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ABSTRACT: To identify interactions between amino acid positions in staphylococcal nuclease that affect its
stability, a collection of 71 double-mutant forms was constructed from 22 previously characterized single
mutants. These single mutations were assigned to three different classes on the basis of their m value [m
= d(AG)/d[GuHCI]], a parameter that has been correlated with energetically significant changes in the
structure of the denatured state [Green et al. (1992) Biochemistry 31,5717-5728]. Several mutant pairs
from five of the six possible double-mutant classes were analyzed by guanidine hydrochloride denaturation
to determme the extent to which changes in stability (AAGy,0) and changes in the m value (Amgyucy) reflect
the sum of the effects of the individual mutants, The differences between the values for AAGy,0 and
Amgyuci estimated on the assumption of additivity and those obtained by experiment, i.e., AAAG and AAm,
were calculated for each double-mutant protein. Surprisingly, a large majority of double mutants from
four of the five classes exhibited positive values of AAAG and AAm; i.e., they were more stable and displayed
a higher sensitivity to GuHCI than predicted on the basis of additivity. Statistical analysis of the data
reveals (1) a highly significant correlation between the value of AAAG (the nonadditivity in stability) and
AAm (the nonadditivity in GuHClI sensitivity), (2) only weak correlations between the distance separating
two mutant positions and the magnitude of AAAG and AAm, (3) evidence for unique patterns of interactions
between some pairs of mutations, and (4) a triad of positions remote in sequence but relatively close in the
native structure that show a dramatic degree of nonadditivity. The proposal is made that, for some mutants,
the dominant pathway of interaction between widely separated positions involves changes in the residual
structure of the denatured state, structure which retains a cooperative character and can extend out 20 or

more angstroms.

Over the past 10 years, extensive use has been made of
single mutations as probes of the roles of individual amino
acid residues in specifying the folded structures and stabilities
of proteins (Matthews, 1987; Goldenberg, 1988; Shortle, 1989,
1992). Quantitation of the change in stability AAGy,0
accompanying the substitution of a residue provides some
measure of the contribution of the wild-type side chain to the
overall balance of interactions that maintain the stability of
the folded state. Single mutations, however, cannot probe for
interactions between pairs of residues. To address this issue,
double mutants can be constructed and the measured energetic
consequences compared to the sum of the effects of the two
single mutations (Ackers & Smith, 1985; Shortle & Meeker,
1986; Wells, 1990; Serranoet al., 1991; Mildvanetaal., 1992).
When there is close agreement between the observed AAGy,0
and that predicted on the assumption of additivity, by definition
the two mutations exert their effects independently. In other
words, the effect of a mutation at position A does not depend
on energy terms that can be modified by a change in the
amino acid at position B and vice versa. When the predicted
and observed effects do not agree, the effect of one of the
mutations must depend on an energy term that has been
modified by the other mutation. Inthiscase,thetwomutations
are considered interdependent, and the modified energy term
can be presumed to reflect some sort of conformational or
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structural change that mediates interaction or “communica-
tion” between the two positions.

Only a limited number of studies of paired mutant effects
on protein stability have been reported, with the general
conclusion being that effects often appear to be additive within
the limits of experimental error (Sandberg & Terwilliger,
1989; Shirley et al., 1989; Wells, 1990). However, an earlier
study by this laboratory of double mutations in staphylococcal
nuclease revealed that two of four double mutants were
significantly more unstable than predicted from adding the
effects of the single mutations (Shortle & Meeker, 1986). In
addition to being less stable than wild type, all of the single
mutations in that study displayed significant changes in mgyucy,
a parameter that is defined as the rate of change of AG with
respect to GuHCI concentration and reflects the sensitivity of
the denaturation reaction to changes in denaturant concen-
tration. Interestingly, the two nonadditive double mutants
involved pairs of m- mutants (mutant mguuc; < 0.95 wt
mguucl), whereas the two additive double mutants involved
pairs of m* mutants (mutant mguuci > 1.05 wt mguncy).

Studies of these and similar mutations have led us and others
to the conclusion that the changes in mgyuci reflect changes
in the residual structure of the denatured state (Shortle &
Meeker, 1986, 1989; Shortle et al., 1990; Green et al., 1992;
Shortle, 1993; Bowler etal., 1993). Tendifferent m* mutants
inlarge denatured fragments of staphylococcal nuclease have
consistently shown a reduction in residual structure relative
tothe wild-type fragment on the basis of far ultraviolet circular
dichroism spectra and hydrodynamic radius, whereas similar
studies on m~ mutants have identified several that increase
this residual structure, although a majority show only small
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changes (Shortle & Meeker, 1989; unpublished data). In
view of this direct evidence for structural changes in this
fragment model of the denatured-state, we proposed that the
mechanism responsible for the observed nonadditivity between
mutant pairs could involve changesin denatured state structure
(Shortle & Meeker, 1986).

Toextend thedata available on mutant-mutant interactions
in staphylococcal nuclease and to more thoroughly address
the possibility that large conformational changes in the
denatured state provide a common mechanism for nonadditive
stability effects in this small protein, we have now examined
71 mutant pairs in which different pairs of m*, m-, and m°
(0.95 wt mgyunc) < mutant mgypcr < 1.05 wt mgyupc)) mutants
have been combined. Here we report the finding of frequent
nonadditive interactions betweenstability mutantsata number
of positions, some quite remote in the native folded structure.
On the basis of several dominant trends in these data, we
propose a simple model for the types of changes in denatured-
state structure that may underlie these interactions.

