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ABSTRACT: Trypanosoma cruzrans-sialidase catalyzes a novel reaction that involves the transfer of sialic
acid between host and parasite glycoconjugates. In this paper, we report kinetic isotope effect studies on
recombinant trans-sialidasg-Dideuterium and primary3C isotope effects were measured for a good
substrate, sialyl-lactose, and a slow substrate, sialyl-galactose, in both acid-catalyzed solvolysis and
enzymatic transfer reactions. Tlfedideuterium isotope effect for sialyl-lactose in the acid hydrolysis
reaction was 1.113 0.012. The primary3C isotope effects for hydrolysis of sialyl-lactose and sialyl-
galactose were 1.016 0.011 and 1.015: 0.008, respectively. In the enzymatic transfer reactions, the
B-dideuterium and primary3C effects for sialyl-galactose were 1.080 0.008 and 1.032t 0.008,
respectively. The isotope effects for hydrolysis describe a dissociatjtdil& mechanism, and these

data are contrasted by the data for the enzyme-catalyzed reaction. The enzymatic deuterium isotope effects
are lower by a factor of 2, but the primary carbon isotope effects are higher by a factor of 2. This pattern
describes a mechanism involving nucleophilic participation in the rate-determining transition state.

Trypanosoma cruzithe agent of Chagas’ disease, ex-

presses on the parasite surface a series of glycoproteins, some
of them with trans-sialidase activity. These trans-sialidases
transfer a sialic acid N-acetylneuraminic acid, NeuAk)
group from host glycoconjugates to parasite surface glyco-
conjugates, leading to the formation of(2—3) linked
products (Figure 1) that are thought to be involved in host
cell invasion and immune masking,(2). Sialic acids are
involved in a variety of biological processes such as cell
adhesion, metastasis of tumor cells, and particularly—cell
cell and celt-ligand interactions3—5). In the parasite, the
transfer of sialic acids by trans-sialidase appears to facilitate
the internalization ofT. cruzi by host nonphagocytes and
phagocytes §, 7), and to promote the escape from the
vacuole after internalization8( 9). Parasite surface sialic
acids are als_o found to inhibit complement C3bBb assembly Ficure 1: The transferase reaction catalyzed by trans-sialidase.
of the hos_t immune .systemL.(Q—.12) and to help protect The ovals schematically represent either hodt.aruzicell-surface
against antibody-mediated lysis in the absence of complementjigosaccharides.
(manuscript in preparation). Trans-sialidase is therefore
implicated in several important roles, suggesting that inhibi-
tion of this enzyme might interfere with several steps in the
life cycle of the parasite.

Structurally, trans-sialidase is formed by two functionally
separable domains. The N-terminal region contains the full
catalytic activity. The C-terminal region consists of tandems
of 12 amino acid repeats, which were identified as a major

