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ABSTRACT: The reaction energetics of four triosephosphate isomerase mutants are compared with those
of the wild-type enzyme. The two primary mutants, E165D and H95N, contain site-specific alterations
of active site residues. In one case the active site base has been altered (E165D), and in the other, an active
site electrophile has been removed (H95N), yet the major effect in each case is the relative destabilization
of the transition states for the two chemical (enolization) steps that constitute the catalytic reaction. When
the genes encoding each of these sluggish mutant isomerases were subjected to random mutagenesis using
chemical reagents and a selection for isomerases of increased catalytic potency was performed, pseudorevertant
enzymes with dramatic increases in activity were found. Remarkably, the same second-site suppressor locus
partially corrects each lesion. The E165D,S96P pseudorevertant is a 20-fold better catalyst than the E165D
mutant from which it is derived, and the H95N,S96P pseudorevertant is about 60 times more active than
its H95N parent. The S96P substitution thus increases the catalytic activity in each of two different contexts,
H95N and E165D. The energetic consequences of the S96P change are surprisingly similar in each
pseudorevertant. The H95SN,S96P enzyme is more effective than H95N at stabilizing the intermediate
enediol(ate) phosphate and its flanking transition states. The E165D,S96P enzyme likewise stabilizes the
transition states for enolization better than E165D, and this pseudorevertant also forms a tighter en-
zyme~-dihydroxyacetone phosphate complex than its parent. These data show how, in these two cases, the
catalytic potency of sluggish mutant enzymes can be improved by second-site changes. The results thus
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How Can a Catalytic Lesion Be Offset? The Energetics of Two Pseudorevertant

provide the beginnings of a detailed understanding of the kinetic refinement of enzyme catalysts.

’I;le techniques of site-directed and random mutagenesis have
become enticing methods for exploring the structure—function
relationship in proteins (Leatherbarrow & Fersht, 1986; Shaw,
1987; Knowles, 1987; Gerlt, 1987). In particular, the behavior
of site-directed mutants chosen on the basis of structural and
mechanistic understanding of the target enzyme can provide
useful information about the relevance of particular amino
acids or of regions of the enzyme to stability or catalysis. It
has become clear, however, that the alteration of residues
directly involved in catalysis may have subtle mechanistic
consequences (Howell et al., 1987; Nickbarg et al., 1988), and
it is therefore imperative that mutant enzymes be fully
characterized in structural and catalytic terms.

The enzyme triosephosphate isomerase (TIM) is particularly
appropriate for analysis by mutagenic techniques because the
wild-type enzyme is already so well studied. The enzyme from
chicken muscle is a dimer of subunit molecular weight 26 500
(Putman et al., 1972), and the catalyzed isomerization, out-
lined in Figure 1, involves the abstraction of the pro-R proton
of dihydroxyacetone phosphate to form an enediol (or ene-
diolate) phosphate intermediate. This intermediate then
collapses with reprotonation at C-2 to give the product D-
glyceraldehyde 3-phosphate (Rieder & Rose, 1956, 1959;
Bloom & Topper, 1956). The structures of several enzyme
crystals have been solved to high resolution: for the chicken
enzyme to 2.5 A (Banner et al., 1975), for the unliganded yeast
enzyme to 1.9 A, and for the yeast enzyme containing bound
phosphoglycolohydroxamate to 1.9 A (Davenport, 1986; Alber
et al., 1987). A schematic picture of the active site region is
shown in Figure 2. There is substantial evidence that the base
required for proton abstraction is a glutamate residue at
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position 165 (Hartman, 1968; Waley et al., 1970; de la Mare
et al., 1972), and electrophilic catalysis is thought to be pro-
vided by histidine-95 and/or lysine-13. Early efforts to define
the individual contributions of active site residues focused on
the contributions of E165 and H95. Glutamate-165 was
changed to aspartate, and the structure and catalytic behavior
of this E165D mutant was studied (Straus et al., 1985; Raines
et al,, 1986). From the difference electron density map be-
tween the wild-type enzyme and the E165D mutant, it appears
that the carboxylate group moves by about 1 A in E165D and
that there is very little residue movement elsewhere in the
protein (E. Lolis and G. Petsko, personal communication).
Kinetic characterization of the mutant E165D enzyme showed
the importance of the positioning of the base at the active site.
While the rate of reaction catalyzed by the wild-type enzyme
is encounter controlled (Albery & Knowles, 1976b; Blacklow
et al., 1988), the rate-limiting step for the E165D mutant is
the enolization of dihydroxyacetone phosphate (see Figure 1),
and the overall reaction rate (that is, the value of k,/K) is
reduced by more than 300-fold (Raines et al., 1986). In other
experiments, the contribution of H95 to the catalyzed reaction
was assessed by generating the mutant H95Q (Nickbarg et
al., 1988). This mutation slows the rate of the catalyzed
reaction by 400-fold, and the mechanistic pathway followed
by the mutant enzyme is subtly altered. To clarify further
the role of H95 in the catalytic mechanism, we have now
analyzed the behavior of a mutant enzyme in which this
histidine has been changed to asparagine (H95N).

In an effort to assess how readily these catalytic lesions can
be reversed, we searched for second-site suppressors (pseu-
dorevertants) from the two sluggish isomerase mutants, E165D
and H95N, that have increased catalytic effectiveness. The
cloned genes of these two mutant isomerases were therefore
subjected to random mutagenesis using a range of chemical
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FIGURE 1: Interconversion of D-glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate, catalyzed by triosephosphate isomerase.
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FIGURE 2: Active site of wild-type triosephosphate isomerase. The
coordinates are those of the native chicken muscle enzyme (Banner
et al., 1976). Dihydroxyacetone phosphate has been positioned in
the active site to minimize nonbonding contacts between the enzyme
and the substrate.
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reagents (Myers et al., 1985), and a library of transformants
carrying changes at second sites was produced (Hermes et al.,
1987a). From this library, those colonies that produced
isomerases of increased specific catalytic activity were selected
and purified. Surprisingly, in each case, the same second-site
suppressor mutation, S96P, was found. That is, the catalytic
activity of the E165D isomerase (which has a k., /K, value
that is about 300 times smaller than that of the wild-type
enzyme) is increased by nearly 20-fold in the double mutant
E165D,S96P. Analogously, the activity of the H95N isom-
erase (which has a value of k,,/ K, that is about 3500 times
smaller than that of the wild type) rises by about 60-fold in
the pseudorevertant H9SN,S96P. Now, from all that is known
about the structure and catalytic behavior of triosephosphate
isomerase, E1635 is the base that abstracts the carbon-bound
protons from each of the substrates, and H95 fulfills a role
as a catalytic electrophile. So it is at first sight extraordinary
that two such different lesions at the active site should each
be partially suppressed by the same second-site mutation.
Could the change of serine-96 to proline effect some sort of
“global” suppression (Shortle & Lin, 1985) that improves the
catalytic prowess of all triosephosphate isomerases? To answer
this question, we introduced the S96P change directly into the
wild-type enzyme. This mutant enzyme was found to be
considerably less active than the wild type, showing the non-
additivity of amino acid substitutions at these three sites in
the protein. To explore these activity relationships further and
to define the kinetic consequences of the structural alterations,
five enzymes (the two primary mutants E165D and H95N,
both of the pseudorevertants, and the S96P mutant) have been
purified and kinetically characterized. The two pseudo-
revertants have been analyzed by the isotopic substitution
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methods described earlier (Albery & Knowles, 1976a) to
determine their free-energy profiles. These profiles are com-
pared both to that of the wild-type enzyme and to those of the
sluggish mutants from which they are derived, to provide a
better understanding of how they differ as catalysts from the
wild type and from their mutant parents.

