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ABSTRACT: Sixty-four triple and 32 quadruple mutants were constructed in the core of staphylococcal
nuclease. This is the first time that a large number of multiple mutants with all possible variations and all
possible lower-order mutants has been systematically constructed in any protein core. Stabilities were
determined by solvent denaturation. The energetic effects of these multiple mutants have been analyzed
in combination with the stability data from the component single and double mutants. It was found that
most of the stability changes in triple and quadruple mutants cannot be correctly predicted from stability
effects of component single mutants. However, if the interaction energy between pairs of side chains in
the component double mutants is taken into account, correct stability prediction can be made for most
triple and quadruple mutants. The data further show that while packing interactions unique to triple and
guadruple mutations do occur, they are of much less energetic significance than interactions between
pairs of residues. The results presented here show that the packing of a protein interior can be closely
approximated in most cases as a series of short-range, nearest-neighbor interactions. This has profound
implications for rational protein design and structure prediction.

Packing has an importance equal to that of hydrophobicity =~ This would seem to be an indication that predicting the
in determination of protein stabilityl(-5). Although stability stability of novel packing arrangements may be difficult.
effects caused by single and double packing mutants haveSeveral groups have attempted modeling the effects of
been studied, the design of a protein with reasonable stabilitymultiple substitutions in the protein core with some success
will require calculation of packing interactions between many at predicting the conformation of side chairg 16, 18—
residues. Therefore, it seems reasonable to examine th&8). However, much remains to be done. In particular,
effects of simultaneous side chain substitutions at multiple predicting precise energetic effects, a critical step for the
sites in a protein. design of new proteins, has not been terribly successful. So
while it is clear that substantial changes can be made to the

neous mutations) have been constructed and studied in th ackingc:]j.of a pLotei?f core, ftherehare E,Ot ye‘;] good method?
hydrophobic core of the following proteins: T4 lysozyme or predicting the effects of such packing changes. One o
(6—9), the N-terminal domain of lambda repressbe-13), the most significant problems preventing improvements in

C-terminal domains of ambda Cro repress(Rop 45), (LR ® 182t T e e e lple.
ubiquitin (16), and chicken egg-white lysozymé4. mutant test cases with complementary data about the effects

Although several of the experiments have examined large of 5| component single, double, and multiple mutants would
numbers of multiple mutants in protein cores, these proteins|ikely speed progress on this problem.

were often examined by only a qualitative functional assay
(10, 11, 14). Thus, only a few multiple mutations have been
fully examined thermodynamically to determine the change
in the free energy difference between the denatured and
native statesg—9, 12, 15—17). Among those few multiple
packing mutants which have been studied, nonadditive
stability effects are common. In other words, the stability of
the multiple mutants generally is not predicted successfully
by summing the effects of the component single mutats (
7,9).

Previously, multiple mutants (i.e., three or more simulta-

For this reason, a large number of triple and quadruple
mutants have been systematically constructed in the hydro-
phobic core of staphylococcal nuclease in this work. Only
three possible side chain substitutions (isoleucine, leucine,
or valine) were used to generate the triple and quadruple
mutants at the six selected core positions (23, 25, 66, 72,
92, and 99). All possible triple and quadruple mutants were
constructed at two quartets of sites: positions 23, 25, 66,
and 72 as well as positions 66, 72, 92, and 99. Since there
is a relatively large distance between the pairs of positions
23 and 25 and 92 and 99 and to limit the numbers of mutants

' Funding for this work was provided by NIH Grants GM52714 and t0 manageable numbers, no systematic effort to construct
1P20RR15569-1. triple and quadruple mutants at all six sites was made.
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the largest set of higher-order packing mutants ever madeWe have measured these interactions already. It remains
and the only set for which all component lower-order possible that three or four side chains might also have higher-
mutations have had stabilities determined as well. This allows order interactions which are not captured by examination of
us to analyze the interactions between these side chains irpairwise interactions.

triple and quadruple mutant cycles. To the best of our The stability changes in a multiple mutant that cannot be
knowledge, only one triple mutant cycle has ever been doneexplained by the effects of the component single mutants or
(29, 30) and no quadruple mutant cycles have ever been by the interactions in the constituent lower-order mutants

performed. (i.e., three single and three double mutants in the case of a
triple mutant) define an interaction energy'Gin, where all
EXPERIMENTAL PROCEDURES interactions are examined. For a triple mutant, this interaction

Mutagenesis, Protein Expression, and Protein Purification. €N€rgy is equal to
All triple and quadruple mutants were prepared by multiple 3~ A3 2
cycles of Kunkel mutagenesi8], 32) by using the proper NG = AGpy — ZA Gint
Kunkel templates containing single or double mutations as
described previously3@, 34). Protein expression and puri-
fication followed the procedures previously describ88, (
35).