antigen recognized by sera from Chagasic patients in the
acute phase. Deletion of the C-terminal region has little effect
on the enzymatic activityl3, 14. SAPA repeats promote
trans-sialidase oligomerization and significantly increase the
half-life of trans-sialidase activity in blood in the early stage
of infection (L5, 1. Sequence alignments between trans-
sialidase and bacterial neuraminidases revealed some im-
portant similarities. Both enzymes have sequences of the
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residues which bind the NeuAc carboxylate group, and slow substrate, sialyl-galactose. We measuredtd@eu-
Tyr342 (Tyr374 of trans-sialidase), a possible active site terium and primary*3C KIEs for both the acid solvolysis
nucleophile {8—20). Mutation of Tyr374 to Thr or Phe, or  and the enzymatic transfer reactions. The results provide
wild-type trans-sialidase variants which have a His374, are evidence for nucleophilic participation in the transition state
not catalytically active X7, 21). Both Salmonella typhimu-  of the trans-sialidase-catalyzed glycosyltransfer reaction. The
rium sialidase and .cruzitrans-sialidase belong to glycoside transition state for this reaction is considerably different than
hydrolase family 33 in the Henrissat classification system the transition state that arises during acid-catalyzed solvolysis
(22). Although sharing structural similarities, trans-sialidase of NeuAc glycosides, CMP-NeuAc, and the transition state
and neuraminidases have markedly different functionality. for sialyltransferase.
Neuraminidases are hydrolases with no or little transferase
activity whereas trans-sialidase is mainly a transferase unlesATERIALS AND METHODS
acceptors are not preser3|. Structural features which
confer the transferase activity have been explored through Recombinant trans-sialidase was expresséd ooli TG-1
mutagenesis studie24, 29, but the reasons why the cells and purified to homogeneity by the published method
transferase predominates are not understood. (28) with the following modifications. A Novagen Kii
Trans-sialidase utilizes a wide range of glycoproteins, affinity column was used instead of a Qiager*NNTA-
glycolipids, and oligosaccharides as substrates. It strongly2garose column, and a step gradient of imidazole buffers
prefers that the donor substrates have the presence of 4150 and 500 mM) was used to elute the affinity column.
NeuAc unita(2—3) linked to a galactose residue and that The purified enzyme showed a single band by SIPAGE.
the acceptor substrates have the presence of a nonreducinff1-*“C]Glc)-Lactose with specific activities of 54.3 and 60
end terminap-linked galactosyl residu@e). Trans-sialidase =~ MCi/mmol was purchased from Sigma Chemical CH-
is distinct from sialyltransferase enzymes which utilize the Glucose (27 Ci/mmol) was purchased from ICN Pharma-
sugar nucleotide CMP-NeuAc as the donor substrate. Trans-ceuticals, Inc. [1“C]Galactose (52 mCi/mmol) and [t
sialidase catalyzes transfer of NeuAc between saccharidedN)lgalactose (29.5 Ci/mmol) were purchased from Moravek
with retention of Configuration z?)7 which has some Biochemicals. quUld scintillation fluid (SCintisafe 30%) was
interesting implications in the mechanistic schemes discussedPurchased from Fisher. Liquid scintillation counting was
later in this paper. The rates of the glycosyltransfer reactions Performed using a Packard 1600 TR instrument which
vary significantly with donor substrates having leaving dumped data to a floppy disk for subsequent analysis on a
groups of differing reactivity, which argued against a mech- personal computer. Recombinant rat livef2—3) sialyl-
anism featuring a re|a‘[ive|y |0ng-|ived Sia|osy|-enzyme transferase was pUrChased from Calbioch@&invabiochem
intermediate and also indicated that initial glycosidic bond Corp. [24%C]Pyruvate was purchased from Isotec. NeuAc
C|eavage may be a slow Steml_ Trans-sialidase disp|ays aldolase was purchased from Toyobo Co., Ltd. Plasmid
a temperature dependence in which hydrolysis becomesPWV200B containing the gene for CMP-NeuAc synthase
favorable over the transfer reaction at higher temperatures.was a gift from Dr. W. Vann of the NIH. CMP-NeuAc
In part this is attributed to a lower affinity for the acceptor Synthase was expressed and purified according to the
at higher temperatur@8). Despite the structural models one Published method3d).
may propose for trans-sialidase based on its sequence ho- N-Acetylneuraminic Acid (NeuAc), CytidinesBonophos-
mology with sialidases of known structure, questions remain phate N-Acetylneuraminic Acid (CMP-NeuAc), and Their
regarding the catalytic mechanism of the entire group of Isotopomers. Micetylmannosamine and pyruvate were the
enzymes. The retention stereochemistry could be a sign of asubstrates in the synthesis of NeuAc by NANA aldola&&. (
double displacement mechanism with a covalent intermediateln this synthesis, [23C]pyruvate was utilized to prepare
(29). Note that with glycosides dfl-acetylneuraminic acid,  [2-**C]NeuAc. [3,3-°Hz]NeuAc was synthesized by exchang-
the term “covalent intermediate” as it applies to reaction ing NeuAc in deuterium oxide at pD 13§, 37). CMP-
stereochemistry includes an intermolecular covalent inter- NeuAc and its isotopomers ([ZC]CMP-NeuAc and [3,3
mediate between enzyme and substrate, and an intramoleculaiH.-NeuAc]CMP-NeuAc) were synthesized by the reaction
covalent intermediate in which the substrate carboxylate of CTP and NeuAc (or its isotopomers {22]NeuAc and
group has formed an-lactone by bond formation at the [3,3-?HzJNeuAc), catalyzed by CMP-NeuAc synthasi2(
anomeric carbon3Q, 31). At the other extreme, the mech- 38, 39. The yields for CMP-NeuAc and its isotopomers were
anism could involve a short-lived oxocarbenium ion inter- over 90%. The complete deuterium exchange for' {33]-
mediate having one face shielded by the enzyme to produceNeuAc and the retention of deuterium for [32Bl-NeuAc]-
products with retention stereochemistry. The NeuAc oxo- CMP-NeuAc were confirmed by the lack of 38ydrogen
carbenium ion has been detected in aqueous solution, raisingpeaks in theifH NMR spectra.
its existence in an enzyme active site as a real possibility [6-2H]Lactose.The following one-pot reaction was run
(32, 33. In mechanisms involving covalent intermediates, a in pH 8.6, 100 mM glycine buffer. The reaction mixture
further question arises as to the timing of intermediate contained 2QuCi of [6-*H]glucose (27 Ci/mmol), 7.2 mM
formation. Does the covalent intermediate arise by capture UDP-glucose, 5 mM M#, 50 mM KCI, 34 uL of 0.6%
of an enzyme-bound oxocarbenium ion intermediate, or does(w/v) a-lactalbumin solution (dissolved in pH 8, 50 mM gly-
it arise by more or less synchronous attack at the anomericgly buffer), 0.1 unit of UDP-gal-4epimerase (dissolved in
carbon while the bond to the leaving group is broken? pH 7, 100 mM citric acid buffer), and 50 milliunits of
In this paper we report kinetic isotope effect (KIE) studies galactosyltransferase (dissolved in 20 mM Tris-HCI buffer,
of the trans-sialidase enzyme. We studied the transferasepH 7.5, 2 mM EDTA, 2 mM 2-mercaptoethanol). The total
reactions with the substrate sialyl-lactose, and the alternatevolume was 1.0 mL. The reaction was run at°87for 6 h
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and was monitored by reaction of aliquots with ATP/ colostrum in this lab:6 = 1.8 (apparent t) = 12.1, H3a),
hexokinase which converted unreactec®lfjglucose into 2.02 (s, H ofN-acetyl), 2.75 (¢0d,J = 4.7, 12.4, H3e), 3.28
[6-3H]glucose 6-phosphate. The separation ofHglucose (t, J= 8.6, 0.6 H), 4.11 (etd, J = 3.3, 10, 1H), 4.54 (d)
6-phosphate from product [#H]lactose on Dowex-1 (for- =7.9, 1.5H), 5.28 (dJ = 3.4, 0.3H). The negative-ion FAB-
mate) columns (4 cm height in a Pasteur pipet) allowed MS (glycerol) of sialyl-lactose prepared by this method gave
estimation of the fractional conversion. After the fractional a molecular ion of 632.2039 (calculated 632.2038).
conversion had been determined to be 93%, the crude lactose Synthesis of ([£4C]Gal)-, ([6-3H]Gal)-, ([2-*C]NeUAc,
product was chromatographed on a Dowex-1 (chloride) [6-3H]Gal)-, and ([3,3-?H,]NeuAc, [6°H]Gal)-Sialyl-
column in a Pasteur pipet which was eluted with deionized galactose Isotopomer§&alactose is a poor substrate for
water. The silica TLC system CHgZIFPrOH/HO, 2:7:1, was (2—3) sialyltransferase with a higk,, of 268 mM @2).
able to cleanly separate glucose and lacté%e=(0.32 and Therefore, the method for sialyl-lactose synthesis was
0.1 for glucose and lactose, respectively), and was used tomodified for synthesis of sialyl-galactose. Reaction mixtures
confirm the presence of lactose by its coelution with an (~50 uL) contained 76-100 milliunits of recombinant rat
authentic standard. Isolation of the glucose and lactoseliver o(2—3) sialyltransferase and 5 units of alkaline
components confirmed the earlier estimate of ca. 90% phosphatase in 50 mM Tris-HCI, pH 7.5, containing 0.2 mg/
conversion. The crude ([84]Glc)-lactose was used in the mL BSA and 0.2% Triton CF-54. The reactions were

