Introduction

This report addresses several critical questions concerning
the spontaneous and enzyme-catalyzed hydrolysis reactions o
N-acetylneuraminides. For example, does the C-1 carboxylate
group of theN-acetylneuraminides have a catalytic function?
Is chemistry or conformational change rate-determining in the
enzyme-catalyzed hydrolysis of tiNacetylneuraminides?

Carbohydrates have roles in a variety of biologically important
processes, including receptor/ligand recognition, intracellular
trafficking, and immunity: One of the most biologically
important keto-sugars is the nine-carbid@acetylneuraminic acid
(also known as sialic acid)N-Acetylneuraminides are structur-
ally distinct from glucopyranosides in that they contain tertiary
reaction centers (ketose vs aldose) and have an ionizable,q
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Abstract: A reagent panel, comprised of five pyridinium saltseb-N-acetylneuraminic acid, was synthesized

and then used to probe enzymatic-gialidase) and nonenzymatic mechanisms of neuraminide hydrolysis.
Spontaneous hydrolysis of the pyridinium salts proceeded via two independent pathways, where unassisted
C—N bond cleavage was the rate-determining step. Cationic species (i.e., anomeric carboxylate protonated)
displayed apparentify values in the range of 0:40.7. However, spontaneous hydrolyses of the cationic and
zwitterionic species had simildly values of—1.22+ 0.16 and—1.22+ 0.07, respectively. The results, plus

the activation parameters calculated from the hydrolysis of pyridinisbaN-acetylneuraminideAH* = 112

+ 2 kJ molt andASF = 28 4+ 4 J mott K1), strongly suggest that the anomeric carboxylate does not assist

in the departure of neutral pyridine leaving groups. Enzymatic hydrolysis was studied using an influenza viral
o-sialidase (A/Tokyo/3/67) which was recombinantly expressed using a baculovirus/insect cell expression
system. Sialidase protein was purified by a combination of density gradient centrifugation and gel filtration
chromatography. Kinetic parameters for the enzymatic hydrolysis of the pyridinium salts were measured at 37
°C and at pH values of 6.0 and 9.5. Thig values derived fokea/Km andk:awere essentially zero, indicating

that chemical transformations/events are not rate-determining. Rather, this observation is consistent with a
model fora-sialidase-catalyzed hydrolyses (Guo, X.; Laver, W. G.; Vimr, E.; Sinnott, Ml.lAm. Chem.
S0c.1994 116 5572) in whichkea/Km is determined by a conformational change of the first-formed Michaelis
complex andke,: is determined by the virtual transition state made up of two separate conformational events.

brated oxacarbenium ions (PA).>6 In the latter case,
he intermediate ionmolecule pai€ Such reactivities are a
ion, estimated to be on the order of{3) x 10712587

In contrast to the body of work on aldopyranoside hydrolysis

reported for hydrolysis of aryd-p-N-acetylneuraminideslj®
and CMPB-p-N-acetylneuraminide2).%1° The presence of an
ionizable carboxylic acid group in the argl-N-acetylneur-

(3) Banait, N. S.; Jencks, W. B. Am. Chem. S0d.99], 113 7951~
58.

carboxylic acid group attached to the anomeric center. (4) Zhang, Y.; Bommuswamy, J.; Sinnott, M. L.Am. Chem. So994
Nucleophilic substitution reactions on aldopyranosides con- 116 7557-7563.

taining anionic leaving groups, such as fluoride, react with
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anionic nucleophileésand watet via an “exploded” ADy (Sn2) (Gj (a) Huang, X.; Surry, C.; Hiebert, T.; Bennet, A.JJ.Am. Chem.
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So0c.1998 120, 3887-3893.
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neutral leaving groups react via short-lived nonsolvent equili-
ucleophilic attack occurs prior to the complete dissociation of

consequence of the short lifetime of the glucosyl oxacarbenium

reactions, there are comparatively few mechanistic studies
involving N-acetylneuraminides. Mechanistic studies have been

aminides increases the number of hydrolytic pathways relative
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to aryl aldopyranosides. Potential reaction pathways are shownScheme 2

in Scheme 1 as follows: (a) spontaneous reaction of the car- OH co;
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Conflicting evidence has been reported concerning the role H D o
of the carboxylate group during nonenzymatic hydrolysis reac- ROH
tions. Ashwell et al. proposed that the C-1 carboxylate group qg o o o
assists nucleophilically in both the general-acid-catalyzed depar- Asp 151i Asp 151i
ture of a phenol and the spontaneous departure of a phenolate < i

