the hydro- r,4icka 1994).

phobic core and vary from virtually no structural movement,
which is usually coupled to maximum destabilization, to
almost complete collapse of surrounding atoms into the
cavity along with some compensation of the loss of free
energy of stabilization (Eriksson et al., 1992; Buckle et al., X
1993: Jackson et al., 1993a). Since there is not a uniform those found for LetrAla mutants of T4 lysozyme (Eriksson

response to mutation, it is necessary to study many mutationsEt @l 1992). The barnase mutations are Leuids,
within a protein structure, as well as mutations in many 1€76—Ala, lle88—Ala, and lle96-Ala. The structure of

different protein structures, in order to produce a databaseParnase, indicating the location of the hydrophobic cores and

for benchmarking predictions. The linear relationship be- Mutated residues, is shown in Figure 1. The last three
tween the stability of the mutant and the size of the cavity Mutations are at the same positions as the barnase/be
resulting from cavity-creating mutations in T4 lysozyme was mutations previously characterized at the structural level
used to rationalize the variability in the structural response (Buckle et al., 1993).

EXPERIMENTAL PROCEDURES

In this study, we describe the analysis of the crystal
structures of four cavity-creating mutants of barnase, the
small extracellular ribonuclease froBacillus amylolique-
faciens and compare the structural responses to mutation to

* Coordinates have been deposited in the Brookhaven Protein Data

Bank (file names 1BRI, 1BRJ, 1BRK, and 1BRM). ; ; ; ¥ PR _
§ Present address: European Molecular Biology Laboratory, Greno- Mutagenesis, Protein Expression, and Purificatiddu

ble, c/o ILL BP 156, F-38042 Grenoble cedex, France. tagenesis of the barnase gene expression and purification of
® Abstract published ilidvance ACS Abstractdfarch 1, 1996. barnase mutants have been described (Serrano et al., 1990).
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Ficure 1: (a) Cartoon representation of barnase indicating secondary structure elements and the three hydrophobic cores. (b) View of
corg showing the packing of side chains. Mutated residues are drawn in bold. The figure was produced with MolScript (Kraulis,
1991).

Structure Determination and Refinemer@rystallization, calculation of the volumes was estimated by repeating the
structure determination, and refinement of barnase mutantscalculations with nine randomly oriented copies of the
have been described in detail (Buckle et al., 1993). Data molecule with respect to the grid. The cavities were
for the lle88—~Ala and the lle96-Ala mutants were collected  produced in EZD format within VOIDOO (using a plot grid
at 4°C using a MAR research image plate and X-rays of spacing of 0.15 A) and converted with MAPPAGE (CCP4,
wavelength 1.5418 A generated by a rotating anode. Data1994) for input into O, where they were inspected alongside
for the Leul4~Ala and the lle76-Ala mutants were  gpace-filling models of the protein structures, to check

collected at room temperature at the Synchrotron Radiation,yhether the cavities generated by VOIDOO make physical
Source at Daresbury using a wavelength of 0.92 A. Data gense  Different probe sizes were tried. Probe radii of 0.8
collection and structure refinement statistics are summarized, 4 1 o A gave the most reliable results for barnase and

in Table 1. ;
Structural Analysis. All graphics work was carried out lysozyme, respectively.

using the program O (Jones et al., 1991). Comparisons of Coordinates of the T4 lysozyme structures were obtained

barnase mutant and wild-type coordinates were done usingfrom the Brookhaven database with the exception of

chain C of the three chains in the unit cell and the wild-type [ eu118—Ala and Leul2%+Ala, which were made available

structure solved at pH 7.5. Comparisons between wild-type py prof. B. W. Matthews. Lysozyme mutant Leu48la

and mutant structures were done after least-squares fittingyas not included in the analysis because Leu46 is in a

of all Co atoms. All least-squared fitting of coordinates was jfferent hydrophobic core from the other Lewla mutants

carried out with O and LSQKAB (CCP4, 1994). Atomic _gygied (Eriksson et al., 1992). Barnase mutant coordinates

contact distances were calculated using O and CQNTACT have been deposited in the Brookhaven database and have

(CCP4(’ 1I994). Cavity vqume;E\)/;/gre calculart1ed ;N:}h VOI- the following filenames: 1BRH (Leul#Ala), 1BRI

