Biochemistry2000, 39, 2261-2268 2261

Use of an Altered Sugar-Nucleotide To Unmask the Transition State(i+6)
Sialyltransferase

Michael Bruner and Benjamin A. Horenstein*
Department of Chemistry, Usersity of Florida, Gainesille, Florida 32611
Receied June 28, 1999; Resed Manuscript Receéd Naember 17, 1999

ABSTRACT: Rat liver o(2—6) sialyltransferase catalyzes the formation of a glycosidic bond between
N-acetylneuraminic acid and the 6-hydroxyl group of a galactose residue at the nonreducing terminus of
an oligosaccharide. This reaction has been investigated through the use of the novel sugar-nucleotide
donor substrate UMP-NeuAc. A series of UMP-NeuAc radioisotopomers were prepared by chemical
deamination of the corresponding CMP-NeuAc precursors. Kinetic isotope effects (KIB§Komere
measured using mixtures of radiolabeled UMP-NeuAc’s as the donor substraieaadyllactosamine

as the acceptor. The second#iyH KIE was 1.218+ 0.010, and the primary*C KIE was 1.030+

0.010. A large inverséH binding isotope effect of 0.944 0.010 was measured at the terminal carbon

of the NeuAc glycerol side chain. These KIEs observed using UMP-NeuAc are much larger than those
previously measured with CMP-NeuAc [Bruner, M., and Horenstein, B. A. (1B&&hemistry 37289

297]. Solvent deuterium isotope effects of 1.3 and 2.6/80andVmax Wwere observed with CMP-NeuAc

as the donor, and it is revealing that these isotope effects vanished with use of the slow donor substrate
UMP-NeuAc. Bell-shaped pH versus rate profiles were observed/fat (oK, values= 5.5, 9.0) and
VIKump-neuac (PKavalues= 6.2, 9.0). The results are considered in terms of a mechanism involving an
isotopically sensitive conformational change which is independent of the glycosyl transfer step. The isotope
effects reveal that the enzyme-bound transition state bears considerable chargB-acdidneuraminic

acid residue, and this and other features of this mechanism provide new directions for sialyltransferase
inhibitor design.

Oligosaccharides and polysaccharides serve diverse rolesscheme 1
in nature including structure, energy storage, and information o.__OR o_ _oH
(2). These compounds are biosynthesized by glycosyltrans- U giycosidase U +ROH
ferases, which catalyze glycoside formation by facilitating He0
a net attack of a saccharide hydroxyl group at the anomeric

carbon of a sugar-nucleotide. Glycosyltransferases are related X 2 millessideinuciotce
to glycosidases because these two groups of enzymes transfer :pfi
a saccharide glycon between donor and acceptor nucleophiles o:p'i W O
as is shown in Scheme 1. o, 40”8 o_ _oR
Glycosidases cleave a stable glyeddR bond (R is (;[/O glycosylransferase U
HO-R

another sugar for natural substrates) and transfer the glycon
to water. Glycosyltransferases cleave the bond to a phosphate
leaving group, and transfer the saccharide glycon to a Sialyltransferases catalyze the transfer of Neufkom
hydroxyl group of another saccharide unit with high regi- CMP-NeuAc,1, with inversion of configuration to acceptor
oselectivity. Water must be effectively excluded from the hydroxyl groups at or near the nonreducing termini of
active site to prevent hydrolysis of the sugar-nucleotide. For oligosaccharide chains of glycoproteins and glycolipids as
a variety of reasons, mechanistic studies of glycosyltrans-is shown in Scheme 3J. Sialyltransferases are widely
ferases and glycosyl phosphates have lagged far behind thos#@istributed, being found in higher eukaryotes, bacteria, and
devoted to glycosidases and alkyl and sugar ace2alg)( viruses, but apparently not in simple eukaryotes such as
With this in mind, we are interested in defining glycosyl- yeasts §—9). Cell-surface sialic acids affect the gross
transferase mechanisms, the chemistry and enzymology ofphysicat-chemical properties of a cell, and they also
the glycosytphosphate bond, and ultimately the develop- comprise recognition sites for many different macromolecular
ment of glycosyltransferase inhibitors. binding interactions that are part of cell adhesion, with
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Scheme 2
Ha
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HO H
R = glyco-protein,lipid, oligosaccharide

functions that include pathogetnost binding interactions,
inflammation, and metastasis(—14).

One of the best characterized sialyltransferases istthe
(2—6) enzyme from rat liver. Obtained as the lumenal
C-terminal catalytic domain due to proteolysis during isola-
tion, the enzyme is N-glycosylated with a molecular mass
of ~41 kDa for the proteinX5, 16. The enzyme has a broad
acceptor specificity, but prefers sialylation of terminal Gal-
B(1—4)-GlcNAc residues)7—20). Some minor modifica-
tions in the NeuAc ring of the donor substrate CMP-NeuAc

Bruner and Horenstein

terization as a slow substrate faf2—6) sialyltransferase.
UMP-NeuAc affords simplified pHrate profiles and un-
masks large kinetic isotope effects. Solvent deuterium isotope
effects onVmax and V/Ksugarnucieotidse Were measured and
provide evidence for a multistep mechanism for sialyltransfer.