EXPERIMENTAL PROCEDURES

Materials. Escherichia coli strain DF502, a streptomy-
cin-resistant strain of E. coli that lacks the endogenous E. coli
triosephosphate isomerase [constructed in a manner analogous
to that of DF500 by D. Fraenkel (Babul, 1978)], was a gen-
erous gift from D. Fraenkel. The plasmids bearing mutant
triosephosphate isomerases of the chicken gene were con-
structed from plasmid pX1 (Straus & Gilbert, 1985).

Native chicken triosephosphate isomerase was purified by
J. G. Belasco according to Putman et al. (1972). Aldolase
(rabbit muscle), enolase (rabbit muscle), pyruvate kinase
(rabbit muscle), phosphoglycerate kinase (yeast), triose-
phosphate isomerase (bakers’ yeast), and phosphoglycerate
mutase (rabbit muscle) were obtained as ammonium sulfate
suspensions from Boehringer-Mannheim (Indianapolis, IN).
a-Glycerophosphate dehydrogenase (rabbit muscle) and gly-
ceraldehyde-3-phosphate dehydrogenase (rabbit muscle) were
also obtained from Boehringer-Mannheim. Traces of con-
taminating triosephosphate isomerase activity were removed
from the dehydrogenases by treatment with bromohydroxy-
acetone phosphate as described by de la Mare et al. (1972).
Excess bromohydroxyacetone phosphate was then removed by
ultrafiltration through Amicon Centricon 10 ultrafiltration
cones (at 5000g, repeated twice) after dilution with 100 mM
triethanolamine hydrochloride buffer, pH 7.6, containing
EDTA! (10 mM) and 8-mercaptoethanol (1 mM), at 4 °C,

(R,S)-Glyceraldehyde 3-phosphate (diethyl acetal, mono-
barium salt), 2,3-diphospho-(R)-glycerate [pentakis(cyclo-
hexylammonium) salt}, NAD*, NADH (disodium salt), ATP
(disodium salt, grade 1), (R,S)-glycerol phosphate (disodium
salt, hexahydrate), Dowex-50W (H* form, 100-200 mesh, 4%
cross-linked), and QAE-Sephadex A-50 (CI™ form) were from
Sigma Chemical Co. (St. Louis, MO). The diethyl acetal of
(R,S)-glyceraldehyde phosphate was hydrolyzed before use
according to the manufacturer’s instructions. DEAE-cellulose
(DE-52) was from Whatman Inc. (Clifton, NJ). AG1 (CI-
form, 200-400 mesh, 8% cross-linked) was from Bio-Rad
(Richmond, CA). Dihydroxyacetone phosphate was prepared
by R. Raines from 3-chloro-1,2-propanediol according to the
method of Ballou (1960) or was purchased from Sigma.
Phosphoglycolohydroxamate [bis(cyclohexylammonium) salt]
was synthesized by J. G. Belasco as described in Belasco and
Knowles (1980). [1(R)-*H]Dihydroxyacetone phosphate (9
Ci/mol) was prepared by R. Raines using the method of
Herlihy et al. (1976). Tritiated water (4.5 Ci/mL) was from
Amersham (Chicago, IL). Phospho[1-!4C]glycerate (14.1
Ci/mol), prepared according to the method of Guilford et al.
(1987), was a gift from D. L. Pompliano. [1-!4C]Glycer-
aldehyde 3-phosphate and [1-'4C]dihydroxyacetone phosphate
were prepared enzymatically from phospho[1-14C]glycerate
as described by Nickbarg et al. (1988). Flo-Scint III scin-
tillation cocktail was from Radiomatic Instruments and

! Abbreviations: AMP, adenosine 5’-monophosphate; ATP, adenosine
5’-triphosphate; DEAE, diethylaminoethyl; DHAP, dihydroxyacetone
phosphate; EDTA, ethylenediaminetetraacetate; GAP, glyceraldehyde
phosphate; NAD*, nicotinamide adenine dinucleotide, oxidized form;
NADH, nicotinamide adenine dinucleotide, reduced form; QAE, [di-
ethyl(2-hydroxypropyl)amino]ethyl; Tris, tris(hydroxymethyl)amino-
methane.
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Chemical Co. (Tampa, FL); Scintiverse-1I scintillation cocktail
was from Fisher (Medford, MA). Bactotryptone and Bacto
yeast extract were from Difco Labs (Detroit, MI). Ammo-
nium sulfate was special enzyme grade from Schwarz/Mann
(Cambridge, MA). All other chemicals and reagents were of
the best available commercial grades.

Methods. Mutant isomerases were purified as described
(Raines et al., 1986). The genes encoding each of the tri-
osephosphate isomerase mutants (E165D and H95N) were
subjected to random mutagenesis with chemical reagents using
the method of Myers et al. (1985). Selection for isomerases
of increased catalytic activity was performed on M63 minimal
plates (Miller, 1972) with glycerol as the sole carbon source,
as described (Hermes et al., 1987a).

Samples (5-1000 uL) for radiochemical analysis were
dissolved in scintillation cocktail (5 mL) and counted in a
Beckman LS180!1 automatic liquid scintillation counter.
Scintillation counting for both *H and '*C was done after
calibration with Beckman counting standards, the double-label
counting programs supplied with the instrument being used.
pH was measured with a Corning 245 pH meter fitted with
a Sigma E5634 electrode and calibrated at room temperature
with Fisher standard buffers. Ultraviolet and visible absor-
bance were measured on a Hewlett-Packard 8452A diode
array spectrophotometer thermostated with a Brinkmann RMS
6 temperature controller. The concentration of a solution of
phosphoglycolohydroxamate was determined by assay of the
inorganic phosphate released when the sample was treated with
alkaline phosphatase. Inorganic phosphate was determined
by the method of Ames (1966). Methylglyoxal was quanti-
tated by end-point assay using glyoxalase I as described by
Racker (1957).

Mixtures of radiolabeled 3-phospho-D-glycerate, sn-glycerol
3-phosphate, and methylglyoxal were separated on a Phar-
macia Mono Q HR 5/5 column fitted into a Waters HPLC
system consisting of a Model 680 gradient controller, two
Model 510 pumps, and a U6K injector. The separation in-
volved an isocratic wash (4 min) with 10 mM triethyl-
ammonium formate buffer, pH 3.8, followed by a linear
gradient (10-1000 mM, over 16 min) of triethylammonium
formate buffer, pH 3.8, at a flow rate of 2 mL/min. The
column eluent was mixed on-line with scintillation fluid and
monitored with a flow-through scintillation counter (Flo-
One/Beta, Model CT, from Radiomatic Instruments and
Chemical Co.). Fractions were collected and counted in the
Beckman scintillation counter.