next step without further purification. typically conducted for 4 days at 3€C. The same purifica-
Synthesis of ([6H]GIc)-, ([1-1“C]Glc)-, ([2-**C]NeuAc, tion method used for sialyl-lactose was used to purify sialyl-
[1-1“C]Glc)-, and ([3,3-°Hz]JNeuAc, [11“C]Glc)-Sialyl- galactose. The final sialyl-galactose isotopomers were greater

lactose Isotopomer3.he general procedure for sialyl-lactose than 99.9% free of radioactive galactose. The yields ranged
synthetic reactions involved reaction of the appropriate CMP- from 75 to 82% and are presented in Table 1. The sialyl-
NeuAc isotopomer and 10Ci of 3H- or *C-radiolabeled galactose so obtained consisted of the two anomers at the
lactose (27 and 60 mCi/mmol, respectively) in 40 mM Gal C-1. The'H NMR (300 MHz, pH 7, room temperature)
cacodylate buffer with 0.2 mg/mL BSA, 0.2% Triton CF- of sialyl-galactose synthesized by this method agreed with
54, at pH 6.8, catalyzed by 10 milliunits of recombinant rat reported 40) data: 6 = 1.79 (apparent t) = 12.1, H3a),

liver a(2—3) sialyltransferase. 1.81 (apparent tJ = 12.1, H3a), 2.02 (s, Me dl-acetyl),

The following concentrations of CMP-NeuAc and final 2.73, 2.75 (apparent overlapping-d, J = 4.66, 12.34,) =
reaction mixture volumes were employed. For the3{§- 4.4,12.2), 352 (¢d,J=7.8, 9.7, 0.6H), 4.07 (dd, J =
Glc)-sialyl-lactose synthesis, 1.8 mM CMP-NeuAc was used 3.3, 9.8, 1H), 4.32 (¢d, J = 3.1, 10.3, 0.3H), 4.64 (dl =
in a reaction volume of 250L. For the ([14C]Glc)-sialyl- 7.9, 0.6H), 5.28 (dJ = 4.0, 0.25H). The negative-ion FAB-
lactose synthesis, 1.8 mM CMP-NeuAc was used in a MS (glycerol) of sialyl-galactose prepared by this method

reaction volume of 10@L. For the ([243C]NeuAc, [144C]- gave a molecular ion of 470.1508 (calculated 470.1510).
Glc)-sialyl-lactose synthesis, 5 mM [P€]CMP-NeuAc was ([1-*“C]Gal)-Sialyl-galactoseCMP-NeuAc (1.8&:mol) and
used in a reaction volume of 12@.. For the ([3,3-°H]- [1-14C]Gal (20uCi, sp act. 52 mCi/mmol) were reacted with
NeuAc, [1+4C]Glc)-sialyl-lactose synthesis, 3.7 mM [3,3 100 milliunits of sialyltransferase to afford the tite compound
2H,]JCMP-NeuAc was used in a reaction volume of 185 in 80% yield after HPLC purification.

The sialyl-lactose synthetic reactions were run at’G7 ([6-3H]Gal)-Sialyl-galactoseCMP-NeuAc (1.8&mol) and

for 3 days. Reaction progress was followed by fractionation [6-*H]Gal (30xCi, sp act. 60 mCi/mmol) were reacted with
of reaction mixture aliquots on Dowex-1 (formate) mini- 70 milliunits of sialyltransferase to afford the title compound
columns (4 cm height in Pasteur pipets). Initial washing with in 75% yield after HPLC purification.

deionized water eluted unreacted lactose, and product sialyl- ([2-'3C]NeuAc, [6°H]Gal)-Sialyl-galactose[2-3C]CMP-
lactose was eluted with 200 mM ammonium formate, pH NeuAc (3.0umol) and [6°H]Gal (30 «Ci, sp act. 20 mCi/
6.6, which was then quantified by liquid scintillation count- mmol) were reacted with 70 milliunits of sialyltransferase
ing. After the reactions had ceased to progress, the producto afford the title compound in 82% yield after HPLC
was isolated by chromatography on a Dowex 8 (formate purification.

form) column (0.7x 8 cm). The column was first washed ([3,3'-°H,]NeuAc, [6°H]Gal)-Sialyl-galactose[3,3-°H,]-
with water, followed by pH 7.4, 5 mM ammonium bicarbon- CMP-NeuAc (3.0umol) and [62H]Gal (20 «Ci, sp act. 20
ate buffer. The fractions containing sialyl-lactose were mCi/mmol) were reacted with 100 milliunits of sialyltrans-
concentrated and desalted with Amberlite IR120(kesin, ferase to afford the title compound in 75% yield after HPLC
and then further purified by anion exchange HPLC (MonoQ purification.