MATERIALS AND METHODS

Materials. Buffers and reagents were purchased from
Sigma and Fisher. NANA aldolase was purchased from
Shinko American. Rat liven(2—6) sialyltransferase was
purchased from Sigma or BoehringlrAcetylmannosamine
isotopomers ([6H] and [1+C-N-acety]) and sodium pyru-
vate ([1“C]) were purchased from New England Nuclear
and Moravek. RO (99.9% D) used in the solvent isotope
effect studies was obtained from Cambridge Isotope Labo-
ratories, Inc. Cytidine and uridine triphosphates (CTP and
UTP) were purchased from Sigma as the disodium salt with
2.5 equiv of hydration. Liquid scintillation fluid (ScintiSafe
30%) was purchased from Fisher. TEe coli expression
plasmid pWV200B harboring thés. coli CMP-NeuAc
synthase gene was a gift from Dr. W. F. Vann at the National
Institutes of Health. CMP-NeuAc synthase was purified from
E. coli IM105 following the published protocol and was
judged 96-95% pure based on SBFAGE analysis 30).
Amberlite IR120-H form resin which was used for desalting
CMP-NeuAc and UMP-NeuAc was first washed with 95%
ethanol and then washed extensively with deionized water.

Instrumental. HPLC separations were performed on a
MonoQ HR10/10 anion exchange column (Pharmacia)

are tolerated, but the preference for an unmodified cytidine Monitored at 260 nm. Liquid scintillation counting was

nucleotide is strong21—23).

performed using a Packard 1600 TR instrument which

One of the interesting features of sialyltransferases is the dUmMped data to a floppy disk for subsequent analysis on a
unique structure and reactivity of the donor substrate CMP- Persenal computer. An Orion Sure-Flow pH probe was used

NeuAc, 1 (24). This substrate has a carboxylate group

for all pH measurements. A Rainin-Dynamax fraction

immediately adjacent to the anomeric carbon, differentiating clléctor (model FC-1) was used to collect eluent samples

it from aldoses and ketoses which have hydrogen or a

hydroxymethyl group bonded to the anomeric carbon.

from the HPLC for kinetic isotope effect experiments.
Synthesis of UMP-NeuAc IsotopomeZd/IP-NeuAc iso-

Experimental and theoretical investigation of the solution topomers were prepared and purified as previously described
chemistry of CMP-NeuAc has revealed that its acid-catalyzed (25, 29 and subsequently deaminated to the corresponding
solvolysis proceeds by an extremely late transition state, with UMP-NeuAc isotopomer with nitrous acid by the following

no significant nucleophilic participation by solvent or the general procedure. The appropriate CMP-NeuAc isotopomer

carboxylate group2b, 2§. After the transition state, short-

(2—10 uCi/reaction; 16-50 uCi/lumol specific activity for

lived oxocarbenium ion intermediates are formed that are **C and 10 Ci/mmol specific activity fotH) was dissolved

likely stabilized by intramolecular ion-pairing with the
carboxylate group27, 28. The kinetic isotope effects for

in 50—500uL of a 1 NNaNGQ; solution adjusted to pH45
with 1 N HCI (10-50 uL) and allowed to react at 4C.