anion during the hydrolysis reactions of aoyb-N-acetylneur-
aminides {).° In contrast, Horenstein and co-workers propose accqrding to this mechanism, an aspartic acid residue then
that the carb'o'xylate group is coplangr to the oxacarbenium ion ¢ tions as a general-acid cz;ltalyst to assist departure of the
at the transition state for hydrolysis of CMPe-N-acetyl- 54100 (Scheme 2). Consistent with this role of the aspartic
neuraminide (i.e., nucleophilic participation cannot océdf). ;g evidence for proton transfer exists from a kinetic study
Analysis of enzyme-catalyzed reactions is naturally more ., e influenza virus sialida¥eand from a computational
complex than that of the corresponding solution-phase reactions.q, | 4,22
For example, there are two acidic residues (Asp/Glu) present o] aiternative mechanism for enzyme-catalyzed hydrolysis
in the active site of the majority of glycosidases; these groups | 5 peen proposed by von Itzstein and co-workegcording

participate during the hydrolysis of carbohydrates. In ,1953' to this proposal, water directly attacks an oxacarbenium ion via
Koshland? proposed a mechanism for retaining glycosidases an internal return mechanism

which is still generally accepted.One of the two acidic amino Notably, the catalytic roles of essential glutamate and tyrosine
acid residues acts as a general-amd catalyst, whlle_the conjugate.siques are not fully describ&8though it appears that one or
base of the second residue reacts as a nucleophile. both residues stabilizes the transition state either electrostatically

SialidasesN-acetylneuraminyl glycohydrolase, EC 3.2.1.18) . cleophilically. Thomas et al. concluded that an oxacarbe-
are retaining glycosidases that catalyze the hydrolysis of nj,m jon is a potential intermediate in sialidase-catalyzed
N-acetylneuraminic acid re5|d.ues-lir61keq to glycoproteins,  pqrolvses: their conclusion was based on a modeling study of
glycohp@s, and polysaccharidés. D|fferer'1t ,hydmet'C, the cation bound to the enzyme active site (B/Beijing/1/87).
mechanisms have been proposed for the sialidase family of = \ye have also initiated studies to unravel the complex nature

enzymes, also involving two acidic active-site res'd”éf’or_‘e of these hydrolyses. The current investigation simplifies the
mechanism, based largely ogox-ray structure determinations onpy qrqysis kinetics through the use of neutral leaving groups
an influenza type A enzynl’é; is proposed in W_h'Ch the-N- that obviate the need for acid catalysis. Five pyridiniorn-

acetylneuraminide is bound in a boat conformatiorglEStrong — \_acetyineuraminides were synthesized and their hydrolyses

ehlectrostatilc binding %ccurs dbetween_the an_ignic carrt])oxylate of characterized in both enzymatic (influenza type A/Tokyo/3/67)
theN-acetylneuraminide and an arginine residue on the enzyme. ;4 nonenzymatic systems.
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(TAPS), and 24-cyclohexyamino)ethanesulfonic acid (CHES) were fractions were collected and lyophilized to give a white solid (26 mg,
purchased from Sigma and used without further purification. Pyridine, 30%): [0]?% = —33.3 € 0.36, HO). *H NMR (400 MHz, D;0): ¢
3-methoxypyridine, 3-methylpyridine, 4-methylpyridine, and 3,4-di- 1.98 (t, 1 H,J3a.3¢e= Jsas= 12 Hz, H-3a), 2.32 (s, 3 H, C§i 2.36 (dd,
methylpyridine were purchased from Aldrich and used without further 1 H, Jse3a= 12 Hz, Jse4 = 4 Hz, H-3e), 3.633.68 (m, 2 H, H-7,
purification. N-Acetylneuraminic acid was purchased from Rose H-9a), 3.85 (dd, 1 HJop9a= 12 Hz,Jops= 3 Hz, H-9b), 3.94 (ddd, 1
Scientific and used without further purification. Hydrochloric acid H, Js7= 10 Hz,Js9a= 6 Hz, Jgop = 3 Hz, H-8), 3.9744.11 (m, 3 H,
solutions were made by dilutions of a standard 1.00 M solution (Fischer H-4, H-5, H-6), 8.08-8.12 (m, 2 H, Ar-H), 8.55-8.61 (m, 1 H, A
Scientific). All other salts used in the hydrolysis studies were of H), 9.10-9.15 (m, 2 H, AH). 3C NMR (100 MHz, BO): 6 24.8
analytical grade and were used without further purification. Milli-Q (CHs), 43.4 (C3), 53.9 (C5), 65.9 (C9), 70.6 (C7), 70.7 (C4), 73.7 (C8),
water (18.2 M2 cm™?) was used for kinetic experiments. NMR spectra  77.5 (C6), 98.2 (C2), 130.8, 142.5, 149.8 {AT), 171.4 (C1), 177.8
were acquired on a Bruker AMX-400 spectrometer. The conditions used (C=0). HRMS (EI): calcd for GsH23N20g [M + H*], 371.1454; found,
for HPLC purification were as follows: C-18 reverse-phase column, 371.1462.

