14004 Biochemistry2001,40, 14004-14011

Energetics of Side Chain Packing in Staphylococcal Nuclease Assessed by
Systematic Double Mutant Cycles

Junmei Chehand Wesley E. Stites*
Department of Chemistry and Biochemistry, bbsity of Arkansas, Fayettdle Arkansas 72701-1201
Receied June 19, 2001; Resed Manuscript Receéd September 11, 2001

ABSTRACT. All 44 possible double mutant permutations of isoleucine, leucine, and valine were constructed
in 11 pairings of six sites in the core of staphylococcal nuclease. The stabilities of these mutants were
determined by guanidine hydrochloride denaturation. Comparison of the stabilities of all double mutants
with those expected from addition of the corresponding single mutants showed that the effects of the two
single mutations are energetically independent of each other in 30 of the double mutants. However, a
substantial minority, 14, of the double mutants have stability effects that are not additive. In these cases,
it appears that direct van der Waals contacts between the two side chains are present. The requirement of
direct van der Waals contact for the interdependence of mutational stability effects is somewhat surprising
in light of results previously reported by others. In addition, it was found that double mutants that did not
alter or lower the overall number of atoms in the core and that showed nonadditive behavior were more
stable than expected from addition of the effects of the corresponding single mutants. A net increase in
the number of atoms in the core usually, but not always, resulted in a mutant that was less stable than
expected. In contrast to previous staphylococcal nuclease double mutants, energetically significant changes
to the denatured state do not appear to be occurring in these packing mutants. These conclusions imply
that attempts to engineer protein stability based on single mutant data will be generally successful if
overall core size is preserved and if residues are not in van der Waals contact.

Hydrophobic interactions have been considered the major The stability effects of multiple packing mutations have
driving force for protein folding1). However, recently, the  been studied previously in surprisingly few cases and
van der Waals interactions afforded by optimal close packing proteins. These include T4 lysozyn®l{23), bacteriophage
of the protein have been proposed to be just as or possiblyfl gene V protein24—26), Escherichia colRNase HI 27),
even more energetically importar-(9). Although perturb- tryptophan synthas@®), E. coli dihydrofolate reductas9),
ing the packing of the hydrophobic core has small effects ubiquitin (30), and staphylococcal nucleas&l). Virtually
on overall protein structure, it often results in dramatic all of these examples are double mutants. Usually relatively
energetic effects, although precise effects vary considerablyfew positions or possible permutations of side chains have
from site to site. Understanding how protein packing affects been examined. This relative lack of data may be in part
protein stability will be critical for structure prediction and why attempts to predict the stability effects of multiple
rational protein design. packing mutations have met with little succe88)(

The relationship between a protein’'s packing and its To fully understand the interactions among residues in a
stability has been studied by mutagenesis. Packing mutantsrotein core, we felt a large database of stability effects from
with single mutations have been constructed in various sets of systematically constructed single, double, and higher-
proteins 2, 10—20). Although considerable progress has been order mutations would be very useful. In the preceding paper
made, the energetic effects caused by any single mutation(2), we report the effects of single mutants which exchange
in a protein core are context-dependent and remain difficult isoleucine, leucine, and valine in staphylococcal nuclease.
to predict. In part, this is because mutation of a single residue In this work, 44 double mutants have been made at six
disrupts multiple interactions between that side chain and selected positions in the hydrophobic core of staphylococcal
its environment. It is difficult to completely understand how nuclease. This is an exhaustive examination of every possible
a residue interacts with the surrounding environment without permutation of isoleucine, leucine, and valine at 11 different
carrying out further experiments to alter that environment. pairs of positions. The stabilities of these mutants have been
Therefore, the simultaneous introduction of multiple muta- determined by solvent denaturation, and the interactions
tions is necessary to explore this aspect of packing in between the mutated side chains are analyzed by double
proteins. mutant cycles33—35). The effects of triple and quadruple
mutations at these same sites are reported in the paper that
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FIGURE 1: Stereoview of six core residues at positions 23, 25, 66, 72, 92, and 99 in the 1.6 A structure of wild-type staphylococcal nuclease
(PDB entry 1EYO0).