solvolysis of CMP-NeuAc are considerably different than Evolution of gas, presumablyNwas noted after acidifica-
the kinetic isotope effects for the sialyltransferase-catalyzedtion of the reaction mixture. Deamination reactions were
transfer reaction29). The-secondary dideuterium isotope monitored by anion exchange HPLC (100 mM MCO;,
effect for solvolysis was 1.276, while it was 1.044 for the 15% methanol, pH 8.0, 2 mL/min) by following the
sialyltransferase reaction. The prima{C KIE was also ~ conversion of CMP-NeuAc (retention time, 13.5 min) to
diminished, decreasing from 1.030 for solvolysis to 1.000 UMP-NeuAc (retention time, 17.5 min). Reactions were
for the sialyltransferase-catalyzed reaction of CMP-NeuAc. allowed to proceed for 48 h at 2C, with the pH being
A comparison of these KIEs suggests that the mechanismmaintained in the range of-4% by manual addition of 1 N
for the enzymatic transfer of NeuAc is considerably different HCl as required. UMP-NeuAc was purified from the reaction
than in solution, or that additional kinetic complexity of the Mixture by anion-exchange chromatography (50 mMsNH
sialyltransferase reaction is masking the true intrinsic value HCOs, 15% methanol, pH 8.0, 2 mL/min). The collected
of the KIE. UMP-NeuAc fractions were desalted with Amberlite IR120-
Here we present work that resolves this question and H" cation-exchange resin as described for CMP-Ne@8). (
further defines the kinetic and chemical mechanism of General KIE MethodologyKinetic isotope effects oni-
sialyltransferase. We report a practical synthesis of the (2—6) sialyltransferase reactions were measured by the dual-
nonnatural sugar-nucleotide UMP-NeuAc, and its charac- label competitive method3(, 32. Experiments employed
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ca. 100 000 cpm each of the appropri#te and'‘C-labeled of 3.5 mL of 5 mM R buffer was applied to each column to
UMP-NeuAc isotopomers. In a typical experiment, a master elute the product, which was collected directly into liquid
mixture containing a giver’H/“C-labeled UMP-NeuAc  scintillation vials for counting.
isotopomeric pair and 20 mM LacNAc in 40 mM cacodylate  Kinetic Parameters for UMP-NeuA€he kinetic constants
buffer (0.2 mg/mL BSA, 0.2% Triton CF-54, pH 7.0) was for sialyltransferase with UMP-NeuAc and LacNAc as the
prepared. Aliquots were withdrawn from this master for donor-acceptor pair were estimated by varying the UMP-
individual reactions and for measurement of the control NeuAc concentration while holding LacNAc at a high near-
reference®H/*C ratio at 0% conversion. Reactions were saturating concentration, and by varying the LacNAc con-
initiated by the addition of the appropriate amount of enzyme centration while holding UMP-NeuAc at a near-saturating
to 50-100 uL reaction mixtures to give 40660% 33 concentration. Reaction mixture volumes were/7 and
conversion in<45 min at 37°C. After 40-60% conversion,  the buffer was 40 mM sodium cacodylate, 0.2 mg/mL BSA,
unreacted substrate was isolated by anion-exchange HPL@.2% Triton CF-54, pH 7.5. Each reaction contained 64 000
(100 mM NHHCG;, 15% methanol, pH 8.0, 2 mL/min) and  cpm of [9°H]-UMP-NeuAc diluted to the required specific
collected directly into 20 mL glass scintillation vials (2 mL  activity. Reaction mixtures with LacNAc concentration held
fractions). Care was taken to collect the entire UMP-NeuAc fixed at 40 mM and UMP-NeuAc concentrations of 0.1, 0.2,
peak. The percent conversion was determined from the ratios0.5, 1.0, 2.0, and 5.0 mM were prepared. The reactions were
of the UMP-NeuAc and UMP peaks in the HPLC chromato- initiated by the addition of 4.3 milliunits of enzyme (8 units/
gram. The initial®H/*C ratio was obtained in triplicate by  mg). Aliquots of 20uL were removed at 5, 10, and 15 min,
injecting aliquots of the master mixture of labeled UMP- and the product was quantified using Dowex mini-columns.
NeuAc on the MonoQ column and recollecting the entire Another series of reaction mixtures were prepared with UMP-
UMP-NeuAc peak. ThéH/*C ratios for collected fractions  NeuAc concentration held fixed at 2 mM and LacNAc
were determined by dual-channel liquid scintillation counting concentrations of 20, 4, 2, 1.33, and 1 mM. These reactions
(channel A, 6-12 keV; channel B, 1280 keV) with each were initiated by addition of 5:712.9 milliunits of sialyl-
tube being counted for 10 min, and all tubes were cycled transferase. Aliquots of 30L were removed at 10 and 20
through the counter-610 times. The internal®®Ba source min and were fractionated on Dowex mini-columns. The
was used to estimate the quench parameter for each tubeinitial velocity data were fit to eq 5 for a sequential kinetic
which varied by+1%. Triplicate samples of'{CJCMP- mechanism:
NeuAc were used to determine the ratio € counts in
channels A and B (A:B). Since®H is only detected in
channel A, théH/™C ratio can be calculated with eq 1. The
observed KIE was calculated with eq 2 or 3. The observed
KIE was then corrected for fractional conversion using eq4 pH »s Rate with CMP-NeuAche pH behavior oVmayx
(34). The reported value and error of a KIE represents the for sialyltransferase was estimated by holding [CMP-NeuAc]
mean and standard deviation of three separate KIE reactionsand [LacNAc] at 1&,, values. Stock 2 reaction buffers of
taken over 610 cycles through the liquid scintillation  either 800 mM Tris/Bis-Tris (pH 69) or 800 mM sodium
counter: acetate (pH 46) were prepared at 37C. Each of these
buffers also contained 20 mM LacNAc. A second stock
solution containing 70«M [1-1“C]-CMP-NeuAc (60 000
cpm/reaction, 1.3 mCi/mmol) was prepared. The CMP-
NeuAc stock (3QuL) and the LacNAc stock (3@L) at the
appropriate pH were combined and incubated briefly at 37
°C before initiation of the reaction by addition of 0.45
(3) milliunit of sialyltransferase. Aliquots of 2QuL were
withdrawn at 2, 4, and 6 min, and the product was quantified
KIE correcteq= IN(1 — H/N[(L — DKIE jpeered (4) with the Dowex column methodology described above.
Control reactions were performed at the pH extremes to
wheref = fraction of reaction. account for background hydrolysis, which was only signifi-
The above KIE method was previously used to measure cant for pH values<5. Enzymatic reaction rates at these
KIEs for sialyltransferase with CMP-NeuAc as the glycosyl pH values were corrected by subtraction of the background
donor @9). Control experiments established that the HPLC hydrolysis rate. The pH behavior of/Kcvp-neuac Was
methodology does not introduce artifactual isotopic frac- estimated by the same procedure and with the same buffer
tionation @5). systems described above. In these experiments, [LacNAc]
Kinetic MethodologyAll kinetic experiments were per-  was held at 1K, and [CMP-NeuAc] was 44 nM, well below
formed at 37°C. Reaction rates were measured by quantify- its K. In all experiments, sialyltransferase was found to be
ing the radiolabeled product (sialyl-LacNAc) isolated by stable at the pH extremes over the time frame employed
chromatographing reaction mixture aliquots on Dowex mini- based on no observed loss in activity.
columns, which retain unreacted sugar-nucleotide but readily pH »s Rate with UMP-NeuAcThe pH behavior oVmax