DOO (Kleywegt & Jones, 1 , using the following y

parameters: initial grid spacing 0.295 A, VDW growth (lle76—Ala), 1BRJ (lleg8~Ala), and 1BRK (lle96-Ala).

factor = 1.1, atom fattening factor= 1.1, and grid shrink

factor = 0.9. Probe-occupied volumes were calculated. RESULTS

Cavity volumes were refined using successively finer grids

until convergence was reached (convergence critertal There are no significant differences between the overall

A3 and 0.1%). The standard deviation calculated from this structures of barnase wild-type and mutant proteins. With

sample gives an estimate of precision. The accuracy of the exception of the lle76Ala mutant, structural shifts at
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Table 1: X-ray Data Collection and Refinement Statistics
mutant Leul4-Ala lle76—Ala lle88—Ala lle96—Ala
Data Collection
no. of measured reflections 41880 35673 39885 32633
no. of unique reflections 20903 20394 19521 19313
unit cell dimensior (A)
a,b 58.80 59.36 58.84 59.05
c 81.68 81.60 81.61 81.64
maximum resolution (A) 2.0 1.9 2.0 2.0
data completeness (%) 97.5 80.5 91.6 89.8
Rinerge (%)P 4.6 8.0 9.2 7.9
FloF0 39.0 18.0 26.2 18.5
Structure Refinement

Roryst (%), 7.0-2.0 A, F > 0 155 16.0 17.0 14.9
Apona(A)® 0.013 0.013 0.015 0.013
Aangie (degy 2.078 2.129 2.246 2.169
no. of atoms in refinement 2810 2801 2750 2875
no. of solvent moleculés 278 269 244 322
meanBmc (A9 14.3 11.7 19.6 11.6
meanBs:(A2)9 18.5 15.7 23.0 15.8

a All mutants are isomorphous with wild-type barnase (space gR84p Wild-type barnase (pH 7.5) unit cell dimensions ares b = 58.97

A andc = 81.58 A.P Rergegives the agreement between intensities of repeated measurements of the same reflections and can beXigfined as
— <Iy>)/3In;, wherely; are individual values ancl,> is the mean value of the intensity of reflectibn® Calculated by the CCP4 program
TRUNCATE. ¢ The crystallographi® factor, Rys, is defined asy |F, — Fc|)/3Fo. ¢ Average deviation of bond lengths and angles from ideal
values.f Number of water molecules per asymmetric upiverage isotropic temperaturB)(factor for main-chain (mc) and side-chain (sc) atoms

(wild-type: Bpe = 14.4 A2, B.= 16.8 /).

Table 2: Volumes of Internal Cavities, Percentage Cavity Collapse, and Atomic Shifts at the Site of Mutation

AAG Eriksson

mutation (kcal/molf  Vops(A3)P Vops (A3)c SD rangé Vinod (A3)e SD range % collap$e Y (shifts) (Ap
barnase