Steady-State Kinetics. Enzyme assays, based on the method
of Putman et al. (1972), were performed at 30 °C in 0.1 M
triethanolamine hydrochloride buffer, pH 7.6, containing
EDTA (10 mM). The validity of the assays was checked by
ensuring the linear dependence of the observed initial rate on
the concentration of triosephosphate isomerase at both high
and low substrate concentrations. An extinction coefficient
for NADH of 6220 M~! cm™! at 340 nm was assumed (Ho-
recker & Kornberg, 1948). The values of k,, and of K, for
each substrate were determined with the computer program
HYPERO (Cleland, 1979).

Stoichiometry of Product Formation. The amount of
glyceraldehyde 3-phosphate consumed under irreversible
conditions by the mutant enzymes (E165D,S96P, H95N,
H95N,S96P, and S96P) was compared to the amount of di-
hydroxyacetone phosphate produced. The reaction mixture
contained (in 1.05 mL) 100 mM triethanolamine hydro-
chloride buffer, pH 7.6, EDTA (10 mM), isomerase-free
a-glycerophosphate dehydrogenase (0.1 mg), NADH (0.12
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mg), and glyceraldehyde 3-phosphate (0.15 umol). The ab-
sorbance at 340 nm was recorded. The reaction was initiated
by the addition of a mutant isomerase (~2 units). The
consumption of glyceraldehyde 3-phosphate was allowed to
continue until there was no further change in As49,,. The
change in absorbance so determined was compared to that
found when the wild-type isomerase was used. To determine
the amount of methylglyoxal produced by the H9SN mutant
isomerase, the reaction mixture was passed through an Amicon
Centricon- 10 ultrafiltration cone at 5000g to remove isomerase
and a-glycerophosphate dehydrogenase. The amount of me-
thylglyoxal appearing in the filtrate was assayed with glyox-
alase I and reduced glutathione (Racker, 1957).

Fate of the Tritium Label from Substrate [1(R)-*H,I-
14C Dihydroxyacetone Phosphate. The reaction mixture
contained (in 1.65 mL) 100 mM triethanolamine hydro-
chloride buffer, pH 7.6, EDTA (10 mM), isomerase-free
glyceraldehyde-3-phosphate dehydrogenase (80 units), NAD*
(5 mg), sodium arsenate (10 mM), and [1(R)-*H,1-1C]di-
hydroxyacetone phosphate (1 umol, 0.036 uCi of 4C, *H/"C
~ 5.0). The solution was mixed and equilibrated at 30 °C.
A reference sample (200 uL) was removed and quenched in
1 N HCI (25 uL) before storage at =70 °C for later analysis.
The Asy,m Was determined. The reaction was then initiated
by the addition of mutant isomerase (2.5 units). A portion
of the reaction mixture was transferred to a short-path (2 mm)
optical cuvette for monitoring at 340 nm to determine the
extent of reaction. At four intervals, samples (200 uL) were
withdrawn and quenched into | N HCl (25 uL). At the
completion of the reaction, the sample in the optical cuvette
was quenched and stored. After quenching, solvent was re-
moved from each sample by bulb-to-bulb distillation. The
sample residues were taken up in water (0.3 mL), filtered
through Amicon Centricon-10 ultrafiltration cones at 5000g
to remove isomerase and glyceraldehyde-3-phosphate de-
hydrogenase, and adjusted to pH 4 with 0.1 N NaOH. The
mixtures of radiolabeled 3-phosphoglycerate and dihydroxy-
acetone phosphate were then separated by HPLC and analyzed
for *H and '“C as described under Methods.

Appearance of Solvent Tritium in Remaining Substrate
[1-'*C) Dihydroxyacetone 3-Phosphate and in Product. Each
mutant isomerase catalyzed reaction was run under conditions
similar to those used by Maister et al. (1976). The reaction
mixture contained (in 1.50 mL) 100 mM triethanolamine
hydrochloride buffer, pH 7.6, EDTA (10 mM), NAD* (3
mM), sodium arsenate (10 mM), glyceraldehyde-3-phosphate
dehydrogenase (80 units), tritiated water (45 mCi), and [1-
14C]dihydroxyacetone phosphate (1 mM, 0.036 Ci/mol). The
initial absorbance at 340 nm was determined, and duplicate
samples (10 uL) were removed and diluted into water (1.0 mL)
for later determination of the solvent tritium specific radio-
activity. A third sample (200 uL) was removed, brought to
pH 2 with 1 N HCI (25 uL), quickly frozen in liquid nitrogen,
and stored at =70 °C. The reaction mixture was equilibrated
at 30 °C, and the reaction was initiated by the addition of
mutant isomerase (2.5 units). A portion (500 uL) of the
reaction mixture was transferred to a short-path (2 mm) op-
tical cuvette in order to monitor the extent of reaction at 340
nm. The remainder of the reaction mixture was separately
incubated at 30 °C. At four stages in the reaction, samples
(200 uLl) were removed from the reaction mixture and
quenched into 1 N HCI (25 uL). Each sample was frozen in
liquid nitrogen and stored at ~70 °C. Solvent was then re-
moved from each sample by bulb-to-bulb distillation. The
residues were dissolved in 0.8 mM HCI (0.5 mL), and the
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Table I: Steady-State Kinetic Parameters for Wild-Type and Mutant Triosephosphate Isomerases

enzyme

parameter® wild type H95N H95N,S96P E165D E165D,S96P S96P
ket 57N 600 0.16 6.8 4.1 3.4 11
K, (mM) 0.65 0.59 0.40 1.2 0.053 0.24
K, S(unhydrated) (mM) 0.38 0.35 0.24 0.71 0.031 0.14
(kear®/ K re 1.0 29 x 107 1.8 X 1072 37 %107 6.9 X 1072 5.0 x 1072
ket 57 8300 0.46 29 4.2 68 64
K,P (mM) 0.42 0.081 0.083 0.078 0.066 0.087
KnP(unhydrated) (mM) 0.016 0.0030 0.0031 0.0029 0.0025 0.0033
(keat” / KPrel 1.0 2.9 % 10 1.8 X 1072 2.7 X107 52 %107 4.3 X 1072
K{(HAsO,*) (mM) 11 3.0 0.074 12 2.1 0.7
K;(phosphoglycolohydroxamate) (uM) 7.1 950 110 22 9.8 0.5

“Values for the unhydrated forms of the substrates are calculated as described in Albery and Knowles (1976b). k.,/K, values are quoted relative
to the wild-type enzyme. kS and K3 values refer to dihydroxyacetone phosphate as substrate; k.,” and K, P relate to D-glyceraldehyde 3-phosphate

as substrate.

solvent was again removed by bulb-to-bulb distillation. The
residues were each dissolved in water (0.5 mL), and the solvent
was again removed. The samples were then dissolved in water
(0.5 mL), and coupling enzyme and isomerase were removed
from these solutions by ultrafiltration., The samples were
adjusted to pH 4 with 0. N NaOH and diluted to a total
volume of 1.0 mL with water. 3-Phosphoglycerate and di-
hydroxyacetone phosphate were then separated by HPLC and
the 3H/'C ratio was determined as described under Methods.