Protein Stability Determinationlhe stabilities of each of
the mutants in this study were characterized by guanidine

The lack of subscript number in3Gj, indicates that alll
possible lower-order interactions are taken into account. As
shown belowy A’Gjy is the sum of interaction energies from
all the component double mutants of that triple mutant. The
values ofy A’Gy; are calculated for triple mutants as follows:

hydrochloride denaturation at 2C€ using fluorescence as a 2~ _ A2 2 2
probe of structure as previously describ&8, (36, 37). ZA Gint = A'Gipta + AGing + AGinc
Deviation between the Obseged and Predicted Stabili- The subscript A, B, or C iM\?Gy, indicates the three

ties: Calculation of Interaction Energiedost readers are different component double mutants of the triple mutant. The

likely familiar with the idea of double mutant cycles, in | .| es 0fA2Giy, for all component double mutants in this

which the interaction of two side chains is examined by study are published in the preceding pap8#)( Since
comparing the effects of the component single mutants 0 ysg”  — AAGyipe — 3 AAGsnge and since the general
that of the double mutan8g). In other words, the deviation expression fon2G;y is equivalent taAAGgousie — AAGsingle1

between predicted and observed stability changes is taken_ AGsngiea the above equation fax*Giy can be rearranged
as the value of the interaction energy. A general theory for ¢

examining the energetics of side chain interactions between

multiple residues has been laid out in detail by Horovitz and A3G.. = AAG... — S AAG + SAAG.

Fersht 29). We briefly review it here in slightly different nt le ~ 2. doune ™ D single

form. The deviations between the observed and predictedyhere ¥ AAGgoupe and S AAGginge are the sums of the

stabilities for triple and quadruple mutants can be calculated stapility changes caused by the constituent double and single

in several ways. In the simplest calculation, shown here for mytants, respectively.

triple mutants, the predicted stability changes are calculated For quadruple mutants, the calculation of interaction

only on the basis of the stability effects caused by the energy is similar to that in triple mutants. If the predicted

component single mutants. stability of a quadruple mutant is calculated just on the basis

of the stability effects caused by the component single

triple zAAGsingle: AAGyipe — mutanTs olr sir&glg ?]n(:] doutf>.le mutgnts, thedinteracpion energies

(AAGgpger+ AAGqpger T AAGgged fil\rlczhc/a culated with these first and second equations, respec-

A%G,,_; = AAG

where AAGyige is the stability change of a triple mutant 4~ _ _
relative to that of the wild typey AAGsinge is the sum of A Gin—1 = AAGquagruple zAAGS'”Q'e

the stability changes caused by the constituent single mutantsp4c, = AAG —SAG. — S AAG.
and AAG = AG,0 mutant— AGh,owr. The termA"Giy—y is int=2 quadruple Z int Z single

derived from the nomenclgture of Horovitz and Ferﬁﬂ){( = AAunadruple_ zAAGdouble+ ZzAAGSingle
where the superscript indicates the total number of side

chains being mutated. The subscript this case, indicates As above, we use the terfifGi,—; where the subscript 1
that only the effects of the component single mutants are indicates that only the stability effects of the four component
taken into account. single mutants are considered. In the teAfG—», the

Thus, calculation ofA3G,.—; removes most of the simple  subscript 2 indicates that, in addition to the effects of the
effects due the single mutations, such as changes insingle mutants, the pairwise interactions of six component
hydrophobicity. The remaining energetic effect is due to the double mutants are taken into account. However, in a
packing interaction of the mutated residues and their quadruple mutant, besides the four constituent single and six
environment. While this assesses the overall interactionsdouble mutants, there are four component triple mutants. The
between the residues of a multiple mutant, it fails to use all interactions within the component triple mutants are not
the information at our disposal. For example, it is clear from necessarily predicted by the stability effects of the single
the double mutant cycles in the preceding paper that thereand double mutants. Indeed, this deviation between the
can be significant interaction between pairs of side chains, observed stability and predicted stability was just calculated
while other pairs of side chains might have little interaction. above for triple mutantsACGint = AAGuipie — > AAGdouble
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+ YAAGsingd. If these triplet interactions are taken into

Chen and Stites

which we round tat0.3 kcal/mol. The above equation can

account, then the residual interaction energy between thebe generalized as

observed and predicted stability for a quadruple mutant is
given by
A4Gint
= AAunadrupIe_ (ZAAGtripIe - ZZAAGdoubIe+
3zAAGsingle) - zAAGdouble+ 2zAAGsingle
= AAunadrupIe_ ZAAGtriple + ZAAGdouble_
ZAAGsingle

where AAGguaanupie IS the stability change of a quadruple
mutant relative to the wild type arlAAGyipie, Y AAGgouble
and Y AAGqingie are the sums of the stability changes found
for all the component triple, double, and single mutants,
respectively.

Criteria for Additivity and Error EstimationError in the

One, = V(N + 1) x (0.1F + [(n — 1)0.1F

wheren is the number of mutations in a protein. Therefore,
the estimated error for quadruple mutants is equal to

MGy ~ V@+1) x (0.7 +[(4 — 1)0.1F =
4+0.37 kcal/mol

which we round to+0.4 kcal/mol. While the fact that the
estimated error is higher for the quadruple mutants is kept
in mind, for the sake of simplicity and consistency, if the
value of A3Gj—1 or A*Gipe—1 is 0+ 0.3 kcal/mol, the multiple
mutant is considered to have additive stability effects. The
same criterion was applied t%°G;,; in previous studies34,

39).

various energetic terms can be estimated by standard methods A Similar expansion, followed by cancelation of wild-type

for propagation of error. A few examples are given in detail.
Recall thatA3Gj,—; is calculated as

