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ABSTRACT. The presence of sialic acid as a component of cell surface lipooligosaccharides or capsular
polysaccharides has been shown to be correlated with the virulence of a number of Gram-negative mucosal
pathogens, including severdbemophilusand Neisseriaspp. As part of our efforts to evaluate the role

of sialic acid in the pathobiology of these organisms, we have initiated studies of the enzymes from
Haemophilus ducrey(ithe infectious agent of chancroid) responsible for the activation and attachment of
sialic acid to the lipooligosaccharide. In this report, we describe results of an investigation of the steady-
state kinetic mechanism of the activating enzyme, cytidinm@&nophosphaté&l-acetylneuraminic acid
(CMP-NeuAc) synthetase. Using a combination of initial velocity, product inhibition, and dead-end
inhibition studies, the reaction is shown to be freely reversible and to proceed through an ordered bi-bi
kinetic mechanism in which CTP binds first and CMP-NeuAc dissociates last. In addition, a detailed
analysis of the kinetic expressions for the observable constants is presented showing how the variation in
apparent product inhibition constants;] can be used to predict the rate-limiting stepkig, which
appears to be dissociation of CMP-NeuAc in this enzyme. To our knowledge, this relationship has not
been previously recognized.

Sialic acid N-acetylneuraminic acid (NeuA®)is a nine- component of surface capsular polysaccharides and li-
carbon acidic sugar whose presence on various surfacepopolysaccharidegi-6). The appearance of sialic acid on
glycoconjugates is known to modulate many cellular rec- bacterial glycoconjugates, for example, has been shown to
ognition processesdl( 2). In many eukaryotes, sialic acid is  correlate with the pathobiology and virulence of organisms
widely distributed and appears on numerous cell surface that cause disease. Among pathogenic membelraemo-
glycoproteins and glycolipids. Besides there being known philus and Neisseriagenera, sialic acid has been found to
biological roles in celi-cell recognition and embryonic  be linked to the terminal galactose of lactoskacetyllac-
development, overexpression of sialic acid can occur in sometosamine, and the trisaccharide Ga4Ga31—4Glc (¢
tumors and is likely to contribute to their patholod; 4). antigen) of some lipooligosaccharide (LOS) specEs?(

In contrast, sialic acid is found with much less frequency in 8). These same sialylated structures are also present as a
prokaryotes, but nonetheless has been identified as acomponent of human glycolipid antigens, suggesting that the
functional role of LOS in some bacteria may be related to
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1 Abbreviations: BSA, bovine serum albumin; CMP-NeuAc, cytidine .
5'-monophosphatdl-acetylneuraminic acid; CTP, cytidiné-Giphos- represent potential targets for drug development.

phate; DTT,pL-dithiothreitol; G-1-P,a-p-glucose 1-phosphate; G-6- The pathway for the biosynthesis of sialic acid in the

P, a-p-glucose 6-phosphate; HPLC, high-performance liquid chroma- : : :
tography: LOS, lipooligosaccharide; @-Me-NeuAc, 20-methyl$- HaemophilusandNeisseriagenera has not yet been clearly

N-acetylneuraminic acid; MOPS, 3Hmorpholino)propanesulfonic  €stablished, but has been shown to involve condensation of
acid; NADP*, s-nicotinamide adenine dinucleotide phosphate; NADPH, N-acetylmannosamine with either PEP or pyruvate in other

reduced form of3-nicotinamide adenine dinucleotide phosphate; ; i
NeuAc, N-acetylneuraminic acid; PEP, phospho(enol)pyruvate; 6-P- prokaryotes 10, 11). However, the pathway for sialylation

GA, 6-phosphogluconic acid; RRyrophosphate; UDPG, uridiné-5 ~ @ppears to be anserved in all orgagisms and involves two
diphosphoglucose. steps as shown in Figure 1. In the first step, CMP-NeuAc
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Ficure 1: Biosynthetic pathway for sialylated LOS. CMP-NeuAc
synthetase condenses free sialic acid with MgCTP, producing CMP-
NeuAc and MgPP CMP-NeuAc then serves as the substrate for a
sialyltransferase, which catalyzes the transfer of the sialic acid to
the nonreducing terminadll-acetyllactosamine of the LOS, in this
case, at the'3position.

synthetase (EC 2.7.7.43) catalyzes the activation of the
anomeric hydroxyl group in sialic acid by formation of an

ester linkage in CMP-NeuAc, which then serves as the
substrate for attachment of sialic acid to the LOS by one or

Samuels et al.

rational drug design. We recently reported the cloning and
expression of the CMP-NeuAc synthetase frbimducreyi
(21), the causative agent of chancroid (a genital ulcer
disease), which has afforded large quantities of homoge-
neously pure enzyme for the initiation of basic biochemical
studies. In one recent study, a conserved N-terminal lysine
(Lys-19) was identified as a likely component of the CTP-
binding domain 22). In the studies reported here, we have
determined the steady-state kinetic mechanism ofHhe
ducreyi CMP-NeuAc synthetase using a combination of
initial velocity kinetics, product inhibition, and dead-end
inhibition studies, along with a detailed analysis of the kinetic
expressions for the observable constants in the resulting
ordered bi-bi mechanism. In this analysis, it is shown that
the variation in the magnitude of apparent product inhibition
constants can be used to predict rate-limiting steps in the
reaction.