Appearance of Solvent Tritium in Remaining Substrate
[1-'*C)Glyceraldehyde Phosphate and in Product. Each
mutant isomerase-catalyzed reaction was run under conditions
similar to those used by Fletcher et al. (1976). The reaction
mixture contained (in 1.60 mL) 100 mM triethanolamine
hydrochloride buffer, pH 7.6, EDTA (10 mM), NADH (2.2
mg), a-glycerophosphate dehydrogenase (200 units), (R,-
S)-[1-'*C]glyceraldehyde 3-phosphate (2 mM, 0.04 Ci/mol),
and tritiated water (27 mCi). After equilibration to 30 °C,
two samples (10 uL) were removed and diluted into water (1.0
mL) for later assay to determine the solvent tritium specific
radioactivity. A larger sample (200 uL) was also removed and
quenched into | N HCI (25 L) and immediately frozen in
liquid nitrogen and stored. The isomerase reaction was then
initiated in the reaction mixture by the addition of mutant
isomerase (0.37 unit). The extent of reaction was monitored
at 340 nm by use of a portion of the reaction mixture (500
uL) in a short-path (2 mm) optical cuvette. At four stages
in the reaction, samples (200 uL) were removed and quenched
into I N HCI (25 uL). The quenched samples were imme-
diately frozen in liquid nitrogen and stored. The solution in
the optical cuvette was also quenched with 1 N HCI (75 uL)
and stored. Solvent was then removed from each sample by
bulb-to-bulb distillation. The sample residues were dissolved
in 0.8 mM HCI (0.5 mL), and the solvent was again removed
by distillation. This was repeated once more. The sample
residues were then redissolved in 0.8 mM HCI (0.5 mL) and
the enzymes removed by ultrafiltration. The remaining gly-
ceraldehyde phosphate in the samples was then converted into
3-phosphoglycerate. Each sample was neutralized with NaOH
(0.1 N); the solution was transferred to an optical cuvette and
then diluted with water to a volume of 1.0 mL. NAD* (0.1
mg) and sodium arsenate (5 umol) were added, and the initial
absorbance at 340 nm was determined. Isomerase-free gly-
ceraldehyde-3-phosphate dehydrogenase (8 units) was then
added, and the reaction was followed to completion by mon-
itoring the absorbance at 340 nm. The glyceraldehyde-3-
phosphate dehydrogenase was removed from each sample by
ultrafiltration, and the 3-phosphoglycerate and glycerol
phosphate were then separated by HPLC and their specific
radioactivity was determined as described under Methods.

E165D, S96P
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HE5N, S96P

10™ E165D

relative catalytic activity
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FIGURE 3: Catalytic activity, relative to the wild-type enzyme and
expressed as k.,,/ Ky, of the HOSN,S96P and E165D,896P pseudo-
revertants obtained by chemical mutagenesis of the genes encoding
two sluggish triosephosphate isomerase mutants: H95SN and E165D.
For comparison, the relative catalytic activities of the H9SN, S96P,
and E165D mutant enzymes are also shown.

RESULTS

Steady-State Kinetics. Each mutant enzyme was purified
to homogeneity as determined by polyacrylamide gel elec-
trophoresis in the presence of sodium dodecyl sulfate
(Laemmli, 1970). The subunit M, of each mutant was in-
distinguishable from that of the wild-type chicken enzyme.
The steady-state kinetic parameters for these enzymes are
listed in Table 1.2 Also included in this table are the inhibition
constants for inorganic arsenate, a necessary component of the
assay in the determination of K, for DHAP, and for phos-
phoglycolohydroxamate, which is an analogue of the enedi-
ol(ate) phosphate intermediate. The relative values of kg, /K,
are shown in Figure 3.

Stoichiometry of Product Formation. The amount of
product formed by the mutant enzymes was assessed when
either DHAP or (R,S)-GAP was used as the substrate. The
amount of substrate DHAP converted to GAP (and, by the
coupling enzyme in situ, to 3-phosphoglycerate) by each of
the mutant enzymes was close to stoichiometric. When GAP
was the substrate, the amount of product DHAP (which was
converted by the coupling enzyme in situ to glycerol phosphate)
formed from the H95N,S96P and E165D,S96P enzymes was
close to stoichiometric, but the H95N enzyme only produced
67% of the stoichiometric quantity of glycerol phosphate.
When an isolated product mixture was incubated in the
presence of reduced glutathione and the enzyme glyoxalase

2 The rate of formation of triose phosphate product was used to de-
termine the values of the kinetic parameters reported in Table 1. This
distinction is important, since the rate of formation of DHAP by the
H95N enzyme is only two-thirds of the rate of consumption of GAP (see
Stoichiometry of Product Formation).
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Table [1: Variation of the Tritium Content of Substrate [1(R)->H,1-"C]Dihydroxyacetone Phosphate (s/s,) or of Product
[2-3H,1-14C]Glyceraldehyde Phosphate (p/s,) in the Reactions Catalyzed by the Mutant Isomerases H95SN, H95N,S96P, and E165D,S96P for

Different Extents of Reaction (1 - )

HI95N enzyme H95N,S96P enzyme E165D,S96P enzyme
1-r s/s, D/S, 1-r s/s, D/s, 1-r §/5, P/s,
0 1.0 0 0 1.0 0 0 1.0 0
0.49 1.80 0 0.49 1.81 0 0.36 1.45 0.0086
0.69 2.82 0 0.73 3.09 ND 0.52 1.86 0.0087
0.96 ND~ 0 0.75 3.21 ND 0.62 2.23 0.0076
0.86 5.17 0.001 0.73 3.07 0.010
0.88 5.59 0 0.9 73 0.013
0.9 6.9 0.014

2ND, not determined.

Table [1I: Enzyme-Catalyzed Incorporation of Solvent Tritium into Remaining Substrate [1(R)-°H,1-'“C]Dihydroxyacetone Phosphate (s/x) or
into Product [2-*H,1-%C]Glyceraldehyde Phosphate (p/x) for Different Extents of Reaction (1 - 7) for the Reactions Catalyzed by the Mutant

[somerases H9SN, H95N,S96P, and E165D,S96P

H95N enzyme H95N,S96P enzyme E165D,S96P enzyme
1-r §/x p/x 1-r plx 1-r s/x plx
0 0 0 0 0 0 0 0
0.15 0.00 0.15 0.10 0.59 0.26 0.037 0.92
0.34 0.004 0.13 0.22 0.58 0.34 ND 0.97
0.45 ND? 0.15 0.37 0.014 0.64 0.58 0.06 0.97
0.55 0.003 0.155 0.35 0.024 0.65 0.68 0.11 097
0.66 0.004 ND 0.57 0.054 0.68 0.79 0.18 1.01
0.83 0.017 0.14 0.79 0.166 0.73 0.81 ND 0.91
0.90 0.038 0.14 0.85 0.71
0.91 0.07 0.14
2ND, not determined.