of oligonucleotide-directed Kunkel mutagenes$,(37) as definition of each stability change ISAG = AGu,0 mutant—
previously described3@). Because the two residues at the AGu,owr, each of theAAGgouvie AAGsingies aNAAAGsingie2
pairs of positions 23 and 25, 66 and 72, and 92 and 99 arevalues in the calculation contains a common constituent,
relatively close to each other in the primary sequence, the AGy,owr. Substituting into the equation fax?G; above,
oligonucleotides were designed to create the desired muta-we have
tions at these pairs of positions simultaneously. The 32
remainin_g double_z mutants in which the two mutations are AZGint = AGHZO,double_ AGHZO,WT — (AGHZO,singlel_
far apart in the primary sequence were constructed by double
cycles of Kunkel mutagenesis. The first cycle of Kunkel AGHZO.WTJr AGHzo,singleZ_ AGHZO.WT)
mutagenesis was performed by using a Kunkel template
containing the wild-type gene and an oligonucleotide encod- After AGp,owr terms are canceled, this equation can be
ing a single mutation. The DNA containing the desired single rearranged to Therefore, the error Gy, for double
mutations was passaged through the CJ236 cell line and
served as a Kun_kel template for_ the secqnd round of AZGim: AGHZO, double™ AGHZO,singIel_ AGHZO,singIe2+
mutagenesis, adding the other desired mutation. AG

Protein Expression and PurificatiorProtein expression H,O.WT
and purification followed the procedures previously described
(38, 39). mutants is given by the following equation:

Protein Stability Determinationlhe stabilities of each of
the mutants in this study were characterized by guanidine 9az,, =

hydrochloride denaturation at 2C€ using fluorescence as a 2 2 2 2

probe of structure as previously describ@d39—41). \/ (OAGHzo,doum? + (GAGHzo,smme) + (GAGHzo,smgle) + (OAGHZO,W)
Calculation of Interaction EnergieslThe difference be-

tween the sta_lpility change in the double mutant and th_e =./4 % (iO.l)z

summed stability effects of the component single mutants is

the energy of the interaction between the two mutated = 40.2 kcal/mol

residues. A general theory for examining the energetics of

side chain interactions between multiple residues has been Thys, if A2G, falls in the range of @ 0.2 kcal/mol, the
laid out in detail by Horovitz and Ferst®%). This interaction stability of the double mutant is experimentally indistin-
energy,A"Gi; in the nomenclature of Horovitz and Fersht, guishable from that predicted by the effects of the single
where n indicates the total number of side chains being mutants. In other words, the effects are perfectly additive.

mutated, is defined as follows: While recognizing that the actual error is slightly lower, we
5 have chosen to designate any double mutant with a value of
NGy, = AAGy e — (AAGsinglel+ AAGsingm) A?G falling within the slightly less stringent range of#

0.3 kcal/mol as having additive stability effects. This standard

In other double mutants in staphylococcal nuclease, thisis adopted for two reasons. First, it is the standard previously
quantity has been calleNAAG (42). applied by other workers4@) to staphylococcal nuclease

Error Estimation.The experimental error for determination double mutants. Second, it facilitates comparison with triple
of AGy,0 based on the reproducibility of wild-type dena- and quadruple mutants in the following paper, which have
turation is3-0.1 kcal/mol. When interaction energi@€Giy, slightly greater errors associated with them and require the
are calculated, the errors accumulate. The errax3@; is slightly greater range.
of course equal to the square root of the sum of the square Analysis ofvan der Waals Contact§.he analysis of van
of the error from each component. Since the general der Waals interactions was performed on the structure of
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the energetic difference among the four double mutants at

Table 1: Distance Matrix among the Six Selected Sites . - e
each pair of the above positions. Such behavior is not seen

V23 L25 V66 72 192 Vo9 for any other pair of positions.
|\_/22§ o1 6.1 g-? g-g ?-g 1?? Additivity. The stability changes of double mutants relative
V66 6.0 8.7 _ 6.1 74 6.6 to th_g wild type AAGgoupid are qompared to the sum of
172 8.8 6.9 61  — 6.7 8.9 stability changes of component single mutartAAGsingie)-
192 6.9 7.8 7.4 6.7 — 4.8 If the difference betweemM\AGgoupe aNd Y AAGsingie (i-€.,
Vo9 8.2 115 6.6 8.9 48 - A%G;) is 0 + 0.3 kcal/mol (a range similar to the
2 Cy—Cg center to center distance (in angstroms). experimental error), the double mutant is said to have additive

stability effects. Otherwise, the double mutant is said to have
wild-type staphylococcal nuclease [PDB entry 1EW@)  nonadditive stability effects.