MATERIALS AND METHODS

Recombinant DNA. All mutants of staphylococcal nuclease
were generated using the Kunkel (1985) method of oligonu-
cleotide-directed mutagenesis applied to the M 13 phage vector
MFO9, which carries the wild-type nuclease gene. After
transformation of mutagenized DNA into competent DH 5« F’
cells, plaques were picked, the phage DNA was sequenced,
and the mutant nuclease gene moved into the expression
plasmid pA12 (Shortleetal., 1990). Toensure that nospurious
secondary mutations had been introduced, the entire nuclease
gene wassequenced for each mutant. Inaddition, when results
from denaturation experiments raised questions about the
identity of a double or triple mutant, the nucleotide sequence
was confirmed by sequencing the gene in the plasmid DNA.

Protein Isolation. Mutant proteins were purified from
Escherichiacolistrain AR 120 carrying the appropriate mutant
plasmid (Shortle et al., 1990). The concentration of purified
nuclease was determined using the extinction coefficient of
0.93cm~! mg! mL at 280 nm for a 1 mg/mL solution (Fuchs
et al., 1967). Protein purity was analyzed by SDS-PAGE,
followed by staining with Coomassie Brilliant Blue R-250.
All protein preparations were estimated to be at least 95%
pure.

Guanidine Hydrochloride Denaturation. Toquantitate the
changes in stability due to one or more mutations, the intrinsic
fluorescence of the single tryptophan at position 140 was
measured as a function of guanidine hydrochloride concen-
tration at 20°C and pH 7.0 as in Green et al. (1992).

RESULTS

Denaturation Data and Estimation of Errors. The positions
of the 22 single mutations used in different pairwise combi-
nations are shown in Figure 1 relative to the folded structure
of staphylococcal nuclease. On the basis of its mguna
(normalized to the wild-type value of —6.8 kcal mol™! (M
GuHCI)-!, which is defined as 1.00), each of these mutations
was assigned to one of the three m-value classes: m~ < 0.95
<m? < 1.05 < m*. The values of AAGy,o (the change in
stability = AGu,0 mutant— AGH,0,wT) and Amguuci (the relative
change in d(AGwu,0)/d[GuHCI] = mgunclmutant — MGuHCLWT)
for each single mutant are listed in Table I. In Table II, the
71 double mutants are grouped according to the m-value classes
of the two single mutations. Both the AAGy,0 and Amgunc
for each double mutant as well as the nonadditivity of the
stability change AAAG [= AAGu,0,1+2 — (AAGu,0, +
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Ficure 1: Ribbon diagram of the three-dimensional structure of
staphylococcal nuclease with marked positions for all single mutations
used in this study. Reproduced with permission from Richardson
(1981). Copyright 1981 Academic Press.

Table I: Denaturation Data for Single Mutants

mutant AAGY,0° meuncr®
class m?
115v4 —0.81 1.05
172vd -1.77 1.02
Y85A4 -0.41 1.01
192V¢ -0.50 1.01
Y113A4 0.03 0.99
A130G¢ -1.11 0.96
class m~
L7Ad -1.58 0.89
V23F -2.30 0.84
L37Ad -1.68 0.89
T62A* -2.40 0.88
Ve6LS -0.10 0.82
E75V -2.31 0.79
G79D -2.28 0.87
G79S¢ -2.66 0.82
G88V/ -0.90 0.78
P117L 0.20 0.92
NI118D -2.40 0.86
class m+
118M/ -0.50 1.07
T33S -1.00 1.09
T62G* =348 1.08
AT/ -2.63 1.13
A90S/ -1.90 1.10

7 AAGH,0 = AGH0 muam — AGH,0,wt. Units are kilocalories per mole.
b Units are relative to the wild-type value of 6.85 kcal mol-! M-1, which
has been normalized to 1.00.  Shortle (1986). 4 Shortle et al. (1990).
¢ Green et al. (1992). f Shortle and Meeker (1986).

AAGH,0,2)] and the nonadditivity of the m-value change AAm
[= Amgunci1+2 = (Amguncl + Amcunc)2)] are also given in
Table II. In addition, C,—C, and Cg—Cjy distances for each
pair of mutations are listed.