A3G‘int—l = AAG'triple - (AAGsinglel+ AAG'singlez_{_

AAGsingle9

Since AAG = AGn,0mutant — AGh,0wt, €ach value of
AAGtripIe, AAGsingIe], AAGsinglez and AAGSing|e3 contains a
common termAGy.owr. Expansion of the above equation
gives

3 —

AGjp-1= AGHzo,tripIe B AGHZO,WT o (AGHZO,singlel_
AGHZO,WT + AGHZO,singIeZ_ AGHZO,WT + AGHZO,singIeS_

AGyy0wr)

After two AGh,0wt terms have been canceled and rear-
rangement

3 _ _ _ —
A Gint—l - AGHZO,tripIe AGHZO,singIel AGHZO,singIeZ

AGHZO,single3+ ZAGHZO,WT

The experimental error for each determinationAg,o

terms, can be done to show that the error is highest for
A*Gini—2, Where many terms are repeateci=8t57 kcal/mol,
rounded to£0.6 kcal/mol. In the same manner, it can be
shown that the error foA*Gi, is +0.40 kcal/mol and for
A3Gjy £0.28 kcal/mol, rounded te-0.3 kcal/mol.

RESULTS

Guanidine Hydrochloride Denaturatioithe stability data
of 64 triple mutants from guanidine hydrochloride denatur-
ation are summarized in Table 1. Only one triple mutant has
stability similar to that of the wild type, that being 66L/
92V/99L (AGu,0 = 5.5 kcal/mol). The remaining triple
mutants are less stable than the wild type, with stabilities
ranging from 2.2 to 5.0 kcal/mol. The midpoint concentra-
tions (Cp) ranged from 0.32 to 0.90 M. The slope values
(Meuncy) of the triple mutants expressed relative to that of
the wild type varied from 0.79 to 1.15.

The stabilities of 32 quadruple mutants have also been
determined by guanidine hydrochloride denaturation and are
listed in Table 2. The stabilitiesAGh,0) and midpoint
concentrations@y) of all quadruple mutants are lower than
that of the wild type. The values ranged from 2.0 to 4.7 kcal/
mol and 0.28 to 0.71 M, respectively. The slope values varied
from 0.80 to 1.08 relative to the value of the wild type.

is random and independent from each other except the error The average stability loss for the quadruple mutants was

of the two AGpowr terms is the same, while still random

2.2 kcal/mol, for triple mutants 1.7 kcal/mol, and, in

and independent from other errors. Therefore, the square ofcomparison, for the double mutants in the preceding article

the sum ofAGu,0.wr errors is used in the error estimation
of A3Gini—1:

OAaGint-l -

2 2
(OAGHZO,tripI2 + (OAGHZO,singIe)

2 2 2
J(GAGHZO,singIe) + (OAGHZO,singIe) + (ZO‘AGHZO,WT)

The magnitude of experimental error for each determina-
tion of AGy,o is estimated to bec0.1 kcal/mol on the basis
of the extensive experience of experimental reproducibility.
Therefore

Onse, . = V4 x (0.LF + (2 x 0.1f = £0.28 keal/mol

(34) 1.3 kcal/mol.

Additive and Nonadditie Stability EffectsStability changes
in multiple mutants AAGmuripie) Can be compared to the sum
of the stability changes of the corresponding single mutants
(> AAGsingd. If the value ofAAGnuiiple Is close (i.e., within
the estimated error) t§ AAGsingis the multiple mutant has
additive stability effects; otherwise, its stability effects are
nonadditive.

The stability changes of tripleAAGyipie) and quadruple
mutants AAGquadrupld relative to the wild type are plotted
against the sum of stability changes of the component single
mutants § AAGsingd in panels A and B of Figure 1,
respectively. The dotted line is the theoretical line with a
slope of unity that mutants of perfect additivity would fall
upon, and the solid line is the actual regression line through
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Table 1: Solvent Denaturation Data for Triple Packing Mutants