MATERIALS AND METHODS

Materials. MOPS, MgC}, DTT, BSA, NeuAc, CTP,
CMP-NeuAc, PP UDPG, NADF, a-b-glucose 1,6-diphos-
phate, glucose-6-phosphate dehydrogenase, phosphogluco-
mutase, and uridine &liphosphoglucose pyrophosphorylase
were all purchased from Sigma Chemical$O-Me-NeuAc
was purchased from GlycoTech.

Preparation of CMP-NeuAc Synthetasehe expression
and purification of CMP-NeuAc synthetase frdtin ducreyi
were previously describe®1). The enzyme was stored at
4 °C as an ammonium sulfate suspension. For assays in
which the anion exchange HPLC method described below
was used, stock solutions of CMP-NeuAc synthetase were
made by dilution of the ammonium sulfate suspension with
assay buffer containing 200 mM MOPS (pH 7.1), 200 mM
NaCl, 20 mM MgC}, and 1 mg/mL BSA. However, for the
enzyme-coupled fluorescence assay described below, the
ammonium sulfate suspension of CMP-NeuAc synthetase
was desalted prior to being used, by applying it to a Bio-
Silect SEC-250 guard column (Bio-Rad; 50 mui7.8 mm)
and eluting with 200 mM MOPS (pH 7.1) containing 200

more sialyltransferases. Recently, both sialyltransferase andnM NaCl. The total protein concentration of each enzyme

CMP-NeuAc synthetase deletion mutantsHdemophilus

preparation was quantitated using an extinction coefficient

ducreyiwere constructed and shown by mass spectrometry ego of 0.40 mL mg* cm™! determined from the amino acid

and sugar composition analysis to be devoid of sialylated
LOS glycoforms, although these sialic acid deficient mutants
have not yet been assayed for changes in biological activity
(12). In two cases where the biological consequences of
introducing such a defect have been examined, that is,
sialyltransferase deletion mutantsifgonorrheag13) and

N. meningitidig14), incorporation of sialic acid into the LOS
was found to be critical for the conversion to and/or

analysis of a sample of enzyme with a definkgo.

Anion Exchange HPLC Assayhe rate of production of
CMP-NeuAc was monitored by single-point measurements
as previously described with slight modificationg1).
Briefly, 90 uL of the premixed substrates is preincubated at
25 °C for 2 min prior to the addition of 1@L of diluted
CMP-NeuAc synthetase, resulting in the following final
conditions: 200 mM MOPS (pH 7.1), 20 mM Mgg£I20

maintenance of a serum resistant phenotype. These studiegy\ NaCl, and 0.1 mg/mL BSA. The final concentration of

strongly suggest that disruption of sialylation pathways in cMmp-NeuAc synthetase was 0.71 nM for all experiments
these organisms may provide an effective treatment for except for the dead-end inhibition study with NeuAc as the
disease. variable substrate, where it was 1.1 nM. For each enzyme
As indicated above, CMP-NeuAc is a common intermedi- concentration, limits for the duration of the initial linear phase
ate in both eukaryotic and prokaryotic organisms that display were determined by measuring the initial velocity at multiple
sialic acid on their cell surfaces, and a number of CMP- time points for the reactions where both substrates were either
NeuAc synthetases have been isolated from both animalat the lowest or highest concentrations used in the full study,
sources 15—17) and bacterial sourced§—20). Although and also for the two reactions where one substrate was at its
several have been partially characterized, there has been néowest and the other at its highest concentration. At ap-
detailed kinetic analysis of any to provide a framework for propriate times, reactions were terminated by addition of 20
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Scheme 1: Enzyme-Coupled Fluorescence Assay for the Substrate Initial Velocity Datalhe discontinuous anion
Measurement of RP exchange HPLC assay was used to obtain initial velocity
CMP-NeuAc data at varied concentrations of both substrates. The CTP
MgCTP + NeuAc === MgPP, + CMP-NeuAc concentrat@on was varied from _12.5 to 100 as the
synth‘etase concentration of NeuAc was varied from 628 to 1.0

mM to yield a 5x 5 matrix. In each reaction, no more than
11% of the substrate in lowest concentration was converted