o Vol AlB]
KAIB] + KGlAT + [AI[B] + K,.Kg

(5)

3H/*C = [cpm A — cpmBx(A:B¥)]/
[cpm B + cpmBx(A:B*)] (1)

3H KIEobserved= (3H/l4c)0/(3H/l4C)t1/2 (2)

14C KIEobserved: (14C/3H)0/(14C/3H)t1/2

pass sialyl-LacNAc 17). Time point aliquots (2630 uL)

for sialyltransferase was estimated by holding [UMP-NeuAc]

were removed from reaction mixtures and quenched in 500 and [LacNAc] at approximatelyK, and 1, values. The

uL of ice-cold 5 mM R buffer at pH 6.8. Aliquots of 500
uL were withdrawn and applied to columns (054 cm) of
Dowex-1x 2-200 anion-exchange resin (Brm). A volume

stock 2x buffers consisted of sodium acetate, sodium
cacodylate, Bis-Tris propane, and CHES at 250 mM each,
plus 40 mM LacNAc, 2 mg/mL BSA, and 0.2% Triton CF-
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54. Aliquots of the buffer were adjusted to the required pH T 01e 1: UMP-NeuAc Isotopomers and Yields
at 37°C before being brought to final volume. Enzyme was

added (1 milliunit for pH 6-8.5; 1.2 milliunits for pH 5-6 Isotopomer % vield
and 8.5-10) to each buffer/LacNAc mixture (36L) and [9';'*01 18
incubated at 37C, 1 min. Reactions (final volume= 65 %(Zi_lé)_N_acety] ;‘2
uL) were initiated by addition of an equal volume (30) [*H-N—acety] 33
of [9-*H]-UMP-NeuAc (4 mM, 120 000 cpm/reaction, 0.69 [*H-N-acety} 3,3-2H.] 38

uCilumol). Aliquots of 20uL were removed at 8, 16, and aYield is from CMP-NeuAc.
24 min, and the product was quantified on Dowex mini-
columns. Reactions were run in the pH range 495 with
control reactions at the pH extremes to account and correct

for any background hydrolysis of substrate. The pH behavior NH
of VIKump-neuac Was estimated by the same procedure and
with the same buffer systems described above. In these
experiments, [LacNAc] was held at K@, and [UMP-
NeuAc] was 300 nM, well below its estimat&g,. The data
were fit to eq 6 in whichv = the observed velocity at a
given pH, the constar@ represents the value df,ax0r VIK

that would be observed if 100% of the enzyme were in the FIGURE 1. UMP-NeuAc isotopomers. The structure presents the
correct protonation state, and. and K., are the acid numbering scheme for the NeuAc residue. Asterisks identify

. . . . . jons th re | led.
dissociation constants of two residues on the acid and basmocatlo s that are labeled

limbs of the profile: monophosphate neuraminic acid (UMP-NeuAc) was carried
C out by chemical deamination of CMP-NeuAc to afford the
logv =log - (6) isotopomers identified in Table 1and Figure 1. The reaction
1+M+& proceeds with 50% conversion of CMP-NeuAc to UMP-
Kaa  [H] NeuAc in 48 h with~10% hydrolysis of either sugar-

nucleotide as indicated by HPLC. UMP-NeuAc obtained by

Sobent Isotope Effects-or measurement of the solvent g method was identical to UMP-NeuAc obtained by CMP-
deuterium isotope effect o¥max with UMP-NeuAc as the  Nguac synthase-catalyzed reaction of UTP and NeuAc on
donor substrate, a stock soluthn containing 4 mMHY- the basis of HPLC co-injection arii NMR spectra 29).
UMP-NeuAc (40 000 cpm/reaction, 0.@&ijumol) and 40 ypmp-NeuAc was routinely obtained in 3@0% purified
mM LacNAc was prepared in 250 mM Bis-Tris propane yielq from CMP-NeuAc with 26-30% of starting CMP-
buffer, 0.2 mg/mL BSA, 0.2% Triton CF-54, pH 7.8. Half  NeyAc recovered. The remaining mass balance is accounted
of the reaction mixture was retained for the reaction 0H 5, by the hydrolysis products NeuAc, UMP, and CMP

while the other half was concentrated to dryness on a rotaryyhich are cleanly separated from UMP-NeuAc by HPLC
evaporator equipped with a mechanical vacuum pump. Thepurification.

