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Binding of Substrate and Transition State Analogs to

Triosephosphate Isomerase”

Richard Wolfenden

ABSTRACT: Triosephosphate isomerase from rabbit muscle
is competitively inhibited by 2-phosphoglycollate, which is
maximally bound below apparent pK, = 7.35. K. for the
substrate glyceraldehyde 3-phosphate and K; for the sub-
strate analog a-glycerophosphate show little variation with
pH.

Vmax for isomerization of glyceraldehyde 3-phosphate
falls off below apparent pK, = 7.35. Binding of the transition
state analog 2-phosphoglycollate (unlike binding of the sub-
strate or the substrate analog) is thus sensitive to the state

Z-RSphoglycollate has recently been shown to be an
exceptionally powerful competitive inhibitor of triosephos-
phate isomerase (p-glyceraldehyde 3-phosphate keto iso-
merase, EC 5.3.1.1) (Wolfenden, 1969). The inhibitory
power of this compound is believed to result from its resem-
blance to a high-energy ene-diolate intermediate earlier
proposed for enzymatic isomerization of aldoses (Rose,
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of ionization of a catalytic residue on the protein, its affinity
changing in parallel with the changing rate enhancement
produced by the enzyme as catalyst. Saturating concentra-
tions of 2-phosphoglycollate produce virtually complete
protection of the enzyme against heat inactivation under
conditions where saturating a-glycerophosphate produces
only partial protection, These findings suggest that in solution,
as previously observed in crystals, progressive changes in
enzyme structure are brought about by a-glycerophosphate
and by 2-phosphoglycollate.

1962). Studies described in the present paper were under-
taken in order to provide information concerning the pH
dependence of the catalytic activity of triosephosphate isom-
erase and the pH dependence of inhibition by 2-phos-
phoglycollate. A variable which changes the rate enhancement
produced by the enzyme as catalyst (relative to the rate of the
nonenzymatic reaction under identical conditions) might be
expected to produce parallel changes in the affinity of the
enzyme for a transition state analog (relative to the affinity
of the enzyme for substrate) (Wolfenden, 1969).
2-Phosphoglycollate brings about a reversible contraction
of 5% in the unit cell volume of crystals of triosephosphate
isomerase; a smaller contraction (1.7 %, occurs) in the presence
of the substrate analog «-glycerophosphate (Johnson and



BINDING OF ANALOGS TO TRIOSEPHOSPHATE ISOMERASE

(ymoles™! min. mg)
>
L

o

vO '3' &
=|5° o o 4
4ZA o—""NO INHIBITOR
o
| -
0 I 2
1074 x 1/8

FIGURE 1: Double-reciprocal plot of observed reaction rate as a
function of the concentration of the substrate glyceraldehyde ¢3-
phosphate (expressed as molarity of the ¢/ mixture) at 25° in imid-
azole~-HCI buffer (0.05 mm, pH 8.30), in the absence and presence
of 2-phosphoglycollate at concentrations of 2 X 10~ and 4 X
1078 M.

Wolfenden, 1970). To determine whether structural changes
also occur when inhibitors are bound to the enzyme in solu-
tion, the kinetics of heat inactivation in the presence and
absence of inhibitors were also examined.

Experimental Section

Crystalline triosephosphate isomerase and a-glycero-
phosphate dehydrogenase were obtained from Boehringer
Mannheim Corp. bL-a-Glycerophosphate, and bpL-glyc-
eraldehyde 3-phosphate and DPNH were obtained from
Sigma Corp. 2-Phosphoglycollic acid and 2-phosphogly-
colaldehyde were prepared by the method of Fleury and
Courtois (1941). Methyl 2-phosphoglycollate (pK, = 1.67
and 5.7) was prepared by treatment of 2-phosphoglycollic
acid (pK, = 1.7, 3.3, and 6.4) for 2 hr at room temperature
with methanol saturated with HCl. After removal of meth-
anolic HC! the product was shown to be quantitatively
converted to the monomethyl ester by titration with KOH.

Assays of enzyme activity were routinely performed by
measuring the decrease in absorbance at 340 mu when enzyme
was added to a solution containing bL-glyceraldehyde
3-phosphate (3 X 10~* M), DPNH (1.5 X 10=* M), and
a-glycerophosphate dehydrogenase (5 ug/ml), at 25° an
assay similar to that described by Beisenherz (1655).

Initial rates of reaction were determined as a function of
substrate concentration at various pH values, in the presence
and absence of inhibitors, with other conditions as in the
standard assay. Imidazole-HCI buffers, which were found
not to be inhibitory, were used throughout the pH range
examined at a concentration of 0.05 M. Preliminary experi-
ments, such as that shown in Figure 1, showed that inhibition
by 2-phosphoglycollate and by DL-a-glycerophosphate were
strictly competitive with respect to glyceraldehyde 3-phos-
phate. Rate measurements were made with 1l-cm quartz
cuvets in a Zeiss PMQ II spectrophotometer equipped
with a recorder capable of giving full-scale deflection for an
absorbance change of 0.015. Values for Vop../Km and for
K; were obtained from double-reciprocal plots of reaction
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FIGURE 2: Effect of pH on observed Vwmax/Knm for glyceraldehyde
3-phosphate (scale on left ordinate), and on observed X; for in-
hibition by 2-phosphoglycollate (scale on right ordinate).

rate as a function of substrate concentration ranging from
10~5to 4 X 10~% M, in the presence and absence of inhibitors.
Slopes of these plots gave reproducible values for Kun/Viax
even at the extremes of the imidazole buffer range employed.
The intercepts at extreme pH values were less reproducible
since the low buffering power of the solutions prevented
measurements at very high substrate concentrations.