I, the amount of methylglyoxal present was found to account or

entirely for the difference between the GAP consumed and 9

the DHAP formed. When [1-'4C]GAP was the substrate for ok

the H95N enzyme, the fraction of “C counts appearing as £

methylglyoxal in the chromatographed product was again
found to be about one-third of the product mixture, the other
two-thirds appearing as product glycerol phosphate.

Isotopic Substitution Experiments. The extent of tritium
transfer from doubly labeled [1(R)-*H,*C]dihydroxyacetone
phosphate to product glyceraldehyde phosphate, and thus
ultimately to 3-phosphoglycerate (expressed as the ratio of the
specific radioactivity of the ultimate product p to the specific
radioactivity of the substrate at the start of the reaction s,),
was investigated for the mutants H95N, H95N,S96P, and
E165D,S96P. The enrichment of tritium in the remaining
substrate (as measured by s/s,) was also determined in this
experiment. The “C label was included to facilitate deter-
mination of the extent of reaction (from the distribution of
14C radioactivity), and the relative *H specific radioactivities
(i.e., s/s, and p/s,) were easily determined. The values of s/s,
and of p/s, determined at several extents of reaction (1 - r)
for the H9SN, H95N,S96P, and E165D,S96P mutants are
reported in Table I1, and the former are plotted for comparison
with the wild-type data in Figure 4.

The appearance of solvent tritium in remaining substrate
[1-'*C]dihydroxyacetone phosphate and in the product was
determined at several extents of reaction for the mutant
isomerases H95N, H95N,S96P, and E165D,S96P. Values of
the specific radioactivity of substrate and of product were
determined from the 3H/'*C ratios. For each mutant, the
values of the specific radioactivity of substrate (s) divided by
the specific radioactivity of the solvent (x) are presented at
several extents of reaction (1 — r) in Table III; these results
are compared with the data from the wild-type enzyme in
Figure 5. For each mutant, the specific radioactivity of
product (p) divided by the specific radioactivity of the solvent
(x) is listed for several extents of reaction in Table III.

Tritium Content of Remaining DHAP
(s/s,)

0 0.2 0.4 06 0.8 1.0

Fractiona! Extent of Reaction
(1-r)

FIGURE 4: Variation in specific radioactivity of the substrate [1-
(R)-*H]dihydroxyacetone phosphate (s) with the fractional extent
of reaction (1 — r) for the wild-type (@) and for the H95N (m),
H95N,S96P (O), and E165D,S96P (O) triosephosphate isomerases.
Data for the wild-type enzyme are from Herlihy et al. (1976). The
fitted line (solid) for the wild-type enzyme data is derived from the
equation s/s, = ¢! (Albery & Knowles, 1976a), with 4" = 0.50
(Herlihy et al., 1976). The fitted line (dotted) for the data from all
of the mutant enzymes is from the same equation, with 45" = 0.15.

With [1-14C]glyceraldehyde phosphate as substrate, several
exchange-conversion experiments were performed with the
three mutant isomerases H95N, H95N,S96P, and E165D,-
S96P. Data points for at least four extents of reaction were
obtained for each enzyme, in addition to a reference value
determined before initiation of the reaction by the mutant
isomerase. The amount of solvent tritium appearing in re-
maining substrate [1-'*C]GAP (which was converted to 3-
phosphoglycerate before analysis) was determined for each
mutant enzyme at several extents of reaction from the 3H/'C
ratio of the isolated 3-phosphoglycerate. For each of these
mutant enzymes, the values for the specific radioactivity of
substrate (p) relative to the specific radioactivity of solvent
(x) are reported in Table IV. These results are contrasted
with the data from the wild-type enzyme in Figure 6. For
each enzyme, the amount of solvent tritium appearing in
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Table 1V: Enzg'mc-Catalyzcd Incorporation of Solvent Tritium into Remaining Substrate [2-°H,1-C]Glyceraldehyde Phosphate (p/x) or into

Product [1(R)-*H,
H95N, H95N,S96P, and E165D,S96P

1-4C]Dihydroxyacetone (s/x) for Different Extents of Reaction (1 ~ ) for the Reactions Catalyzed by the Mutant Isomerases

HI95N enzyme

H95N,S96P enzyme

E165D,S96P enzyme

Fractional E)((tem of Reaction
1-r)

1-r plx s/x 1-r p/x s/x 1=r p/x s/x
0 0 0 0 0 0 0 0 0
0.12 0.33 ND? 0.14 0.22 ND 0.11 0.16 0.064
0.20 0.53 0.092 0.30 0.66 ND 0.12 0.17 0.057
0.39 1.04 0.075 0.53 0.96 0.10 0.31 0.44 0.070
0.41 1.01 0.092 0.77 ND 0.10 0.48 0.60 ND
0.61 1.44 0.084 0.92 ND 0.093 0.60 0.77 0.067
0.68 1.59 0.070 0.96 1.04 0.11 0.63 0.84 0.074
0.72 1.69 0.078 0.81 1.01 0.066
0.90 2.24 0.075 0.83 0.97 0.056
4ND, not determined.
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FIGURE 5: Incorporation of *H from tritiated water into remaining
substrate dihydroxacetone phosphate as a function of the extent of
reaction. The isotopic content (s/x) of the remaining substrate
dihydroxyacetone phosphate is plotted as a function of conversion (1
~ r) for the wild-type enzyme (@) and for the H9SN (m), H95N,S96P
(0), and E165D,S96P (O) mutant isomerases. The data for the
wild-type enzyme are from Maister et al. (1976). The fitted line (solid)
for the wild-type enzyme data is derived from the equation s/x =
Ay (1 = r41) /(A4 - 1) (Albery & Knowles, 1976a), with 4¢’ = 0.50
and Ay’ = 0.27 (Maister et al., 1976). No line is drawn for the data
from the H95N enzyme. The fitted line (dotted) for the data from
the H95N,S96P and E165D,S96P mutant enzymes is derived from
the same equation, with 4,” = 0.055 and 44" = 0.15.

product [1-1%C)dihydroxyacetone phosphate (s) relative to the
specific radioactivity of solvent (x) is listed for several extents
of reaction in Table IV,

DisCuUSSION

The energetics of the reaction catalyzed by several mutant
triosephosphate isomerases have been defined, to gain a better
understanding of the functional consequences of changes to
amino acid residues in the active site. The primary changes
of E165D (Straus et al., 1985) and H95N were introduced
to probe the function of two of these residues in the catalyzed
reaction. The E165D mutant was designed to assess the im-
portance of the precise placement of the carboxylate base in
the enolization steps (Figure 1), and the H95N mutation was
made to complement H95Q in the analysis of how H95 con-
tributes to catalysis by the isomerase.