using the Whatif 44) software package. Ao_lqlitive _effects are generally four_1d W_hen the chang_es in
stability (Figure 2,r = 0.8572), midpoint concentration
RESULTS (Figure 3,r = 0.9274), and slope values (Figure 4=

. ] ) N 0.9045) of double mutants relative to that of the wild type
In this study, six residues at positions 23, 25, 66, 72, 92, are compared to the sum of the changes of their component

and 99 in the major hydrophobic core of staphylococcal sjngle mutants. Of the 44 double mutants, 30 have additive
nuclease were selected and double mutants were made. Thes§apilities and 14 nonadditive.

six residues are close to each other in the tertiary structure |5 Figure 2, the sum of stability changes of component

(Figure 1 and Table 1). single mutants YAAGsingid) is plotted against the stability
The relationship between the three pairs of residues (23changes of double mutantA£Ggoud. The dotted line is
and 25, 66 and 72, and 92 and 99) is roughly triangular. the theoretical line with a slope of unity on which all points
Because the pair of residues 66 and 72 is close to the othekyould lie if additivity were perfect. The solid line is a
two pairs of positions (23 and 25 and 92 and 99) and regressionr(= 0.8572) through the data. Most of the data
positions 23 and 25 are relatively far away from positions points are near the theoretical line, which indicates that
92 and 99, we decided to limit the number of mutants by additive behaviors are general among the double mutants.
just constructing double mutants at two subsets of four However, some data points plot far from the theoretical line,
positions: 23, 25, 66, and 72 or 66, 72, 92, and 99. indicating that two mutated side chains in these double
Conservative side chain size and shape substitutions weremutants interact strongly with each other.
made in which possible side chains were limited to just  The energy of the interaction between two mutated side
isoleucine, leucine, and valine. These positions are highly chains, A2G;,, is shown in Table 2 and is equal to the
conserved as isoleucine, leucine, or valine among staphylo-gifference between the stability changes of double mutants
coccal nuclease homologues (data not shown). A total of 44 re|ative to the wild type AAGgud and the sum of the
double mutants are possible, and all were constructed. stability changes of corresponding single mutants
Twelve of 44 double mutants are made at three pairs of (YAAGging). If A%Gy is equal to or less thar0.3 kcal/
positions: 23 and 25, 66 and 72, and 92 and 99. These pairgnol, the estimated error, the double mutant has additive
are very close to each other in both primary and tertiary stability effects and no experimentally significant interaction
structures. The remaining 32 double mutants are constructecthetween the corresponding single mutantsA#G;, falls
at pairs of sites further separated in primary structure but outside the range of & 0.3 kcal/mol, the double mutant
near one another in the tertiary structure by combining one has nonadditive stability effects. WheX?G;,, of a double
of the single mutants at position 23, 25, 92, or 99 with a mutant with nonadditive stability effects is positive, the
single mutant at position 66 or 72. double mutants are more stable than expected from the sum
Guanidine Hydrochloride Denaturation DatA.summary of the stability changes from single mutants. Thus, a positive
of guanidine hydrochloride (GuHCI) denaturation data of the value of A’G;; implies that there are favorable interactions
44 double mutants is shown in Table 2. Stabilitia$3(,0) among the mutated side chains. APGiy; is negative, it
of double mutants varied from 2.4 to 5.5 kcal/mol. Only two indicates that strains are introduced between the mutated side
double mutants (V66L/192V and V66L/V99L) have stabilities chains. This causes the double mutant to be less stable than
similar to that of the wild type, and both mutants contain the sum of the stability effects from constituent single
the V66L mutation. The midpoint concentratio@,, of the mutants.
double mutant denaturations ranged from 0.32 to 0.97 M.  All double mutants at the pairs of positions 25 and 66, 23
The slope valuesifeunc) of the double mutant denaturations and 72, 72 and 92, and 72 and 99 have additive stability
expressed relative to the wild-type value of 6.53 kcalthol  effects. Some double mutants at the pairs of positions 23
M~ vary from 0.74 to 1.09. and 25, 23 and 66, 66 and 92, 66 and 99, 25 and 72, and 92
Double Mutants at Positions 23 and 66, 23 and 72, 25 and 99 have additive stability effects, while others do not.
and 66, and 25 and 72s seen in Table 2, the stabilities of Nonadditive stability effects appear in all four double mutants
double mutants at the pairs of positions 23 and 66, 23 andonly at positions 66 and 72. Further, V66L/I72V and V66l/
72, 25 and 66, and 25 and 72 seem decided by the identityl72V show the largest nonadditive stability effect€Gin).
of the side chain substitution at position 66 or 72 regardless These two mutants are 1.0 kcal/mol more stable than
of what substitution is at the second position. As an example, expected from the component single mutants.
although V23I/V66l and V23L/V66] have different side Correlation between Slope and Energetic Changesvi-
chains at position 23, they have the same stability. It appearsous work on double mutants of staphylococcal nucled8k (
that the side chain substitutions at position 66 or 72 determinefound significant correlation between the slope change and
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Table 2: Solvent Denaturation Data for Double Packing Mutants