Table 2: Solvent Denaturation Data for Quadruple Packing Mutants

A- AA-  SAA- A3 A- A- AA- SAA- A% A-
Gh,0? Cr®  Mounch Gtripled Gsinglé® Gint—1' CHz Gh,0? Cr® Maunct unadruplg Gsinglé® Gint-1' CH29
23/25/66 23/25/66/72
231/251/661 25 043 087 —-29 -29 0.0 2
231/251/66L 29 056 079 -25 -22 —-03 2 231/251/661/72V 22 035 094 -32 -41 09 1
231/25V/661 27 046 089 —-27 -30 0.3 1 231/251/661/72L 22 040 08 -32 -31 -01 2
%3:1/2255\<;/6666LL gi 828 8821 —%% —%% 8% % 231/251/66L/72L 27 047 088 —-27 —-24 -03 2
23L/25V/66I 2.6 040 099 -28 -29 01 1 23123/66L/72V 2.8 048 0.90 —26 34 08 1
23L/251/661 23 040 090 -31 -28 -03 2 231/25Vv/661/72v 2.4 0.37 0.98 3.0 4.2 1.2 O
23L/251/66L 30 051 089 -24 -21 -03 2 23I/25v/661/72L 2.6 0.45 089 -28 -32 04 1
23/22:3//;%”72\/ 26 038 105 - 31 0.3 0 231/25v/66L/72L 2.9 049 091 -25 25 00 1
231/25/72L 37 060 095 —-17 -21 04 1 gg:_//zzsg)\l///gg:ﬁziv gg 8'22 g'g; :3'411 :2'8 (1)'2 (1)
231/25v/72v 3.1 044 108 —-23 -3.2 09 -1 : : : : : :
231/25V/72L 43 067 1.00 —-1.1 -2.2 1.1 0 23L/25l/661/72L 2.2 037 090 —-32 -3.0 -02 2
%%H%gw;%\{ %8 8%; %(l)g —%g —g% 8% —l0 23L/25l/66L/72L 3.0 0.48 096 —-24 -23 -01 2
: : . s <. : 23L/25l/66L/72v 2.8 0.41 103 -26 —3.3 07 1
ZLiodyrey 25 o4l 108 —25 -390 0% 0 23L/25V/661/72V 2.0 0.28 1.08 —34 —41 07 O
66/92/99 ' ' ' ’ ' ' 23L/25V/661/72L 2.6 041 095 -28 -31 03 1
661/92V/99I 49 075 100 -05 -16 1.1 1 23L/25Vv/66L/72L 3.4 052 100 —-20 -—24 04 1
22%922\)7/999%_' 2-(5) 8-22 (1)-8% —8-‘91 —g-g 8-g % 23L/25V/66L/72V 2.9 0.42 1.04 -25 -34 09 O
) ) ' e _1 ) 66/72/92/99
66L/92V/99L 55 0.90 0.94 0.1 —1.0 11 1
66L/92L/99L 4.7 079 090 -07 -1.2 0.5 2 661/72v/92v/99l 4.4 067 101 -10 -28 18 O
gg:_/?gZZLL/?gQgLI ‘318 8?% 88% _%411 —%? —8% % 661/72V/92V/99L 3.7 0.54 1.06 -—-1.7 -—29 1.2 O
: : : S o -4 661/72Vv/92L/991 3.4 0.51 102 -20 -3.0 10 1
LopoleaL/oor 33 057 088 -—21 -18 -03 2 661/72V/92L/99L 3.0 0.42 108 -24 -31 07 1
72V/92V/991 4.0 056 1.10 —-1.4 -1.8 04 -1 661/72L/92v/991 3.8 059 1.00 -16 -18 02 1
72L/92V/99I 47 068 1.05 —-0.7 -0.8 0.1 0 661/72L/92v/99L 3.6 0.52 105 -18 -—1.9 01 1
;g\l_///gg\\////ggll_- >3 o&b 1t 29 13 81 -1 661/72L/92L/991 2.1 0.41 080 -33 -2.0 —-13 2
720/92L/90L 40 060 104 -14 -11 -03 1 66l/72L/92L/99L 2.4 042 088 -30 ~—21 09 2
72V/92L/99L 3.0 041 113 -24 -21 -03 0 66L/72V/92V/991 4.6 0.69 1.02 -08 -21 13 O
72L/92L/99I1 40 065 09 -14 -10 -04 1 66L/72V/92V/99L 4.7 0.71 1.02 -0.7 2.2 15 O
23/7626\//492&/99' 33 047 108 —21 -20 -01 O 66L/72V/92L/991 3.6 057 097 -1.8 -23 05 1
66L/72V/92L/99L 4.0 0.62 1.00 -14 —-24 10 1
231/661/72L 3.4 062 083 —-20 -14 —06 2
231/661/72v 3.8 0.63 093 —-16 —2.4 0.8 1 66L/72L/92Vv/991 4.4 069 097 -10 -11 01 1
%g:;ggll:ﬁ%b Zl(SJ 898 888 —%g —2; —%% 21 66L/72L/92Vv/99L 4.7 0.71 101 -0.7 -—1.2 05 1
: : : - S : 66L/72L/92L/991 3.5 058 092 —-19 -13 -06 2
23L/661/72L 34 058 091 —-20 -13 -0.7 2
231/661/72V 38 057 100 —16 -23 0.7 1 _66L/72L/92L/99L 41 065 098 -13 -14 01 2
23L/66L/72L 41 065 096 —-13 -0.6 -—0.7 2 wild type 54 082 100 - - - -
25/%%%%&/72\/ 41 064 099 —13 —16 03 ! 2Free energy difference between the native and denatured states in
251/661/72L 24 038 097 -30 -29 -01 1 the absence of denaturant in units of kilocalories per mole. The error is
%g:;ggl%zz\{ %% 825 %8% 7%% fgg 817 g estimated to be-0.1 kcal/mol.® Midpoint concentration (concentration:
SEUeeL/ToV 33 081 0os 55 _355 10 o of guanidine hydrochloride at which half of the protelrg is denatured) in
SEV/EBI/72L. 24 040 093 —30 -30 0.0 0 units of molar. The error is estimated to B€.01 M. ¢ Slope value
25V/661/72V 2.3 032 109 —31 -40 09 -1 (change in free energy with respect to the change in guanidine
25V/66L/72L 32 051 097 —-22 -23 0.1 0 hydrochloride concentration) expressed relative to the wild-type value
25v/66L/72v 3.4 051 1.02 -20 -33 1.3 -1 of 6.53 kcal mot* M~L. The error is estimated to ke0.02. 9 Difference
GGQESZI/I%LIQZL 31 058 083 -23 18 0s 1 in free energy between the free energy of the protein with four
. . . o —lo —U. substitutions and the free energy of the wild-type protAiAGguadruple
gg:_//7722v|_//9922||-_ gg 828 %8‘21 :%g :g? 78513 f = AGy,0 (Quadruple mutant)- 5.4 (WT). The error is estimated to be
66L/72V/92L 41 065 096 —13 —21 0.8 0 +0.2 kcal/mol.© The sum of theAAGsinge Values of corresponding single
661/72L/92V 4.0 061 1.00 —-14 -1.6 02 0 substitutions! A%Gi—-1 = AAGguadruple = Y AAGsinge The error is
661/72V/I92v 4.0 059 1.04 —-1.4 -2.6 12 -1 estimated to be-0.4 kcal/mol.9 Difference in the number of methylene
ggtﬁ%b//%%\\// 38 89% %8% :8% :gg (1)411 710 groups between the mutant and the wild type.
66/72/99 ' ' ' ' ' '
661/72L/99L 35 058 092 -19 -15 -04 2 . . . .
661/72V/99L 3.8 0.60 098 -1.6 -25 0.9 1 the data points. The correlation coefficientsdf triple and
Lo 45 078 030 08 98 29 2 quadruple mutants are 0.7233 and 0.6581, respectively.
661/72L/991 35 063 08 -19 -14 -05 2 Compared to the double mutants in previous stuy, (with
661/72V/99I 46 073 098 -08 -—-24 1.6 1 . . . ..
66L/72L/991 44 075 090 —-10 -07 -03 2 a COH’Q!E!I‘IOH coe_:fflmentrﬁ of 0.8572_ for a similar p|9t,
Wi.S?yL{LZV’gg' &e 005 9% -08 -17 09 1 nonadditive stability effects are obviously more dominant