The assignment of E165 as the enzymic base responsible
for abstraction of the pro-R proton from DHAP or the C-2
proton from GAP seems secure. Affinity labeling work with
glycidol phosphate and with bromohydroxyacetone phosphate
(Hartman, 1968; Waley et al., 1970; de la Mare et al., 1972)
showed that this glutamate residue is at the active site, and
other lines of evidence suggested that it acts as the base in the
catalyzed reaction (Plaut & Knowles, 1972; Herlihy et al.,
1976). The high-resolution crystal structure of the yeast en-

0.2

04 06 08 10

Fractional Extent of Reaction
(1-r)

FIGURE 6: Incorporation of *H from tritiated water into remaining
substrate glyceraldehyde 3-phosphate as a function of the extent of
reaction. The isotopic content (p/x) of the remaining substrate
glyceraldehyde 3-phosphate is plotted as a function of conversion (1
~ r) for the wild-type enzyme (@) and for the H9SN (m), H95N,S96P
(0), and E165D,S96P (O) mutant isomerases. The data for the
wild-type enzyme are from Fletcher et al. (1976). The fitted line (solid)
for the wild-type enzyme data is derived from the equation s/x =
By'(1 - rP~1) /(B¢ - 1) (Albery & Knowles, 1976a), with By = 1.14
and By’ = 0.35 (Fletcher et al., 1976). The fitted line (dotted) for
the data from the H95N,S96P enzyme is derived from the same
equation, with B¢’ = 3.4 and B, = 2.6. The fitted line (dashed) for
the E165D,S96P mutant enzyme has B’ = 2.3 and By = 1.5. The
fitted line (heavy dashed) drawn for the H95N enzyme is a straight
line of slope 2.3 passing through the origin.

zyme with the inhibitor phosphoglycolohydroxamate bound
at the active site (Davenport, 1986) shows that E165 is ex-
quisitely placed for the removal of the pro-R proton from a
molecule of the substrate DHAP placed analogously. The
E165D mutant, in which the enolization of DHAP has become
rate limiting, has a k.,,/K, value about 300-fold lower than
that of the wild type (Raines et al., 1986), and this result
confirms the expectation that the carboxylate base at the active
site must be precisely oriented for efficient catalysis.

The electrophilic component of isomerase catalysis was
originally probed by two methods. First, it was found that
the rate of reduction of enzyme-bound DHAP by sodium
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borohydride is nearly 10 times faster than the rate of reduction
of free DHAP (Webb & Knowles, 1974, 1975). This rate
acceleration suggested the possibility that the carbonyl group
of DHAP becomes more polarized as it binds to the active site
of the enzyme, and this view was confirmed when the carbonyl
stretching frequency was examined by Fourier transform in-
frared spectroscopy (Belasco & Knowles, 1980). A shift of
19 cm™! to lower frequency was observed for DHAP when it
binds to the wild-type enzyme. The amino acid residues re-
sponsible for this facet of catalysis by the isomerase have been
ascribed to H95 and K13 on the basis of the crystal structures
of the chicken and yeast enzymes (see Figure 2). There has
been considerable discussion, however, over the precise role
of H95 (Alber et al., 1987; Nickbarg et al., 1988). Since the
8- and e-nitrogen atoms of histidine may be similar in position
to the amide nitrogens of asparagine and glutamine, respec-
tively (Lowe et al., 1985), it was possible that a neutral im-
idazole group at H93, acting in the catalyzed reaction as a
hydrogen-bond donor, could be effectively substituted by as-
paragine or glutamine. In fact, neither the H95Q nor the
H95N enzyme performs near to the wild-type level. The
H95Q mutant manages to catalyze the isomerization at about
1/400 of the wild-type level (when the values of k., /K, are
compared), but the mechanism of proton transfers is subtly
altered in this enzyme (Nickbarg et al., 1988). The H95N
mutant is even more sluggish as an isomerase, with the value
of k. /K., reduced by a factor of 3500 compared to that of
the wild type (Table I). In addition, the H95N isomerase no
longer forms DHAP exclusively from substrate GAP, and an
alternate product, methylglyoxal, is produced by phosphate
elimination about one-third of the time.

Generation of Pseudorevertants. Two of the site-directed
mutants, E165D and H95N, were used as starting points in
a search for enzymes with changes at second sites that would
confer increases in specific catalytic activity (Hermes et al.,
1987a,b). We embarked on this search both to learn about
the ways in which enzymatic catalysis can be improved and
to find out how readily a particular catalytic lesion might be
overcome. The two isomerases E165D and H95N were
therefore subjected to random mutagenesis (Hermes et al.,
1987a,b). Chemical mutagenesis (Myers et al., 1985) of the
gene encoding the E165D isomerase provided one pseudo-
revertant of improved catalytic activity: E165D,S96P. On
treating the gene encoding the H95N mutant with the same
array of chemical reagents, a single catalytic pseudorevertant
was also found: H95N,S96P.

The discovery that the S36P substitution partially suppresses
each of the parental lesions, E165D and H95N, was surprising,
and we considered two explanations. First, the S96P change
could act as a “global suppressor”, partially compensating in
some way for each of the changes to the active site residues
in E165D and H95N, from which we had searched for pseu-
dorevertants. Such a global suppressor might stand in loose
analogy to the thermal stability suppressors of Staphylococcal
nuclease described by Shortle and Lin (1985). Alternatively,
the S96P change could simply reflect the existence of a mu-
tational “hot spot” (Benzer, 1961; Coulondre et al., 1978) that
arises from the particular two- or three-dimensional structure
of the isomerase gene and the nature of the chemical reagents
used in the protocol of Myers et al. (1985). To distinguish
between these possibilities, an enzyme with the single sub-
stitution of serine-96 with proline (S96P) was made. If S96P
were a global suppressor, a catalytic improvement would be
found. (Or rather, since the wild-type enzyme is encounter
controlled, the rate of the reaction catalyzed by S96P would
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FIGURE 7: Free-energy profiles of mutant triosephosphate isomerases,
constructed as described by Albery & Knowles (1976a,b). (A) For
the reaction catalyzed by the wild-type (solid), the mutant H95SN
(dashed), and the pseudorevertant H95N,S96P (dotted) enzymes. The
profile for the wild-type isomerase is from Albery and Knowles
(1976b). (B) For the reaction catalyzed by the wild-type (solid), the
slow mutant E165D (dashed), and the pseudorevertant E165D,S96P
(dotted) enzymes. The profile for the wild-type isomerase is from
Albery and Knowles (1976b).

be unchanged.) In terms of kg,/K,, however, the S96P change
in the context of the wild-type enzyme is deleterious (see Table
I). Although the S96P change seems generally to improve the
binding of inhibitors (such as arsenate or phospho-
glycolohydroxamate) and of the substrate and product (as
gauged by the values of K{;), this mutation has very different
effects upon the transition-state free energy in the mutants
and the wild type. Thus the S96P change increases Ky /Ky
for the E165D and the H95N mutants by 60- and 20-fold,
respectively, yet the same change leads to a 20-fold decrease
in kg, /K, for the wild-type enzyme. The activities of the three
mutant enzymes, E165D, H95N, and S96P, and of the two
pseudorevertants, E165D,S96P and H95N,S96P, and their
relationship to the wild type are illustrated in Figure 3. These
relationships demonstrate the nonadditivity of the changes at
positions 165 and 96 and at positions 95 and 96 and show that
S96P is not a global suppressor. It seems possible, therefore,
that S96P appears as a suppressor mutation for each of the
parental mutant enzymes E165D and H95N because this
region of the gene lies in a mutagenic hot spot.> We have
recently developed techniques for truly random mutagenesis
that avoid this problem (Hermes et al., 1989), and the results
from these experiments will be discussed elsewhere.
Evaluation of the Reaction Energetics. To understand more
completely the kinetic effects of these active site mutants and
their second-site suppressors, free-energy profiles for the H95N
enzyme and for the two pseudorevertants H95N,S96P and
E165D,S96P have been obtained. [The energetics of E165D
have been reported earlier (Raines et al., 1986).] The reaction

3 Although we have not investigated the mutation frequency at the
codon for S96, we consider it unlikely that the chemical mutagenesis
protocol is random and that the S96P change happens uniquely to offset
the catalytic damage inflicted by E165D or H95N.