Leul4—Ala 4.3 89.3 (1.5) 2.985 115.3(1.3) 5.88.2 23 9.4

lle76—Ala 1.9 31.1 (3.6) 1.811.0 63.0 (1.3) 3.63.8 51 221

lle88—Ala 4.0 90.6 (0.9) 4.95.7 114.9(0.2) 5.87.0 21 11.1

lle96—Ala 3.2 83.0(0.1) 3.94.7 103.0 (0.9) 5.28.0 19 23.6
lysozyme

Leu99—Ala 5.0 122.5 126.3 (4.5) 2:28.2 109.9 (2.7) 1684 —15 8.3

Leull8-Ala 35 66.5 86.8(23) 1775 83.1(28)  1.612.2 0 12.6

Leul2t—Ala 2.7 43.0 5.3(9.7) 3:25.2 99.2 (3.2) 74125 95 30.0

Leul33-Ala 3.6 77.8 80.7(1.6) 109145  99.9(2.4) 109155 19 10.5

aFree energies of unfolding for barnase and T4 lysozyme were taken from Serrano et al. (1992) and Eriksson et al. (1992), respenthasky.
in cavity volume taken calculated by Eriksson et al. (1992he volume of the cavity in the mutant structure. This is the average of ten calculations
using randomly rotated copies of the molecule, with respect to the grid. The standard deviation calculated from this sample, given in parentheses,
gives an estimate of precision. Since there are two cavities in this hydrophobic core of wild-type T4 lysozyme, the volumes of these cavities (data
not shown) are subtracted from the mutant cavity volumes to give/thgandVoss values quoted in the table (which are equivalent to the “increase
in cavity volume” used by Eriksson et al. (1992)Range of standard deviations for cavity volume calculations using successively finer grids. This
gives an estimate of the accuracy of the cavity calculatidine volume of the cavity remaining after deletion of the appropriate atoms from the
coordinate file of the wild-type structur€(Vmos — Vobd/Vmod x 100%. A value of 0% represents no movement of atoms into the created cavity
whereas 100% indicates complete cavity closure. In the barnase mutant+Algldnd the T4 lysozyme mutant Leut®®la, a tunnel con-
nects the mutated side chain to the protein exterior, resulting in the probe escaping the cavity. This was avoided by placing a C atom in the
center of the tunnel and 3.6 A from the mutated side cHeBum of shifts of atoms within a cutoff distance of 6.0 A from atoms deleted by the
mutation. The lysozyme mutant Leu4@\la was not included in the analysis because it is located in a separate hydrophobic core from the other
four mutations.

the site of mutation are small (Table 2). There are no some actually move away from it (Arg110, Trp94, Alall,
significant changes of temperature factors of atoms sur- and GIn15). Consequently, the cavity collapses by only 19%
rounding the mutation. In all cases, the volume of the (Table 2). No solvent molecules were detected in any of
engineered cavity is decreased by movements of surroundinghe cavities.
atoms. Structural shifts are shown graphically in Figure 2 Mutant lle76—~Ala. The structural response caused by this
and are discussed separately below. mutation is larger and more complicated than that in the other
Mutants Leul4-Ala, lle88—Ala, and lle96~Ala. Muta- mutants (Figure 2d). Truncation of the side chain of 1le76
tions at residues 14 and 88 cause the smallest structural shiftsresults in a small cavity. The cavity resulting from deletion
which are in the direction of the center of the created cavity of C'* and C atoms is partly filled by the side-chain rotation
(Table 2 and Figure 2a,b). The volumes of the engineeredof 11e88. The cavity created by this rotation has a volume
cavities decrease by 23% and 21%, respectively (Table 2).of 31 A3 (Table 2) and contains a water molecule. This
Mutation at position 96 causes larger structural shifts (Table buried water molecule was clearly detected in bofy 2
2 and Figure 2c). In particular, the side chain of 11e88 rotates F. and F, — F¢ electron density maps (Figure 3). The
by —22° (y1) and—41° (y,). Although some residues move sphericalF, — F. electron density peak surrounding the water
toward the created cavity, thereby decreasing its volume, molecule has a height of 457 where ¢ is the standard
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FIGURE 2: Stereo pictures showing the s%erposition of mutant structures (open bonds) on the structure of wild-type barnase (solid bonds).
Residues within a sphere of radius 4.5 A from the mutated residue are shown. (a)t&lal4b) 1le88—Ala, (c) lle96—Ala, and (d)
lle76—Ala. The hydrogen bond between the cavity-water molecule and protein backbone is drawn as a broken line. The figure was produced

with MolScript (Kraulis, 1991).

deviation in the electron density map. Water molecules molecule was modeled into the cavity in chain C only and
are usually modeled intB, — F electron density peaks of has aB-factor of 36.5 & after full refinement (compared
height greater thandif “chemically sensible” waterpro- with an average of 27.0 Afor all solvent molecules
tein interactions are made (weaker electron density is diffi- included).

cult to interpret). The asymmetric unit of the crystal con-  The water molecule makes only one hydrogen bond
sists of three protein molecules (A, B, and C). The elec- with the surrounding protein (the backbone carbonyl
tron density for the internal water molecule present in chain oxygen of Phe7). With the exception of one NH group,
C is strong and well-defined, whereas density at the the remaining 10 contacts within 4.0 A are all nonpolar
equivalent positions in chains A and B is weaker. The water (Table 3). The proteinwater hydrogen bond distance of
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Ficure 3: (a, top) The structural response to mutation in the barnase mutantlid@qchain C) and the water molecule occupying the
resulting cavity [wild-type bonds, white; lle76Ala bonds, yellow; “model” cavity (i.e., assuming no structural response to mutation),
blue; observed cavity, red; water molecule, magenta]. (b, bottom)-H&i& electron density in the region of the mutatiorF(2— F.
density contoured atdl red; F, — F. density contoured atd3 green), calculated in the absence of the water molecule (chain C). The
hydrogen bond between the cavity-water molecule and protein backbone is drawn as a broken line.