residue was dissolved and reconcentrated 2 times,®, D Kinetic Constants and pH Dependencghe kinetic

and then brought to the original volume in 99.9%1D The parameters foo(2—6) sialyltransferase using UMP-NeuAc
pD of the DO mixture was determined to be 7.6 after 5,4 |acNAc as the donemcceptor substrate pair were
exchange in BO (pD = pH meter readingt 0.4) 35). estimated at pH 7.5 and 3T. TheK,, for UMP-NeuAc
Reactions (6QuL) were preincubated at 37C for 1 min was 1.2+ 0.1 mM, theK,, for LacNAc was 4.9+ 0.3 mM,
befOI’e being |n|t|ated by the addition 0?,&_ (12 mllllunItS) and thevmax was 18‘um0|/(m|n.mg) W|th a Corresponding
of o(2—6) sialyltrangferase. Aliquots of 20 were rempved  keaOf 1.2 SL. Relative to CMP-NeuAc, UMP-NeuAc is very
at 6, 12, and 18 min, and the product was quantified with \yeakly bound by sialyltransferase, aay is Somewhat
Dowex mini-columns. The solvent deuterium isotope effect reduced, as will be discussed further below. The effect of
on V/Kuwp-neuac Was measured by the same procedure and p on, the kinetic parameters for sialyltransferase with CMP-
in the same buffer system, but the final concentration of NeyAc and UMP-NeuAc as donor substrate are presented
UMP-NeuAc was 0.3«M in these experiments. Solvent i, Figures 2 and 3. When CMP-NeuAc is used as the donor
deuterium isotope effects with CMP-NeuAc as the donor g psirate, the pH profiles obtained are complex (Figure 2).
substrate were measured by the same procedure describeg) the acid limb, both th&/ and V/K profiles showed a
above, but were obtained at pH 6.5 in 40 mM sodium |imiting slope of 2 and an apparenKpnear 5.3. Thé/max
cacodylate buffer containing 16 mM LacNAc, 0.2 mg/mL  qfile reached an optimum near pH 6, and then decreased
BSA, and 0.2% Triton CF-54. In theax experiments, the  \ith an apparently nonintegral slope toward alkaline pH,
concentration of CMP-NeuAc was 5Q0M; for V/K, the whereas th&/K profile reached a maximum limiting plateau
concentration was 14M. Control experiments for viscosity  4fter the acid-side I of ~5.3. The pH profiles with the
effects of DO at 37°C were made by taking initial velocity  gjo\ substrate UMP-NeuAc (Figure 3) were quite different
measurements undef.xandV/K conditions in the presence  from those discussed above. The bell-shaped data were well
and absence of 9% (v/v) glycerd§, 37). fit to eq 6 which describes a model which requires a single
RESULTS ionizable group in its unprotonated form, and another group
in its protonated form. For the,. plot, the K, values were
Synthesis of UMP-NeuAc IsotopomeTsie synthesis of 5.5 and 9.0 whereas fof/Kymp-neuac the values were 6.2
the alternate sialyltransferase donor substrate uridine-5 and 8.9.
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35 o0 o0 contrast, CMP-NeuAc showed a solvent isotope effect of 1.3
3 o ° °e on V/K and 2.6 onVmax The isotope effects are apparently
g 2'2 °° not related to the difference in viscosity ob® and DO
% 15 P (36) since control experiments with glycerol as an added
s 1 2% %2800 oao viscogen failed to show measurable differences in velocity
2 05 1, for VIK or Vmax. The results for the substrate dependence of
- »02 L the solvent isotope effects are in counterpoint to those for
1 — the $-°H and primary“C isotope effects. The observed

solvent isotope effects are higher with the “fast” substrate
CMP-NeuAc than they are with UMP-NeuAc. The KIEs for
the isotope-labeled NeuAc are suppressed with CMP-NeuAc
but are maximal with the “slow” substrate UMP-NeuAc.