AGHZOa Cmb r’fbuHCIc AAGdoubled ZAAGSingIee AZGintf ACHZg
V23I/L25I 3.7 0.60 0.93 -1.7 -19 0.2 1
V23I/L25V 4.0 0.63 0.95 —-1.4 —-2.0 0.6 0
V23L/L25I 3.9 0.60 0.97 -15 -18 0.3 1
V23L/L25V 3.6 0.53 1.01 —-1.8 -1.9 0.1 0
V66L/172L 4.5 0.75 0.89 -0.9 —-05 —-0.4 1
V66L/172V 4.9 0.80 0.92 —-0.5 -1.5 1.0 0
V661/172V 4.2 0.63 0.99 -1.2 —2.2 1.0 0
V661/172L 3.7 0.64 0.87 —-1.7 -1.2 —-0.5 1
192L/v99l 4.5 0.67 1.01 -0.9 -0.8 -0.1 1
192L/V99L 4.1 0.63 0.96 -1.3 -0.9 -04 1
192V/V99I 4.7 0.73 0.96 -0.7 —-0.6 -0.1 0
192V/V99L 4.5 0.67 1.00 -0.9 -0.7 -0.2 0
V23I/V66I 3.9 0.75 0.78 -15 -12 -0.3 2
V23I/V66L 4.4 0.89 0.74 —-1.0 —-05 —-05 2
V23L/V66I 3.9 0.67 0.86 -15 -11 —-0.4 2
V23L/V66L 4.3 0.78 0.83 -11 —-0.4 -0.7 2
L25I/Vv66l 2.4 0.38 0.92 —3.0 —2.7 -0.3 1
L25I/v66L 3.5 0.60 0.88 -1.9 —2.0 0.1 1
L25V/V66l 25 0.40 0.94 —-2.9 —2.8 -0.1 0
L25V/V66L 3.6 0.60 0.89 —-1.8 —-21 0.3 0
V231/172L 49 0.80 0.91 —-0.5 —-0.4 -0.1 1
V23I/172V 4.3 0.64 1.01 -11 —-14 0.3 0
V23L/172L 5.0 0.79 0.95 —-0.4 —-0.3 -0.1 1
V23L/172V 4.3 0.62 1.04 -11 -13 0.2 0
L251/172L 3.7 0.53 1.06 —-1.7 -1.9 0.2 0
L251/I72V 2.4 0.32 1.09 —-3.0 —-2.9 -0.1 -1
L25V/I72L 3.8 0.56 1.03 —-1.6 —-2.0 0.4 -1
L25V/I72V 25 0.35 1.09 —-2.9 —-3.0 0.1 -2
V661/192L 35 0.59 0.88 -1.9 -1.6 -0.3 1
V661/192V 4.7 0.69 1.00 -0.7 —-1.4 0.7 0
V66L/192L 4.4 0.79 0.83 —1.0 -0.9 -0.1 1
V66L/192V 55 0.89 0.92 0.1 -0.7 0.8 0
V661/VI9l 4.7 0.80 0.88 —-0.7 -1.2 0.5 2
V661/V99L 4.1 0.70 0.86 -1.3 -13 0.0 2
V66L/VI9l 4.8 0.89 0.81 —0.6 —-05 —-0.1 2
V66L/VI9L 5.4 0.97 0.84 0.0 —0.6 0.6 2
172L/192L 4.7 0.74 0.94 -0.7 —-0.8 0.1 0
172L/192V 4.7 0.69 1.01 -0.7 —0.6 -0.1 -1
172V/192L 3.6 0.51 1.05 —-1.8 -18 0.0 -1
172V192V 3.7 0.54 1.03 —-1.7 -16 -0.1 -2
172L/V99l 4.9 0.76 0.97 —-0.5 —-0.4 -0.1 1
172L/V99L 4.6 0.71 0.99 -0.8 -0.5 -0.3 1
172VIV99I 4.2 0.61 1.05 -1.2 —-14 0.2 0
172VIVI9L 3.7 0.53 1.03 —-1.7 -1.5 -0.2 0
wild type 5.4 0.82 1.00 - - - -