HR10/10, 6-5 mM NH4HCO;3, 15% MeOH). Sialyl-lactose Trans-sialidase Kinetic Experimentsitial velocities were
fractions were collected and desalted as described above. Theneasured at 26C, pH 7.0, in a buffer system containing
final sialyl-lactose isotopomers were greater than 99.9% free20 mM HEPES and 2 mg/mL ultrapure BSA. For glycosyl-
of radioactive lactose, with yields ranging from 52 to 76% transfer reactions, the concentration of the acceptor substrate
(Table 1). Sialyl-lactose prepared in this way comigrated with lactose was 100 mM. About 60 000 cpm of {C]Glc)-

an authentic standard by silica TLC (Et@FBuOH/pyridine/ sialyl-lactose (54.3 mCi/mmol) or ([¥C]Gal)-sialyl-
H,O/HOAc, 100:10:10:30:3, v/v; visualized by heating a galactose (52 mCi/mmol) was added into each reaction
plate dipped in HISO/MeOH). The sialyl-lactose so obtained mixture (final volume 5QuL). Reactions were initiated by
consisted of the two anomers at the Glc C-1. THeNMR addition of 125 ng of trans-sialidase. Three time point
(300 MHz, pH 7, room temperature) spectrum of sialyl- aliquots (15uL) were withdrawn within the initial velocity
lactose prepared by this method agreed with reported datarange. Aliquots were quenched into 1 mL of cold deionized
(40, 47 and also with standard sialyl-lactose purified from water, and 96Q:L of the quenched mixture was applied to
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a Dowex 1x 8 (formate) mini-column (4 cm height, Pasteur

pipet). Product (radioactive lactose or galactose) was col-

lected in the water fractions and quantified by liquid
scintillation counting.

Control for Isotopic Fraction of Sialyl Glycoside on
Dowex-1 (Formate) Resinndividual controls were per-
formed to test for isotopic fractionation of sialyl-galactose
or sialyl-lactose on chromatography on Dowex-1 resin.
Master3H/*“C mixtures of ([62H]Gal)-sialyl-galactose and
([1-1“C]Gal)-sialyl-galactose, or ([8]Glc)-sialyl-lactose
and ([243C]NeuAc, [1#“C]Glc)-sialyl-lactose were prepared.
Each mixture was divided into two equal volume fractions.
One fraction was transferred directly into an LSC vial with
4 mL of 200 mM ammonium formate (pH 6.6) added into
the vial. The other fraction was loaded orat 5 cmcolumn
of Dowex 1 x 8 (formate) in a Pasteur pipet which was
then washed with 200 mM ammonium formate buffer to
allow recovery of the substrates. Fractions (4 mL) were
collected directly into LSC vials to which was added 16 mL
of liquid scintillation fluid. Care was taken to collect the
entire peak of eluted sialyl-lactose. All vials were counted
10 min each for 10 cycles.

KIE Experiment Accuracy ControMixtures of ([6°H]-
Glc)-sialyl-lactose and ([23C]NeuAc, [1+‘C]Glc)-sialyl-
lactose were made to givi/*“C ratios that would corre-
spond to an actual KIE of 1.025. This was done by first
individually measuring the cpm per unit mass of solutions
of the ®H- and'“C-labeled sialyl-lactose isotopomers on an

Biochemistry, Vol. 39, No. 19, 2006905

each offH- and*C-labeled substrates were included in one
reaction. Radiolabeled substrates utilized in KIE experiments
were greater than 99.9% free of lactose or galactose. A
master mixture ofH/*“C-labeled substrates was made from
which aliquots were withdrawn and the referefdé“C ratio

at time zero was determined. Reactions were initiated by
addition of trans-sialidase for enzymatic reactions or HCI to
a final concentration of 0.1 M for acid solvolysis reactions.
Prechilled deionized water was added to stop the reaction
after 40-60% conversion had been reachet¥)( The
reaction mixture was immediately loaded onto Dowex 1

8 (formate form) mini-columns (5 cm height in a Pasteur
pipet) to separate the unreacted substrate from the product.
The column was first eluted with deionized water until all
of the radioactive lactose or galactose eluted. The unreacted
sialyl glycoside was obtained by elution with 200 mM
ammonium formate buffer. Care was taken to collect the
entire peak. The eluent (4 mL) was collected into liquid
scintillation vials, to which 16 mL of liquid scintillation fluid
was added. ThéH/*C ratio of the unreacted substrate was
determined by dual-channel liquid scintillation counting as
previously described46). The observed KIE was calculated
according to eqs 13. Equation 1 or 2 is used when the
heavy isotope-labeled substrate hdklar 14C remote label,
respectively. Equation 3 is used to correct the observed
isotope effect for fractional conversiorf) ((46). Three
independent experiments were conducted for measurement
of all KIEs.

analytical balance. The masses of both isotopomer solutions

required to give a KIE of 1.025 were then calculated and

measured on the same analytical balance. The “KIE” was
measured by the method described below, and the prepared

solutions were treated as if they were actual KIE reaction
mixtures. The measured KIE was compared with the

expected KIE to provide a measurement of the accuracy of

the KIE method.

Determination of the Extent of the Hydrolysis Reactions
under the Conditions for the KIE Experiments. (a) Sialyl-
lactose ReactionA mixture of carrier-free ([$H]NeuAc)-
sialyl-lactose and ([£4C]Glc)-sialyl-lactose was included in
a reaction mixture with 0.8 mM cold lactose and a buffer
system containing pH 7.0, 20 mM HEPES and 2 mg/mL
ultrapure BSA. The reaction was initiated by the addition of

KIEobserved= (14C/3H)0/(14C/3H)t (l)
KIEobserved: (3H/l4C)0/(3H/14C)t (2)
KIEcorrected: In(1 — f)/In[(1 — f)KIEobserveJI ()

The enzymatic KIE reactions were performed at°Zbin
20 mM HEPES containing 2 mg/mL BSA at pH 7.0. The
typical sialyl-galactose KIE reaction mixture was sD in
volume, contained 100 mM lactose, and was initiated by
addition of 500 ng of trans-sialidase in a 40 volume.
Approximatey 5 h was required to reach 50% conversion.
The typical sialyl-lactose KIE reaction mixture was b0

trans-sialidase. The reaction was allowed to proceed and thed Volume, contained 0.8 mM lactose, and was initiated by
quenched in 0.5 mL of ice-cold deionized water. The reaction @ddition of 50 ng of trans-sialidase in a1 volume.
mixture was separated on an anion-exchange HPLC MonoQAPProximately 36-60 min was required to reach 50%

column with a -5 mM ammonium bicarbonate gradient.
([1-**C]Glc)-Lactose, ([$H]NeuAc)-sialyl-lactose, ([£4C]-
Glc)-sialyl-lactose, and [9H]NeuAc peaks were collected
into the LSC vials (4 mL/vial) which were assayed by liquid
scintillation counting.