25 x 10 mm, using a flow rate of 5 mL/min. Hydrolysis Kinetics. The hydrolysis reactions oBa—e were

The protecteg-p-N-acetylneuraminyl chloridesj,?® (1-pyridinio)- followed by monitoring absorbance versus time using a Cary-3EUV
acetate® and 4-nitrophenyIN-acetylneuraminicf&2” were synthe- vis spectrophotometer equipped with the Cary six-cell Peltier constant-
sized according to published procedures. Full experimental details for temperature accessory. Hydrolysis reactions were initiated by injection
the synthesis of the parent pyridiniuNracetylneuraminide3p) are of an aqueous stock solution of the pyridinium salt (45 45—60
given below, while the experimental particulars for the synthesis and mM) into a cuvette containing 2.0 mL of the required buffer that had
characterization o8a,c,d,e are given in the Supporting Informatiéh. been preequilibrated for 20 min at 8&.

N-[Methyl (5-Acetamido-4,7,8,9-tetraO-acetyl-3,5-dideoxye- At all [H301] the reactions oBa and3c were monitored at 298 and
glyceroa-D-galactenon-2-ulopyranosyl)onate]pyridinium Tetraflu- 275 nm, respectively, while the hydrolysis & was followed at 268

oroborate (4b). N-Acetylneuraminyl chloridé (300 mg, 0.59 mmol) and 271 nm for reactions at pH values>4.0 and<4.0, respectively.

and silver tetrafluoroborate (0.14 g, 0.71 mmol) were added with stirring The hydrolysis reactions &d were monitored at 229 and 265 nm for

to a cooled solution-£10 °C) of pyridine (1 mL) in anhydrous THF ~ [HsO*] = 0.2 M and [HO"] < 0.2 M, respectively, and the reactions

(8 mL). After the solution was stirred at°g for 48 h, the solventwas  Of 3e were monitored at 235 and 272 nm for 1] concentrations
evaporated under reduced pressure. Methanol (15 mL) was added t0=0.1 M and <0.1 M, respectively. Clean isosbestic points were
the residue, and the resulting mixture was sonicated for 10 min. After observed during the hydrolyses of b&aand3b at 260.0 and 289.5
sonication the solution was filtered and the methanol removed under nm, and 243.0 and 257.5 nm, respectively. Hydrolysis rate constants
reduced pressure to give a pale yellow syrup. The crude product wasfor reactions o3aand3b at all pH values, and those 8t—eat pH'’s

purified by flash column chromatography (silica gel, 6:1;CH/MeOH) greater than 4.0, were calculated by using a standard nonlinear least-
to give a white solid (0.17 g, 45%R = 0.49 (7:1 CHCl,/MeOH).H squares fit of the absorbance versus time data (to 4 halftimes for
NMR (400 MHz, CDC}): 6 1.90 (s, 3 H, CH), 1.93 (s, 3 H, Ch), hydrolysis). Hydrolyses o8c—e in acidic solutions ([HO"] = 0.01

2.06 (s, 3 H, CH), 2.16 (s, 3 H, CH), 2.18 (s, 3 H, CH), 2.45 (dd, 1 M) were monitored using an initial rate methodology. Specifically, the

H, Jzaze= 13.0 Hz,J354= 9.0 Hz, H-3a), 3.77 (dd, 1 Hlze3a= 13.0 change in absorbance was monitored until abet8% of the starting

Hz, Jse4= 4.6 Hz, H-3e), 3.85 (s, 3 H, OG) 4.06 (dd, 1 HJoa o= material had reacted. The reaction endpoint absorbance was measured,
12.0 Hz,Joa 8= 6.5 Hz, H-9a), 4.17 (q, 1 Hls 4= Js6 = Jsnn = 10.0 under identical reaction conditions, using an authentic mixture of
Hz, H-5), 4.32 (dd, 1 HJgbea= 12.0 Hz,Jop s = 3.0 Hz, H-9b), 4.62 N-acetylneuraminic acid and the corresponding pyridine. Rate constants
(dd, 1 H,Js7= 2.0 Hz,Js5 = 11.0 Hz, H-6), 5.45.48 (m, 2 H, H-4, were then calculated using a standard first-order rate expression.