aFree energy difference between the native and denatured states i
the absence of denaturant in units of kilocalories per mole. The error
is estimated to be-0.1 kcal/mol. Midpoint concentration (concentra-
tion 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 mot' M~ The error is estimated to he0.02.9 Difference
in free energy between the free energy of the protein with three
substitutions and the free energy of the wild-type protAiNGyipie =
AGh,0o (triple mutant)— 5.4 (WT). The error is estimated to Be0.2
kcal/mol.® The sum of theAAGginge Values of corresponding single
substitutions! A3Gin-1 = AAGuipe — Y AAGsingie The error is estimated
to be+0.3 kcal/mol.9 Difference in the number of methylene groups
between the mutant and the wild type.

among the triple and quadruple mutants.

n

DISCUSSION

A nonadditive stability effect is defined as an experimen-
tally significant deviation between the stability change of a
multiple mutant relative to the wild type and the sum of the
stability changes caused by the corresponding single mutants.
Nonadditive stability effects have been found in multiple
packing mutants in previous studie3),( but without a
systematic effort to examine all possible or at least a large
number of multiple mutants, it was not clear how common
such effects are5( 9). In our study, 36 of 64 triple mutants
(56%) and 22 of 32 quadruple mutants (69%) have nonad-
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A .| B

ZAAGsingle

AAG"triple AAunadruple
FiGure 1: (A) Plot of Y AAGsingie (in kilocalories per mole) as calculated from single mutantAd&S,e Of triple mutants (in kilocalories
per mole). (B) Plot ofy AAGgingie (in kilocalories per mole) as calculated from single mutants\YGqadrple OF quadruple mutants (in
kilocalories per mole). The dotted line is the theoretical line with a slope of unity. Points below this line are mutants that are more stable than
predicted from the single mutants. Those above are mutants that are less stable than predicted. The solid line is the regression line through
the data points. The correlation coefficien} for triple mutants is 0.7233 and for quadruple mutants is 0.6581.

ditive stability effects (Figure 1). Therefore, nonadditive o A
stability effects are very common among multiple mutants,
and their prevalence increases as the number of mutated side
chains in a protein core increases. °
Correlation of Nonadditie Stability Effects wittACHo.. 14 © °
Evidence that these nonadditive effects are due to packing %)
(o]
(o]

000

interactions is found by examining the effect of changing
the number of methylene units in the core of the protein.
The difference between the stability change of a multiple 4 o o
mutant relative to the wild typeAAGmuiipie) @and the sum
of the stability effects of the component single mutants 0 1
(Y AAGsingd is AGini—1 Or A*Gini—1 for the triple or quadruple

mutant, respectively. IN3Gin—; or A*Giy—1 is positive, the

multiple mutant in question is more stable than expected from

the sum of the changes from single mutants. This is
presumably due to favorable interactions among the mutated
side chains. IfA3Gj—1 or A*Gin—1 is negative, the strains
among the mutated side chains caused the multiple mutant
to be less stable than the sum of the single mutant effects. (9 0 |
The values ofA3Gi,_; and A“Gi,._; are plotted in Figures ‘g
2A and 3A, respectively.