DISCUSSION
The observed KIEs measured for sialyltransferase with the

45 55 6.5 7.5 85 95
pH

FiGure 2: pH-—rate profiles with CMP-NeuAc as donor substrate.
The circles represent the experimealK,, data, and the squares
represent thé, data. Units are M! s for ke/Kn and st for

Keat

15 F natural substrate CMP-NeuAc were very small. This indi-
. 1 i cated that one or more kinetic barriers other than the one
% 054 for the chemical step were at least partially rate-limiting,
§ of resulting in a situation termed commitment to cataly88, (
2 0.5 40). Isotope trapping experiments revealed that when the
g B acceptor oligosaccharidé¢acetyllactosamine was held at its
T Km value, the net rate for enzyme-bound CMP-NeuAc
1.5 oo dissociation was equal to the net rate at which it proceeded
455565758595

forward to form product. This commitment factor of 1.0
allowed correction of the observed isotope effects, but the
KIEs were still small when corrected for this factd9f
which lead us to consider that additional slow steps after
binding remained unaccounted for. We synthesized UMP-
NeuAc, 2, to test this hypothesis. This analogue is identical
o ) to CMP-NeuAc except for interchange of an oxo group for
Kinetic Isotope Effects with CMP-NeuAc and UMP-NeuAcC. he 4-amino group of the pyrimidine ring. UMP-NeuAc is

The kinetic isotope effect methodology used in this study hound more weakly to sialyltransferase than CMP-NeuAc,
utilized radiolabeled substrates, so the isotope effects are onyg jngicated by its 30-fold highem. The e for UMP-

the kinetic parameteV/K (38. The V/K KIEs for the  NeyAc is 5 times lower than thie., for CMP-NeuAc; the
enzyme-catalyzed reaction with UMP-NeuAc were measuredincreased barrier for the chemical step and the weaker
at pH 7 and 37°C and are presented in Table 2. For pinging of UMP-NeuAc provide the conditions that should
comparison, the KIEs for the enzyme reaction with the g4 1o full expression of the kinetic isotope effects. The size
natural donor substrate CMP-NeuAc and solvolysis of both 4f the isotope effects measured with UMP-NeuAc (Table 2)
CMP'N?UAC a_”d UMP-NeuAc are provided. . supports the idea that this has happened. A=A isotope

A p-dideuterio KIE of 1.218+ 0.010 was measured with  effect (1.22) is nearly as large as the 128 isotope effects
UMP-NeuAc as the donor substrate and LacNAc as the measured for solvolysis of either CMP-NeuAc or UMP-
acceptor substrate. The magnitude of this effect is close toNeuAc. Further, the primary“C isotope effects for the
that measured for the acid-catalyzed hydrolysis of CMP- sjalyltransferase UMP-NeuAc reaction and solvolysis of
NeuAc, and much greater than that measured for the enzymeCMP-NeuAc are identical (1.030). Th#2H KIEs for the
reaction with the natural donqr subs_tra.te CMP-NeuAc. A solvolysis reaction present a rough upper limit for the
value pf 1.28+ 0.01 for theﬁ-dldeut_erlo isotope effect on  magnitude of the enzymatic KIE, and the observed similarity
the acid-catalyzed hydrolysis reaction of UMP-NeuAc was between the two sets of KIEs argues that the enzyme KIEs
also measured, which is identical within experimental error measured with UMP-NeuAc are intrinsic ones, or very nearly
to that measured for CMP-NeuAc. A primat§C KIE of s0.
1.028 + 0.010 was measured on the enzyme-catalyzed Conformational Change on the Catalytic Cycl&he
reaction with UMP-NeuAc, which is almost identical to that  observeds-2H isotope effect with UMP-NeuAc was 1.218,
observed for the solvolysis reaction of CMP-NeuAc. A large which is 10 times larger than the 1.022 isotope effect

pH

Ficure 3: pH-—rate profiles with UMP-NeuAc as donor substrate.
The circles represent the experimeial K, data, and the squares
represent thé, data. Units are M! s for kefKn and st for
keas and the solid lines represent the fit of the data to eq 6.

%H inverse binding isotope effect of 0.94# 0.010 was
measured at C9 of the €69 glycerol tail of NeuAc.
Finally, a control KIE of 1.005t 0.005 was measured for
3H and*“C labels positioned in thH-acetyl group of UMP-

observed with CMP-NeuAc as the substrate and is 4.5 times
larger than the CMP-NeuAc isotope effect when it was
corrected for the slow CMP-NeuAc off-rat29). The
differences in sialyltransferase KIEs measured with CMP-

NeuAc. This control shows that the remote labels do not NeuAc and UMP-NeuAc could be explained on the basis of

experience a KIE themselves.

Sobkent Isotope EffectsThe effects of solvent deuterium
substitution orVmax andV/K for the altered donor substrate
(UMP-NeuAc) were measured foi(2—6) sialyltransferase.

additional kinetic complexity, or if the chemical nature of
the transition states were different. Arguments that require
significantly different transition states (and isotope effects)
arising purely from differences in the intrinsic chemical

In both cases, effects close to unity were measured. Inreactivity of these two glycosyl donors are ruled out given
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Table 2: Kinetic Isotope Effects for Sialyltransferase with UMP-NetAc

isotopomeric pair type of KIE KIBmp—Neuac KIE cmp-Neuac solvolysi®
[1-3H-N-acetyl; 3,3-°H,], [1-*“C-N-acety] B-secondary 1.218 0.010 1.044+ 0.007 1.276+ 0.008,
1.284+ 0.0r°
[2-14C], [1-H-N-acety] primary 14C 1.028+ 0.010 1.00Qk 0.004 1.030k 0.005
[9-3H], [1-**C-N-acety] binding 0.9444 0.010 0.984k 0.007 NA
[2-14C], [9-%H] primary *C and binding 1.102-0.012 NA NA
[1-3H-N-acety], [1-14C-N-acety] control 1.0054 0.005 1.003+ 0.004 1.002+ 0.010

aThe isotope effects obtained with CMP-NeuAc and the isotope effects for solvolysis are included for comp#tiEsnfor solvolysis of
CMP-NeuAc taken from re@5. ¢ KIE for solvolysis of UMP-NeuAc, this work.

