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Abstract—The proposed cyclic mechanism of 3-deoxy-d-manno-octulosonic acid 8-phosphate synthase and the mechanism of
chorismate mutase share certain structural and electronic similarities. In this report, we examine several inhibitors of chorismate
mutase for their efficacy against KDO 8-P synthase. # 2001 Elsevier Science Ltd. All rights reserved.

Phosphoenolpyruvate (PEP) participates in a wide vari-
ety of biological reactions that can be divided into two
distinct classes. The first class includes reactions wherein
the phosphate moiety is cleaved by way of attack of a
nucleophile, usually hydroxide, on the phosphate and
subsequent dissolution of the P–O bond. The second
class of reactions, catalyzed by only four known
enzymes, involves breakage of the C–O bond following
attack of a nucleophilic oxygen on C2 of PEP.1 The
reactions of both enolpyruvyl shikimate 3-phosphate
synthase2 and uridine-50-diphospho-N-acetylgluco-
seamine enolpyruvyl transferase3 are known to be initi-
ated by the attack of a substrate hydroxyl onto C2PEP

while that of 3-deoxy-d-arabino-heptulosonic acid 7-
phosphate synthase is proposed to initiated by a water
molecule.4 In the case of 3-deoxy-d-manno-octulosonic
acid 8-phosphate (KDO 8-P; EC 4.1.2.16) synthase,
both acyclic5 and cyclic6 mechanisms have been pro-
posed. In the cyclic mechanism (Scheme 1a), the C3-OH
of arabinose 5-phosphate (A5P) initiates the reaction by
attacking C2PEP, with subsequent breakdown of the
tetrahedral intermediate. The acyclic mechanism
(Scheme 1b) is initiated by an active site water attacking
C2PEP, followed by the C3PEP attack at the carbonyl of
A5P. The degree of negative charge build-up at C3PEP

has not yet been investigated, leaving open the question
of reaction timing (i.e., concerted or stepwise). In a
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series of communications by Baasov and co-workers,7�9

it was concluded that the cyclic mechanism was not
operative, due to the observation that the proposed
cyclic intermediate was not converted to KDO 8-P by
the enzyme. These data were obtained before it was
known that the active site of KDO 8-P synthase is
sealed from bulk solvent by the closure of two loop
regions. These closures are caused by the binding of the
two substrates.10 This finding allows for the possibility
that an intermediate may not bind to the correct form of
the enzyme for catalysis (the correct form for inter-
mediate binding having the active site closed to solvent)
and thus may not be converted to product. Further-
more, the two compounds synthesized by Baasov as
mimics of the cyclic7 and acyclic8 transition states both
failed to inhibit KDO 8-P synthase strongly enough (35
and 3 mM, respectively) to draw meaningful mechanistic
conclusions. Therefore, while evidence exists to support
both the cyclic and acyclic hypotheses,10�13 no experi-
ment has conclusively established the true catalytic
mechanism. Structures obtained by X-ray diffraction of
the Escherichia coli14 and Aquifex aeolicus10 KDO 8-P
synthases further compound this problem. In the struc-
ture of the E. coli enzyme, the location of the phosphate
groups of PEP and A5P (inferred by the location of two
bound sulphates) are 13 Å apart, precluding the cyclic
mechanism, while in the A. aeolicus structure they are
only 10 Å apart, allowing for the possibility that C2PEP

and C3-OHA5P are within the requisite distance for
bond formation and hence the cyclic mechanism.

Chorismate mutase (CM; EC 5.4.99.5) catalyzes the
pericyclic rearrangement of chorismate to prephenate
(Scheme 2), and represents a key enzyme in the bio-
synthesis of phenylalanine and tyrosine along the shiki-
mate pathway. The rearrangement proceeds via a cyclic
transition state resembling that shown in Scheme 1 for
KDO 8-P synthase.