The triple and quadruple mutants have been divided into
different groups on the basis of the change in the number of
methylene units relative to the wild typACH,). Figure 2A
shows that whe?\CH, = —1 and 0, most values &{3Giy_1 ACH,
are positive (i.e., favorable). When the number of methylene . ) _ o
groups in the core is increased by one, although favorable F'GURE 2: Bullseye-bubble plot of interaction energies (in kilo-

: . . . ; . calories per mole) in triple mutants organized by the valuA©H,
mteractl_ons are still dominant, unfavorable interactions (the change in the number of methylene groups upon mutation). In
appear in some mutants. Furthermore, when two methylenethe case of coincident data points, the size of the bubble and the

groups are added, unfavorable interactions are dominant.number of rings indicate the number of mutants with that particular
' interaction energy. (A) Only the energetic effects caused by

Similarly far the quadrUP',e mutant shown in Figure 3A’ all constituent single mutants are considered in calculations of the
values ofA*G,—; are positive wherACH, = 0 and 1. Again, predicted stability £3Gi—1 = AAGuipe — YAAGsingd. The
the values ofA*Gi—1 change to negative when one more estimated error for each point #80.3 kcal/mol. (B) The energetic

; : ) effects caused by both component single and double mutants are
methylene group is added. The correlation\SGi,—, and considered in calculations of the predicted stability3Gy,, =

A’Gini-1 andACH, among the triple and quadruple mutants  AAGye — 5 AAGqouie+ Y AAGsingd. The estimated error for each
implies that more strains are introduced among the mutantpoint is £0.3 kcal/mol.

side chains as the overall side chain volume increases. This
is precisely what one would predict from a packing effect. solutely clear. There can be no doubt that the nonadditive
While individual mutants can vary, the overall trend isab- effects are due to packing.

int-1

°@@ocococo@® © o
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Hierarchy of Nonadditie Stability Effectslt is easy to

A see how changes in packing can lead to nonadditive stability
effects. Side chains will adopt different packing arrangements
depending on what the neighboring side chains are. Change
two or more neighboring side chains simultaneously, and
the multiple mutant may well find a packing arrangement
for each side chain that is different from what each
component side chain substitution would adopt in the absence
of a nearby mutation.

What is less obvious is the level at which these interactions
between side chains must be considered. Clearly, the entire
° protein acts as an integrated whole in optimizing packing to
Or+———"——- ST e minimize the overall free energy of the protein. This was

o recently demonstrated by our discovery that experimentally

° significant structural changes in the packing of the core of
staphylococcal nuclease occurred when mutations were made
in surface residues far removed from the cai@®.(However,
it is not clear how energetically significant these large-scale,
-1 longer-range interactions are.
If two residues in the proximity of one another are mutated,
o they will reach a mutually satisfactory packing arrangement
1] B that may be affected little by other mutational changes
o elsewhere in the protein, especially if those changes are
o relatively further away. Can interactions in a large group of
% residues be well-approximated by using just the interactions
between smaller subsets of residues? This is a critical
guestion for protein design efforts.

The answer to this question is demonstrated in Figures 2
(triple mutants) and 3 (quadruple mutants), where we show
the interaction energies due to various levels of interaction
between side chains. The details of the calculation of the
interaction energies\"Gi—), slightly extended beyond the
proposal of Horovitz and Fersh2g, 30), are given in
o Experimental Procedures. In essence, the various interaction
-1 ; energies allow us to quantify the degree to which the stability
o C change of a multiple mutant is caused by the component
o o single side chain substitutions or by interactions between
O +——o————— Y ————— O — — those side chains. Further, we can examine the degree to
é ® which interactions must be considered between pairs, triplets,

©ooo

4
A Gint—1
©00cO@@o®0co®

o

or even quadruplets of residues.
o First, we consider the triple mutants. In Figure 2A, only
o the energetic effects caused by single mutants are considered
in calculations of the predicted stability. Clearly, there is a
-1 great deal of energetically significant interaction between the
T B T three residues of these mutants which is not simply due to
0 1 2 the effects of the single mutants. In Figure 2B, the stability
' effects caused by both single mutants and the stability effects
ACH2 of interactions found in the double mutants are considered

. . . . . (A?’Gim = AAGmme - ZAAGdouble+ ZAAGsingle)- There is
Ficure 3: Bullseye-bubble plot of interaction energies (in kilo- . . -
calories per mole) in quadruple mutants organized by the value of &N Obvious improvement. In fact, relatively few of the values
ACH, (the change in the number of methylene groups upon Of A3Giy are larger than the likely errors in measurement.
mutation). In the case of coincident data points, the size of the bubble Another important point to note is that the correlation of

and the number of rings indicate the number of mutants with that : o it i ;
particular interaction energy. (A) Only the energetic effects caused decreasing stability with increasing numbers of methylene

by constituent single mutants are considered in calculations of the UNits, S0 prominent in panel A, is now gone. The interaction
predicted stability £Gin—1 = AAGqyadruple = 5 AAGsingid. The energies measured in the double mutants account quite nicely
estimated error for each point #0.4 kcal/mol. (B) The energetic oy most packing effects

effects caused by both component single and double mutants are ~ .. R ) . -

considered in calculations of the predicted stabilityGin—» = . Similarly in Figure 3, the degree to which stability effects
AAGquadrupie ¥ AAGgoupie+ 23 AAGsingid. The estimated error for  in quadruple mutants are accounted for by the effects of the
each point is£0.6 kcal/mol. (C) The energetic effects caused by single mutants is shown in panel A{Gin—1 = AAGquadruple

component single, double, and triple mutants are considered in _ ] :
calculations of the predicted stabilit\{Gm = AAGqsacruple — > AAGsing). If the effects of the single mutants and the