4106 Biochemistry, Vol. 29, No. 17, 1990

energetics of these mutant isomerases were defined as de-
scribed below, and the resulting free-energy profiles are plotted
in Figure 7.

A tritium-transfer experiment measures the extent to which
the proton that is abstracted from substrate ends up as the new
carbon-bound proton of the product. With the wild-type en-
zyme, the amount of tritium transferred from the pro-R
position at C-1 of substrate DHAP to C-2 of the product GAP
was found to be about 6% after complete reaction (Herlihy
et al., 1976); the rest of the substrate’s tritium label was lost
to solvent. For the three enzymes H9SN, H95N,S96P, and
E165D,S96P, proton loss from substrate DHAP to solvent is
even more rapid (see the values of p/s, in Table II). Only
rarely does a tritium find its way from C-1 of substrate DHAP
to C-2 of product GAP. This behavior was also found for the
E165D isomerase (Raines et al., 1986).

An enrichment experiment examines which step is rate
limiting up to the formation of the intermediate enediol(ate).
For the three mutant enzymes H95N, H95N,S96P, and
E165D,S96P, the specific radioactivity of reisolated DHAP
rises as the reaction proceeds (Figure 4). The isotopically
sensitive enolization step (that is, the abstraction of the proton
from DHAP) must therefore be partially rate limiting in the
overall reaction.*

The discrimination against the appearance of solvent tritium
in the product measures the extent to which the proton-transfer
step is rate limiting in the collapse of the enediol(ate) inter-
mediate and the release of product. When DHAP is the
substrate for the wild-type isomerase, only a relatively small
(1.3-fold) discrimination against tritium is observed in the
formation of product GAP. For both pseudorevertant isom-
erases (E165D,S96P and H95N,S96P) there is also only a
small discrimination against solvent tritium (of 1.04- and
1.5-fold, respectively) for the reaction in this direction. When
the H9SN enzyme is used, however, the specific radioactivity
of the product GAP is much less than the specific radioactivity
of the solvent, reflecting a 7-fold discrimination against tritium
(see the values of p/x in Table III). From these results, we
conclude that the step in which the enediol(ate) is protonated
to form GAP is slower than the release of product GAP for
the H95N isomerase, but for the H95N,S96P and E165D,-
S96P pseudorevertants, product release is slower than proton
transfer.

When GAP is the substrate, all of the reactions show sub-
stantial discrimination against tritium in the formation of
product DHAP, ranging from 10- to 15-fold (see the values
of s/x in Table IV). these large values for discrimination
against tritium parallel the outcome for the wild-type enzyme
(for which a 9-fold discrimination is seen) and show that
enolization is rate limiting in the formation of the enediol(ate)
from DHAP. The high discriminations against tritium (10-
15-fold) when GAP is the substrate for the H35N, H95N,-
S96P, and E165D,S96P mutants are consistent with the en-
richment values for these mutants. The enrichment curves
of Figure 4 show that the H95N, H95N,S96P, and
E165D,S96P mutants behave almost identically, and these
curves reflect the kinetic isotope effect on the rate-limiting
enolization of DHAP to give the enediol(ate).

The exchange-conversion experiments provide information
about how the enediol(ate) partitions between substrate and
product and define the relative overall rates for the forward

4 Strictly, if isotope exchange between the conjugate acid of the en-
zyme's base and the solvent is very rapid, then we may only conclude that
the enolization of DHAP is slow relative to the steps that precede the
formation of the intermediate.
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and reverse processes. In an exchange-conversion experiment,
the isomerase-catalyzed reaction is run in tritiated water under
irreversible conditions. For example, the reaction of unlabeled
DHAP is followed to determine how the intermediate enediol
partitions between reaction forward (“conversion”) to give
product GAP and reaction back (“exchange”) to give tritiated
substrate DHAP. The result for the wild-type enzyme is
contrasted with the data for the mutant enzymes in Figure
5. For the wild-type enzyme, the slope of the line is about 0.3
at the start of the reaction, indicating that the enediol(ate)
is converted to product (GAP) three times for each time it
undergoes exchange and returns to substrate DHAP. For the
H95N mutant, in contrast, essentially no radioactivity appears
in the remaining substrate (Figure 5). The enediol(ate)
partitions forward at least 30 times for each time it returns
back to substrate. The energy barrier for the production of
tritiated DHAP is higher than the barrier that leads to the
formation of free product, GAP. The exchange-conversion
plots when H95N,S96P and E165D,S96P are used are similar
to that for H9SN. For both of these pseudorevertants,
H95N,S96P and E165D,S96P, the intermediate enediol
partitions forward to product GAP about 20 times for each
time it exchanges to give tritiated DHAP.

These conclusions are borne out by the exchange-conversion
experiments carried out in the reverse direction, with GAP as
the substrate. For the H9SN mutant enzyme, the enediol(ate)
partitions back to give tritiated GAP about 2.5 times as often
as it is converted to product DHAP (see Figure 6). [Even-
tually, the specific radioactivity of the reisolated GAP exceeds
the specific radioactivity of the solvent in which the reaction
is run. This presumably occurs because the H95N enzyme
also catalyzes the formation of methylglyoxal from GAP. The
consumption of [*H]GAP (which is formed in the exchange
process) is discriminated against to an even greater extent in
the side reaction, allowing the tritiated material to build up
to a specific radioactivity greater than that of the solvent.]
When the pseudorevertant enzyme E165D,S96P is used, the
intermediate enediol(ate) partitions forward to DHAP twice
for every three times it suffers exchange to give tritiated GAP
(Figure 6). This ratio compares the rate of formation of
DHAP from the enediol(ate) with the rate of production of
tritiated GAP. Since there is only a small discrimination
against tritium in the formation of GAP from the enediol with
this mutant, the exchange:conversion ratio directly establishes
the partitioning of the enediol(ate) intermediate between GAP
and DHAP. When H95N,S96P is the enzyme, the enediol-
(ate) partitions forward twice for every five times it exchanges
to give tritiated GAP. This experiment establishes the relative
heights of the barriers for the HI5N,S96P pseudorevertant.
The information about the relative rates of individual steps
in the reactions catalyzed by the mutant enzymes provided
by the experiments described above can be combined with the
steady-state kinetic results to construct free-energy profiles
for each of these reactions. Although the method for deriving
such free-energy profiles has been detailed earlier (Albery &
Knowles, 1976a,b), several points relevant to the construction
of the profiles for these mutant enzymes should be mentioned
here. First, a standard-state concentration for the triose
phosphate substrates of 40 uM, equal to the known triose
phosphate levels in vivo (Williamson, 1965), was assumed.
Second, for each mutant enzyme, the height of the free-energy
barrier for the kinetically significant transition state is es-
sentially determined by the value of k., for DHAP as sub-
strate, since the enolization of DHAP is rate-limiting for each
of these enzymes.> Third, for lack of a better model, the
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dissociation constant for the intermediate analogue phospho-
glycolohydroxamate relative to that of the wild-type enzyme
was used to set the free energy of the enzyme-bound enedi-
ol(ate). The derived free-energy profiles are presented in
Figure 7. Figure 7A contrasts the energetics of the mutant
enzyme H9SN with those of its pseudorevertant, H95N,S96P,
and with those of the wild-type enzyme. Figure 7B compares
the free-energy profile of E165D (Raines et al., 1986) with
that of its pseudorevertant, E165D,S96P, and with that of the
wild type enzyme.