Interestingly, a search of available genetic information
using the Basic Local Alignment Search Tool15 with E.
coli KDO 8-P synthase as the query sequence returned,
among others, a sequence identified as the chorismate
mutase from Staphylococcus xylosus (55% similar).
Both CM and the cyclic mechanism of KDO 8-P syn-
thase catalyze the attack of C3PEP (or the PEP-like
moiety in the case of CM) onto an electrophilic sp2

carbon in a six-membered transition state. Such a
mechanistic similarity between the two enzymes sug-
gested that CM inhibitors might serve as promising
leads for KDO 8-P synthase inhibitors. Neither enzyme
is expressed in mammalian cells and are thus both
attractive targets for the design of new antibiotic agents.
Therefore, a series of compounds (Scheme 3, 1–11) that

had earlier been screened as CM inhibitors16 was tested
against KDO 8-P synthase. Compound 1217 was inclu-
ded in this screen empirically, based on its similarity to
the structure of A5P.

All compounds (Scheme 3, 1–12) were initially assayed
at 1 mM [90 mM (�10�KM) PEP, 270 mM (�10�KM)
arabinose 5-phosphate (A5P), 200 nM KDO 8-P syn-
thase, and 100 mM Tris–OAc (pH 7.4) in a total of 1 mL
at 37 �C]. The absorbance due to the a,b-unsaturated
carboxylate of PEP was monitored at 232 nm
(e=2840M�1 cm�1) as described previously.18 Com-
pound 1 absorbed strongly at 232 nm, therefore a
purine nucleoside phosphorylase (PNPase) based phos-
phate release assay was utilized [90 mM (�10�KM)
PEP, 270 mM (�10�KM) arabinose 5-phosphate (A5P),
100 mM 7-methylinosine, �200 nM KDO 8-P synthase,
�200 nM PNPase, and 100 mM Tris-OAc (pH 7.4) in a
total of 1 mL at 37 �C]. The PNPase coupled assay was
monitored at 280 nm as described previously.18,19

Of the 12 compounds tested as inhibitors of KDO 8-P
synthase, only one exhibits an IC50 below 500 mM

Scheme 2. Scheme 3.
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(Table 1). Compound 12, which displays saccharide like
structural characteristics, but lacked a phosphate group
at C6, is a surprisingly potent inhibitor. Phosphate
groups are required for binding of other mono-
saccharides tested (arabinose and ribose are neither
substrates nor inhibitors of KDO 8-P synthase).20 The
progress curve of 12 (not shown) indicates that this
compound binds very slowly to KDO 8-P synthase and
appears to be an irreversible inactivator of the enzyme.
This inactivation, which follows apparent first order
kinetics, proceeds with a Ki of 2.3 mM and a kinact of
0.01 min�1 (Fig. 1). A low millimolar Ki places 12 in a
range similar to ribose 5-phosphate (1 mM),20 which
differs from A5P only in the stereochemistry at C2. The
absence of the terminal phosphate, while detrimental to
binding, is no longer requisite for inhibition. At all
concentrations of 12 tested, complete inactivation of the
enzyme is achieved (compared to inhibitor-free control).
The inactivation of KDO 8-P synthase appears to be
kinetically irreversible, but is completely reversed by the
addition of a reductant [either 1 mM DTT or 100 mM
tris-(carboxyethyl)phosphine (TCEP)] (data not shown).

Although the reactions of chorismate mutase and KDO
8-P synthase may have certain similarities, there appears
to be little cross-reactivity between inhibitors. The only
compound that inhibited KDO 8-P synthase to any
great extent (12) is obviously similar to the linear form
of the substrate, A5P, and the product, KDO 8-P.
Conversely, the best CM inhibitor (9, IC50=350 mM16)
had little effect on KDO 8-P synthase. This result is
consistent with the recent conclusion of Duewel et al.10

that the cyclic mechanism is less likely than the acyclic
mechanism wherein the reaction is initiated by attack of
an activated water molecule on C2PEP. Although the
activities of compounds 1–11 against CM are uninspir-
ing,16 the general steric and electronic properties of
these compounds are similar to those of true CM
transition state analogues, such as 13.