UDPG to product. Each data point represents the mean of three
MgPP; + UDPG ==  UTP + G-I-P separate trials.
pyrophosphorylase Product Inhibition Data.The inhibition behavior of each

product with respect to each substrate was determined by
measuring initial velocities in the presence of a constant

phospho- concentration of one substrate, while varying the concentra-
G-1-P _ G-6-P tion of the other substrate and the appropriate produgt, PP
glucomutase or CMP-NeuAc. For studies of P&s an inhibitor, production

of CMP-NeuAc was assessed using the anion exchange
HPLC assay. Conversely, for studies of CMP-NeuAc as an

G-6-P L ] .
. - + inhibitor, the generation of PRvas assessed indirectly by
G-6-P + NADP dehy d‘rogenﬁa'SIZ'GA*NADPH +H the enzyme-coupled assay (Scheme 1). Assay conditions

were as described above with the exception of the addition
) of the chosen product inhibitor to the assay premix prior to
uL of 300 mM ammonium formate (pH 3.5), followed by  the addition of CMP-NeuAc synthetase. Under these condi-
immediate freezing on dry ice. The frozen reaction mixture tions, no more than 8% of the substrate at the lowest
was thawed just prior to being analyzed by anion exchange concentration was converted to product. Each data point
chromatography using a nucleotide analysis column (Vydac; represents the average of at least two separate trials.
4.6 mmx 50 mm) with elution by a gradient of 35 t0 500 pead-End Inhibition Data.To examine the inhibition
mM ammonium formate (pH 3.5). The amount of CMP- pehavior of 20-Me-NeuAc with respect to each substrate,
NeuAc at each time point was determined by integration of jnitial velocities were measured in the presence of a constant
its peak area measured at 280 nm using Mac Integrator |concentration of one substrate, while varying the concentra-
software (Rainin). tions of the other substrate and the inhibitor. For both types
Enzyme-Coupled Fluorescence AssAg.an alternative  of reactions, production of CMP-NeuAc was assessed using
assay for some of the product inhibition studies, CMP-NeuAc the anion exchange HPLC assay. Conditions were as
synthetase activity was monitored continuously by coupling described above with the exception of the inclusion @-2-
the production of PRo the reduction of NADP via a series Me-NeuAc in the premix prior to the addition of CMP-
of three auxiliary enzymes (Scheme 2g8). The coupling NeuAc synthetase. Under these conditions, no more than 4%
enzymes, their substrates, CTP, NeuAc, and CMP-NeuAc, of the substrate at the lowest concentration was converted

as a product inhibitor, were premixed (360) and prein- to product. Each data point represents the average of three
cubated at 25C for 2 min prior to the initiation of the  separate trials.
reaction by addition of CMP-NeuAc synthetase (4D). Data Analysis.All experimental data were fit to rate

Optimal conditions were determined to be 200 MM MOPS equations by nonlinear regression analysis using KinetAsyst
(pH 7.1), 1 mM UDPG, 0.5 mM NADP, 5 uM o-b-glucose software (IntelliKinetics) employing the nomenclature of
1,6-diphosphate (to activate phosphoglucomutase), 20 mMCleland @4). Initial velocity data from the substrate kinetics
NaCl, 20 mM MgC}, 3 units/mL UDPG pyrophosphorylase were fit to the rate equation for a ternary complex mechanism
(yeast), 8 units/mL phosphoglucomutase (rabbit muscle), 5(eq 1).

units/mL glucose-6-phosphate dehydrogenase (yeast), 0.1

mM DTT, 0.1 mg/mL BSA, and 70.2 nM CMP-NeuAc ¢ = Vi [Al[Bl/( KioKng + KnalB] + Kig[A] + [A]B])
synthetase in a total volume of 4QQ.. Prior to use, the Q)
ammonium sulfate suspension of phosphoglucomutase was R ]
exchanged into 200 mM MOPS (pH 7.1) containing 1 mm Data from the product arjq dead-end mhl'bltlon studies were
DTT, using a Microcon-10 microconcentrator (Amicon). The it t0 gs 2-4 for competitive, uncompetitive, and noncom-
rate of NADPH formation was measured by following the Petitive inhibition, respectively.

increase in fluorescenceéd = 340 nm, with a slit width of

15 nm;Aem = 450 nm, with a slit width of 20 nm) using an 0= Vg SVKme(1 + 11/ Kig) + [S1] @)
LS 50B luminescence spectrometer (Perkin-Elmer). Under v =V ISI[K.s+ [SI1+ [I)/K;)] ©)
these conditions, the instrument response was found to be ma mS !

