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ABSTRACT. The quantitative effect of a second damaging mutation on a mutated enzyme may be additive,
partially additive, synergistic, antagonistic, or absent, in the double mutant. Each of these five possible
types of interactions has its own mechanistic explanation [Mildvan, A. S., Weber, D. J., and Kuliopulos,
A. (1992) Arch. Biochem. Biophys. 29827—340]. Additive effects indicate independent functioning of

the two residues in the process being studied, such as catdygisi(substrate binding{s). Departures

from additivity reflect interaction of the two residues. Thus, partial additivity indicates cooperativity,
synergy indicates anticooperativity, and antagonism indicates opposing structural effects of the two
mutations. No additional effects represent limiting cases of either partial additivity or antagonism. A
significant conceptual simplification is achieved by applying inverse thinking, namely, by using the
parameters of the double mutant rather than those of the wild-type enzyme as the reference point. To
explain partially additive effects diay, inverse thinking starts with the,; of the double mutant. Restoring

only one residue increasks; by the factorA. Restoring only the other residue increakgsby the factor

B. Restoring both residues is shown to incregeby a factor greater thaA x B, with the excess
directly measuring the cooperativity. Similarly, inverse thinking provides simpler and more intuitive
explanations of synergistic and antagonistic effects, as illustrated by specific examples.

Mutations of active site residues of enzymes usually (which are logarithms oKs or k.o) were being added, we
introduce free energy barriers to the binding of substrates, were comparing the product of the effects on these param-
transition states, or both, thereby damaging catalysis. In aeters of the two single mutants with the effect of the double
quantitative treatment of the effects of double mutations of mutant: Mechanistic explanations for each of these five
enzymes in terms of the free energy barriers introduced to possible interactions on both equilibrium constants and rate
substrate bindingKs) or to catalysis K:.) (1), we pointed constants were provided)( and these concepts have been
out that mathematically, the effect of the second mutation applied to many systemg+12).
could interact with the effect of the first mutation in one of
only five possible ways in the double mutant: additive,
partially additive, synergistic, antagonistic, or no additional __*We have previously noted thi.(/Ky, while able to be treated by

. T ._this analysis 1—3), generally contains more rate constants than
effect. Because free energy barriers to binding or to cataIyS|sbec‘,iusekcat does not include rate constants for the binding and

dissociation of substrates. For this reason, the effects of mutations on
T This research was supported by National Institutes of Health Grant k.o can, in certain circumstances, better discriminate the underlying
DK28616. mechanism than can effects ka/Knm (3). Hence, effects of mutations
* To whom correspondence should be addressed. Phone: (410) 955-0n k.: and Ks only are considered in this article, although effects on
2038. Fax: (410) 955-5759. E-mail: mildvan@welchlink.welch.jhu.edu. ke./Kn have been treated theoreticall) @nd experimentally2).
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effects are simple and intuitive, they do not require “inverse
thinking” (Figure 1B) for clarification of their mechanisms.
Partially additive effects oKs or ke, in @ double mutant
are defined as showing less damage than the product of the
damaging effects of the two single mutants, but more damage
. than either of the two single mutants alone. Partially additive
-8 i Amg:'-'-ii“c effects in the double r_nutant_indicate partia_lly _cooperative
Partially effects of the two residues in promoting bindinigs) or
Additive catalysis K.a) (1). This can be explained by arguing that
each single mutant abolishes both an intrinsic noncooperative
Additive contribution and the same cooperative contribution to binding
10 ] (or catalysis). The double mutation abolishes the non-
— cooperative contributions of both residues, but abolishes the
Additive C0Peratve cooperative cooperative contribution only once. Hence, the ratio of the

' 8 Cooperative £ Antagonistic product of the effects of the two single mutants (which counts
' %g Eé 8§ ' the cooperative component twice) to that of the double
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mutant (which counts the cooperative component once)
measures the cooperative contribution of the two residues
KSlkyy MutT: 1K, SNk GDPMH: k. SN:1/K, SN: k. to binding (or catalysis) 1). For example, with Staph
_ ) nuclease, the R87G mutant (which removed a Lewis acid)
Ficure 1: Interactions of the effects of two single mutants on decreasell.y; by 10+&fold, the E43S mutant (which removed

catalysis ke Or substrate binding (Kb) in double mutants of '
enzymes. (K) Traditional analysis with reference to wild-type (WT) a general base) decreadeg by 1G*"-fold, and the double

parameters showing decreasekdgor in 1Kp in single and double ~ mutant decreasekt.: by only 10°fold, rather than 1%-
mutants {). The dotted bars indicate the product of the effects of fold (5) (Figure 1A). Hence, R87 and E43 act both
the two single mutants, the result expected for simple additivity. independently and cooperatively, with the cooperative com-