Given that none of these compounds inhibits either
enzyme well, the cross-reactivity of CM and KDO 8-P
synthase was examined. First, Bacillus subtilis CM21 was
incubated with PEP and A5P, and the production of
KDO 8-P was monitored using the deoxy-mono-

saccharide assay described by Aminoff22 as modified by
Ray.20 Given the sensitivity of the Aminoff assay, as
little as 500 nM KDO 8-P would have been readily
detectable. Second, chorismic acid was incubated with
KDO 8-P synthase while monitoring both the dis-
appearance of chorismate and the production of pre-
phenate.23,24 Finally, a CM catalytic antibody (DMH6
1F7, raised against 13, a transition state analogue)25 was
incubated with PEP and A5P and KDO 8-P production
was monitored as above. It was hoped that the active
site flexibility of this antibody, while not a particularly
efficient catalyst of the CM reaction (104 times slower
than CM itself), would allow it to bind A5P and PEP in
the appropriate conformation for the cyclic reaction.
No cross-reactivity was observed in any of these experi-
ments, suggesting that the intermediates in these two
reactions do not closely resemble one another, and that
the cyclic mechanism may not be operative in KDO 8-P
synthase.

Although 12 was not intentionally designed as a CM
inhibitor, the unexpected results with this compound are
interesting, especially its ability to bind KDO 8-P syn-
thase in the absence of a phosphate ester on the primary
carbon. However, the reversal of inhibition by 12 can be
explained. It has been known for some time that the
active site of E. coli KDO 8-P synthase contains a
mechanistically important cysteine residue.26 This Cys

Table 1. Inhibition of KDO 8-P synthase

Compd IC50 (mM) KDO 8-P synthase

1 >500
2 n.a.a

3 n.a.
4 n.a.
5 >1000
6 n.a.
7 >1000
8 >1000
9 >1000
10 >1000
11 n.a.
12 400b

an.a.=not active.
bDue to spectroscopic interference by 12, data were only obtainable
below 500 mM. Therefore, the IC50 for 12 was determined using only
data between 50 and 500 mM.

Figure 1. Inactivation of KDO 8-P synthase by 12. (A) Time and
concentration dependence of inactivation. Homogenous KDO 8-P
synthase (�5 mM) was incubated with 12 for the indicated time and
then assayed by diluting 5 mL of the enzyme–inhibitor solution into
995 mL of 100 mM Tris–HCl (pH 7.5), 150 mM PEP, and 150 mM A5P
at 37 �C. The change in absorbance (l=232 nm) was monitored; (B)
Hyperbolic plot of observed inactivation rates (kobs) versus con-
centration of 12. From the fit of the hyperbolic plot: Ki=2.3 nM and
kinact=0.01 min�1.
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could form a disulfide bond with an appropriately
bound thiolate. The formation of this disulphide could
be accomplished though a resonance form of the thio-
amide. Any disulphide would then be easily reduced by
the addition of DTT or TCEP.

The inactivation of KDO 8-P synthase by 12 is inter-
esting for several reasons: its resemblance to the linear
(acyclic) intermediate, the absence of any phosphate
moieties, and the potential covalent nature of the inhi-
bition. The extended linear nature of 12 once again
suggests that the mechanism of KDO 8-P synthase is
acyclic. In all of the substrate-like inhibitors thus far, a
phosphate or phosphate isostere has been mandatory.
The fact that 12 is able to bind to KDO 8-P synthase in
the absence of this phosphate suggests that other non-
phosphorylated structures may bind to and inhibit
KDO 8-P synthase. Elimination of a phosphate
requirement would vastly ease design of a bioavailable
substrate analogue or transition state analogue.
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