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Summary

Effect of several phosphoenolpyruvate analogs on the activity of enoyl-
pyruvate (phosphoenolpyruvate:UDP-2-acetamido-2-deoxy-D-glucose 2-enoyl-
1-carboxyethyltransferase, EC 2.5.1.7) transferase was examined. The results
suggest that the phosphoenolpyruvate binding site of the transferase is very
similar to that of pyruvate kinase (ATP:pyruvate 2-O-phosphotransferase, EC
2.7.1.40). Evidence is presented to show that the binding of UDP-GlcNAc to
the transferase enhances the reactivity of the active site SH group.

The enzyme, enoylpyruvate transferase (phosphoenolpyruvate:UDP-2-
acetamido-2-deoxy-D-glucose 2-enoyl-1-carboxyethyltransferase, EC 2.5.1.7)
catalyzes the transfer of enolpyruvate moiety of phosphoenolpyruvate to
3'-position of N-acetylglucosamine moiety of UDP-GleNAc to form UDP-
GlcNAc-enolpyruvate with the liberation of inorganic phosphate and is
the first committed reaction of bacterial cell wall peptidoglycan biosynthesis
[1]. Previously, the enzyme was purified to homogeneity [2] and evidence pre-
sented to show the formation of an enzyme enolpyruvate intermediate
in the reaction and that the formation of E-enolpyruvate intermediate requires
the prior binding of the second substrate, UDP-GlcNAc [3].

The work with phosphoenolpyruvate analogs, described in this communica-
tion, suggests that the phosphoenolpyruvate binding site of the transferase is
very similar to that of pyruvate kinase. This work also led to the finding that
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UDP-GlcNAc binding to the transferase enhances the reactivity of the active
site SH group.

Phosphoenolpyruvate analogs, phosphoenol-a-ketovalerate, phosphoenol-
3-bromopyruvate, phosphoenol-3-phenylpyruvate, were synthesized by reacting
corresponding bromoketo acids with trimethyl phosphite essentially as described
in the literature [4,5]. Pyruvate, bromopyruvate and flucropyruvate were pur-
chased from Sigma. a-Ketovaleric acid was from Aldrich and t:imethyl phos-
phite from Eastman. Other reagents were the same as described previously [2].

The enzyme was purified as described previously and assayed by measuring
P; released [2]. The assay was carried out in 50 mM Tris-HCI buffer, pH 7.4,
containing 0.5 mM dithiothreitol, 1.0 mM UDP-GlcNAc and appropriate con-
centrations of phosphoenolpyruvate or its analogs. After incubation, the reac-
tion was stopped by making the mixture 6% (w/v) in trichloroacetic acid and
the entire supernatant was used for P; determination by a modified method of
Polley [6] using SnCl, as the reducing agent.

Effects of phosphoenolpyruvate analogs, (Z)-phosphoenol-a-ketobutyrate,
phosphoenol-a-ketovalerate, phosphoenol-3-bromopyruvate, phosphoenol-3-
phenylpyruvate, pyruvate, fluoropyruvate and bromopyruvate, on the activity
of enoylpyruvate transferase were examined. As reported previously [3],
(Z)-phosphoenol-a-ketobutyrate was found to act as a substrate for the enzyme
and UDP-GlcNAc-enol-a-ketobutyrate was characterized as the product. Phos-
phoenol-a-ketovalerate was found to be an effective inhibitor of the enzyme
with a K; value of 1.7 mM as shown in Fig. 1. No detectable substrate activity
could be observed with phosphoenol-3-bromopyruvate or phosphoenol-3-
phenylpyruvate. It was not possible to determine the competitive inhibition of
the reaction by phosphoenol-3-bromopyruvate or phosphoenol-3-phenyl-
pyruvate, due to non-enzymatic hydrolysis of these analogs under the assay
conditions. The situation was further complicated with phosphoenol-3-bromo-
pyruvate: non-enzymatic hydrolysis generated bromopyruvate which inhibited
the enzyme irreversibly (see below). Our inability to detect substrate activity
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Fig. 1. Dixon plot of phosphoenol-a-ketovalerate inhibition of enoylpyruvate transferase. Higher phospho-
enolpyruvate concentration, 1.2 mM (®#———=@); lower phosphoenolpyruvate concentration, 0.6 mM
(6——4); UDP-GlcNAc, 1 mM; transferase, 0.05 unit of activity; V = Ag60 per min (P; released).
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TABLE I