Y AAGyige + Y AAGgoue — Y AAGsingd- The estimated error for interactions between pairs of residues measured in double
each point is+0.4 kcal/mol. mutants are taken into account, the remaining interaction
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Ficure 4: Plot of the pairwise interaction energies calculated from component double mutants plus the stability effects of the component
single mutants YA?Ginc + Y AAGsingie in kilocalories per mole) vs the observed stability effects of triple mutattsGipie (A)] and of
quadruple mutantsAGguadrupie(B)]. The dotted line is the theoretical line with a slope of unity on which all points would fa\P@;
andA“Gi—, equaled zero. The solid line is the regression line through the data points. The correlation coefjicseh©666 for the triple

mutants and 0.9012 for the quadruple mutants.

energy is shown in panel BA(Gin—> = AAGguadruple — of interaction energies from all component double mutants
Y AAGgoupiet 23 AAGsingid. The correlation with the change  and the effects of the component single mutationa3Gint
in the number of methylene units is removed, or perhaps + Y AAGsingid. Expecting a good correlation between these
even slightly reversed, although the combination of relatively two quantities is equivalent to expecting"Gini—» to
high scatter in the values and error &tGj,.—, makes an equal zero since, for exampl&*Gini—2 = AAGgquadruple —
actual reverse correlation doubtful. Finally, if the effects of Y AAGgouiet 2y AAGsingie Significant correlations are found
the single mutants, the interactions between pairs of residuesjn both cases, much improved over the case where merely
and the interactions unique to triplets of residues measuredthe effects of the single mutants are taken into account
in triple mutants are all accounted for, the remaining (Figure 1). The correlation coefficient)(is 0.9566 for triple
interaction energy unique to the interaction of all four mutants and 0.9012 for quadruple mutants. This demonstrates
residues in the quadruple mutant is shown in panehG(; that the complicated interactions among multiple core side
= AAGquadruple — Y AAGyipie + Y AAGgoubie — Y AAGsingio)- chains can be broken down and closely approximated, to
The trend is clear. Even after the stability effects of the ~90%, by considering the effects of the single mutants
single mutants are accounted for, the remaining energy of (hydrophobic transfer free energy changes, entropic factors,
all the packing interactions between the residues of a multiple and the like) and only packing interactions between pairs of
mutant is significant. If the packing interaction energy side chains. This is in agreement with our earlier conclusion
measured in the component double mutants is subtracted(34) that nonadditive effects are largely limited to side chains
the residual interaction energy is decreased dramatically andn actual van der Waals contact and do not propagate beyond
the correlation of energy with the number of methylene units these nearest neighbors.
added is lost. If the energies of the interactions unique to We hasten to add that while this is the general trend not
the three side chains of the corresponding triple mutants areevery mutant obeys it perfectly. In Figure 4, some data points
also considered, the energy that remains is due to interactiongeviate from both the regression line and the theoretical line,
found only in the complete quadruple mutant. That residual which must be due to changes in the interactions found in
interaction energyA*Giy, shown in panel C, is rather small  double mutants when a third or fourth mutation is introduced.
and is obviously uncorrelated to the change the number of However, the magnitudes of these changes are relatively
methylene units. small compared to the magnitudes of the packing effects
The major conclusion we draw from these two figures is captured by consideration of pairwise interactions. A further
that higher-order interactions, i.e., interactions that occur only caution is that these conclusions are drawn from a series of
in complete multiple mutant, are much less important than aliphatic substitutions and might not hold true for other types
the lower-order interaction between pairs of side chains. of substitutions.
Many, if not most, of the packing interactions in quadruple = Regardless, two lines of evidence, the additivity of double
mutants are reflected in the corresponding double mutants.mutants and the low residual interaction energies once double
Pairwise interactions dominate in the hierarchy of protein mutant interactions are taken into account in higher-order
packing. mutations, both indicate the same thing. The energetically
This idea that double mutants accurately reflect the significant packing interactions in the core of staphylococcal
interactions in higher-order mutants can be shown in a nuclease are largely short-range, pairwise interactions.
different way. The observed stability effects of triple and  Implications for Rational Protein DesigrRrotein engi-
quadruple mutantsAAGguadruple aNd AAGyigie) are plotted neering would be simplified if the energetic effects caused
in panels A and B of Figure 4, respectively, against the sum by single mutants are simply additive in multiple mutants.
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However, this is not the case as the results from our studies
show that the stabilities of many proteins with two or more
mutations deviate from the sum of stability changes of the
component single mutants. The more substitutions in the
protein core, the more likely the stability effects will be
nonadditive with 32% of double mutant34), 56% of triple
mutants, and 69% of quadruple mutants having nonadditive
stability effects. This clearly highlights the importance of
packing to protein stability, but is bad, although not
unexpected, news from the standpoint of protein design. Also
bad news is the fact that very few of the triple or quadruple
mutants have energies similar to that of the wild type and
the more mutations, the lower the average stability of the
protein. One of the two most destabilizing mutations here,
23L/25V/661/72V, does not add or subtract a single atom
relative to the wild type, but destabilizes the protein by 3.4
kcal/mol. In other words, there are many more ways to get
packing wrong, than right.

The good, and somewhat surprising, news is that stabilities
in triple and quadruple mutants are closely approximated by
considering the effects of single mutants and the packing
interactions between pairs of residues. Further, the effects
of the single mutants are largely additive in those pairs unless
the two residues are in direct van der Waals contact. Longer-
range effects involving larger numbers of residues can be
seen in our data, but they are of much less energetic
significance. This allows an important simplification of the
packing interactions which must be considered when at-
tempting to computationally predict the stability of a protein.