linear from 62 nM to &M NADPH. Initial velocities were v =Vl SV[K 1+ [I/Ki)) + [SI(L+ [I/K)] (4)

determined from the slope of the linear portion of the

progress curve following the addition of CMP-NeuAc wherev is the velocity,Vmax is the maximal velocityKi, is
synthetase to the preincubated reaction mixture. The linearthe dissociation constant for the first substra€gy is the
portion typically lasted from 40 to 150 s, and corresponded Michaelis constant for the designated substrat&Xis the

to less than 5% conversion of the substrate (at the lowestslope inhibition constantK; is the intercept inhibition
concentration) to product in each case. constant, [I] is the inhibitor concentration, and S is the
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Table 1: Kinetic Constants for CMPNeuAc Synthetase 012 o o T Tt

substrate K (uM) Keat (572) Kia (uM)

CTP 10.6+1.2 1.8+0.2 44.6+ 6.8
NeuAc 76.3£7.8 - -

aBased on the determination of the order of substrate addition below.

0.08 |-

varied substrate in the inhibition experiments. Double-
reciprocal plots of the data were created with Kaleidagraph
(Synergy Software) using the kinetic constants obtained from

the KinetAsyst analysis. %
RESULTS AND DISCUSSION 0o L . e 1
Bisubstrate Initial Velocity DataAs the first step in 0 1 /[019;); TiM" 0.080
defining the kinetic mechanism, we have evaluated the
pattern of variation in the initial velocity as a function of 012 = L B
both substrates. Velocities were measured fora®matrix B
of CTP and NeuAc concentrations, and the data were
displayed in double-reciprocal plots (Figure 2A,B) for the
initial analysis of the pattern. The intersecting lines evident
in the data indicate a mechanism with formation of a ternary
enzyme-substrate complex (&-B) before the release of
either product. However, the order of substrate binding and
product release cannot be discerned from these data alone,
since the presence of intersection points to the left of the I
y-axis in both plots is consistent with several random- and I
preferred-order mechanisms. Thus, the data were initially fit /
to a form of eq 1 in which the ternKiKmg is simply . L

designated,, to obtain values fokeay, Kmcrp, andKmneuao ‘ 0 “‘ 0.008 0.016
summarized in Table 1. The data do rule out obligatory 1/[NeuAc] uM-1

ordered mecha_nlsm_s (A follpwed by B.) in which '_[he flrs_t FIGURE 2: Initial velocity patterns for CMP-NeuAc synthetase. (A)
substrate (A) binds in a rapid equilibrium step, since this poyple-reciprocal plot with CTP as the varied substrate (2.5
behavior gives an intersection of the lines in the \ig¢rsus 100 M) with fixed NeuAc concentrations ofa) 62.5uM, (0)
1/[B] plot on the y-axis. 83.3uM, (v) 125uM, (O) 250uM, and ) 1.0 mM. (B) Double-

S . . reciprocal plot with NeuAc as the varied substrate (62.600xM)
Product Inhibition DataTo eliminate some of the possible i fixed CTP concentrations of) 12.5uM, (O) 16.6uM, (V)

pathways for substrate binding and product dissociation, we 25 ,M, (0) 50 uM, (<) 100 uM.

examined the ability of each product to inhibit the apparent

steady-state constants for each substrate, appksgand for the forward reaction under the same conditions (118 s
apparenk.a/Km, at fixed concentrations of the other substrate. Table 1). Thus, the reaction appears to be freely reversible,
Which constants are affected depends on three characteristicand the product inhibition data should follow patterns for a
of the kinetic mechanism: (1) whether the chemical conver- chemically reversible reaction.