H-7), 5.51 (dddJs9a = 6.5 Hz,Jgop = 3.0 Hz,Js7 = 9.0 Hz, H-8), Product Studies. The UV—vis spectrum (226350 nm) of a
6.44 (d, 1 H,dwuns = 10.0 Hz, NH), 8.28-8.34 (m, 2 H, Ar-H), completely hydrolyzed>10 half-lives) sample o8a—e (5.0 x 10°°
8.66—-8.71 (m, 1 H, Ar-H), 9.30-9.34 (m, 2 H, A~H). 13C NMR M) in TAPS buffer ¢« = 1.00, KCI) at 65°C was identical within

(100 MHz, CDC}): & 20.6, 20.8, 20.9, 21.0, 22.9 (GH36.0 (C3), 0.010-0.025 au with the spectrum of a solution containihg
47.8 (C5), 55.4 (OCh), 62.5 (C9), 66.9 (C7), 67.5 (C8), 68.5 (C4), acetylneuraminic acid and the corresponding freshly distilled pyridine
94.2 (C2), 128.7 (ArC), 141.2 (Ar-C), 148.0 (Ar-C), 164.7, 169.6, (5.0 x 103 M).

170.0, 170.6, 170.8, 170.9 (C1=0). Identification of the carbohydrate-based hydrolysis product was
N-[(5-Acetamido-3,5-dideoxyp-glyceroa-p-galactonon-2-ulopy- accomplished by'H NMR analysis. Specifically, theN-acetyl-

ranosyl)onate]pyridinium (3b). Compound4b (150 mg, 0.23 mmol) ~ Neuraminide was dissolved in phosphate buffer (10 mM; 1.00 M

was dissolved in an ice-cold solution of sodium methoxide-19 KCI, pH 8.0), and the solution was then heated af@5or a period

equiv) in anhydrous methanol (5 mL). After the solution had stirred at ©f time corresponding to 10 half-lives for hydrolysis. The reaction
0 °C for 2 h, Dowex 50W HCR-W2 resin (Hform) was added to mixture was then evaporated to dryness, and the resultant residue was
neutralized the solution. Following filtration the resin was washed twice Subjected to two rounds of & exchange (1.5 mL) followed by
with methanol. The combined filtrate and methanol washings were lyophilization to afford a colorless solid. THéi NMR spectrum of
evaporated under reduced pressure, and the resulting residue waéhe hydrolysis product was identical to a spectrum of authentic
dissolved in agueous 0.1 M NaOH solution (5 mL). After being stirred N-acetylneuraminic acid.

for 30 min at 0°C, the mixture was neutralized with Dowex 50W HCR- The hydrolyses oBaand3b afford a small amount of an unidentified
W2 (H*) resin, and the resin was removed by filtration. The resin was Product €-2%), as shown by the appearance of a broad singlet peak at
then washed with water, and the combined aqueous layers were5-88 ppm in the'H NMR spectra. The hydrolyses 8t—e also give
evaporated to dryness under reduced pressure to give a pale yellowise to a second minor product$%), as shown by the appearance in
solid. The crude product was purified by HPLC using 1.0% (v/v) acetic the'H NMR spectra of a singlet at a chemical shift of 5.65. However,

acid in water as the eluent (retention tir9.52 min). The combined neither of these two minor products was the corresponding unsaturated
sugar (i.e., glycab) that would result from an elimination reaction.

(25) (a) Rothermal, J.; Faillard, KCarbohydr Res 199Q 196, 29-40. Enzymatic Materials and Methods—Wild-Type Sialidase Gene.
(b) Kuhn, R.; Lutz, P.; MacDonald, D. ©hem Ber. 1966 99, 611-617. All restriction endonucleases and DNA modification enzymes were
© (ggf’za?'éhgﬁ”frg' ic?aFr}SJh-e(I:hgmlé:r?quhggn“g;gséi 2750 purchased from Gibco BRL or New England BioLabs Inc. (Beverly,
2758. (b) Bapat,pJ.’ B E'r'Jsztajn,yJ.;. Katrifzky, A R Plau,iBChem MA). All DNA manipulations were carried out according to standard
Soc, Perkin Trans. 11977 1692-1697. protocols?® The BS-TokNA plasmid, containing the wild-type sialidase
(27) Eschenfelder, V.; Brossmer, Rarbohydr. Res1987, 162, 294~ gene, was a generous gift from Dr. G. Air (University of Oklahoma).
297. As described by Lentz et al., the gene was cloned intcStesite of

(28) We were unable to acquire'¥C NMR spectrum foBa because of
this compound’s significant rate of hydrolysis at ambient temperatures. A (29) Maniatis, T.; Fritsch, E. F.; Sambrook, Molecular Cloning: A
consequence of this reactivity can be seen in the emergence of peaksLaboratory Manual 2nd ed.; Cold Spring Harbor Laboratory Press: Cold
corresponding to 3-methoxypyridine in thid NMR spectrum §). Spring Harbor, NY, 1989.
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the vector Bluescript KS (Stratagene, La Jolla, CA) in an orienta-
tion to allow expression from the T7 promoféf! The NA gene was
excised bySal digestion from the BS-TokNA plasmid, gel-purified,
and treated with T4 DNA polymerase to form blunt ends. The 1.5 kb
fragment containing the NA gene was then ligated i&tod-digested
pUC19 (New England BioLabs Inc.) The new plasmid construct, pJW1,
was propagated iEscherichia colDH5a before further manipulatiof?.