aFree energy difference between the native and denatured states in the absence of denaturant in units of kilocalories per mole. The error is
estimated to bet-0.1 kcal/mol.” Midpoint concentration (concentration of guanidine hydrochloride at which half of the protein is denatured) in
units of molar. The error is estimated to #®.01 M. ¢ Slope value (change in free energy with respect to the change in guanidine hydrochloride
concentration) expressed relative to the wild-type value of 6.53 kcal'nbt. The error is estimated to be0.02.9 Difference in free energy
between the free energy of the protein with double substitutions and the free energy of the wild-type Ard@ir. AGh,0 (double mutant)—
5.4 (WT). The error is estimated to Be.2 kcal/mol.¢ The sum of theAAGgingie Values of corresponding single substitutioh&2Gint = AAGgousle
— YAAGginge The error is estimated to k0.2 kcal/mol.9 Difference in the number of methylene groups between the mutant and wild type.

stability change. The quantitxAmyounie €qual to the slope  DISCUSSION
value change of double mutant relative to that of the wild

type minus the sum of the slope value changes of constituent Sid€ chain packing in the core of proteins, already
single mutants, was found to be correlated WitRGiy acknowledged as being important, may be on par with

[AAAG in the nomenclature of Green and Shord@){. In hydrophobicity as a f_act_or n st.ablllzmg_the natwq stae (
, : : The degree of additivity in packing stability effects is of great
contrast, we find that changes in slope values in our double

. . . ~importance for protein engineeringg). If multiple mutants
mutants are largely additive from single mutants (Figure 4); generally have additive stability effects, protein engineering
i.e., values oAAmyoupieare generally low where Green and

o~ will be much more predictable given the structural and
Shortle found large values. Even when limited to double energetic information of single mutants. However, if residues
mutants with nonadditive stability effects, the changes in haye energetically significant interactions with one another
slope values are additive from the slope value changes ofat great distances, it will be very difficult to correctly predict
the corresponding single mutant. There is only poor cor- stability effects in multiple mutants. Even simple rules, such
relation ¢ = 0.3265) betweeAAMyouneaNdA%Giy; (AAAG). as the effect of distance between the substituted side chains
This is in marked contrast to the results of Green and Shortle. upon the additivity of their stability effects, would be very
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' ' i ' -0.3 -0.2 -0.1 0.0 0.1 0.2
-3 -2 -1 0 AIndouble
AAG'double Ficure 4: Plot of Y Amgingeas calculated from the values for single
FIGURE 2: Plot 0f Y AAGginge (in kilocalories per mole) calculated ~ Mutants véAMmyouse values for the double mutants. The dotted line
from the corresponding values for the single mutant& $Sqouie is the theoretical line with a unit slope. Points below this line are