sion is reversible, (2) the point(s) of product binding relative  As with all types of inhibitors, products are classified as
to the point of binding for each substrate, and (3) the competitive inhibitors if increasing concentrations decrease
concentration of the nonvaried substrate. To make accuratethe apparenk../Kr for the varied substrate, uncompetitive
predictions of the expected patterns of inhibition, we first if they decrease the apparéat, and noncompetitive if they
examined the reversibility of the chemical conversion. In decrease both. The patterns are easily evaluated as increases
previous studies of the CMP-NeuAc synthetase frbim in the slopes (appareHty/k:a), the intercepts (apparenkd),
meningitidis(18), no reversal of the reaction was detected or both, respectively, for lines in double-reciprocal plots of
when an indirect chemical assay was used to monitor the 1/v versus 1/[S] obtained at increasing concentrations of
loss of CMP-NeuAc, or when a charcoal binding assay was product (and a constant concentration of the second sub-
used to monitor exchange 6fiPJPRinto CTP during normal  strate). Double-reciprocal plots displaying the inhibition
turnover. We reexamined this question for the enzyme from behavior of PPand CMP-NeuAc versus both substrates are
H. ducreyi using our HPLC assay to directly monitor shown in Figures 3 and 4, respectively, and the associated
formation of CTP. Analysis of the time points from a reaction patterns and inhibition constants derived from fits of the data
carried out under the same conditions that were used for theto eqs 2-4 are summarized in Table 2. Comparison of the
forward reaction, but with a higher concentration of CMP- full set of patterns for all four substrat@roduct pairs with
NeuAc synthetase (56.8 nM), and 0.75 mM CMP-NeuAc predicted sets of patterns at both saturating and subsaturating
and 3 mM PR instead of CTP and NeuAc, clearly showed concentrations of the nonvaried substrate for a wide variety
the time-dependent formation of CTP (data not shown). The of mechanisms allows us to rule out random mechanisms
estimated turnover number for this single set of conditions and limit the possible obligatory-order mechanisms to the
is 0.62 s, only 3-fold lower than théx,; value determined  two shown in Scheme 26). For the bi-bi ordered sequential

1/v (min/nM)

1/v (min/nM)

0.04
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Ficure 3: Product inhibition by MgPP(A) Inhibition vs NeuAc
as the varied substrate (0.673.0 mM), with fixed concentrations
of () 0, @) 0.5, ©) 1.0, and ©) 2.0 mM PR. The CTP
concentration was held constant at 200. (B) Inhibition vs CTP
as the varied substrate (350uM), with fixed concentrations of
(2) 0, @) 0.5, and ©) 1.0 mM PR. The NeuAc concentration
was held constant at 3QEM. (C) Inhibition vs CTP as the varied
substrate (125100 M), with fixed concentrations ofA) 0, ([O)
1.0, and ©) 2.0 mM PR The NeuAc concentration was held
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FIGURE 4: Product inhibition by CMP-NeuAc. (A) Inhibition vs
CTP as the varied substrate (#550uM), with fixed concentra-
tions of (A) 0, @) 16, and ¢¥) 32 uM CMP-NeuAc. The NeuAc
concentration was held constant at 1.5 mM. Lines were generated
using constants obtained from a fit of the data to eq 2 for
competitive inhibition. (B) Inhibition vs NeuAc as the varied
substrate (0.0751.5 mM), with fixed concentrations of\() 0, (O)
16, and ¥) 32uM CMP-NeuAc. The CTP concentration was held
constant at 15@M. Lines were generated using constants obtained
from a fit of the data to eq 4 for noncompetitive inhibition.
mechanism depicted in Scheme 2A, competitive inhibition
is observed for the first substratéast product pair as they
directly compete for binding to free enzyme. Thus, in this
mechanism, CTP would be the first bound substrate and
CMP-NeuAc the last dissociating product. In contrast,
competitive inhibition is observed in the Iso Theorell-Chance
mechanism in Scheme 2B for the second substifatst
product pair, since the interconversion of the binary enzyme
substrate and enzym@roduct complexes is an equilibrium
process limited only by the second-order rate constants for
binding of the second substrate and first product. Thus, CTP
and CMP-NeuAc would be the internal pair in this mecha-
nism.

Dead-End Inhibition DataThe opposite order of substrate
binding and product release predicted for the two mecha-
nisms of Scheme 2 provides an avenue for distinction

constant at 2.0 mM. For all three plots, the lines were generated between the two using either direct binding assays or kinetic
using constants obtained from fits of the data to eq 4 for analysis of the pattern of inhibition by a structural homologue

noncompetitive inhibition. For comparison, the data in panel C were
also fit to the uncompetitive model (eq 3); however, calculation of .
an Fx value @3) from the variances for the two fits showed that

of one of the substrate®§). With our kinetic assays well
in hand, we chose to examine the pattern of inhibition by

inclusion of the extra variable in the noncompetitive model gave a the sialic acid analogue @-Me-NeuAc, which has previ-

better fit at the 99% confidence level.

ously been shown to be a competitive inhibitor (with respect
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Table 2: Product Inhibition Patterns and Constants for CMP-NeuAc Synthetase

inhibitor varied substrate constant substrate pattern Kis Kii
PR NeuAc CTP (10QuM) NC 0.77+ 0.10 mM 6.70+ 1.25 mM
PR CTP NeuAc (30Q:M) NC 1.00+ 0.30 mM 2.56+ 0.60 mM
PR CTP NeuAc (2.0 mM) NC 3.06- 1.07 mM 4.20+ 0.70 mM
CMP-NeuAc NeuAc CTP (150M) NC 18.84+ 2.0uM 70.5+£ 5.6uM
CMP-NeuAc CTP NeuAc (1.5 mM) C 125 1.7uM -

a Experimental conditions are as described in Materials and Methods. The errors reported for the inhibition constants are the standard errors for
the fits to the corresponding rate equations. C represents competitive, and NC represents noncoliikpatitiNgs are intercept and slope inhibition
constants, respectively.