Kinetic Consequences of Pseudoreversion. From these re-
sults, what can we say about the consequences of the sec-
ond-site S96P change upon the two primary isomerase mutants
E165D and H95N? First, for each of the E165D,S96P and
H95N,S96P pseudorevertants, GAP release seems to be slowed
about 5-10-fold with respect to the wild type. Looking at the
reverse reaction (that is, the formation of the enzyme-GAP
complex from GAP and the free enzyme), such a reduction
in the rate of productive complex formation need not come
as a surprise. Indeed, the rates of encounter of different
substrates or inhibitors with the same enzyme are often seen
to vary over an order of magnitude or more (Morrison &
Walsh, 1987; Stein et al., 1987a,b; Bartlett & Marlowe, 1987,
Duncan & Walsh, 1988; Schloss, 1988), and productive com-
plexes of different enzymes (or point mutants of the same
enzyme) with the same substrate need not always form at the
same rate (Klapper et al., 1986; Sharp et al., 1987). Itis
possible that, following the formation of an encounter complex,
a first-order rearrangement is required for the proper posi-
tioning of the substrate with respect to the enzyme’s catalytic
groups. In this case, we should not be surprised that the
introduction of a prolyl residue (as in S96P) affects the rate
at which productive complexes form, since this amino acid has
stronger stereochemical constraints than any other residue
(Richardson, 1981). It is also possible that the introduction
of proline at position 96 interferes with the closing of the
flexible loop, which is now known to be a critical element of
catalysis by the isomerase (Pompliano et al., 1990).

In Figure 8, we illustrate the energetic consequences both
of the primary mutations of H95N and E165D and of the
partial suppression of each of these lesions that is effected by
S96P. When compared to the wild-type enzyme, the E165D
and H95N enzymes are much less effective at stabilizing the
transition states for the catalytic (proton abstraction) steps.
In contrast, the free energies of the enzyme—substrate and
enzyme-product complexes are largely unaffected (see Figure
8A). Introduction of the S96P change counteracts this tran-
sition-state destabilization in both cases (see Figure 8B). Thus,
for the H95N,S96P pseudorevertant, both enolization steps
are speeded up by about 50-fold, while the K, value for each
of the substrates remains about the same as in the HISN
parent. Two observations suggest that the intermediate ene-
diol(ate) is also bound more tightly to the pseudorevertant than
to H95N. First, the intermediate analogue phospho-
glycolohydroxamate (Collins, 1974) is a 10-fold better inhibitor
of the pseudorevertant enzyme than of H95N. Second, unlike
its H95N parent which produces methylglyoxal one-third of
the time from GAP as substrate, the HOSN,S96P pseudo-
revertant converts GAP entirely into product DHAP, and no
detectable amount of the enediol(ate) intermediate is released

S For both of the pseudorevertant enzymes (H95N,S96P and
E165D.,S96P) the rate of release of GAP from the enzyme-GAP complex
is slower than the conversion of the enediol(ate) intermediate into GAP,
and the free energy barrier shown for this enolization step is thus an
upper limit.
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FIGURE 8: Free-energy changes for the two pseudorevertant enzymes,
relative to their parental mutants. (A) Open bars: difference in the
free energy (AAG) for each state of the reaction catalyzed by H95N,
relative to the wild-type enzyme. Shaded bars: difference in the free
energy for each state of the reaction catalyzed by E165D, relative
to the wild-type enzyme. (B) Open bars: difference in the free energy
for each state of the reaction catalyzed by H95SN,S96P, relative to
H95N. Shaded bars: difference in the free energy for each state of
the reaction catalyzed by E165D,S96P, relative to E165D. The
enzyme-dihydroxyacetone phosphate complex is labeled e-S, and the
enzyme-glyceraldehyde 3-phosphate complex is labeled e-P. The
transition states for the enolization of dihydroxyacetone phosphate
and glyceraldehyde 3-phosphate are denoted by the symbols #; and
%,, respectively.

into solution to yield methylglyoxal.

The effects of the S96P change on the energetics of the
reaction catalyzed by the E165D enzyme are surprisingly
similar to those described for the S96P pseudorevertant from
H95N. The transition state for each proton abstraction step
is stabilized considerably in the E165D,S96P pseudorevertant
when compared to the E165D enzyme (Figure 8B). Unlike
the H95N,S96P pseudorevertant, however, the E165D,S96P
enzyme forms a tighter enzyme—-DHAP complex than does
its parent, and as a result the value of k., for DHAP as
substrate is about the same for the E165D enzyme and for its
pseudorevertant. As is evident from Figure 8B, the pseudo-
revertant enzyme has in each case partially corrected the
primary catalytic lesion. Furthermore, although S96P com-
pensates for a change in an active site electrophile in one case
and for a movement of the active site base in the other, a
remarkably similar pattern of transition-state stabilization
results from the introduction of S96P into the two different
enzymes H95N and E165D.

How might S96P be exerting its effects on catalysis?
Starting from H95N, the adjacent S96P change may reorient
asparagine-95 so that it is better positioned to form hydrogen
bonds to the intermediate enediol(ate) and the flanking
transition states. When S96P compensates for the E165D
change, the binding of the intermediate, its adjacent transition
states, and substrate DHAP are all improved. In contrast,
when the S96P change is made in the wild-type sequence, an
enzyme very similar to the E165D,S96P enzyme is produced.
Detailed structural results will be needed to interpret these
interesting relationships fully.

The analysis of the kinetics of several mutant isomerases
in this work has expanded our understanding of the struc-
ture—function relationship in enzymatic catalysis. It is note-
worthy that several different sets of active site residues are
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capable of catalyzing the triosephosphate isomerization at an
appreciable rate. Our experiments suggest that, even within
a specific tertiary fold, there are several different ways in which
substantial catalytic function can be achieved and that com-
pensatory changes for deleterious mutations are not vanishingly
rare.
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