Insertion of NA into pVL1392 Shuttle Vector. The sialidase gene
was excised from pJW1 by¥caRl/BanH| digestion. The 1.5 kb
fragment was gel-purified and ligated irfeoR1/BanHI-digested vector
pVL1392 (PharMingen, San Diego, CA) to create the 11.1 kb plasmid
pJW2. DNA sequence analysis (University of Calgary) using the
dideoxy chain termination meth&dvas used to verify accurate cloning
and to ensure that spurious mutations had not occurred during DNA
manipulation.

Cells and Viruses. Trichoplusia niinsect cells were cultured in
EX-CELL 405 medium (JRH Biosciences, Lenexa, KS) supplemented
with 10% fetal bovine serum (JRH Biosciences) according to standard
procedure$? Recombinant baculovirus stocks were produced by
cotransfecting g of the pJW2 recombinant shuttle vector witlxg
of BaculoGold AcNPV DNA (PharMingen). Single clones were isolated
by plaque assay8.High-titer virus stocks were produced by three
rounds of virus amplificatiott at a multiplicity of infection (MOI) of
0.1.

Expression of NA.T. nicells (2 x 1 cells mL™1) were infected
with recombinant baculovirus at a MOI of 10 using serum-free medium,
supplemented with 1% antibiotic/antimycotic (Gibco BRL). Infected
cells were incubated at 2T in 1-L spinner flasks until levels of active
NA had reached a plateau, typically-665 h postinfection.

Sialidase Assay.The fluorometric substrate 4-methylumbelliferyl
o-D-N-acetylneuraminide (MUNANA) (Sigma Chemical Co.) was used
to monitor sialidase activity. Based on the method of Potier efal.,
1-10 uL of sample was typically used in a 50- reaction volume
containing 200 mM NaAc, pH 6.0, 2 mM CaCland 0.4 mM
MUNANA. Following a 30-min incubation at 37C, the enzymatic
reaction was stopped by the addition of 240 of 133 mM glycine,
pH 10.7, 60 mM NacCl, and 83 mM NaHGQA standard curve for the

measurement of product was prepared using 4-methylumbelliferone.
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Figure 1. Plots of logkesy versus—log [HzO*] for the hydrolysis of

five o-D-N-acetylneuraminyl pyridinium salt§, = 65 °C: W, 3, v,

3b; a, 3c; ¢, 3d; and®, 3e Error limits are encompassed within the
symbol diameter. The included lines are the best nonlinear fits of the
kinetic data to eq 1.
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Co.) gel filtration column, equilibrated with buffer B. The purity of
the active fractions was assessed by SPBGE and silver staining.
Aliguots of the pure enzyme were then stored frozer-80 °C until
needed.

Enzyme Kinetics. Michaelis-Menten parameters were measured

The fluorescence of standards and unknown samples was determined,y siandardizing enzyme activity on 4-nitrophenytp-N-acetyl-
using an excitation wavelength of 365 nm and an emission wavelength o ,raminide to obtain relativéea, values for the pyridiniumN-

of 450 nm.

Purification of Sialidase. T. ni cells were removed from the culture
medium by centrifugation. Eight-hundred-milliliter volumes of medium
were centrifuged at 100@0for 15 min. Recombinant virus particles
(decorated with NA) were isolated from the culture supernatant by a
second centrifugation at 4009@r 30 min at room temperature. Virus
pellets were resuspended in 50 mL of buffer A (50 mM HEPES, pH
7.3, 150 mM NaCl, and 2 mM Cag)l Active sialidase heads were

cleaved from the baculovirus particles by Pronase digestion as de-

scribed by Lave#! using 0.05 mg/mL Pronase (Calbiochem, La Jolla,
CA) at 37°C for 16 h. Virus particles were separated from NA by

acetylneuraminide substrates. Kinetic measurements at pH 6.0 were
performed in 50 mM sodium acetate, 0.1 mM Ca0l32 mM MgCh,