ACKNOWLEDGMENT

We thank the referees for useful comments.

REFERENCES

1. Richards, F. M., and Lim, W. A. (199%). Re.. Biophys. 26
423-498.

2. Hurley, J. H. (1994) inThe Protein Folding Problem and
Tertiary Structure Predictionpp 549-578, Birkhaiser, Bos-
ton.

3. Hubbard, S. J., and Argos, P. (19%)rr. Opin. Biotechnol.
6, 375-381.

4. Lee, B., and Vasmatzis, G. (199Curr. Opin. Biotechnol. 8
423—428.

5. Lazar, G. A., and Handel, T. M. (199&urr. Opin. Chem.
Biol. 2, 675-679.

6. Daopin, S., Alber, T., Baase, W. A., Wozniak, J. A., and
Matthews, B. W. (1991). Mol. Biol. 221 647-667.

7. Hurley, J. H., Baase, W. A., and Matthews, B. W. (1992)
Mol. Biol. 224 1143-1159.

8. Baldwin, E. P., Hajiseyedjavadi, O., Baase, W. A., and
Matthews, B. W. (1993Fcience 2621715-1718.

9. Gassner, N. C., Baase, W. A., and Matthews, B. W. (1996)

Proc. Natl. Acad. Sci. U.S.A. 932155-12158.

Biochemistry, Vol. 40, No. 46, 200114019

10.
11.

Lim, W. A, and Sauer, R. T. (198®ature 339 31—-36.

Lim, W. A,, and Sauer, R. T. (1991) Mol. Biol. 219 359

376.

Lim, W. A., Farruggio, D. C., and Sauer, R. T. (1992)

Biochemistry 314324-4333.

Lim, W. A., Hodel, A., Sauer, R. T., and Richards, F. M.

(1994)Proc. Natl. Acad. Sci. U.S.A. 9423-427.

Mollah, A. K., Aleman, M. A., Albright, R. A., and Mossing,

M. C. (1996)Biochemistry 35743-748.

Munson, M., Balasubramanian, S., Fleming, K. G., Nagi, A.

D., O'Brien, R., Sturtevant, J. M., and Regan, L. (1996)

Protein Sci. 51584-1593.

Lazar, G. A., Desjarlais, J. R., and Handel, T. M. (1997)

Protein Sci. 6 1167-1178.

Shih, P., Holland, D. R., and Kirsch, J. F. (199%tein Sci.

4, 2050-2062.

Lee, C., and Levitt, M. (199 ature 352 448-451.

Lee, C., and Subbiah, S. (19Q1)Mol. Biol. 217 373-388.

Ponder, J. W., and Richards, F. M. (1987Mol. Biol. 193

775-791.

Dahiyat, B. I., and Mayo, S. L. (199@rotein Sci. 5 895—

903.

Kono, H., Nishiyama, M., Tanokura, M., and Doi, J. (1997)

Pac. Symp. Biocomput. '9210-221.

Desijarlais, J. R., and Handel, T. M. (19%otein Sci. 4

2006-2018.

Bryson, J. W., Desjarlais, J. R., Handel, T. M., and DeGrado,

W. F. (1998)Protein Sci. 7 1404-1414.

Kono, H., Nishiyama, M., Tanokura, M., and Doi, J. (1998)

Protein Eng. 1147-52.

Kono, H., and Doi, J. (1994 roteins 19 244-255.

Wilson, C., Gregoret, L. M., and Agard, D. A. (199B)Mol.

Biol. 229 996-1006.

Tuffery, P., Etchebest, C., Hazout, S., and Lavery, R. (1991)

J. Biomol. Struct. Dyn. 81267-1289.

Horovitz, A., and Fersht, A. R. (1992) Mol. Biol. 224 733—

740.

Horovitz, A., and Fersht, A. R. (1990) Mol. Biol. 214 613~

617.

Kunkel, T. A. (1985pProc. Natl. Acad. Sci. U.S.A. 8288~

492,

Kunkel, T. A., Roberts, J. D., and Zakour, R. A. (1987)

Methods Enzymol. 15867—382.

33. Byrne, M. P., Manuel, R. L., Lowe, L. G., and Stites, W. E.
(1995) Biochemistry 3413949-13960.

34. Chen, J., and Stites, W. E. (20@®ipchemistry 4014004
14011.

35. Shortle, D., Stites, W. E., and Meeker, A. K. (1980)chem-

istry 29 8033-8041.

. Stites, W. E., Byrne, M. P., Aviv, J., Kaplan, M., and Curtis,

P. M. (1995)Anal. Biochem. 227112-122.

. Schwehm, J. M., and Stites, W. E. (19983thods Enzymol.

295, 150-170.

. Green, S. M., and Shortle, D. (19%pchemistry 3210131+

10139.

. Carter, P. J., Winter, G., Wilkinson, A. J., and Fersht, A. R.

(1984) Cell 38 835-840.

.Chen, J., Lu, Z., Sakon, J., and Stites, W. E. (2Q0®lol.

Biol. 303 125-130.

BI011269D

12.
13.
14.
15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.
30.
31.
32.