To estimate the range of error in the values of AAGy,0 and
Amgyncl, 25 double mutants were selected at random and the
denaturation was repeated. Comparison of the two values
indicated that AAGy,o varied by 0.09 £ 0.08 kcal/mol and
Amgunc) varied by 0.02 £ 0.01 unit, where the units are
normalized relative to the wild-type value. [These ranges of
error are slightly higher than have been found in other such
analyses (Green et al., 1992).] Since three different exper-
imental values of AAGy,0 and Amguuc) are required to
calculate the two nonadditivity parameters AAAG and AAm,
the error levels in these parameters are estimated as approx-
imately £0.3 kcal /mol and £0.05 relative m unit, respectively.
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Table II: Denaturation Data for Double Mutants
mutant AAGy,0* maunc? ADMAGE AAmfd C,—C,¢ CsCgf mutant AAGH0® mounc? AAAGE AAm? Cu~C,f CsCy*
m® X m? 23F+90S  -3.31 106 089 012 1079  9.69
ISV472V 201 112 057 005 112 1054  37A+33S 221 101 047 003 1254 13.53
15V+85V  -106 109 016 003 1856 17.15  37A+69T 413 109 018 007 1954 18.14
ISV+113A 062 108 016 004 2795 2823  37A+90S  -332 102 026 003 519 586
72V+85A 16 107 058 004 2278 2136  75V4+33S  -321 089 010 -0.01 1405 1636
72VHII3A 094 11 08 009 2566 263 7SV+69T 435 103 059 011 1464 1629
85SA+113A 023 104 0I5 004 1771 1666  75V+90S  -3.6 097 061 008 54 567
* X m* 62G+88V  -3.66 096 072 01 1664 NA
18M+338 -2 109 05 007 885 709 m-Xm®
I8M+69T/  -3.3 126 02 006 1639 1629  TA+ISV 208 096 031 002 2385 23.36
18M+908/ 2.7 116 03 001 1547 1452  7A+72V 241 101 094 01 1587 16.15
33S+90S  -3.16 1.2 026 001 10.59 1098  TA+85A  -1.6 095 039 005 2329 2283
69T+90S 4.7 13 017 007 1745 1509  7A+92V 154 096 054 006 1251 1291
o X - TA+IBA -1l 096 045 008 2099 2038
+ . 071 023 -002 2051 1874  TA+130G 246 087 023 002 2505 2344
'71:+§;i 165 o088 161 01 1331 1097 2FEHISV 259 096 052 007 781 823
TA+75V -364 073 025 005 666 5.44 BE+2V 29 095 L17 009 1135 865
2A+70S 577 o8 147 009 1106 NA 23F+85A  -251 086 02 001 1389 14.29
23F+37A  -317 073 081 00 118 1214  23F¥92V 201 09 079 011 937 66
2475V 479 058 018 —005 1394 135 23F+113A  -1.89 091 038 008 2032 2097
2IF+79S 475 059 021 007 2019 NA 23F+130G  -3.5 076 009 004 2557 258
3A+TSV 247 079 152 011 983 85 STAHLSV. 217 101 032007 1878 19.1
3TA+79S 183 087 251 016 113 Na 3TA+72V 278 101 067 01 1559 1512
IA+IITL -1.69 085 021 004 1180 1173  37A+85A 198 09 011 0 1408 1431
37A+118D  -172 091 236 016 806 6.2 37A+92V - -177 099 041 009 862 859
GIAH66L 24 068 01 —002 637 652 37A+113A  -146 092 019 004 1031 1192
IA+88Y 32 069 01 003 1664 NA 37A+130G  -2.53 089 026 004 1807 18.89
C6L+88Y/ 20 057 -10 -003 1652 NA 75V+1SV 283 087 029 003 1739 1835
25V+79S 467 056 03 005 1187 NA 75V472V 302 09 096 009 1029 1099
SVHITL 161 078 0.5 007 1433 1425  TSV48SA 251 082 021 002 1895 19.93
79S+117L  -208 087 038 0.I3 528 NA 7sv402v 205 091 076 01 64 7.6
79S+118D  -279 084 227 016 521 NA ISV+130G - -34 074 002 -001 2378  22.75
117L+118D  -1.0 086 120 008 387 587 198+15v. - 31 095 037 008 2526 NA
37/79/118  -164 091 510 034 NA NA 79S+72V 361 098 082 0.4 2166 NA
37/79/117  -183 085 231 022 NA NA 79S+85A  -2.69 089 038 006 1606 NA
m oIEowoom oo o oM
23F+33  -272 103 058 01 58 77 ! -3.68 ' 0 022375 NA
23F+69T 4 117 093 020 13.65 1102

8 AAGH,0 = AGH,0,mutant — AGH,0,wt. Units are kilocalories per mole. % Units are relative to the wild-type value of 6.85 kcal mol-! M-!, which has
been normalized to 1.00. ¢ AAAG = AAGH0mutant 142 — (AAGH,0mutant 1t + AAGH,0mutant 2- ¢ AAM = AmgyHCLmutant 142 — (AMGuHCLmutant 1 +
AmGuHC)mutam 2)- ¢ Distances measured from coordinates of Hynes and Fox (1991). / Shortle and Meeker (1986).

Six double mutants (V23F+E75V, V23F+G79S, L37A+
A69T, A69T+A90S, E75V+A69T, E75V+G79S) were sig-
nificantly denatured even in the absence of denaturant. In
these cases, AGy,0 was determined by ammonium sulfate
renaturation, and this value was used as one of the data points
in the linear least-squares fitting to obtain mgypc) (Shortle et
al., 1990).

The m? X m® Class. Four single mutants, 115V, 172V,
Y85A, and Y113A, from the m® class were recombined
pairwise to give the six possible double-mutant combinations.
As can be seen for the values listed in Table II, in all cases
the value of AAAG is positive, ranging from 0.15 t0 0.80 kcal/
mol. Thus, all of these double mutants are more stable than
predicted from the assumption of additive effects, although
for only three of the six is AAAG outside the range of estimated
error (£0.3 kcal/mol). Likewise, the value of AAm is positive
in all six cases, ranging from 0.03 to 0.09 (£0.05 is the
estimated error). From thissampleitappearsthat the property
of being an m® mutant is not conserved; each of the double
mutants is classified as an m* mutant by the criteria listed
above.

It is noteworthy that the double mutant in this class which
displays the largest nonadditivity in bothstability and m value,
I172V+Y113A, involves two widely separated residues. In
the wild-type native state, the alpha carbons are 25.7 A apart,

and the beta carbons are 26.3 A apart, which literally places
these two residues on opposite sides of the molecule. Toaddress
the more general issue of whether nonadditive effects tend to
be more pronounced for residues close together in the wild-
type native structure, correlations were sought between the
two nonadditivity parameters and the distance between mutant
positions. Although the sample size is small, the Cg~Cp
distance did not correlate with either AAAG (r = 0.0750, p
= 0.888) or AAm (r = 0.3499, p = 0.497).