Scheme 2: Potential Kinetic Mechanisms for CMP-NeuAc 0.12 T r . ’ . T . T
Synthetase with (A) the Ordered Bi-Bi Mechanism and (B) A
the Iso Theorell-Chance Mechanidm
A ~ 008
=
£
A B P Q E
2 o004
E EA (E'AB===E+P:Q) EQ E
0 1 1 1 1
B (] 0.005 0.010 0.015 0.020
1/[NeuAc] uM-1
0.08

B A Q
J \/ 0.06
E EeB E*P

aAis CTP. B is NeuAc. P is RPQ is CMP-NeuAc.

to NeuAc) of the CMP-NeuAc synthetase frdfscherichia
coli [K; of 2.5 mM 27)]. Clearly, competitive inhibition with 0.02
respect to NeuAc is expected for both mechanisms. The
distinction lies in the expected pattern with respect to CTP.

1/v (min/nM)
o
4

Binding of the inhibitor after CTP (to ££TP) in the bi-bi 0 - . : ' - '
mechanism will affect only the appareht, thereby giving 0 0.02 0.04 0.06 0.08
an uncompetitive pattern, while binding before CTP (to E) 1/[CTP] uM-1

provides a rever;ible link at subsatu_rgting NeuAc concentra- ure 5: Inhibition of CMP-NeuAc synthetase by Q-Me-
tions, thereby giving a noncompetitive pattern for the 1so NeuAc. (A) Double-reciprocal plot with NeuAc as the varied
Theorell-Chance mechanism. As shown in Figure 54-2-  substrate (564000xM) at fixed 2-0-Me-NeuAc concentrations
Me-NeuAc does indeed exhibit a competitive inhibition ©f (&) 0, @) 100, and ) 200uM. The CTP concentration was

; o ; held constant at 300M. The K; was generated from the fit of the
pattern with respect to NeuAc, confirming that they bind to data to eq 2 for competitive inhibition. (B) Double-reciprocal plot

the same enzyme form. The fit of the initial velocity data to ith CTP as the varied substrate @800 M) at fixed 2-O-Me-

the equation for competitive inhibition (eq 2) yields a NeuAc concentrations ofA) 0, @) 125, and ) 250 uM. The
dissociation constarK;s of 64.5+ 15.5uM. Conversely, NeuAc concentration was held constant at 200 The data were
when NeuAc is held constant, increasing concentrations of fit to eq 3 for uncompetitive inhibition.

2-O-Me-NeuAc give rise to an uncompetitive inhibition the initial velocity data alone provide little information
pattern versus CTP (Figure 5B), consistent with the down- regarding rate-limiting steps or the magnitudes of internal
stream binding of 22-Me-NeuAc relative to CTP predicted  equilibrium steps. However, an examination of the expres-

for the bi-bi mechanism. sions for the inhibition constants obtained in this study shows
Relative Magnitudes of Some Microscopic Constants from that analysis of the magnitudes and trends in these values
Inhibition Data. The minimal kinetic mechanism for tte. provides some insight into the relative magnitudes of a few

ducreyi CMP-NeuAc synthetase consistent with the com- of the microscopic constants in the mechanism.

bined results is shown in Scheme 3, together with expressions Consider first the expressions for the appar&mte

for several of the observed kinetic constants in terms of the constants as a function of the nonvaried substrate concentra-
individual rate constants and equilibrium constants within tion (Scheme 3). In each expression, the right-hand factor is
this scheme. Because of the complexity of the expressions,the limiting value that would be observed when both
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Scheme 3: Minimal Kinetic Mechanism for CMP-NeuAc Synthetase and Expressions for Observed Kinetic Constants