EFFECTS OF PHOSPHOENOLPYRUVATE ANALOGS ON THE ACTIVITY OF ENOYLPYRUVATE
TRANSFERASE

Phosphoenolpyruvate analog Effect
(Z)-Phosphoenol-a-ketoburyrate Active as a substrate
Phosphoenol-a-ketovalerate Effective inhibitor; K; = 1.7 mM

Phosphoenol-3-bromopyruvate }

No detectable activity as substrate
Phosphoenol-3-phenylpyruvate

Pyruvate } No inhibition
Fluoropyruvate
3-Bromopyruvate Irreversible inhibition

with phosphoenol-3-bromopyruvate at saturation concentrations may be
attributable to this effect. No inhibition of the reaction was detected with
pyruvate or fluoropyruvate at concentrations as high as 100 mM (250-fold
excess over phosphoenolpyruvate). These results are summarized in Table I.

The effects of phosphoenol-a-ketobutyrate and phosphoenol-a-ketovalerate
on the activity of the transferase are very similar to those reported with
pyruvate kinase [4,5] (with pyruvate kinase, phosphoenol-a-ketobutyrate acts
as substrate and phosphoenol-a-ketovalerate is an effective inhibitor with a K;
value of 1.07 mM). This suggests that the phosphoenolpyruvate binding site in
transferase and pyruvate kinase are very similar. Even the K., values for phos-
phoenolpyruvate with these enzymes are very similar (with pyruvate kinase
[5], K, =2.6-10"°M and with transferase [2], K, =3 - 1075 M). This is
interesting because the reactions catalyzed and the mechanisms of catalysis of
these two enzymes are apparently quite different (transferase [2] has no metal
requirement and forms E-enolpyruvate intermediate). The result with pyruvate
(i.e., no inhibition of the reaction) is not really inconsistent with the phospho-
enolpyruvate binding site of transferase being similar to that of pyruvate kinase.
The pyruvate kinase reaction is essentially irreversible and pyruvate is known to
bind pyruvate kinase very poorly [7].

The effect of UDP-GIcNAc on the reactivity of the active site SH group was
investigated. As mentioned above, there was non-enzymatic hydrolysis of phos-
phoenol-3-bromopyruvate under the assay conditions and there was evidence of
irreversible inhibition of the transferase at high c¢oncentrations of phosphoenol-
3-bromopyruvate. To test the possibility that 3-bromopyruvate, generated as a
result of the non-enzymatic hydrolysis of phosphoenol-3-bromopyruvate, was
alkylating the enzyme, the effect of 3-bromopyruvate on the activity of the
transferase was examined. The results (Table II) show that the enzyme was
preferentially inhibited by 3-bromopyruvate in the presence of UDP-GlcNAc.
Preincubation of the enzyme for 10 min with 0.2 mM 3-bromopyruvate in the
presence of UDP-GlcNAc (Table II, No. 4) resulted in 70% loss of activity. On
the other hand, in the absence of UDP-GleNAc, the loss of activity was 45%
(Table II, No. 3) and was similar to the inhibition observed when 3-bromo-
pyruvate was omitted during preincubation but was present in the assay incuba-
tion mixture (No. 2). The transferase was not inhibited by phosphoenol-3-
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TABLE II
INHIBITION OF ENOYLPYRUVATE TRANSFERASE BY BROMOPYRUVATE

The enzyme (0.03 unit) was preincubated for 10 min in 50 mM Tris-HCl1 buffer, pH 7.4, containing 0.5
mM dithiothreitol, with or without bromopyruvate as indicated. Activity (P liberated; Aggg) was mea-
sured after incubation for 30 min as indicated. Pep, phosphoenolpyruvate.

Sample Preincubation mixture Incubation mixture Activity
(10 min) (A660)
1 Enzyme Enzyme + 1 mM Pep + 1 mM 0.24
UDP-GIcNAe
2 Enzyme Enzyme + 1 mM Pep + 0.2 mM 0.15
bromopyruvate + 1 mM
UDP-GlcNAc
3 Enzyme + 0.2 mM bromopyruvate Enzyme + 1 mM Pep + 0.2 mM 0.14
bromopyruvate + 1 mM
UDP-GIlcNAc
4 Enzyme + 0.2 mM bromopyruvate Enzyme + 1 mM Pep + 0.2 mM 0.075
+ 1 mM UDP-GIlcNAc bromopyruvate + 1 mM
UDP-GlecNAc

bromopyruvate at concentrations (0.1—0.2 mM) comparable to those used for
bromopyruvate. This preferential inhibition of the transferase by 3-bromo-
pyruvate in the presence of UDP-GIcNAc could either be due to the enhanced
binding of 3-bromopyruvate to the active site or the enhanced reactivity of the
active site SH group in the presence of UDP-GlecNAc, or both.