and 60 mM NaCP! Measurements at pH 9.5 were performed in 50
mM glycine, 0.1 mM CaGl 0.32 mM MgC}, and 60 mM NaCP*
Initial rate measurements were made using a Varian Cary 3EW8/
spectrophotometer equipped with a Peltier temperature controller. The
progress of the reactions was continuously monitored fer2min

at 37°C, and the derived initial velocities were corrected for background
hydrolysis. Each 40@L reaction was performed by equilibrating the
buffer and substrate in the cell block for-8 min prior to the addi-

tion of enzyme (5QcL). Kinetic parameters were determined from eight

centrifugation as before. To separate NA and Pronase, supernatantsnitial rate measurements at substrate concentrations rangind<g(sn

were loaded onto a HR5% sucrose gradient and centrifuged in an
SW28 rotor at 28 000 rpm for 29 h at°®&. Fractions containing NA

to 3Km. Extinction coefficient differences were calculated by measuring
the absorbances of the pyridiniuNtacetylneuraminide substrate and

but not containing Pronase were pooled, concentrated, and exchangeghose of the productsy-acetylneuraminic acid and the corresponding

into buffer B (50 mM HEPES, pH 8, 150 mM NaCl, and 2 mM CgClI
using ultrafiltration (30 kDa cutoff, Amicon). Concentrated 1-mL

pyridine. The kinetic rate data were fitted to the Michaelgenten
equation using a standard nonlinear least-squares program (Grafit).

samples were then loaded onto a Sephacryl-200-HR (Sigma Chemical

(30) Lentz, M. R.; Air, G. M.; Laver, W. G.; Webster, R. @irology
1984 135 257—-265.

(31) Nuss, J. M.; Air, G. Wirology 1991, 183 496-504.

(32) A gift from Dr. R. Kay, Terry Fox Laboratories, Vancouver, Canada.

(33) Sanger, F.; Nicklen, S.; Coulson, A.Roc. Natl. Acad. Sci. U.S.A.
1977, 74, 5463-5467.

(34) Summers, M. D.; Smith, G. E. Texas Agricultural Experiment Station
Bulletin No. 1555, 1987.

(35) O'Reilly, D. R.; Miller, L. K.; Luckow, V. A. Baculawirus
Expression Vectors: A Laboratory Many&V. H. Freeman and Co.: New
York, 1994.

(36) Potier, M.; Mameli, L.; Belisle, M.; Dallaire, L.; Melancon, S. B.
Anal. Biochem1979 94, 287-296.

(37) Laver, W. G.Virology 1978 86, 78—87.

Results

TheN-(o-b-N-acetylneuraminyl)pyridinium compounds were
prepared from a readily made and fully protectgeb-N-
acetylneuraminyl chlorideb}?> according to the synthetic route
outlined in Scheme 3. To some extent dehydrohalogenation of
the tertiary3-p-N-acetylneuraminyl chloridebf was anticipated,
generating am,S-unsaturated ester product. Nevertheless, the
silver-promoted reaction & with various pyridines generated
the desired salts in reasonable yields{40%).

Spontaneous HydrolysisFigure 1 presents the observed rate
constants K, obtained as a function of BD*] for the
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Scheme 4 The absolute values fokcar and kea/Km on the enzyme-
OH catalyzed hydrolyses of pyridinium-p-N-acetylneuraminides

OH .
HO. CO:H Ka HO. 02 are shown in Figure 4. The assumption used in deriving these
+ —_ - . . .
A ".* N A _*.' NZ ] values is that the recombinant and nonrecombinant forms of
C S C S
X
lk

HO OH HO OH the enzyme have the same absokiygvalue.
X . . . . . .
ko 1 Despite several attempts, it was not possible to derive kinetic
parameters for the hydrolysis of 3,4-dimethylpyridiniuBe)(
products products at pH 6.0. Hydrolysis of this compound produced too small a

change in absorbanc@¢, Table 2) to allow the reproducible
hydrolyses of the five salts3@—e). Individual rate constants  measurement af-sialidase-catalyzed kinetic parameters. Also,
are given in Table S1 of the Supporting Information. The accurate parameters could not be derived for enzyme-catalyzed
observed rate constants fé&—e were fit to eq 1, wheré; and hydrolysis of3abecause the rate of spontaneous hydrolysis was
ko are the first-order rate constants for the hydrolysis of the sjgnificantly faster than the rate of enzymatic hydrolysis. At a
zwitterion and cation, respectively, arik is the apparent  pH of 9.5, theBy, values for sialidase-catalyzed hydrolyses of
ionization constant of the carboxylic acid group (Scheme 4). the series3h—e were +0.17 & 0.27 and 0.00t 0.12 for Kear

andkeao{Km, respectively.

kK, + k[H,01]

= 1) Discussion
P K+ HO]