(b) Sialyl-galactose ReactionCarrier-free ([3,3%H]-
NeuAc, [6°H]Gal)-sialyl-galactose and ([¥C]NeuAc)-
sialyl-galactose were mixed in pH 7.0, 20 mM HEPES buffer
with 2 mg/mL BSA and either 0.8 mM cold lactose or 100

conversion. For the acid solvolysis KIEs, 0.2 M HCI solution
was added into an equal volume%f/*“C-labeled substrate
mixture (final volume= 50 uL) to initiate the reactions
which were conducted at 3.

RESULTS

Isotopomer SyntheseSialyl-lactose (NeuAa(2—3)Gals-
(1—4)GIc) and sialyl-galactose (Neu&(2—3)Gal) isoto-
pomers have been synthesized with rat-lixé2—3) sialyl-

mM cold lactose. The procedure described above for the transferase which mediates regiospecific formation of an
sialyl-lactose reaction was followed. Reactant glycosides, a-glycosidic bond between carbon 2 of NeuAc and the 3-OH
product glycosides, and product galactose were separatedyroup of a galactose residue. The desired isotopic substitution
from hydrolytic NeuAc and counted in the liquid scintillation patterns were obtained by combination of the appropriate
counter as described above. CMP-NeuAc and lactose or galactose isotopomers. Table 1
KIE ExperimentsThe competitive method was used to presents the identity and yield of the isotopomers that have
measure thé&//K isotope effects43). About 100 000 cpm been prepared. Thi(2—3) sialyltransferase readily accepts
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a3H/*C ratio of 3.387, compared to a value of 3.387 found

Table 1: Sialyl-lactose and Sialyl-galactose Isotopomers @V OO IV
before chromatography. The results indicate that insignificant

.compound Isotope and position yield (%) isotopic fractionation occurs during chromatography on
z:g:z::gglg‘ég:g ﬁisé]HégTeUAC' [6-H]Gal ;g Dowex-1. The total counts applied to and recovered from
sialyl-galactose [23C]NeuAc, [6°H]Gal 82 _the_ co_lumn were found to be 20675 and_ 20431 cpm,
sialyl-galactose [6H]Gal 75 indicating that the recovery from the column>9£8.8%. A
sialyl-lactose [3,3°H;]NeuAc, [14“C]Glc 67 SH/*C mixture of sialyl-galactose gave a ratio of 2.528 after
sialyl-lactose [25CINeuAc, [14CIGle 76 Dowex-1 (formate) mini-column, compared to 2.525 found
iigmiiiﬁigii %;C]](SLC ;g before chromatography. The recovery from the column is

>99.5%. When mixtures oiH- and!‘C-labeled substrates
were prepared to reflect the results anticipated for a KIE of
_o 1.025, chromatography of these mixtures afforded a “mock”

14
H
O R \\w2§&/ HO s 'gH KIE of 1.028+ 0.007. For an enzymatic reaction, the remote
MO °© o labels used in the competitive method may sometimes
HO HO H‘& OH OH
D,D 3

8o c

introduce a binding isotope effect. These were investigated
by using two substrates with only tfid or 1“C remote labels.

sialyl-lactose, NeuAcu(2-->3)Gap(1-->4)Glc The results (Table 2) showed that for sialyl-lactose, there is
W a small inverse binding isotope effect; while for sialyl-
c s g p Yy
o \ o5, OHOH H galactose, there is a 1.024 normal binding isotope effect.
Ho. o‘ i Q Therefore, the measured isotope effects have to be corrected
ACNHL H© on ™ OH by this effect. For the acid solvolysis reaction, however, the
HO Ho Hv\\\D 5 \ same control experiment yielded a unity KIE of 1.082

e 0.005. This result was expected because there should be no
sialyl-galactose,NeuAc a(2-->3)Gal binding effect ir_l a solvolysis reaction. Due to the r_eversibility
Ficure 2: Sialyl-lactose and sialyl-galactose structures and posi- of the trans-sialidase-catalyzed transfer reaction, a Iargg
tions of isotope labels for compounds utilized in competitive KIE excess of unl_abeled acceptor Su_bstrate lactose was us_ed n
experiments. all KIE experiments to prevent isotope scrambling which
results if the reverse reaction is allowed to occur. In a control
lactose as an acceptor substrate; however, galactose is a po@xperiment, a mixture of sialyl[B+]galactose, [1“C]-
substrate. Syntheses with galactose required longer reactiorgalactose, and a large excess of unlabeled lactose was
time and more sialyltransferase. They were further optimized allowed to proceed to 50% completion. The remaining
by removal of inhibitory CMP with alkaline phosphatase and substrate contained no detectabi€, which excludes any
maintenance of a slightly alkaline pH and lower reaction significant isotopic scrambling under the conditions for
temperature to help stabilize the acid-labile CMP-NeuAc. carrying out the KIE experiments. Because trans-sialidase
KIE Methodology for Trans-sialidaseThe structures  catalyzes hydrolysis in addition to its transferase activity, it
presented in Figure 2 identify the locations of the isotope was necessary to show that no hydrolysis occurs under the
labels in sialyl-lactose and sialyl-galactose substrates usedconditions used to measure KIEs for the transferase reaction.
in the KIE experiments. Remof#d and'C labels on the  Utilizing sialyl-lactose or sialyl-galactose with a radiolabel
aglycon moieties act as remote reporters for the stablein the NeuAc sugar, hydrolysis would manifest in the
deuterium of3C isotope labels present on the NeuAc residue. production of free radiolabeled NeuAc, whereas transferase
Isotope effects measured with trace radiolabels report on theactivity would not. So long as sufficient acceptor lactose was
kinetic parameteNV/K (47). The kinetic isotope effect is  present, hydrolysis was completely suppressed (Figure 3a
manifested as a change of the initfa/1*C ratio over the ¢). The small differences in the retention times of the middle
course of the reaction, which is detected by liquid scintillation peak in the chromatograms presented in Figures 3a and 3b,c
counting of residual substrate, fractionated from reaction are due to two reasons. First, the middle peak in 3a is
mixtures by chromatography on anion-exchange mini- composed of sialyl-lactose only, whereas the peak in 3b,c is
columns. mainly sialyl-galactose, which has a longer retention time
KIE Method Control Experiment€hromatography of a  than that of sialyl-lactose. Second, the sample loadings were
SH/'C mixture of sialyl-lactose on a Dowex-1 (formate) different. The results are accurate enough to differentiate the
mini-column eluted with 200 mM ammonium formate gave NeuAc peak from the sialyl-lactose/sialyl-galactose peaks.