2.6 A and bond angle of 135° fall within the ranges for  Cavities Engineered into Hydrophobic Cores of Proteins
hydrogen bond geometry of internal water molecules (Hub- Contain Polar Groups in Their Lining.We have surveyed
bard et al., 1994). the cavities created by lle/LetAla mutations in barnase,
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Table 3: Interactions between the Internal Water Molecule in the mutant proteins for which structures exist (Eriksson et al.,

Barnase Mutant lle76:Ala and Surrounding Protein Atoms 1992; Buckle et al., 1993; Jackson et al., 1993a). Moreover,
residue atom  distane@d) residue  atom  distaneéh) the probab_lllty of a_smgl_e water molecule b_elng in a purely
hydrophobic cavity is estimated to be approximately 1:20 000
Phe7 CG 3'2 lle88 gl g'g (Wolfenden & Radzicka, 1994). However, cavities engi-
0 26 o2 3.0 neered into the hydrophobic cores of proteins barnase, T4
Alall 3.6 c 3.3 lysozyme, staphylococcal nuclease, and gene V are lined by
('\T gg ::g?gg %2 gg a proportion of polar atoms (Table 4). Although no water

molecules were detected in the cavities of those mutants
a D_istance between th_e _internal water molecule and surrounding whose X-ray structures have been determined (T4 lysozyme
protein atoms that are within 4.0 A. and barnase), it is clear from visual inspection of these
. cavities that a water molecule could find at least one
T4 lysozyme (Eriksson et al., 1992), staphyl_ococcal nucleasehydmgen bond partner in the majority of cases. We suspect,
(Shortle et al., 1988), and gene V protein (Sandberg & therefore, that water molecules may also be present in the
Terwilliger, 1991a,b). Although these mutations are in the |5rger engineered cavities but are too mobile to be detected
so-called “hydrophobic core” of the structure, all of the py crystallographic methods. A positionally disordered water
resulting cavities are lined by a proportion of polar atoms mojecule was detected by NMR methods in a cavity within
(Table 4). We have included in our analysis a €ysa the hydrophobic core of human interleukifi-(Ernst et al.,
mutant of human interleukindl because a positionally  1995). This cavity, which is lined purely by nonpolar atoms
disordered water molecule has been found in its hydrophob|c(Tab|e 4), was found to be empty in three independently
core (Ernst et al., 1995). This cavity is relatively large and gg|yed crystal structures of human interleukjf-(Einzel,
completely nonpolar, in contrast to the other cavities 1989; Preistle et al., 1989; Veerapandian, 1992). It is
analyzed. - possible that we can detect the internal water molecule of
Relationship of Structural Response to Stability: A the harnase mutant lle76Ala only because its cavity is the
Comparison with T4 Lysozymelhe structural response 1o smajlest of all cavities in barnase mutants and so the water
mutation can be measured by the volumes of the resulting molecule is more localized and because it hydrogen bonds
cavities and by the atomic shifts surrounding the mutation. \ith a surrounding polar group. Statistically, most buried
In both cases, the barnase mutant structures are compareg,ater molecules make three hydrogen bonds with protein
with Leu—Ala mutant structures of T4 lysozyme (Eriksson atoms, and the likelihood of a cavity being occupied by a
et al, 1992). The results of the cavity volume and atomic \yater molecule increases with the number of available
shifts calculanons_ are _summanzed in Tqble 2. The_magnl— hydrogen bond partners (Hubbard et al., 1994; Williams et
tude of the atomic shifts around the site of mutation are 5 1994). The electron density that suggests the presence
similar for mutants of both proteins. The volumes of the of 3 water molecule in the cavity in chain C is much weaker
cavities in barnase and lysozyme mutants cannot be directlyy chains A and B. However, the environments of the three
compared because different probe sizes were used in eaclnains differ in the crystal, chain C being the most ordered
case. Also, the hydrophobic core of wild-type T4 lysozyme f the three in the asymmetric unit.
contains .cavities,_whereas hydrophobic.:.@anéwild-type The possibility of some degree of solvation of an
barnase is more tightly packed (no cavities were de'IECte_d)-engineered hydrophobic cavity has important implications
There is an approximately linear relationship between cavity ¢5, rationalizing the free energies of unfolding of such
volume and stability for both lysozyme and barnase (Figure mytants. The lle76-Ala mutant is the least destabilized of
4). Thatis, the most destabilized mutants have the largestgqyivalent mutants of barnase. All of these mutations
cavities, whereas the least destabilized mutants have thgemgoye nonpolar interactions and create a cavity in the same
smallest cavities. Lysozyme cavity volumes are very similar hydrophobic core. Since a structural response to mutation