Aryl N-acetylneuraminides exist in different protonation

The observed rate constants were determined up to an acicbtates. Therefore, these carbohydrates are potentially hydrolyzed
concentration of 1.0 M; beyond this concentration of acid, (1) PY different independent pathways (Schemé and conse-
the ionic strength is no longer constant and (2) the sialic acid quently the catalytic function of the anomeric carboxylic acid
product becomes increasingly unstable, thus making it difficult 9rOUP IS obscured. o
to measure accurate kinetics. Therefore, the valuek,faere Typically, the accurate description of catalyzed and uncata-
extrapolated since the plateau at highQH] was not achieved. lyzed reaction mechanisms necessitates klne_tlc anqu&s at
At one extremek; is indistinguishable from zero and the Mmany different pH's. However, substrates with positively
observed fall-off in rate constant is caused solely by titration charged leaving groups are able to simplify many aspects of
to an inactive form. To discount this possibility, the data were the hydrolysis kinetics, because acid-catalyzed pathways are no
also fit to a model in whictk, = 0 (eq 1). Shown in Figures anger relevant. Fgrthermqre, such s_upstrates may be.used to
S1—S5 (Supporting Information) are the residuals of the fits to dissect the catalytic machinery of sialidases by negating the
the unconstrained and the constrained moétgl= 0). It is catgalytlc role of one of the two active-site carboxylic acid
evident that the residuals are unevenly distributed about zero"esidues. o o
for the constrained fit. The data-fitting exercise allows us to  Acidity of Pyridinium N-Acetylneuraminides.Although the
conclude that there are two independent pathways for the calculated gq's for the cations oBa—e (Table 1) might appear
hydrolysis of the pyridiniumiN-acetylneuraminides, and these 0 be low, these values are not unexpected. The meastted p
pathways are reasonably described by the parametgrio( of (1-pyridino)acetic acid (PYCH,COH) is 1.72+ 0.01 =
and [K,) listed in Table 1. Also given in Table 1 are thK4s 1, KCI; T = 65°C). When this value is adjusted to account for
for the conjugate acids of the pyridine leaving gro&ps. the inductive effect of the ring oxygen atom (methoxyacetic

Figure 2 displays the Bransted plots, kg@nd logk,) versus ~ acid is 1.18 |, units more acidic than acetic aci$)the
the K, of the conjugate acid of the leaving group for the PKafor 3bis expected to be-0.5 = 1, KCI; T = 65 °C),
spontaneous reactions &é—e. The derivedsy values for these which is in good agreement with the calculated value of 0.46
reactions are—1.22 + 0.07 and —1.22 + 0.16 for the  (Table 1).
zwitterionic () and the cationicky) forms, respectively. Spontaneous Hydrolysis ReactionsRole of the C-1 Car-

Analysis of the hydrolytic products faBa—e showed that boxylate Group. The observed rate constants for hydrolysis of
the major carbohydrate formed 95%) isN-acetylneuraminic ~ Pyridinium o-p-N-acetylneuraminides3g—e) are consistent
acid, thus indicating that these hydrolysis reactions involve With spontaneous hydrolyses of both the zwitterianand the
heterolytic C-N bond cleavages. cation, kp; the K, of the cation is in the range of 0.7

The rate o3b hydrolysis (Table S2, Supporting Information)  (Scheme 4).
was shown to be independent of acetate concentration; therefore, In principle, the carboxylic acid group could exert an effect
buffer catalysis is not a factor. The first-order rate constants on the reactivity ofa-p-N-acetylneuraminides via an intramo-
for the hydrolysis of the zwitterionic form o8b were also  lecular nucleophilic attack to form a transientlactone?
measured as a function of temperature (Table S3, SupportingHowever, the carboxylate group does not appear to play the
Information), and the corresponding Eyring plot is shown in role of a nucleophile during the €N bond cleavage reac-
Figure 3. The activation parameters derived for the spontaneousfions for the following reasons: (1) the rate differences be-
hydrolysis of3b are AH* = 1124+ 2 kJ mol'! andAS" = 28 tween the reactions of the carboxylakg) (and carboxylic acid
+ 4 J mort K-1, (ko) only differ by approximately a factor of 3 (Table 1),