Table 2: Kinetic Isotope Effect Data

location/type of KIE acid solvolysis enzymatic transfer corrected!kKIE
p-dideuterium 1.113: 0.012 (SL) 1.046t 0.008 (SLY 1.053+ 0.010
1.042+ 0.01 (SL¥ 1.049+ 0.013
1.085+ 0.006 (SG) 1.066: 0.008
[2-13C] primary 1.016+ 0.011 (SL) 1.014+ 0.012 (SL) 1.02H-0.014
1.015+ 0.008 (SG) 1.056: 0.005 (SG) 1.032- 0.008
control KIE 0.993+ 0.008 (SL)

1.024+ 0.006 (SG)

a“gL” = sialyl-lactose; “SG"= sialyl-galactose® 0.8 mM lactose® 8.0 mM lactose? The KIEs in the previous column were divided by the
value of the control KIE: 0.993 for transfer reactions with SL, and 1.024 for transfer reactions with SG.
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a 25000 7 required relatively mild conditions due to the lability of
20000 + sialyl-lactose glycosidic bonds to NeuAc (0.1 N HCI, 3C, 10 h). The
lactose stabilities of the products lactose and NeuAc were estimated
x 150007 by incubating them under reaction conditions for 30 h, and
5 00001 the structures were confirmed unchanged by NMR. The
measureg@-dideuterium KIE for sialyl-lactose hydrolysis is
5000 1 1.1134 0.012. TheéC primary KIEs for hydrolysis of sialyl-
o lactose and sialyl-galactose are 1.04®.011 and 1.015
0 10 20 30 0.008, respectively.
fraction Kinetic Parameters for Sialyl-galactos@/e were unable
b 9000 ~ to detect saturation of trans-sialidase by sialyl-galactose even
8000 4 O galactose at concentrations up to 100 mM. Therefore, ihefor sialyl-
7000 1 galactose is greater than 100 mM, and is at least 100 times
6000 T+ greater than th&, for sialyl-lactose 28). Since saturation
% iggg 1 sialyl-galactose of trans-sialidase with sialyl-galactose could not be obtained,
3000 4 sialylactose no estimate of th&/max for this substrate is yet available.
2000 + Noue We were able to estimate that thg/Kn, for sialyl-galactose
1000 + is approximately 200 times smaller than tg/K, for sialyl-
0 lactose.
0 10 20 30
fraction
DISCUSSION
¢ 4000
3500 Kinetic Mechanism.The kinetic mechanism for trans-
3000 ¢ sialidase has not yet been established. One tool to help rule
s 28007 out possibilities is the substrate concentration dependence
& 2000 1 of measured KIEs48). The KIE data presented in Table 2

1500 +
1000 +
500 +

help rule out an ordered sequential mechanism involving

initial binding of the labeled donor followed by acceptor.

Essentially unchanged-’H KIEs are observed (1.046 to

0 10 20 30 1.042) at lactose concentrations-e0 and 100 times the
fraction Km (28). If the kinetic mechanism were ordered with the

Ficure 3: (a) Determination of the extent of the hydrolysis reaction labeled donor sialyl-lactose binding first, saturating acceptor

of sialyl-lactose under KIE conditions. The anion exchange HPLC lactose would .trap all of the Ia.beled.sialyl-lactose on the
chromatogram depicts the elution of lactose, sialyl-lactose, and enzyme and drive the KIE to unity, which was not observed
NeuAc. (b, c) Determination of the extent of the hydrolysis reaction (48).