Heat inactivation of the enzyme was measured by incubating
the enzyme (10 pg/ml) in Tris-HCI buffer (pH 8.1, 0.05 m)
at 67°and removing 10-ul aliquots at intervals for the standard
assay at 25° Samples were removed over a span of at least
five half-times, and the results plotted semilogarithmically
against time, yielding good first-order kinetics in all cases
(Figure 3). Heat inactivation was found to be irreversible;
no recovery of activity was observed after 2 hr in the presence
or absence of added factors. Control reactions at room
temperatures showed no detectable.loss of activity after
4 hr.

Results

Double-reciprocal plots of initial reaction rate as a function
of substrate concentration were linear in the presence and
absence of inhibitors, all of which were found to give com-
petitive inhibition. The range of substrate concentration
examined (0.01-0.40 mm) was far below that in which substrate
inhibition has been found to occur for horse muscle isomerase
(Snyder and Lee, 1967). Figure 1 shows an example of the
results obtained in the absence and presence of 2-phospho-
glycollate. Values for V,,./K,, obtained from data collected
in imidazole-HCI buffers, are plotted as a function of pH
in Figure 2. Vom./Ks falls off below pH 8 in a manner con-
sistent with titration of a group on the free enzyme with
apparent pK, = 7.35. The broken line is a theoretical curve
calculated for titration of a group with this pX,.

Observed K; values for 2-phosphoglycollate were found
to increase with increasing pH, in a manner consistent
with titration of a group on the free enzyme with apparent
pK. = 7.35 (Figure 2). The solid line is a theoretical curve
calculated for titration of a group with this pK,. No sub-
stantial deviation was noted in the neighborhood of the
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FIGURE 3: Loss of activity of isomerase {10 ug/mli) in Tris-HCI buffer
(0.05 M, pH 8.1) at 67°, in the absence of additions (broken line),
in the presence of 1.7 X 10~! M dl-glyceraldehyde 3-phosphate
(X), in the presence of 1.5 X 107! m dl-a-glycerophosphate (4),
and in the presence of 8 X 10~4M 2-phosphoglycollate (a).

pK. of the inhibitor (pK; = 6.35 measured titrimetrically
under the same conditions).

In contrast, observed Michaelis constants for glyceralde-
hyde 3-phosphate and K; values for a-glycerophosphate
(Table I) were found to be relatively invariant through most
of the pH range examined, increasing slightly below pH 6
near which secondary phosphate jonization occurs (Kiessling,
1934). Glycolaldehyde phosphate and methyl 2-phosphogly-
collate were found to be relatively weak inhibitors (Table I).

Isomerase was rapidly inactivated at 67° in the presence
of Tris-HCl buffer (0.05 M, pH 8.1). The disappearance
of enzyme activity followed good first-order kinetics (Figure
3), with a half-time of approximately 1.5 min. Preliminary
experiments (Figure 3) showed that ca-glycerophosphate

TABLE I: Michaelis and Inhibition Constants.e

pH Km Ki
dil-Glyceraldehyde 3-phos- 8.50 3.6 X 104
phate 7.05 3.0X 104
5.55 5.4 10¢
2-Phosphoglycollate 8.50 2.1 X 1078
7.05 2.2 X 108
5.55 1.5 X 10-¢
dl-a-Glycerophosphate 8.50 1.8 X 10*
7.80 2.3 X 10
7.05 1.5 X 10—¢
5.55 4.9 X 10~¢
Glycolaldehyde phosphate 7.05 1.2 X 10~¢
Methyl 2-phosphoglycol-  7.05 2.0 x 103

late

a Measured in imidazole-HCl buffers (0.05 M) at 25°,
other conditions as described in text. ? In triethanolamine-HCl
buffer (0.02 M, pH 7.8) (Burton and Waley, 1968).
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FIGURE 4: Effects of varying concentrations of added compounds
on observed first-order rate constants for inactivation, other condi-
tions as in Figure 3.

afforded some protection against heat inactivation, whereas
protection was almost complete with 2-phosphoglycollate.
When the observed rate constants (calculated from the
relationship k = 0.693/t1/? were plotted as a function of the
concentration of added substrates or inhibitors, results
were obtained as shown in Figure 4. Substrates gave little
protection. a-Glycerophosphate gave partial protection, such
that the rate of inactivation of the enzyme in saturating
concentrations of «-glycerophosphate was reduced by a
factor of 4. 2-Phosphoglycollate gave virtually complete
protection, such that the rate of inactivation was reduced
by a factor of at least 100 in the presence of saturating concen-
trations of inhibitor. Approximate concentrations of a-
glycerophosphate (2.5 X 10-% M) and 2-phosphoglycoliate
(1.2 X 107% M) required to give half-maximal protection
in these experiments were 3- to 10-fold higher than the
corresponding K; values determined under similar conditions
at 25° (Wolfenden, 1969).