ENERGY

K1 ko k3

E+SvES~QES

REACTION COORDINATE
FiGure 4: Qualitative comparison of the reaction coordinate for

E +P

sialyltransferase-catalyzed transfer of CMP-NeuAc and UMP-

chemical step abolishes the solvent isotope effect, indicating
that the step which is sensitive to the solvent isotope effect
is not the step corresponding to glycosyl transfer. This step
could be the proposed conformational change (i.e., ktep
of Figure 4), but further work will be required to distinguish
between this possibility and the possibility that the solvent
effect onVmaxis due to a step after cleavage of the glycosidic
bond. Taken together, the results require a minimum of one
additional kinetically slow step on the sialyltransferase
catalytic cycle, and the fact that the solvent isotope effects
are greatly diminished for the slow substrate UMP-NeuAc
argues that proton transfer is not part of the transition state.

NeuAc. The solid line corresponds to CMP-NeuAc, and the dashed ~ Features of Aci¢tBase CatalysisA comparison of the
line corresponds to UMP-NeuAc. For presentation, the binding of pH—rate profiles in Figure 2 and Figure 3 provides a clear

the acceptor substrate is not shown.

demonstration of how the use of UMP-NeuAc as the donor
substrate has simplified the kinetic behavior of the enzyme.

their identical structure at and around the atoms of the scissileThe profiles with UMP-NeuAc were well-fit to a bell-shaped

glycosidic bond, and by the experimental observation that profile for two ionizable groups, unlike the profiles with
KIEs for SOlVOlySiS of each are identical. There must be a CMP-NeuAc which did not fit a Simp|e bell model. The

kinetically slow step after binding of CMP-NeuAc but before

observed K, values with UMP-NeuAc are probably not

the irreversible chemical step to account for the difference ghscured by kinetic features. The behavior ofkhéK., data

in V/K isotope effects measured with UMP-NeuAc and CMP-
NeuAc. This is presented in qualitative terms in Figure 4,

for UMP-NeuAc is consistent with sialyltransferase requiring
two ionizable groups for catalysis with on&pof 6.2 and

which presents a minimal kinetic mechanism that can aCCOUntanother }Ka of 8.9. Since UMP-NeuAc does not show any

for a V/K isotope effect that is sensitive to barriers for

ionizations over this range, we attribute these ionizations to

binding: an isomerization and an irreversible chemical step the free enzyme. Undaf,..conditions, the ternary complex

(glycosyl transfer). After binding to sialyltransferagg)(the
CMP-NeuAc-enzyme complex can isomerizes) and
proceed further to form product or dissocidte;J with equal
probability k-; = ky). From the isomerized state E$he
CMP-NeuAc complex is more likely to proceed to product
than it is to back-isomerize to the initial complée & k-»).

shows a downward shift of the acid-sid&pfrom 6.2 to

5.5, and the alkalinelfy, is essentially unchanged at 9.0. Two
reasonable functions for the protonated group would be for
it to act as an acid to assist cleavage of the glycosidic link
to the nucleotide, or it could provide a hydrogen in a critical
hydrogen bond. Phosphate is a stable leaving group, so a

Itis this propensity that dramatically reduces the observed requirement for protonating a phosphate to stabilize the

isotope effects with CMP-NeuAc as substrate. When UMP-

transition state seems questionable. On the other hand, a

NeuAc is the SubStI’ate, it is bound more Weakly than CMP- proton donated to the exocyc|ic g|ycosidic oxygen would

NeuAc. In comparison, it is more likely to dissociate than it
is to proceed in the forward directiok_( > k), and this

be expected to weaken the glycosidic bond and thus could
provide a possible source of rate acceleration. Solvent isotope

reduces the external commitment to catalysis. UMP-NeUAC's effects do not support a proton in flight in the transition state,
reducedk:o argues that the barrier for the glycosyl transfer and a pre-protonation of the exocyclic glycosidic oxygen
step is higher than the barrier for CMP-NeuAc. So itis more would be extremely unfavorable on thermodynamic grounds
likely to back-isomerize (and ultimately dissociate) than given its very low basicity. The anionic nonbridging phos-

CMP-NeuAc. Possibly, the equilibrium for UMP-NeuAc in
the ES and E'Sstates may disfavor reaching the 'Efate.
This amounts to an increase kn, which will contribute to
lowering the internal commitment to catalysis.