of sialyl-galactose under the conditions for KIE experiments with T ; T
sialyl-gal%ctose. Carrier-free ([3;3H;]NeuAc, [63H]gal)-sialyl- Kmet'(? Complexity and the Isotope Effgclﬁlnetlc
galactose and ([#4C]NeuAc)-sialyl-galactose were mixed in pH  COomplexity can mask the full value of a kinetic isotope effect
7.0, 20 mM HEPES buffer with 2 mg/mL BSA and either 0.8 mM  (49). When an isotope-sensitive step in a reaction is clearly
cold lactose (b, upper curve) or 100 mM cold lactose (c, lower the slowest in the catalytic sequence and it is irreversible,
o oo ron Casmons ot actose 1e VIK KIES measured for he sep provide information on
gluted in fractions 24, sialyl glycosgi]des eluted in fractions 45 the Chgnge in structure that occurs bet""eef‘ g.round.state and
20, and [1}C]NeuAc eluted in fractions 2623. The circles  transition state §0). The observed trans-sialidase isotope
represent thé‘C counts; the squares represent tHecounts. effects are very similar for the fast substrate sialyl-lactose
and the slow substrate sialyl-galactose. TW& is about
Thus, it is clear from the results that for transfer between 200 times smaller for sialyl-galactose indicates very little
sialyl-lactose and lactose, 0.8 mM lactose was sufficient to external commitment to catalysis exists. The pattern of a
ensure that only transferase activity occurred. The poorersmall deuterium and (relatively) large carbon isotope effect
substrate sialyl-galactose required much higher concentra-indicates that these are intrinsic isotope effects, free of
tions (100 mM) of lactose to saturate the enzyme and significant commitment factors. Specifically, if there were
eliminate competing hydrolysis. a commitment factor in operation, the intrinsic values of the
KIE ExperimentsKinetic isotope effects for trans-siali- $-2H and primary®*C KIEs would both be higher than the
dase-catalyzed transfer of sialyl-lactose and sialyl-galactoseobserved values, a pattern which is unknown to us. With
to acceptor lactose are presented in Table 2. In the enzymaticet retention stereochemistry, trans-sialidase is likely to
transfer reactiong3-?H isotope effects were measured with proceed in two steps with an enzyme-bound intermediate.
two lactose concentrations (0.8 and 8 mM) in otherwise The isotope effects measured here report on the first step
identical reaction mixtures with sialyl-lactose as the donor since trans-sialidase rates and isotope effects are dependent
substrate. The measured values were 1.846.008 and on the nature of the leaving group aglyc@8y,
1.0424 0.01, which gave 1.05% 0.010 and 1.04% 0.013 Transition State and Mechanisrivlany glycosyl group
after correction for the binding isotope effect and propagation transfer reactions have been found to proceed by transition
of error. The KIE values for sialyl-galactose reactions are states that are dissociative in charackd).(By dissociative,
identical to those for the sialyl-lactose reactions within we specifically mean that loss of bonding between the leaving
experimental error. The acid solvolysis KIE experiments group and anomeric carbon has progressed further than bond
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Ficure 4: Proposed mechanisms for trans-sialidase-catalyzed reaction.gli@cosyl residue; substituents on the NeuAc and Gal rings
have been omitted for clarity. The top equation represents a pathway with a transition state having nucleophilic participation with an
enzyme group. The bottom equation represents a pathway involving formation of an interneeldietene.

formation between the nucleophile and the anomeric carbon.place a limit on the size of th&-°H KIE, and the observed
In one mechanistic limit, bond formation does not occur at value is further dependent on the dihedral angular relationship
all in the transition state, and glycosyl oxocarbenium ions that describes the orbital overlap between the CH (or CD)
can form as transient intermediates. Note that covalentbond and the vacant p orbital of the adjacent oxocarbenium
intermediates could occur by subsequent attack on theion carbon $4). However, thé3C KIE data discussed below
oxocarbenium ion. At the other extreme, the transition state suggest that the difference between the solvolysis and
could feature considerable nucleophilic participation. In this enzymatig3-H KIEs rests primarily in a difference in charge
case, covalent intermediates are formed directly instead ofdevelopment, not transition state dihedral bond angles.
via oxocarbenium ion intermediates. It is likely that the nature ~ The primary*3C KIE of 1.015 shows that the sialyl-lactose
of the leaving group, the inherent stability of the glycosyl hydrolysis transition state is a dissociative one with little
donor as an oxocarbenium ion, and contributions from the nucleophilic participation. This is in contrast to the enzymatic
enzyme active site will determine whether oxocarbenium ion reaction, which has a primafyC KIE of 1.032 for transfer
intermediates are formed in enzyme active sites. We haveof sialyl-galactose to lactose. THi&C isotope effect can be
found the cytidine monophosphate glycosideNsacetyl- converted to the correspondidtC KIE of 1.062 with eq 4
neuraminic acid (CMP-NeuAc) reacts in mild acid solution (55). With few exceptions, reported glycosyltransfer primary
to form a short-lived oxocarbenium ion intermediate, and “C KIEs fall within the range of 1.021.05 (any*3C values
recent work on sialyltransferase indicates that the enzymaticwere converted to the corresponditi§ values); the reac-
transition state is very similar to the one in soluti®2 (33, tions encompass enzymatic hydrolyses, phosphorolysis, and
52, 53. A key feature of NeuAc is the carboxylate group, solution hydrolyses of nucleosides and fluoro- and alkyl-
which is proposed to stabilize the oxocarbenium ion by short- glucosides %6—64).
range electrostatic interactions. On the other hand, aryl 1213019 _ 12 14,
glycosides of NeuAc appear to solvolyze under weakly acidic WK ="W (4)
conditions with the carboxylate group functioning as an The primary*3C KIE observed here for trans-sialidase is too
intramolecular nucleophile, possibly leading to strained large to allow the mechanism to be classified as the typical
a-lactone intermediates3Q). Another important consider-  dissociative or “R1"-like mechanism often associated with
ation is the nature of carboxylatenzyme interactions. lon  glycohydrolases and glycoside hydrolysis reactidsis €5,
pairing between the NeuAc carboxylate and an active site 66). Exceptions to this pattern are found in the lafg§e
arginine triad is indicated by crystallographic analyses of KIE's of 1.032 and 1.028 reported for the aqueous hydrolysis
Salmonellssialidase 18, 19. Given the conservation of these  of a-glucosyl fluoride andx-glucosidase-catalyzed hydroly-
residues in trans-sialidase, it is likely that a similar interaction sis of a-b-glucopyranosyl pyridinium bromide, respectively
exists. It has been suggested that the carboxylate/argining67, 68. In both of these cases, transition states with
triad interaction may dictate the behavior of the carboxylate nucleophilic participation were proposed. The trans-sialidase
group during sialidase catalysis, and it is likely that this too primary3C KIE is just large enough to equal smaller KIEs
is an important consideration for the trans-sialidase mech- measured for true2 reactions. For example, displacement
anism @0). These different mechanistic paths for group of 1-phenyl-1-bromoethane with sodium ethoxide affords a
transfer of the same sugar challenge the idea that solution'3C KIE of 1.036 €9). This reaction shows a first-order
and enzyme mechanisms are identical, and, as will be dependence on the concentration of ethoxide and is certainly
presented below, two enzyme transition states for transfera bimolecular process. The 1.082 KIE and the 1.06(-°H
of the same sugar can be considerably different. KIEs measured for trans-sialidase argue for a transition state
The8-°H KIE’s presented in Table 2 clearly indicate that with nucleophilic participation and limited oxocarbenium ion
the transition state for solvolysis (KIE 1.113) and the character, which must collapse to a covalent intermediate
transition states for the enzymatic transfer of NeuAc to after the transition state as presented in Figure 4. We suggest
lactose (KIE's 1.049-1.060) are different. Thg->°H KIEs that for trans-sialidase catalysis, nucleophilic participation
derive from hyperconjugation with the anomeric oxocarbe- is enforced by the architecture of the active site and may
nium ion carbon. The amount of charge development will facilitate expulsion of the aglycon.
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A covalent intermediate in trans-sialidase catalysis could
serve more than one purpose. A covalent intermediate would
allow transfer of the NeuAc residue to the acceptor hydroxyl
with overall retention stereochemistry. Another advantage
to the covalent intermediate over a shielded oxocarbenium
ion might be related to lifetime. The short lifetime (and high
reactivity) of the NeuAc oxocarbenium ion could make it
unselective regarding capture by water or by an acceptor