However, as shown in Figure 2A, a weak correlation was
found between AAAG and AAm (r = 0.7930, p = 0.060, slope
= 10.5 kcal mol~! m-unit-!). Although the statistical sig-
nificance of this correlation is marginal at best, a similar
correlation was found for each of the other four classes of
double mutants and will be discussed at length below.

The m* X m* Class. Four m* mutants, 118M, T33S, A69T,
and A90S, were recombined to give five of the six possible
pairs (T33S+A69T is missing). For this class of double
mutants, AAAG was never observed to be positive; instead,
the range fell from —0.17 to 0.5 kcal/mol. AAm ranged
from—0.07 t0 0.07 with three of the double mutants considered
nonadditive. The correlation between the Cg~Cgdistance for
each residue and AAAG and AAm is slightly significant with
r=0.8803, p = 0.049 and r = 0.8624, p = 0.06, respectively.
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FIGURE 2: Scatterplots of the nonadditivity in stability (AAAG) vs the nonadditivity in meuuci (AAm) for six groups of double mutants. The
solid line represents the best linear least-squares fit to the data; the correlation coefficients and statistical significance are given in the text.
AAAG is expressed in kilocalories per mole and AAm in units normalized relative to the value of mgyncy for wild-type nuclease, 6.8 keal mol-!

(M of GuHCI)-..

A clearly significant correlation was found, however,
between AAAGand AAm (r=0.9719, p = 0.006, siope = 2.22
kcal mol-! m-unit-1) (Figure 2B). As discussed below, this
correlation probably reflects a statistical artifact referred to
as the “isokinetic effect”.

The m~ X m~ Class. A total of 20 double mutants were
analyzed in this class. Five m~ mutants, L7A, V23F, L37A,
E75V, and G79S, were recombined pairwise to give the 10
possible double mutants; in addition, N118D was paired with
three from the above group and P117L with two from the
above group and with N118D. Finally, the three m~ mutants,
T62A, V66L, and G88YV, were recombined with each other
to give three additional double mutants.

In this class of double mutants, nonadditive effects are
common (11 of 20) and often dramatic. AAAG ranged from
-1.0t0 2.5 kcal/mol and AAm from -0.07 t0 0.16. However,
the clear trend is for AAAG to be positive, since only one
mutant (V66L+G88V) has a negative value that is signifi-
cantly greater than the level of error. For this larger data set
there may be a weak correlation between the magnitude of
the nonadditivity parameters and the distance separating the
two mutant sites. Since two wild-type glycines have been
mutated in this mutant set, distances between C, atoms were
analyzed and found to correlate with AAAG (r = —0.4659, p
= 0.038) and with AAm (r = -0.6008, p = 0.005). However,
in the 11 cases for which the Cg—Cg distance is defined, no
significant correlation is found with either AAAG (r =-0.3997,
p = 0.223) or AAm (r = -0.4842, p = 0.131).

As found for the previous two groups and shown in Figure
2C, a significant correlation exists between AAAG and AAm
(r=0.8157,p <0.0005). Inthiscasetheslopeofthe regression
curve that expresses the dependence of AAAG on AAmis 10.6
kcal mol-! m-unit-!, similar to that for the m® X m© class but
much larger than that for the m* X m* class.

For mutations involving the three residue positions L37,
G79, and N118, the nonadditivity is dramatic: (1) When

mutation G79S is added to mutation L37A, it effectively
disappears, AAGy,0 and Amgyuc of the double mutant being
indistinguishable from those of L37A. (2) Similarly, when
N118D is added to mutation L37A, it also has no additional
effects. (3) When N 118D is added to G79S, it disappears as
well. A second mutation at position 79, G79D, also displays
striking nonadditivity with N118D, although in this case there
may be a small effect of the N118D mutation on the double
mutant. However, L37A and G79S do not show identical
nonadditive behavior withall other mutations. Whereas L37A
masks more than half of the effect of mutation E75V, G79S
exhibits nearly additive behavior when paired with E75V.

Three triple mutants were constructed to further probe the
interactions between these three positions plus position 117.
Triple mutant L37A+G79S+N118D maintains the trends
seen for the three double mutants; within the limits of error,
it is essentially indistinguishable from L37A. The stability
effects of both G79S and N118D have disappeared! Since
both G79 and N118 are positioned within a few angstroms
of the cis-proline at position 117 in the wild-type native
structure, we sought to remove this structural feature by adding
mutation P117L to the two double mutants L37A+G79S and
G79S+N118D. Replacement of this proline with leucine has
only a very small effect on stability, even though it can be
assumed to force the peptide bond between 116 and 117 into
the trans configuration. Within the limit of measurement
error, it appears that the P117L mutation has no effect on the
nonadditivity phenomena involving these three positions.
However, the P117L mutation has a range of effects in
combination with the three single mutants: the destabilizing
effect of N118D is reduced by 50%, the effect of G79S may
be slightly reduced, but the destabilizing effect of L.37A is
unchanged.

The m~ X m* Class. The 10 double mutants in this class
consist of each of the three m~ mutants, V23F, L37A, and
E75V, recombined with each of the three m* mutants, T33S,
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A69T,and A90S, plus the pair T62G+G88V. Forall members
of this class, AAAG is either zero or positive (up to 0.9 kcal/
mol), with seven of the mutant pairs showing a significant
level of nonadditivity. In addition, AAm is positive in all
cases except one (E75V+T33S, AAm = —0.01), which is not
significantly different from zero.