MgCTP NeuAc
ESh. pMeCTP kb peMeCTP ks, p£eMgPP, b E b E
T =~ "=eNeuAc ‘kﬁ_ *CMP-NeuAc m *CMP-NeuAc ‘k_lm
MgPP; CMP-NeuAc
k12 1lk11 2-OMe-NeuAc
E'MgCT P
*2-OMe-NeuAc
K _ keat K = Kalke +kadko + kskoko ko = kskakg
" T TN T Tlkotks + kr) + ksky + ksko] ST lks + k) + ksky + Ksk
k k k
Kt = =%+ K oMeNewac = —= KiscMP-NewAc = ——
ky ki (vs CTP) ko
Koo = <k1CTP + Koat )( kskoK apps ) K = [ NEBAC+ Koane ( kskoKappi )
iiPPi — iiPPi =
(vs NeuAc) k,CTP kear(ks + ko) (vs CTP) NeuAc + Kanewac | \kearlks + ke)
a+ Keq)
k7 k4 kS
KdPPi = — KdN = — K, A = —
k8 euAc k3 eq k6
Table 3: Simplified Expressions fdea and Kmneuac for Different Rate-Limiting Steps ifcat
- Keat = KyNewac =
all steps similar kskzko ka(ke + knko + kskrko
ko(ke + k7) + kskq + ksko k3[ko(ks + k7) + ksky + ksko]
kskq kskq
ks << kq, —_— b ——
5 7 k9 k6 + k7 KdNeuAc k3( k6 + k7)
kb << k5 k9 Keqk7 KdNeuAc
7 ’ (1+K,,) (1+K,y)
kol kelk7) +1]1 + k
ko << ks, k7 ko ko{kal(ke/kq) +1] + ks}
k3 ks

substrates are fully saturating, while the other factor describesof this value with the data foKpp, versus CTP in Table 2
the expected trend in the apparent value as the concentratiorshows an increase in the apparent value toward this limiting
of the fixed substrate is varied. Comparison of these latter value as the NeuAc concentration increases, indicating that
factors shows that whil&;pp, versus NeuAc will always Kmneuac < Kaneuad(1 + Keg) and likewise thatmneuac <
decrease to the limiting value as the CTP concentration Kgneuae Analysis of the expression fd€mneuac in Table 3
increasesKippi versus CTP may decrease or increase to the indicates that the direction of this relationship is directly
limiting value as the NeuAc concentration increases, depend-dependent on which step is rate-limiting kg, When the

ing on the relative magnitudes d&mneuac and the term chemical stepks, is rate-limiting, Kmneuac = Kaneuas and
Kaneuad (1 + Keg). If Kmneuac iS smaller,Kipp, increases as  when dissociation of RPks, is rate-limiting, Kmneuac =

the NeuAc concentration increasesKifneuacis larger Kipp Kaneuad (1 + Keg). The only condition under whicKmneuac
decreases as the NeuAc concentration increases, and if thean be less thagneuad(1 + Keg) is whenksy is significantly
terms are equakKpr is independent of NeuAc concentration. rate-limiting. In addition, the observation dfmneuac <

By substituting the values fdta, ki (=kealKmctr, Scheme Kaneuac @lso indicates that the rate constant for dissociation
3), and CTP concentration into the expression for the of NeuAc, ks, must be greater than that of the rate-limiting
apparenK;pp versus NeuAc shown in Scheme 3, we estimate dissociation of product2@). Thus, the trend obseed in the

the limiting value forKpp to be 6.1+ 1.7 mM. Comparison  Kjpp, data strongly suggests that dissociation of CMP-NeuAc,
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ke, is the major rate-limiting step in this reaction and that
ks > ko.

Another analysis supporting the conclusion tlkatis
significantly rate-limiting comes from a comparison of the
rate constants for association and dissociation of OGP (
andk,, respectively) with minimal estimates of the values
for association and dissociation of CMP-Neugy@ndkg,
respectively) derived from the observed equilibrium dis-
sociation constariiscmp-neuac (SCheme 3 and Table 2). From
the expressions fdfncrpandKicrp (Which is extracted from
the initial velocity data a¥i, in eq 1), we calculate values
for k; andk, of 1.7 x 1P Mt st and 7.6 s, respectively.
By comparison, if dissociation of CMP-NeuAc is completely
rate-limiting inkea, that iskg ~ 1.8 s'%, the minimal value
for the association rate constant for CMP-Neuk, is 1.4
x 1 M~t s, a value remarkably close to that kf and

consistent with the substantial retention of the CTP structure

in CMP-NeuAc. Ifkg were not at least partially rate-limiting,
the values for bothy andk;o would be at least 10-fold larger

Samuels et al.

the presence of the methyl group is the stability of the
p-configuration at the anomeric carbon. Th&©2Me ana-
logue is a stablg-glycoside, while NeuAc is a hemiketal
that can undergo anomerization. Once again, however, this
should only increas&gneuac VersusKiso—o—me—neuac by a
minor amount, since at equilibrium approximately 93% of
the NeuAc is present as the correanomer 29). With only
these two small factors expected to enhance the affinity of
the analogue versus the substrate for the enzyme, it seems
unlikely that the affinities for the two would differ by much
more than 1 order of magnitude. This then leads to the
prediction that the internal equilibrium constant for the
chemical conversion stefeq does not deviate too far from

a value of 1, a common result found for many enzymes.