for the double mutants (in kilocalories per mole). The dotted line double mutants that have higher valuesn@ucy than predicted
is the theoretical line with a unit slope. Points below this line are oM the single mutants. Those above have values lower than
double mutants that are more stable than predicted from the singlePredicted. The solid line is the regression line through the data
mutants. Those above the line are less stable than predicted. Th@Cints. The correlation coefficient)(equals 0.9045.
solid line is the regression line through the data points. The
correlation coefficientr) equals 0.8572. 45), in which double mutants and corresponding single
mutants are constructed. The energetic difference between
0.4 the stability change of a double mutant and the sum of the
stability change of the component single mutants is the
energy of the interaction between two mutated side chains.
As detailed in the Results, most of the double mutants
generated here have largely additive behaviors in changes
in stability, slope value, and midpoint concentration. This is
the ideal situation from a protein design standpoint. However,
not all changes in protein structure have additive effects, and
it is important to identify the mutations that will fall into
this category. Two factors that are obviously likely to be
related to additivity are the distance between the two mutated
residues and the degree to which the mutations alter the size
of the residues. We consider each of these factors in turn.
It seems obvious that if two residues are close to one
another there will be some interaction. However, when the
interaction energy A%Giy) is plotted versus the distance
' ' between thg-carbons of the mutated side chains in the wild-
-06 -04 02 00 0.2 0.4 type structure (not shown), there is no simple correlation
ACm‘doub,e between that nonadditive stability effects and the distances
FIGURE 3t Plot of 5ACnsnge (in units of moles per lter) as between two mutated side chains m_the wild-type structure.
calculated from single mutants Y&, gounic0f double mutants (in On.the ot.her hand, When thqj€Cﬁ Q|stance .between two
units of moles per liter). The dotted line is the theoretical line with residues is>8.0 A, A’Gyy is zero within experimental error,

a unit slope. Points below this line are double mutants that have consistent with the additive behavior of the single mutant
higher values o, than predicted from the single mutants. Those gffects.

above the line have values lower than predicted. The solid line is . S
the regression line through the data points. The correlation The G—C, d'Sta,nceS are not a Very precise 'n,dlcator_Of
coefficient ¢) equals 0.9274. ow close two residues are and their degree of interaction.

We therefore determined all instances where any carbon atom
useful in rationally modifying protein structure. We have in the side chain of these six residues approaches within
therefore created the largest systematically sampled set ofA of another carbon atom in another side chain of the six
double mutant proteins yet made to investigate the additivity positions. (A table of these ateratom distances is available
of packing effects. as Supporting Information.) If the hydrogens bonded to these

The energetic effects of interactions between two side carbons are taken into consideration, most of these 6 A
chains can be analyzed by a double mutant cy8& 85, carbon-carbon interactions could be considered van der

0.2 ;

0.0

m,single

YAC
=)
1\
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Waals contacts. Of the 11 pairs of positions examined here,
eight were found to have such interactions in the wild type: 0.9 1
23 and 25, 23 and 66, 25 and 72, 66 and 72, 66 and 92, 66
and 99, 72 and 92, and 92 and 99. 0.6 -
Recall that at least some double mutants at the pairs of o
positions 23 and 25, 23 and 66, 25 and 72, 66 and 72, 66 £ 0-3 | '
and 92, 66 and 99, and 92 and 99 have nonadditive stabilitycSD 0.0 °
effects. This list of pairs with nonadditive effects is nearly < WY1, ®
identical to the list of pairs with close contacts. 031
Therefore, we propose that nonadditive stability effects
in the core of staphylococcal nuclease in the main occur only -0.6 |
when the side chains are in van der Waals contact in the . ' °
wild-type and/or mutant protein. It is the alteration of the _'2 T 0 1 2
van der Waals contacts that presumably leads to nonadditive ACH
effects. 2
Note that the presence of close contact between twoFicure 5: Bullseye-bubble plot of double mutant interaction
residues appears to be necessary but not sufficient forenergiesA2Giy (in kilocalories per mole), organized by the value
nonadditive behavior. Not all the double mutants in contact ©f ACH. (the change in the number of methylene groups upon