Again, no correlation is demonstrated between the distance
separating the two residues in the wild-type structure as
measured by the Cs—Cgdistance and the value of either AAAG
(r =-0.3815, p = 0.311) or AAm (r = -0.1657, p = 0.670).
The double mutant L37A+A90S displays essentially additive
behavior, even though its beta carbons are only 5.86 A apart
inthe wild-type native state, whereas for the most significantly
nonadditive pair, V23F+A69T, the beta carbons are separated
by 11.0 A,

For this class of double mutants, a correlation is again found
between AAAG and AAm as shown in Figure 2D. In this
case, 7 = 0.8556, p = 0.002, and the slope of AAAG expressed
as a function of AAm is 4.1 kcal mol~! m-unit-!.

The m~ X m? Class. A total of 30 pairs of mutants were
constructed by recombining each of five m~ mutants, L7A,
V23F, L37A, E75V, and G79S, with each of six m® mutants,
115V,172V,Y85A,192V,Y113A,and A130G. Foralldouble
mutants except 1 (V23F+A130G), AAAG was positive,
varying from —-0.09 to 1.17 kcal/mol, with 19 being greater
than 0.3 kcal/mol. For all doubles except three, AAm was
also positive, with the total range of values extending from
—0.04 to 0.14.

Nonadditivity does not appear to be a random property of
the m® mutants. For the two mutants 172V and 192V, each
combination with the five m~ mutants displays significant
nonadditivity, whereas none of the pairs involvin A130G and
only twoinvolving Y85A show comparable nonadditivity. The
fact that all five m- mutants are nonadditive in either three
or four of the six pairs suggests that the identity of the m®
mutant plays a greater role in the occurrence of nonadditivity
than does the m~ mutant.

For the 30 members of this class, a weak but significant
correlation can be demonstrated between the two nonadditivity
parameters and the distance separating the mutant sites. AAAG
correlates with both the C4—Cgy distance (» = -0.5869, p =
0.003) and the C,~C, distance ( = —0.4905, p = 0.006), as
does AAm (r = -0.5253, p = 0.008, and r = -0.4228, p =
0.020, respectively).

For this large double-mutant class, the correlation between
AAAG and AAmis both relatively strong and highly significant,
r=0.8139, p <0.0005. The functional dependence of AAAG
on AAm in this case is 5.2 kcal mol~! m-unit-!.

The Class of All Double Mutants. When all 71 double
mutants are analyzed as a single set, a weak correlation is
seen between the two measures of residue separation in the
wild-type folded state and both nonadditivity parameters.
AAAG can be correlated with both Cs~Cg (r = -0.3087,p =
0.022) and C,-C, (r =-0.3515, p = 0.003), whereas the two
correlations with AAm are very marginal at best (r =-0.2324,
p=0.088,and r =-0.2701, p = 0.023, respectively). Although
all five classes exhibited a correlation between AAAG and
AAm, the value of the slope for this relationship varied by
almost a factor of 3. As discussed below, this observation
suggests that there must be different mechanisms underlying
this correlation for different double-mutant classes. Therefore,
it may be inappropriate to group all data bearing on this
correlation into a common category. Nevertheless, in the
interest of completeness, when all of the double mutants are
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combined, the correlation between AAAG and AAm is found
to have » = 0.7138, p < 0.0005, with a slope of 7.7 kcal mol-!
m-unit-1,

DISCUSSION

The most significant results presented above are the striking
prevalence of nonadditive effects on stability and the finding
that these effects are almost exclusively subadditive—two
destabilizing mutations in the same protein lower its stability
by an amount that is significantly less than the sum of the
effects of the two single mutations. Although most previous
studies of multiple mutants in T4 lysozyme (Zhang et al.,
1991, 1992; Dao-pin et al., 1991; Eriksson et al.,, 1992),
ribonuclease T1 (Shirley et al., 1989), dihydrofolate reductase
(Perry et al., 1989), and other simple single-domain proteins
(Stearman et al., 1988) have not uncovered such extensive
nonadditivity, in some of these cases, the relatively large
uncertainties in the measured values of AAGy,o may have
concealed changes of AAAG of less than 1 kcal/mol. Several
clear instances of nonadditive effects have been found in
barnase for neighboring residues involved in ionic pairing
interactions (Serrano et al., 1990; Horovitz et al., 1990).

As discussed by Ackers and Smith (1985), when two
mutations are independent, their effects are additive; neither
mutation alters any parameter that playsa role in determining
the effect of the other. When two mutations are nonadditive,
some mechanism for communication between the two positions
must exist. To phrase this in more molecular terms, each
mutation causes a “sphere of perturbation”, centered on the
mutant side chain and extending out a variable distance into
the surrounding structure (Ackers & Smith, 1985). When
these spheres overlap in the double-mutant structure, by
definition the structural/energetic effects of one mutation
may be altered through perturbation of interactions in this
region.

In this conceptual framework, the prevalence of the small,
subadditive effects described above imply that mutations in
staphylococcal nuclease often have large spheres of pertur-
bation, since for a majority of mutant pairs, there is evidence
of nonadditivity. The energetic consequences of such overlap
tend to be small, resulting in an average deviation from
additivity of approximately 0.5-1 kcal/mol. However, for
mutants at sites 37, 79, and 118 the energetic consequences
of this overlap involve several kilocalories per mole. To make
any chemical sense of these observations, the central question
that must be answered is, “What is the structure (or structures)
inthis protein that is so easily perturbed, leading to nonadditive
effects on stability?”