to those calculated by Eriksson et al. (1992), with the jjways minimizes the destabilization, the presence of the
exception of the mutant Leul24Ala, whose structure has  \yater molecule in the lleZ6Ala mutant must have a

been re-refined and shows larger atomic shifts at the site Ofstabilizing effect. The waterprotein hydrogen bond and
mutation, including a significant side-chain rotation of a Phe e van der Waals interactions (Table 1) must compensate
residue (Prof. B. W. Matthews, personal communication). for the unfavorable entropy cost of removing the water
There is an approximate linear relationship between yqjecule from bulk solvent. Weak electrostatic interactions
stability and the sum of the shifts of atoms within a 6.0 A petween the cavity water and surrounding nonpolar protein
radius of the deleted atoms, for mutants of both barnase andyioms should not be ruled out in the light of a recent analysis
lysozyme (Figure 4). After trying several cutoff radii, we  of the hydrogen bonding between water and small biological
found that the best correlations resulted from radii of 6.0 A molecules, which finds a significant number of cases in
for both proteins. which the only interaction present is of the type-B:--O
(Steiner, 1995). Interestingly, a hypothetical cavity modeled
DISCUSSION by truncating the side chain Ile76 to Ala in the wild-type
The Presence of a Water Molecule and the Hydrophilic structure is more polar than the observed cavity which is
Nature of Hydrophobic Caties. The cavity created by the  occupied by a water molecule (50% of lining atoms in the
mutation lle76~Ala in the hydrophobic core of barnase modeled cavity are polar, compared with 22% in the observed
contains an ordered water molecule that makes one hydrogercavity; Figure 3a).
bond to the protein backbone. This is a surprising observa- The Role of Water in Protein FoldingOur observations
tion because, so far, no water molecules have been detectetiave implications for protein folding pathways. It has been
in any of the cavities created in the hydrophobic cores of found that the rate-determining step in the unfolding of
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Table 4: Survey of Hydrophobic Cavities in Protein Cores Arising from llef&la Mutation$

cavity total no. of no. of polar atoms % polar atoms

protein mutation PDB code volume (A9 lining atoms in lining in lining

barnase lle76—Ala 1BRI 31 (63y 32 (28) 7(14) 22 (50)
lle88—Ala 1BRJ 91 52 13 25
lle96—Ala 1BRK 83 47 12 26
Leuld—Ala 1BRH 89 52 11 19
T4 lysozymé Leud46—Ala 1L67 17 25 4 16
Leu99—-Ala 1L90 116 71 10 14
Leull8—Ala 97 48 9 19
Leul2t-Ala 45 29 3 10
Leul33—-Ala 1L69 95 55 10 18
staph nuclease lle72—Ala 1STN 16 19 3 16
Leul03—~Ala 1STN 28 30 6 20
Leul25—-Ala 1STN 59 43 12 28
gene V proteif lled7—Ala 1BGH 43 36 9 25
interleukin-13 Cys71—Ser 31BI 41 31 0 0

a All calculations of probe-occupied volumes and cavity lining atoms were carried out with VOIDOO (Kleywegt & Jones, 1993). A probe
radius of 1.4 A was used, unless stated otherwise. This size probe was chosen since it is similar in size to a water "dettige.in barnase
are generally smaller than cavities in the other proteins. Thus, not all parts of the cavities could be detected with a probe size of 1.4 A and a probe
size of 0.8 A had to be used. As a result, the cavity volumes cannot be compared with those of the other pftteinalues given in parentheses
refer to the modeled cavity (i.e. assuming no structural response to mutdtidm.volumes of the preexisting cavities in the wild-type structure
have not been subtracted; therefore, these volumes are slightly larger than those quoted in Table 2. Coordinates of the lysozyme mutant structures
Leul18—Ala and Leul2t-Ala were kindly provided by Prof. B. W. Matthew&Since X-ray structures for the mutants of staphylococcal nuclease
and the gene V protein have not been determined, cavities were modeled by truncating the mutated residues in the wild-type structure.