L . mutation). In the case of coincident data points, the size of the
had nonadditive behavior, and the number of contacts doe ubble and the number of rings indicate the number of mutants

not correlate well with the magnitude of the interaction it that particular interaction energy. The dashed lines-@3
energy. This does not invalidate the idea that van der Waalsand 0.3 kcal/mol show the range &4#G;,; values within which the
interactions are at the heart of nonadditivity. While the wild effects of the single mutants are considered additive.
type, single, and double mutants would all have van der
Waals interactions that were different in a geometrical or contacts, but the idea that contact is necessary for nonadditive
structural sense, at least some of these sets of interaction®ehavior seems to hold.
would be similar energetically. The double mutant would  While the presence of nonadditivity is related to contact
consequently be energetically additive. We also note that between two sites, the mathematical sign of any nonadditivity
pairs in which at least one of the two is valine in the wild effect appears to be controlled primarily by the change in
type seem likely to exhibit nonadditive behavior. This makes the size of the side chains. We approximate the change in
sense as either isoleucine or leucine increases the size oside chain volume by the change in the number of methylene
the side chain and the opportunity for interaction with other groups ACH,). For example, a valine to leucine mutant adds
nearby residues. one methylene group, but if a double mutant also had an
If we test this hypothesis by examining the opposite isoleucine to valine mutation, the value ACH, for that
extreme, mutants with additive effects, it seems to hold. double mutant would be zero. The valuesA3Gi for the
Recall that all double mutants at the pairs of positions 25 double mutants are shown in Figure 5 groupedAsyH,.
and 66, 23 and 72, 72 and 92, and 72 and 99 have additiveAs seen in Figure 5, the double mutants with one or two
stability effects. Of these four pairs, only the pair of positions methylene group reductions almost all have additive stability
72 and 92 appears on the list of pairs with close contacts. effects, although the limited number of such mutations does
However, it is interesting to note that most of the interactions not give much statistical weight to this observation. More
between positions 72 and 92 are near the edge of ourtelling is the large number of double mutants with no change
somewhat arbitrgr6 A cutoff. Further, both positions 72  in the number of methylene groups. Those with nonadditive
and 92 are isoleucines in wild-type nuclease. This meansstabilities have positive values &fGiy. In other words, these
that neither the valine nor leucine substitution at either site nonadditive double mutants are always more stable than
adds overall size or length to the side chain. Thus, the expected from the stabilities of the component single mutants.
mutants are unlikely to have a greater level of interaction On the other hand, when the sizes of the two side chains are
than the wild type. Also, an isoleucine to valine substitution increased by a net one or two methylene groups relative to
is fairly nondisruptive to packing, retaining as it does the the wild type, the nonadditive double mutants usually, but
same branching point on the side chain. Thus, the presenceot always, have negative values&iGiy. In other words,
of additive stability effects at positions 72 and 92 still appears these nonadditive double mutants are usually less stable than
to be largely consistent with the concept that altered van expected from the stabilities of the component single mutants.
der Waals interactions lead to nonadditive energetic behavior. Considered from the standpoint of side chain packing, this
We find it somewhat surprising that if there is no van der trend makes perfect sense. Most single mutations are
Waals contact between two residues they have additivedestabilizing whether they increase or decrease side chain
behavior. It is intuitive that the degree of nonadditive size, presumably because they lose favorable van der Waals
behavior should be reduced as distance and intervening sidénteractions and introduce strained contacts or unfavorable
chains are introduced between two mutations in the core ofbond angles into the structure. A second mutation allows
a protein. Yet a gradual attenuation of nonadditive effects is the possibility of further rearrangement of side chains to find
not found. The situation is instead simpler. As soon as van lower-energy conformations. This is especially true if the
der Waals contact is lost, the two single mutations are largely mutation causes a diminution in overall chain size, as the
energetically independent. Again, there is no obvious con- new void space allows still more side chain flexibility. On
nection at this still rather simple level of analysis between the other hand, increasing the size of the side chain reduces
the degree of nonadditivity and the number of van der Waals or may entirely negate the opportunity the second mutation
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presents for side chain rearrangement and may causeerhaps especially those widely separated in the native state,
unfavorable steric interactions. Generally speaking, the were related to the changes in the residual structure in the
absence of voids in a structure is a good thing. Each addeddenatured state. We, however, find poor correlation between