(B) Inverse analysis with reference to the parameters of the double - 3 : ;
mutant (DM), showing the effects of restoring wild-type residues ponent contributing a £0-fold 'Increase to Catal.ySIS' In
individually and in pairs. The dotted bars indicate the product of S€Veral X-ray structures (Protein Data Bank entries 1SNQ,

the effects of restoring the two residues individually, the result 1STA, and 1ENC), the nearest inter-side chain distance
expected for simple additivity. In panels A and B, parameters of between R87 (i) and E43 (@) ranges from 7.1 to 7.5 A.

DM—o -

the following enzymes are shown: KSI, ketosteroid isomeradjse ( Unlike the cases of simple additivity, this explanation of
GDPMH, GDP-mannose mannosyl hydrolaé ; MutT, MutT . b L L . . .
nucleoside triphosphate pyrophos)ého);]ydrolazlé@,)(la; SN, staph parnal a_ddmwty is not mtwnygly obvious. In cases myqlvm_g
nuclease§, 7). interacting residues, a significant conceptual simplification

can be achieved by applying the power of inverse thinking,
namely, by using the parameters of the double mutant rather

The simplest cases involve additive effects in the double than those of the wild-type enzyme as the reference point
mutant. For example, additive effects of two damaging single (Figure 1B). In the example of Staph nuclease described
mutations orkes, in the double mutant, indicate that the two above, thek.,: of the R87G/E43S double mutant is®P0
residues act independently in promoting the same rate-fold lower than that of the wild type. Restoring only R87 to
limiting step, an explanation which is intuitively reasonable, the double mutant (as in the E43S single mutant) increases
and usually occurs when the mutated residues are far apark.q by 13-3fold (to 1 7-fold below that of the wild type).
in the structure (i.e., the distance between the nearest sideThe value of 182 directly measures the intrinsic, noncoop-
chain heavy atoms is8 A) (1, 2). Such behavior was found  erative contribution of R87 té.s because E43 is absent.
with ketosteroid isomeras&)( where the D38N and Y14F  Restoring only E43 to the double mutant (as in the R87G
single mutations of the base and acid catalysts decréaged single mutant) increasés, by 10->fold (to 10*%-fold below
by factors of 18% and 1@--fold, respectively, while the  that of the wild type) which directly measures the nonco-
double mutant decreasdg by >10%4fold (Figure 1A). operative contribution of E43 tk., because R87 is absent.
The carboxylate @ atom of D38 and the atom of Y14 Restoring both R87 and E43 to the double mutant (as in the
were, on average, 8.0 A apart in the NMR structure of the wild-type enzyme) increasés, by 167-°-fold which exceeds
enzyme-steroid complex 13). the product of the effects of individually restoring R87 and

Additive effects of two damaging single mutations on E43 (162 x 102 = 10*9 by 1(*>fold, the cooperative
dissociation constants indicate that the two residues actcontribution to k... Thus, the inverse analysis directly
independently in promoting binding. A recent example is measures the intrinsic, noncooperative contributions of the
provided by the MutT enzyme which tightly binds the individual residues td., and their cooperativity. It also
oxidatively damaged nucleotide 8-oxo-dGMP withKa of shows the cooperative component to incrdageconsistent
52 nM (14). In the solution structure of the MutiMg?"— with intuition (Figure 1B). Such inverse thinking is remi-
8-0x0-dGMP complex, the nearest side chain nitrogens of niscent of research involving the synthesis of organic
N119 (NS) and R78 (M) are 8.4 A apart, and both are catalysts by successive addition of functional groups to
hydrogen bonded to 8-oxo-dGMAE). The N119A and cyclodextrins and to other nonenzymatic scaffoltis{18).
R78K single mutants increased tlidg of 8-oxo-dGMP by A recent example of partially additive effects &gy is
factors of 184 and 10->fold, respectively, while the double  provided by GDP-mannose mannosyl hydrolase. Both R37
mutant increased thikp by 10*8-fold, indicating additive and Y103, the side chain/Nand Q; atoms of which are
effects, within experimental errord). Because additive only 5.0 A apart in the X-ray structurelg), promote the
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departure of the GDP leaving group by donating hydrogen
bonds to the samep) phosphate. The R37Q mutant
decreaseé., by 10-“fold; the Y103F mutant decreaskg;
by 1®*%fold, and the R37Q/Y103F double mutant decreased
keat by only 1G3fold rather than 1®fold, indicating a
cooperative contribution of 1@-fold to catalysis §) (Figure
1A). Applying inverse thinking (Figure 1B) shows that the
keat Of the double mutant is 2G-fold lower than that of the
wild-type enzyme. Restoring only R37 (as in the Y103F
mutant) increaselg by 13fold. Restoring only Y103 (as
in the R37Q mutant) increasés, by 1(P°-fold. Restoring
both R37 and Y103 (as in the wild type) increasesg by
10>3-fold, more clearly measuring the cooperative contribu-
tion to catalysis as the extra 4%6fold.