S with its carbonyl group, as in the barnase lle78la mutant
E (a) ] structure (Caflisch & Karplus, 1995). Hydrogen-bonding
; partners are available to solvent molecules even in an
. 1 environment of hydrophobic side chains. Further, the
c ° ] presence of a water molecule close to such side chains is
] less unfavorable than previously believed since one hydrogen
F 3 bond is enough to immobilize a water molecule in a small
1F e hydrophobic cavity.
o b Lo b L L Structural Changes on Mutation and Their Relation to
0 20 40 60 :30 100 120 140 Changes in Energy of Stabilization and to the Hydrophobic
Vo ) Effect. The overall structural response to mutation for lle/
] Leu—Ala mutations in barnase parallels that of the equivalent
. ] lle—Val mutations and is similar to LettAla mutations of
o 1 T4 lysozyme; there are small and variable rearrangements
.. ] and various degrees of collapse of the cavities formed on
. 7 mutation. The structural response can be measured by the
2 [ . 3 volumes of the resulting cavities and by the atomic shifts at
g 1 the site of mutation. The volume of a cavity is not a very
g ] suitable parameter for analyzing a structural response to
0 bonlonloonbonn s b b mutation since the calculation is nontrivial and its accuracy
0 5 10 15 20 25 30 35 and precision depend on the size of the cavity and the probe
Zishitts) (A (the small probes needed to measure small cavities will find

F'GUF;E 4 t_Cha??e)inbthe frede energy <|>f Unf0|dirég([é§3t) Ft)'(l)ttfl‘_jﬂ . the small “packing defects” in the protein core, whereas
as a function of (a) observed cavity volumes an otal shifts o : o :
atoms surrounding the site of mutation for lle/keAla mutants larger probes used in larger cavities may not find all of the

of barnase (open circles) and T4 lysozyme (solid circles). A cutoff Cavity space). Thus, we cannot directly compare the cavity
distance of 6.0 A from the deleted atoms was used in the atomic volumes of barnase mutants with those of lysozyme mutants,
shifts calculation (see legend to Table 2). or make conclusions of a quantitative nature. The structure

barnase and chymotrypsin inhibitor 2 involves the penetration of the ba_rnase mutant IIe%AIa_l show§ that_t_he res_ldugs
of water molecules into their cores (Fersht, 1993: Jacksonsurround'mg a mutapon can adjust the|r.p03|t|ons with little
et al., 1993b) and that the major transition state for folding change in the cavity volume, suggesting that some free
involves the expulsion of solvent from the major hydrophobic €N€rgy can be gained by small shifts of atoms that improve
core (Fersht et al., 1992). This is consistent with molecular Packing, and not necessarily by a collapse of atoms into the
dynamics simulations which suggest that the first step of Cavity.

unfolding involves the solvation of the major cores (Caflisch ~ The linear relationship between cavity volume and free
& Karplus, 1994, 1995; Li & Daggett, 1994). Recent energy of unfolding for mutants of T4 lysozyme has been
molecular dynamics simulations of the acid and thermal used to estimate the strength of the hydrophobic effect in
denaturation of barnase show that, during the early stagesproteins (Eriksson et al., 1992). That is, a free energy of
of unfolding, the side chain of Phe7 is almost completely approximately 2.0 kcal/mol that was calculated from an
solvated and an invading water molecule hydrogen bondsextrapolation of data to zero cavity volume was considered

N W A O o
T

AAG (kcal/mol)
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RRRR;
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to represent the difference in energy required to desolvatehydrophobic cores of other proteins may contain solvent
leucine relative to alanine, since it is in good agreement with molecules, even though they cannot be detected by crystal-
values derived from model partition experiments. Eriksson lographic analysis.

et al. (1992) suggest that the slope of the linear relationship

represents the context-dependent nature of the substitution,ACK'\‘OWLEDG'VIENT
in terms of the extent of collapse of surrounding atoms into  We are grateful to Prof. Brian Matthews for sending us
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