The most obvious candidate is the folded native confor-
mation. Considering how well-packed and extensively hy-
drogen-bonded the native state of most proteins is, with
staphylococcal nuclease being no exception (Loll & Lattman,
1989; Hynes & Fox, 1991), it seems reasonable that a mutation
at one site could give rise to changes that propagate a
considerable distance out into the surrounding structure. But
recent results of X-ray crystallography of mutant proteins,
especially the T4 lysozyme system, do not support the notion
that the native state is an extensively deformable structure.
For a large majority of substitution mutations, the observed
structural differences from wild type tend to be both small
and confined to the immediate vicinity of the altered side
chain [reviewed in Shortle (1992)]. Nevertheless, small
perturbations of structure that may be energetically significant
are occasionally seen at sites relatively remote from the
mutation.
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Since the reaction under study involves the equilibrium
interconversion of two states, the native state (N) and the
denatured state (D), the only alternative structure that could
mediate these nonadditive effects is the denatured state. In
recent years, structural characterization of denatured proteins
has clearly indicated that considerable residual structure can
persist and that the amount and type of structure depend
sensitively on conditions of solution (Dill & Shortle, 1991).
It is relevant here that staphylococcal nuclease denatures at
relatively low concentrations of denaturant (<1 M GuHCI).
Consequently, the denatured state formed under such mild
conditions is expected to retain many significant chain—chain
interactions, leading to large deviations from random coil
behavior.

Over the past several years, this laboratory has presented
several lines of evidence that suggest the residual structure of
the denatured state of staphylococcal nuclease also depends
sensitively on the amino acid sequence (Shortle & Meeker,
1989). Central to these arguments has been the observation
that single amino acid substitutions, even relatively conser-
vative ones, can lead to large deviations of mgyuc) away from
the value for wild type (Shortle & Meeker, 1986). Allevidence
to date indicates that the denatured state of m* mutants has
a less structured D state, with a greater exposure of nonpolar
residues to solvent. The structural changes responsible for
m- mutants are much less clear, although for a few such
mutants it appears the D state is more structured, with a
diminished exposure of nonpolar residues to solvent (Shortle
& Meeker, 1989). Nevertheless, the simplest working
assumption is that changes in mgoe [Where solute can be
GuHCI, urea, SCN-, or polyols (Shortle et al. (1989)] are
manifestations of changes in the solvation of the D state. The
demonstration of a significant correlation between changes in
mgyuc) and changes in stability supports the conclusion that
these changesin D-state structure are energetically important
(Shortle et al., 1990), accounting for approximately half of
the stability loss accompanying an average mutation in
staphylococcal nuclease (Green et al., 1992).

If the structure that mediates the spheres of perturbation
invoked to explain this prevalent nonadditivity is in fact the
residual structure of the D state, then one would expect to
find a correlation between nonadditive effects on stability and
nonadditive effects on denatured-state structure as reflected
in the changes observed in mgyuc. This is precisely what is
found for each of the five classes of double mutants: AAAG
correlates with AAm. For those doubles that are more stable
than predicted on the assumption of additivity, mguuc; is also
greater than predicted.

For the m* X m* double-mutant class, the range in values
of AAAG and AAm is comparable to the measurement errors
in these parameters, making it likely that the correlation in
this case is a consequence of the isokinetic effect (Krug et al.,
1976) that arises from the correlation of errors between two
interdependent parameters obtained from the same data set.
(The fact that the correlation coefficient is very close to 1.0
supports this conclusion.) For the three largest classes
involving m~ mutants, this correlation is unlikely to be a result
of the isokinetic effect because (1) the variations in AAAG
and AAm among the various double mutants are much larger
than the errors in these parameters, (2) the observed slope of
the plot of AAAG vs AAm is considerably larger than that
predicted for a correlation of the errors in these two parameters
(which is approximately 2-3 kcal mol-! m-unit-!), and (3)
only two negative values of AAAG are observed, whereas for
an artifactual correlation there should be equal numbers of
positive and negative values.

Green and Shortle

In an attempt to draw inferences about the molecular
interactions underlying the patterns of nonadditivity reported
here, we proceed to make the following assumptions: (1)
Changes in mgyuc) for single mutants reflect a sphere of
perturbation affecting the structure of the denatured state.
m* mutants disrupt part of the wild-type denatured-state
structure, leading to an increase in solvent-exposed nonpolar
surface, whereas m~ mutants change the denatured-state
structure in a way that is equivalent to decreasing the exposed
nonpolar surface. (2) Overlap between the two spheres of
perturbation present in the denatured state of a double mutant
is responsible for all of the nonadditivity observed for both
Amgyhcr and AAGy,0. (Although some native-state inter-
actions must occur for some mutants, especially those at
positions 37,79, 117, and 118, most mutant pairs are remote
in space in the native state. So, in the interest of simplifying
the interpretation of these data, we ignore all nonadditive
effects on AAGy,o which arise from interactions in the native
state.) To these two assumptions we add the conclusion
reached from previous studies of single mutants that (3), on
average, a change in mgyuc of 1 unit (defined as the value
of mguuq for wild-type nuclease) in either direction lowers
the free energy of the denatured state by 15.0 kcal /mol (Shortle
et al., 1990; Green et al., 1992).

To graphically represent the interactions between a pair of
mutations in two dimensions rather than three, a Venn diagram
isused, with each mutation’s sphere of perturbation represented
by a circle. The part of the denatured-state structure that is
not perturbed by either of the two mutations is represented
by a light gray background. Regions of perturbed denatured
structure that have changed to m-structure are darkly shaded,
regions that have changed to m* structure are highlighted in
white, and regions that retain the wild-type m0 structure are
shaded light gray.