saccharide hydroxyl grou¥(). The covalent intermediate

might facilitate the selective transfer to a saccharide acceptor
over water by chemically sequestering the NeuAc residue

Biochemistry, Vol. 39, No. 19, 200%909

5. Traving, C., and Schauer, R. (1998¢Il. Mol. Life Sci. 54
1330-1349.

6. Piras, M. M., Henriquez, D., and Piras, R. (198Vpl.
Biochem. Parasitol22, 135-143.

7. Villalta, F., Zhang, Y., Bibb, K. E., Burns, J. M., Jr., and Lima,
M. F. (1998)Biochem. Biophys. Res. Commun. 2297—
252.

8. Andrews, N. W., Abrams, C. K., Slatin, S. L., and Griffiths,
G. (1990)Cell 61, 1277-1287.

9. Hall, B. F., Webster, P., Ma, A. K., Joiner, K. A., and Andrews,
N. W. (1992)J. Exp. Med 176, 313—325.

10. Kazatchkine, M. D., Fearon, D. T., and Austen, K. F. (1979)
J. Immunol. 12275-81.

until it reaches a geometriC relationship with the bound 11. R|m0|d|' M. T_’ Sher, A.7 Heiny' S_‘ Lituchy' A_‘ Hammer' C.

acceptor saccharide that is competent for glycosyltransfer.
The existence of covalent intermediates has been well

H., and Joiner, K. (1988roc. Natl. Acad. SciU.S.A. 85
193-197.

established in several hydrolase reactions, by their successful 12- Norris, K. A., and Schrimpf, J. E. (199#)fect. Inmun62,

trapping and characterizatio@i—74). Such intermediates

236—-243.
3. Campetella, O. E., Uttaro, A. D., Parodi, A. J., and Frasch,

may be reached by collapse of oxocarbenium ion/active site. ™ 5 "c."(1994)Mol. Biochem. Parasitol. 64337—340.

side chain ion pairs, or directly by participation of active
site nucleophiles in the initial glycosidic bond breaking step.

14. Schenkman, S., Chaves, L. B., Pontes de Carvalho, L., and
Eichinger, D. (1994)1. Biol. Chem 269, 7970-7975.

In the case of trans-sialidase, we have used carbon and 15. Buscaglia, C. A., Campetella, O., Leguizamon, M. S., and

deuterium isotope effects to identify the transition-state
signature of a forming covalent intermediate. This not only
identifies a subsequent covalent intermediate, but also rules ;-

out that it originated by capture of an oxocarbenium ion.

At this time the identity of the proposed nucleophile is
unproven, leading to the two mechanistic scenarios portrayed

in Figure 4. It could be the NeuAc carboxylate gro@®)(

or a group in the enzyme active site that acts as a nucleophile
in the transition state, possibly Tyr 374 as mentioned
previously. The inhibitor 2,3-dehydro-3-deoxyneuraminic
acid is a geometric analogue of an oxocarbenium ion-like

Frasch, A. C. (1998). Infect. Dis. 177431-436.

16. Buscaglia, C. A., Alfonso, J., Campetella, O., and Frasch, A.

C. (1999)Blood 93 2025-2032.

Cremona, M. L., Sanchez, D. O., Frasch, A. C., and Campe-

tella, O. (1995)Gene 160123-128.

18. Crennell, S. J., Garman, E. F., Laver, W. G., Vimr, E. R., and
Taylor, G. L. (1993)Proc. Natl. Acad. Sci. U.S.A. 90852
9856.

19. Crennell, S. J., Garman, E. F., Philippon, C., Vasella, A., Laver,
W. G., Vimr, E. R., and Taylor, G. L. (1996). Mol. Biol.

259, 264—280.

20. Burmeister, W. P., Henrissat, B., Bosso, C., Cusack, S., and

Ruigrok, R. W. H. (1993Structure 1 19—-26.

transition state because of its planarity at the position isosteric 21. Cremona, M. L., Pollevick, G. D., Frasch, A. C., and

with the anomeric carbon of the substrate. This compound

shows strong inhibition of many sialidasegb). However,
it does not inhibit trans-sialidas&®), suggesting a different

transition state character in the trans-sialidase-catalyzed 53
glycosyl transfer reaction (or a more restrictive active site).
It is also interesting to note that nucleophilic participation
during glycosyltransfer of NeuAc by sialyltransferase does

not occur. The rat liven(2—6) sialyltransferase transition

state features nearly full oxocarbenium ion charge develop-

ment (3-?H KIE = 1.218) and no indication of nucleophilic
participation (2 *C KIE = 1.030; equal to &°C KIE of

1.016) 63). These observations show that glycosyltransfer
reactions of the same sugar can span a considerable

mechanistic breadth.
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