Relationship with Other CMP-NeuAc Synthetastsring
established a mechanism for the ducreyi CMP-NeuAc
synthetase, one would like to know whether this mechanism
is conserved throughout the larger CMP-NeuAc synthetase

than these minimal values and, hence, larger than the ratfamily and whether specific members of this family can be

constants for CTP binding, which seems less likely consider- considered appropriate targets for drug design. Since the
ing the increased bulk and number of potential hydrogen biosynthetic pathways leading to the synthesis of sialic acid-
bonding interactions in the structure of CMP-NeuAc com- containing glycoconjugates in both prokaryotes and eukary-
pared with those of CTP. Thus, the data provide a self- otes require the formation of CMP-NeuAc as the activated
consistent indication that the dissociation of CMP-NeuAc sugar donor, the feasibility of developing inhibitors that

is significantly rate-limiting in the forward reaction. selectively target, for example, CMP-NeuAc synthetase from

One additional piece of information that falls out of the Pathogenic bacteria over the human host's enzyme will
product and dead-end inhibition data is that the magnitude require the existence of some notable differences in their
of Kgneuac IS Somewhat larger than the corresponding properties. Despite the limited information regarding the
dissociation constant measured for the highly similar ana- kinetic and mechanistic properties of this enzyme family, at
logue 20-Me-NeuAc. Rearrangement of the expression for least a couple of comparisons can be made. Examination of
Kipp versus CTP, and substitution of the limiting and alignments of the eight reported gene sequences to date
measured values, yields the relationsKigeuad Kmneuac = reveals two subgroups, proteins approximately 225 amino
(1 + Keg(10 = 6), which translates intfaneuad Kisz-o-ve—Neuac acids in length, including those from pathogenic strains of
~ (1 + Keg(10 £ 6) since Kmneuac (~76 uM) =~ HaemophilusandNeisseriaspp. and proteins that are more
Kis2-0-me-Neuac (~64 uM). This indicates that the analogue  than 400 amino acids in length, including those frrrcoli,
binds at least (1&: 6)-f0|d more tlghtly than the substrate Streptococcus aga|actiaé:ampy|0bacter CO|I(21), and,
to the ECTP complex, but the disparity could be substan- perhaps most importantly, the first full mammalian sequence
tially Iarger if thg internal equi'librium of the che'm@cal to be reported from mice3(). Complete conservation of
conversion step lies far to the righkd; > 1). Thus, itis  geyeral residues in the whole family, including a lysine (K19)
interesting to consider what factors could enhance the b'n_d'ngidentified in the CTP binding site of the. ducreyienzyme
of 2-0-Me-NeuAc versus NeuAc and to what extent. With 55 o, ggests similar chemical mechanisms of catalysis in

g’?gafd to tt)htan/\lstrucF;Jre d(;té—_l?\lﬂeuﬁc '2‘ F.'gltjr:e L lthe onlyt the two groups. However, the observation of micromélar
nerence between Itan €-NEuAcC IS the replacement . ,a1es for the smaller enzymes (this work and rB8sand

of the hydrogen on th? reactive anomeric oxygen b_y amethyl 21) compared with millimolar values reported for some of
group. Three properties change as a result of this replace-the larger enzymes20, 31, 32), as well as the 64M
ment: (1) the steric bulk at the reactive oxygen, (2) the 9 yI ’ ’d h ' for the. d )
solvation of OH versus OR, and (3) the ability to anomerize. Kis2-0-me-neurc Value reported here for tite. ducreyienzyme
Because it increases the steric bulk at the reactive center!/¢'>US @ value of 2.5 mM for thE' coll enzyme £n,

the methyl group might be expected to decrease the bindingsuggests that there may be exploitable klpgtlc differences
affinity of the analogue rather than increasing it. However, Petween these groups of enzymes. In addition, the cellular
if the active site can accommodate the extra bulk, the methyl location of the bacterial versus the mammalian enzymes may
group could enhance the affinity to a small extent since the Provide a further selective advantage, since the bacterial
OMe should require less desolvation than the OH group upon@nzymes are cytoplasmic, while the mammalian enzymes are
binding to the active site; desolvation of the OH would be located in the nucleus(). These observations, together with
expected since this group, in its deprotonated state, acts aghe kinetic picture developed in this work, provide a

a nucleophile in the reactionThe third property altered by

2 Although this has not been shown explicitly for the ducreyi
enzyme, retention of thé®O label in the anomeric hydroxyl upon
conversion of 240]-3-NeuAc to CMP-NeuAc has been demonstrated
using theE. coli enzyme 29).

framework for further investigation of this group of enzymes.
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