With this simple scheme, the component of AAGy,o in the
double mutant which derives from structural effects on the
denatured state is equal to the silhouette formed by the
overlapped pair of circles. Shadingis not relevant to AAGy;,0,
since m* and m- structures are equivalent in their effects on
stability (assumption 3 above). The nonadditivityin AAGy,0,
i.e.,, AAAG, is proportional to the area of overlap. As shown
in Figure 3, with this model, there are three ways of
representing the overlap region which gives rise to the
nonadditivity in Amgyuc) observed for m~ X m~ double
mutations: (A)darkm-shading, corresponding toa saturation
of the m- effect (if a region of perturbed structure is made
m- by one mutation, a second mutation causes no further
change); (B) gray m®shading, corresponding to a cancellation
of the m- effects from the two mutations through conflicting
structural perturbations; and (C) white m* highlighting,
representing not just a cancellation of the m~structural effects
but also their transformation into m* structural effects.

An important quantitative feature of this model is that the
three overlap modes differ with respect to the rates of change
of AAGy,0 and Amguucy as the area of overlap between the
two circles increases. For mode A, AAGy,0 and Amgyuc
decrease at equal rates; for mode B, AAGy,0 changes half as
fastas Amgynci, because transformation of the overlap region
to mO structure means twice as much m- structure is lost and
therefore does not contribute to Amgyncy; and for mode C,
AAGy,ochanges only at one-third the rate of Amgync) because
effectively 3 times as much m~ structure is lost and unable
contribute to AmguHcl

For the m~ X m~ double-mutant class, the average rate of
change of AAGH,0 with respect of Amgyuc (i.e., AAAG/
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FIGURE 3: Venn diagram representation of the interactions between the s
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pheres of structural perturbation in the denatured state of a double-

mutant protein. The effect of each mutation is represented as a circle, with the unaffected component of structure indicated by the surrounding
rectangle. The three hypothetical types of denatured-state structure are wild-type or me structure (light gray), m- structure (dark gray), and
m* structure (white). Panels A—C correspond to the three possible states of the region of overlap for double mutants of the m~ X m- class,
and panels D-F correspond to the three possible states of the overlap region for members of the m~ X m* class.

AAm) is 10.6 kcal mol~! m-unit~!, which is two-thirds of the
expected value of 15.0 kcal mol-! m-unit-! if mode A were the
sole mechanism. Thus, some degree of saturation of the m-
effect in the overlap region must occur in some of these double
mutants. Suchsaturation effectsappear to be the only overlap
mode that explains the remarkable nonadditivity of mutant
combinations at positions 37, 79, and 118. An m~ mutation
at position 37 can virtually mask the presence of one or two
additional mutations at the remaining sites; all of the changes
in Amgunc and the accompanying changes in AAGy,0 ex-
pected for the second and/or third mutations are nearly
perfectly canceled. Any consistent model involving conflicting
effects (overlap modes B and C) between each of three pairs
of mutations has difficulty predicting the complete absence
of additional effects of a third mutation. Yet forother doubles
in this group, some cancellation or conflict of interactions in
the overlap region presumably must occur to account for the
smaller than predicted average value of AAAG/AAm.

Similarly, three possible modes of overlap can explain the
nonadditivity observed in the m~ X m* double mutants (Figure
3D-F), again with the one variable being the structural state
of this region. If one increases the overlap between the two
circles, and the overlap region is darkly m-shaded (mode D),

Amgunc) changes in the opposite direction from AAGH,0;
mgyrc is lower than predicted on the assumption of additivity,
and the stability is higher. For mode E, Amigyuc) remains
constant (equal amounts of opposing m* and m~ components
arelost on overlap), while the stability increases, and for mode
F, Amgunciand AAGu,oare both larger than predicted, leading
to a double mutant that is more wild type than expected for
both stability and mguuc. For 9 of the 10 pairs in this class,
the double mutant was found to be more stable and the rigyuc
larger than predicted for additive behavior, suggesting that
the m* effect dominates in the overlap region (Figure 3F).
However, the average rate of change of AAGy,o with respect
to Amgyucy is 4.1 keal mol-! m-unit=!, which is only one-third
the rate expected on the basis of the rate of 15.0 kcal mol!
m-unit~! from single mutants. This suggests that this simple
model based on circles of fixed size and shading is not
sufficiently complex to represent all of the interactions in this
case. Obviously, the model could be modified in a variety of
ways to make Amgunc) increase more rapidly than AAGH,0.

Additional evidence that the behavior of some pairs of
mutants is more complex than allowed by this simple model
comes from the m® X m® double mutants. If each m® mutant
were more or less equivalent to wild type, then the double
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mutant should also be an m® mutant and the loss in stability
should be additive (reflecting changes in native-state inter-
actions which are not manifest in changes in mguuc).
However, five of the six m® X m° double mutants exhibit an
unequivocal m* effect, and all six show a higher value of
mayhcl than predicted from the assumption of additivity. This
pattern suggests that m® mutants are not without effect on the
denatured state. Perhaps the simplest explanation is that
regions of m* structure are present in some m® mutants but
are masked by other regions of m-structure of approximately
the same area. In this case, the only evidence for such
underlying hidden or cryptic effects on mgync in a single
mutant with a wild-type value of mguuc; would be a loss in
stability. However, in the presence of other mutations, such
m® mutants could give rise to rather complex patterns of
nonadditivity. Given the dominance of the m* effect over the
m-effect in overlap regions described above, the m* character
of m® mutants might be manifest upon pairing with m-mutants.
Thus, the finding that m® X m? mutants frequently have values
of mgyuc that classify them as m* is consistent with this idea.
In these cases, the m~ region of one m® mutant might overlap
withm* region of the other m® mutant, leading to cancellation
of some of the cryptic m- character. Likewise, overlap of m-
regions would also lead to a larger than expected mguuci, as
is seen for the m~ X m~ mutants.