Discussion

With increasing pH in the range from 6.5 t0 9, Viux/Kn
for isomerization rises to a plateau above apparent pK, = 7.35
(Figure 2). K,, for the substrate glyceraldehyde phosphate (and
K, for the substrate analog «-glycerophosphate) are relatively
invariant through this range (Table I). V. is therefore
the kinetic parameter responsible for the changing rate,
and the observed behavior suggests titration of a basic
group on the protein, pK, = 7.35, required for catalysis;
this pK, is well above those of substrates and inhibitors.
Phosphoglucose isomerase behaves comparably (Dyson and
Noltmann, 1968).

2-Phosphoglycollate is maximally bound by the enzyme
below apparent pK, = 7.35, dissociating from the enzyme
above this pH (Figure 2). Binding of this inhibitor, previously
considered from its structure and inhibitory power to be a
potential transition state analog (Wolfenden, 1969), is thus
sensitive to the state of ionization of an enzyme residue which
appears to be specifically involved in the catalytic event.

Theory predicts that an inhibitor, resembling in binding
properties the substrate part of the enzyme-substrate complex
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in the transition state, should be bound very much more
tightly to the enzyme than the substrate itself. For an ideal
case, this ‘‘binding ratio” should equal or exceed the ratio
by which the limiting rate of the enzymatic reaction exceeds
that of the nonenzymatic reaction under similar conditions
(the “rate ratio”) (Wolfenden, 1969). Conditions which
produce a change in the rate ratio should produce a propor-
tionate change in the binding ratio.

The nonenzymatic isomerization of triose phosphate is
too slow to measure near neutrality, but as in other examples
of the Lobry de Bruyn-van Ekenstein rearrangement (Mi-
chaelis and Rona, 1912; Speck, 1958) the rate of this reaction
presumably rises with pH in proportion to the concentration
of alkali. Figure 5 shows that, if this assumption is made,
the rate ratio (kca.¢/k.onenz) reaches a plateau below apparent
pK. = 7.35. The ratio of the binding constant of 2-phospho-
glycollate to the apparent binding constant of the substrate,
(Kn/K;), varies in a similar manner, reaching a plateau
below apparent pK, = 7.35 (Figure 5). The observed depen-
dence of kinetic and binding constants on pH tend to confirm
the hypothesis that 2-phosphoglycollate acts as an analog
of an intermediate in the catalyzed reaction, rather than a
substrate analog of the conventional type.

These results are consistent with our earlier interpretation
(Wolfenden, 1969) that 2-phosphoglycollate serves as an
analog of an ene-diolate intermediate formed by proton
transfer to the enzyme (Rose, 1962). However the actual
states of ionization of the species involved cannot be deter-
mined unambiguously by steady-state kinetics. An alter-
native possibility is that 2-phosphoglycollic acid with an
undissociated carboxylic acid group (an analog of an undis-
sociated ene~diol intermediate) is the true inhibitor. This
appears unlikely, since glycolaldehyde phosphate and methyl
phosphoglycollate, with no dissociable hydrogen, are two
orders of magnitude less tightly bound (Table I), with K;
values comparable with P; and many simple phosphate
esters (Wolfenden, 1969). In addition, species of phospho-
glycollic acid with undissociated carboxylic acid groups are
present at very low concentrations in the pH range considered.
If any of them were the true inhibitor, its K; would be several
orders of magnitude lower than the apparent K; of approx-
imately 10~® M. Even if binding proceeded at diffusion-con-
trolled rates, release would be expected to be a fairly slow
process. However, inhibition by 2-phosphoglycollate has
been found to fully reversed by dilution within the few
seconds required for conventional kinetic measurements.
Further experiments with rapid reaction techniques are in
progress, but present results are consistent with inhibition
by the fully ionized form of the inhibitor.

Protection of triosephosphate isomerase by inhibitors

log Km

/Iog Kegt
/
/
/
/199 Fagnens log K;
/
log @ log K_m
k Ki
nonenz

pH —= pH —=

Rate Ratio Binding Ratio

FIGURE 5: pH dependence of kinetic parameters (see Discussion).

against heat inactivation suggests a change in the structure
of the enzyme in solution from its native form in the presence
of the substrate analog a-glycerophosphate resulting in
limited protection, and a further change in the presence of
2-phosphoglycollate resulting in complete protection. The
relative extents of heat protection by saturating inhibitors
is positively correlated with the relative tightness of binding
of these compounds in solution, and with the relative changes
which they bring about in the unit cell dimensions and volume
of the crystalline enzyme from chicken muscle (Johnson and
Wolfenden, 1970). This is understandable if the transition
state analog possesses additional points of interaction with
the enzyme, not present in the substrate analog, which result
in a further change in enzyme structure. Whether these
structural changes are limited to the immediate neighborhood
of the active site is a question which can only be answered
by further physical studies.
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