Previously, enoylpyruvate transferase has been shown to form a covalent
intermediate with enolpyruvate and the intermediate forms only in the pres-
ence of UDP-GIcNAc [3]. Similarly, the enzyme is irreversibly inhibited with

0o
I
fosfomycin (CH3—C\<—?{—P—O'), active site SH is involved in this reaction
I
0]

OH

and the inhibition occurs only in the presence of UDP-GlcNAc [8,9]. On the
basis of these observations, it was suggested that for the proper binding of
phosphoenolpyruvate the prior binding of UDP-GlcNAc to the active site is
required. Bromopyruvate is known to act as an active site-directed inhibitor for
a number of enzymes (e.g., pyruvate carboxylase [10]; 2-keto-3-deoxy-6-phos-
phogluconic aldolase [11], N-acetylneuraminic acid aldolase [12], pyruvate
kinase [13] and DHAP synthase (EC 4.1.2.14) [14]). In all of these cases, one
of the substrates or products is pyruvate. However, in the case of enoylpyruvate
transferase, pyruvate is neither a substrate nor a product. Further, pyruvate and
3-fluoropyruvate show no competitive inhibition of this enzyme even at very
high concentrations (Table I; 100 mM 250-fold excess over phosphoenolpyru-
vate) and thus do not bind to the active site of the transferase. These observa-
tions suggested that the enhanced reactivity of the active site SH group in the
presence of UDP-GIcNAc may be responsible for the preferential inhibition of
this enzyme by 0.2 mM bromopyruvate in the presence of UDP-GlcNAc.

To explore this point further, the effect of iodoacetate and iodoacetamide
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Fig. 2. Effect of UDP-GlcNAc on the reactivity of the active site SH group of enoylpyruvate transferase
with iodoacetate: The enzyme (0.06 units/ml) was preincubated with 0.2 mM iodoacetate in 50 mM Tris-
HC1} buffer, pH 7.4, in the presence (1.0 mM; © O) and in the absence (® o) of UDP-GlIcNAc.
Aliquots (1.0-ml) were removed at the indicated time intervals, cysteine was added to a final concentra-
tion of 10 mM to stop the alkylation of the enzyme and the residual enzyme activity was then determined
by measuring the Pj released (final incubation vol. was 1.02 ml}; 0.97 mM UDP-GleNAc and 0.97 mM
phosphoenolpyruvate). The enzyme preincubated in the absence of iodoacetate was used as a control.

on the activity of the transferase, in the presence and absence of UDP-GIcNAc,
was examined. The results of the iodoacetate experiment are shown in Fig. 2.
The enzyme was preincubated with 0.2 mM iodoacetate in the presence and
absence of UDP-GIcNAc, aliquots were removed at indicated time intervals,
cystein added to a final concentration of 10 mM to stop the alkylating reaction
and the remaining enzyme activity was then measured (for details see Fig. 2).
The rate of inhibition of the enzyme was higher in the presence of UDP-
GlcNAc than in its absence. After preincubation with iodoacetate, for 25 min,
in the presence of UDP-GIcNAc, 41% of the enzyme activity was lost and in
the absence of UDP-GIcNAc the loss was only 15%. Similar results were ob-
tained with iodoacetamide; the loss of enzyme activity after 15 min preincuba-
tion with 0.2 mM iodoacetamide in the presence of UDP-GlcNAc was 38% and
in the absence of UDP-GIcNAc the loss was only 20%. These results clearly
show the enhanced reactivity of the active site SH group after the binding of
UDP-GlcNAc to the active site of the transferase. These results also explain our
observations that although fosfomycin irreversibly inhibits the transferase, it
shows no competitive inhibition of pyruvate kinase even at very high concen-
trations (300 mM; 750-fold excess over phosphoenolpyruvate), which one
would expect, on the basis of similarities in phosphoenolpyruvate binding sites
of the transferase and pyruvate kinase, if fosfomycin was acting as an analog of
phosphoenolpyruvate. Thus, it appears that the fosfomycin inhibition of the
transferase in the presence of UDP-GlcNAc is also due to the enhanced reactiv-
ity of the active site SH group and may have very little to do with its being an
analog of phosphoenolpyruvate.
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