Additional evidence for cryptic m effects in m® mutants
comes from the patterns of nonadditivity observed among the
pairs of m~ X m® mutants. For this large class of 30 mutant
proteins, a spectrum of effects is seen. However, in all cases,
the mguuci of the double mutant is either essentially that
predicted on the assumption of additivity or it is larger, as
would be predicted if some m® mutants harbor cryptic m* or
m- regions which become manifest in the presence of the
appropriate m- region. Furthermore, for this class of double
mutants, therate of change in AAGy,0 with respect to Amgyucy
is 5.2 kcal mol-! m-unit~!, a value remarkably similar to that
found for the m~ X m* pairs. In other words, as a group, the
m0 mutants are behaving as if they are m* mutants under
some, but not all, circumstances.

The extensive heterogeneity of this class of six mutants
becomes apparent when effects in combination with five
different m- mutants are considered. For example, 172V has
a value of mgync) of 1.02 and a stability loss of 1.77 kcal /mol.
In each of the five pairs, the AAm is positive and varies from
0.09 to 0.14. Likewise, the very similar m® mutation 192V
gives rise to values of AAm that vary from 0.06 to 0.11.
However, m® mutant Y85A only leads to a significant AAm
with two of the 5 m~ mutants; for 115V, a significant AAm
is seen with three m~ mutants, and for Y113A, a significant
AAm is seen with four m~ mutants. For m® mutant A130G,
effects on mgync) and stability are close to being additive with
all five m- mutants.

Obviously, Venn diagrams fall short of a molecular
description of the perturbations of denatured-state structure
caused by m* and m~ mutations. Toward this end, a simple
physical chemical model has been proposed (Green et al,,
199.), one developed around the postulate that chain entropy
and solvation of nonpolar surface are the two dominant
energetic terms in the denatured state (Dill,1990). In this
model, it was proposed that, during the evolution of a stable
form of staphylococcal nuclease, the amino acid sequence of
the wild-type protein has been optimized to confer on the
denatured state a maximal free energy, presumably through
structures that attempt to maximize exposure of nonpolar
surface and minimize the entropy of the polypeptide chain.

Green and Shortle

oW\

m+ m-

FIGURE 4: Schematic diagram of a model for the changes in
denatured-state structure that accompany m* and m- mutations
(Green et al., 1992). The wild-type denatured state is postulated to
possess an optimal balance between a low-chain entropy and a high
exposure of hydrophobic surface. Thin lines represent relatively polar
segments of chain that separate clusters of hydrophobic residues,
which are represented by heavy lines and dark circles. m* mutations
disrupt hydrophobic clusters, leading to an increase in both chain
entropy and exposure of hydrophobic surface. Structured polar
segments that act to separate hydrophobic clusters and thereby
increase exposure of hydrophobic surface are disrupted by m-
mutations, leading to a decrease in exposure and an increase in chain
entropy.

One simple way of representing the general features of this
model is shown in Figure 4. The residual structure of the
denatured state is proposed to consist of two parts: structured
nonpolar regions indicated by dark lines and structured
intervening regions with more polar character indicated by
thin lines. To increase the free energy of the D state by
maximizing exposure of nonpolar surface, the nonpolar regions
are forced apart and into contact with water by the structures
formed by the intervening regions. The effects of m~mutations
can then be interpreted as reducing the structure of an
intervening region, thereby lowering the free energy of the
denatured state through the combined effects of a loss in chain
structure (a gain in chain entropy) and a reduction in nonpolar
surface exposure (which lowers the value of mgyncy). Sim-
ilarly, m* mutations can be interpreted as acting directly to
reduce the structure of hydrophobic regions. In this case, the
free energy of the denatured state would be lowered by the
increase in chain entropy but increased by the greater exposure
of nonpolar surface (which increases the value of mgunc), the
former presumably dominating over the latter.

Although this simple model is certainly not unique, it does
successfully explain two features of the data. (1) m- effects
show saturation. If the structured intervening region that
holds two hydrophobic clusters apart has been disrupted and
the hydrophobic clusters have merged, little additional effect
is expected from a second m- mutation that perturbs this
intervening region. (2) m* effects are dominant to m-effects.
If a hydrophobic cluster has been disrupted, the role of the
structured intervening region is more or less eliminated,
diminishing the potential effect of an m~ mutant on combi-
nation with an m* mutant,

The remarkable prevalence of nonadditive effects on both
AAGH,0 and Amgync) among the 71 mutant pairs suggests
that either there are only a small number of hydrophobic
clusters and intervening regions or there is extensive coop-
erativity among the hydrophobic clusters so that a change in
one cluster alters the consequences of changes at considerable
distances away. It is hoped that a more complete picture of
the complex interactions in the denatured state will be obtained
from analysis of the wild-type nuclease and several of these
mutants by NMR spectroscopy (unpublished data). Ifproteins
are found to employ common structural motifs in the denatured
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state to achieve an optimum balance between chain entropy
and nonpolar surface exposure, the identification of such motifs
might provide useful low-resolution “templates” for predicting
the general features of a protein’s native structure from its
amino acid sequence.
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