phate oxygen would be considerably easier to protonate, but
it was not immediately obvious as to whether protonation
here could help in catalysis. Theoretical calculations were
used to help explore this question. Protonation of the

A second and key observation was that solvent isotope nonbridging oxygen of the acetal phosphate model shown

effects are 0.97+ 0.03 and 1.12+ 0.19 for Vmax and
VIKump-neuac When UMP-NeuAc is the sialyl donor, but if

in Figure 5, right side, resulted in a decrease in the bond
order of the glycosidic bond by 0.18. This would be a

CMP-NeuAc is used, the solvent deuterium isotope effect catalytic effect since the decreased bond order reflects a

is 2.6+ 0.3 onVpaxand is 1.3+ 0.1 onV/Kcemp-—neuas This

weakened €O glycosidic bond. Protonation of the bridging

interesting result shows that raising the barrier for the glycosidic oxygen (Figure 5, left) also caused a decrease of
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0. oMe "0 OMe HO  OMe This effect is in the range seen for dissociative type
- \"'xP/ \P< 13\F< mechanisms, and is identical to the KIE measured for
He g\ o~ Yo G solvolysis of CMP-NeuAc 25, 44. This small primary

o]

zﬂ 0 J oﬂ carbon KIE rules out significant nucleophilic participation
in concert with loss of the UMP leaving group. Te’H

i KIEs show that the transition state for glycosidic bond

Ficure 5: Effect of phosphate protonation state on acetalOC cleavage has substantial positive charge. The lack of

bond order. For the sake of calculating the bond orders for the ". i S by th i harid
protonated structures, the bond orders in the middle structure wereS'9nificant participation by the acceptor oligosaccharide

defined to be equal to 1. The calculations were performed with the Would allow for the possibility that after the transition state
6-31G* basis set and density functional theory using the Becke a very short-lived oxocarbenium ion intermediate is formed;

exchange functional and the L.e¥ang—Parr correlation functional this is precedented fg#-galactosidase6). In solution, the
(48, 49. NeuAc oxocarbenium ion species is very short-lived@)(

so if it were generated in the active site, it is likely that it
would be readily trapped by the acceptor in a kinetically
invisible step. Another aspect of the transition state involves
a binding interaction at C9 of the glycerol tail on the NeuAc
residue. This follows from the substantial invefskisotope
effect of 0.944 that indicates that the hydrogen at C9 is in a
tighter vibrational environment in the transition state than
in the ground state. It is not yet clear what specific molecular
interactions are responsible for the isotope effect. The
apparent binding and recognition of this side chain by
sialyltransferase may be an important component of inhibitor
design for sialyltransferases.

Directions for Inhibitor DesignRecently the first potent
inhibitors of sialyltransferases were reportetb)( These
compounds linked a cytidine monophosphate moiety with
X groups that were planar and sought to mimic the presumed
deprotonate the hydroxyl group of the acceptor 0ligosac- nianar geometry of the oxocarbenium transition state that
charide to facilitate its attack on the glycosidic carbon. In | .04 arise in a dissociative type mechanism. The present
an associative displacement mechanism, the deprotonationy ,qies confirm that the rat livax(2— 6) sialyltransferase
would increase the nucleophilicity of the hydroxyl group, paq 5 transition state with nearly a full positive charge,

but i,t is difficult to imagine that .deprot.ona}tion WOUld,b? indicating that cleavage of the CMP group is complete, or
required for catalysis in a mechanism which is as d|SSOC|at|veVery nearly so. It will be of considerable interest to see if

as the sialyltransferase mechanism is. The barrier for Capturecharge-mimic transition state analogues of the sialyl oxo-
of the sialyl oxacarbenium ion is extremely _smzﬂl?( 29 ._carbenium ion 47) will prove to be useful inhibitors of
and snollld \he one af ihe fastest steps in the reaCt'onsialyltransferase. Sialyltransferase must apparently undergo
sequence. One way to reconcile 'ghe experlmentally observeda conformational change prior to being competent for the
pH-—rate dependence would be if the "basic” group serves g qqy| transfer step. Some evidence for this is found in

to orient the acceptor hydroxyl group in a productive g ohservation that while the enzyme can bind the donor
conf(_)rmatlon._Alternatlvely, if the basm_group is anionic, & g hstrate CMP-NeuAc, it does not hydrolyze it. It is when
possible function could be to help stabilize development of ), g psirates are bound that the presumed precatalytic
the cationic transition state. It is also possible that the *basic” . ¢ormational change occurs. Optimal inhibitors of sialyl-

residue does accept a proton in the transition state, but in &, sterase might be those which contain the structural
highly asynchronous manner where proton transfer consider-to,tures that promote the enzyme’s ability to reach a

ably lags b_ehind_fo(rerlr;ation of the glycosidic bond. Future .,ntormation that reflects the catalytic form. It is from this
studies which utilize®0 KIEs for the acceptor hydroxyl — gate that transition state analogue inhibitors that mimic

group may allow us to identify its protonation state at the arge and shape will exert their greatest inhibitory potential.

transition state.
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