methylene represents more potential van der Waals interac-AAmyounie and A%Gin, again in apparent contradiction to
tions and hydrophobic transfer free energy in some optimal Green and Shortle’s results. In addition, our values of
arrangement. However, the more atoms that are forced intoAAmyounie are generally low where Green and Shord@)(
a space, the fewer possible ways there are to arrange thenfound large values.
and the less likely that such an optimal arrangement may be This limited range oA AmyouneValues in our data obscures
found. Indeed, it may not be possible to pack them all into the possible correlation with?G,. Indeed, if our data are
the previous space, and larger-scale rearrangements of theombined with those of Green and Shortle, the constant of
structure may be required. There are two double mutantsthe correlation betweeAAmyoue and A%Gy for the global
here, V66L/VI9L and V661/V99I, which hav&?G;; values data set is comparable to that found in Green and Shortle’s
of 0.6 and 0.5 kcal/mol, respectively, showing that such data with its more extreme range AfAmyoupe alone (not
optimized arrangements can indeed be found occasionallyshown). Therefore, our data do not contradict those of Green
even when two methylene equivalents are added. But theseand Shortle. When single mutants with large slope effects
positive values are the exception to the rule, and increasinglikely related to denatured state perturbations are combined,
side chain size overall usually causes a greater loss ofit is quite reasonable to find nonadditive effects related to
stability than expected from single mutant effects. We view changes in the denatured state in the double mutant.
this experimental trend as further evidence that the energetic In the case of the data presented here, where single mutants
importance of packing is much greater than previously were chosen on the basis of their proximity in the core of
appreciated. the protein, the conclusions are, not surprisingly, different.
Double mutants have been previously made in staphylo- The clear relationship betwee®’G;; and van der Waals
coccal nuclease3(), and comparison to this earlier work is  contacts as well as the influence of the change of the size of
appropriate. In particular, Green and Shordg)(previously the side chain both indicate that the nonadditive stability
studied the stability effects of 71 double mutants in staphy- effects among our double mutants are dominated by interac-
lococcal nuclease. Nonadditive stability effects were common tions between the two mutated side chains in the protein
among these double mutants, with 39 of 71 having nonad- native state. Poor correlation betwe#?G;,; and AAMyouple
ditive effects. Not only is this percentage much higher than was found, even if comparison was restricted to the double
we found, it is even more striking because most of the mutants with nonadditive stability effects. This does not rule
mutants in this earlier work were much more widely out denatured state effects, but it does indicate that changes
separated in the structure than those discussed here. Thifn the denatured state are much less important. Therefore,
appears at first to be in direct contradiction to our findings. we conclude that when packing of the core of staphylococcal
However, two points should be considered. First, we have nuclease is being considered, the denatured state effects are
found, as detailed in the preceding papéj, (that the negligible compared to the native state effects.
energetic value used by Green and ShodB {or the 172V If this is the case in staphylococcal nuclease, arguably the
single mutant was incorrect by 0.6 kcal/mol. Correction of protein with the best documented case for energetically
this error shows that five double mutants, previously thought important denatured state changes, it seems likely that
to be nonadditive, are in fact additive. The percentage of denatured state effects are likely to be of relatively minor
nonadditive mutants is therefore reduced to a significant importance compared to native state effects when considering
degree. Nevertheless, the percentage of nonadditive mutantshe packing of most protein cores.
is higher than we find, and most are not in van der Waals  Since predicting changes in the native state alone is
contact, still in apparent contradiction to our findings. difficult enough without the additional complication of
The second point to consider is that the main focus of attempting to take into account denatured state changes, this
this earlier work was exploration of the additivity of changes is excellent news for those who wish to rationally alter the
in the denatured state as reflected in the slope value. Thepacking of a protein core. Coupled with our other major
slope valuemgunc, reflects the sensitivity of the protein  conclusion that complex, difficult-to-predict, nonadditive
unfolding reaction to the changes in denaturant concentration.behaviors occur in only residues in van der Waals contact,
The change in the slope value has been suggested to b¢he problem of predicting core packing is likely to be
correlated with the change in the amount of residual structureamenable even to simplified computational approaches.
in the denatured state based on both theatg) (and
experimental results3(, 38, 47—51). Therefore, the com- ~ACKNOWLEDGMENT
ponent single mutants in Green and Short#e) (were
selected in large part because of their large slope changesd|
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