Synergistic effects of two damaging mutations are defined
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less active than the wild type. Restoring only R87 increases
keat by 10-%fold, while restoring only D21 decreasks; by
10°8-fold. Restoring both R87 and D21 increakggby 10+
fold, which is 13-%-fold greater than the product of the effects
of restoring R87 and D21 individually (38 x 10706 =
10°9), directly measuring the antagonism. While reminiscent
of cooperativity, antagonism differs from cooperativity since
the effect of adding the second mutation (D21E) partially
repaired the effect of the first one (R87G) in the double
mutant (Figure 1A). Stated inversely, restoring only D21 to
the double mutant decreaskg, while adding R87 (to form
the wild type) antagonistically increaség:

No additional effect of a second damaging mutatation on
Ks or ko Of @ mutated enzyme represents a limiting case of
either partial additivity or antagonisrt)( which have already

by more damage in the double mutant, in comparison with been discussed. In all cases, departures from simple addi-
the product of the effects of the two single mutants. tivity, in terms of free energy, measure the amount of
Synergistic effects indicate anticooperative interaction of the cooperativity, anticooperativity, or antagonism between the

two residues in the process that is being investigaigd (

effects of the two mutated residues.

For example, the R87G mutant of Staph nuclease weakens

the binding (i.e., increases ths) of the Ca&"pdTdA
substrate to the enzyme by 2#old, the E43S mutant
weakens substrate binding by°¥@old, while the double
mutant weakens binding by 1®fold, which is 10-fold
greater than the effect of simple additivity (Figure 1A).(
If inverse thinking is used directly (Figure 1B), the double
mutant binds CapdTdA 1G-°fold weaker than the wild
type. Restoring only R87 to the double mutant strengthens
substrate binding by £8-fold (as in the E43S single mutant).
Restoring only E43 to the double mutant strengthens
substrate binding by 10-fold (as in the R87G single
mutant). Restoring both residues to the double mutant
strengthens binding by #&fold, which is 10-fold less than
the product of the strengthening effects of the two single
mutants (182 x 107 = 10*9). Hence, a factor of 10 in the
binding affinity (1Ks) for C&"pdTdA has disappeared when
both R87 and E43 are restored (Figure 1B), possibly due to
strain between these residues in binding the substrate,
resulting in anticooperativity. This factor of 10 (correspond-
ing to a 1.34 kcal/mol increase in binding free energy)
measures the strain or anticooperativity, and the factors of
1032 and 16" measure the intrinsic, noncooperative contri-
butions of R87 and E43, respectively, to substrate binding
(Figure 1B).

Antagonistic effects of two mutations on bindingsj or
catalysis k.o) are defined by less damage in the double
mutant than in the more damaged single mutant. In such

cases, the second damaging mutation has partially repaired

the damaging effect of the first mutatiot)( Antagonistic
effects result from opposing structural effects of the two
mutations on binding or catalysis. An example is provided
by the effects ork.y of the R87G (Lewis acid) and D21E
(metal ligand) mutants of Staph nucleagg the respective
N# and G atoms of which are 5:65.4 A apart in two X-ray
structures (PDB entries 1SNQ and 1STA). The R87G mutant
decreasett,; by 10*&fold, the D21E mutant by £&-fold,
and the R87G/D21E double mutant by only“%fold,
slightly repairing the damaging effect of the R87G mutant.
The 1G-5fold departure from additivity measures the an-
tagonistic effects of these mutations &g in the double
mutant (Figure 1A). Applying inverse thinking is helpful in
this case (Figure 1B). Thus, the double mutant i$%%6ld
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