Enzyme-Catalyzed Hydrolysis. Sialidase concentrations Whereas, with the comparable acetate/acetic acid pair, a rate
were normalized using a 4-nitrophenmy-N-acetylneuraminide ~ enhancement of at least fdld is anticipated’! (2) the fig
substrate, thereby making possible a direct comparison of thevalues for the two processek; (and k;) are identical, and
enzyme-catalyzed hydrolyses of pyridinium-p-N-acetyl- therefore consistent with late TSs having similar degrees of
neuraminides with the published values for amyb-N-acetyl- C—N bond cleavage, (i.e., both processes display characteristics
neuraminides: The klneth pargmeters for viral S.Ia“dase' (38) Perrin, D. DDissociation Constants of Organic Bases in Aqueous
catalyzed hydrolyses are listed in Tables 2 and 3 in terms of ggjution Butterworth: London, 1965.
relative keat and absoluté, values. (39) pKa(ACOH) = 4.75; K,(MeOCHCO,H) = 3.57, ref 40.
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Table 1. Calculated Rate Constants for the Spontaneous Hydrolysis of the Zwitterlghind Cationic ;) Forms of the Pyridinium Salts
(3a—e) at 65°C (u = 1.0, KCI)

leaving group Ka (Py—H™)?2 10k, (s7Y) 10k, (s7Y) pKa (app)
3-methoxypyridine 491 29t 1 69+ 9 0.36+ 0.04
pyridine 5.22 89.8: 0.4 329+ 2.4 0.46+ 0.04
3-methylpyridine 5.63 31.80.2 6.4+ 1.0 0.47+ 0.04
4-methylpyridine 5.98 9.7% 0.08 1.86+ 0.37 0.55+ 0.05
3,4-dimethylpyridine 6.46 3.6& 0.03 1.23+0.10 0.74+ 0.05

aValues taken from ref 38.

2.5 4 Table 3. Michaelis—Menten Parameters for the Influenza Type A
] Sialidase-Catalyzed Hydrolysis of Pyridinium
3.0 3 a-D-N-Acetylneuraminides, at pH 9.5 and 3€.
~ 3 Ae wavelength
w235 o (cmtM™Y) (nm) relkeaf Km («M)
= ] 3b —3470 261 0.153 0.012 216+ 44
S -4.0 o 3c —3610 275 0.067% 0.0067 138+ 37
3 3d —3690 256 0.215- 0.023 450+ 120
4.5 - 3e —2180 264 0.178: 0.026 261+ 87
50 . . a Reported<, values are relative to that measured for 4-nitrophenyl
AL R R o-D-N-acetylneuraminide, pH 6.0, at 3T.
480 520 5.60 600 640 6.80
pKa(B'H+) 10 ]
Figure 2. Brgnsted plots for the hydrolyses of the five pyridinium 0.6 _: N
o-D-N-acetylneuraminidesT = 65 °C: 4 (ki), hydrolysis of the o
zwitterion; and® (kz), hydrolysis of the cation. The included lines are P 02 ] °©
the best linear fits to the data. ~ 7 L/’/
o~ ]
340 7 go 023 °
-35.0 3 0.6 .
i}-36'0_: -1.0_|||||||||||||||
=, 370 3 5.0 5.5 6.0 6.5
i ] pK, (pyridine-H+)
£ 380 7 45 5
39.0 B ]
] w43 °
-400 LI | LELELIR | TTTIT | LELLIL | TTTT | ‘_“2 4 1 _: . hd
270 2.80 290 3.00 3.10 3.0 ~ "7
103x /T (K = v _Z
Figure 3. Eyring plot for the hydrolysis of the zwitterionic form of =3 1° ©
pyridinium a-p-N-acetylneuraminide. <_°5° 3.7 4 ° °
Table 2. Michaelis—Menten Parameters for the Influenza Type A 35 .
Sialidase-Catalyzed Hydrolysis of Pyridinium ' rrrrrrerTTTeTT
o-D-N-Acetylneuraminides, at pH 6.0 and SC. 5.0 5.5 6.0 6.5
Ae wavelength pK, (pyridine-H+)
—1 -0 a
(em= M7 (nm) relkeaf K (M) Figure 4. Plots of logkea) and logkealKm) versus K(B—H™) for
3b —3450 261 0.146: 0.007 72+ 12 a-sialidase-catalyzed hydrolysis of four pyridiniuet-p-N-acetyl-
3c —2600 275 0.0214 0.0020 16+ 6 neuraminides, pH 6.08) and pH 9.5 ), at T = 37 °C. The included
3d —3640 256 0.385- 0.022 234+ 28 lines are the best linear fits to the pH 9.5 data.
3e —1400 275
a Reported<s: values are relative to that measured for 4-nitrophenyl oxacarbenium ion can be estimated by a kinetic comparison of
a-p-N-acetylneuraminide, pH 6.0, at 3T. the N-acetylneuraminyl and the 2-deoxyglucopyranosyl sys-
tems® Specifically, the uncatalyzed hydrolysis for the zwitter-
of S\1 reactions); and (3) the large positivS value for the ~ ionic form of 3b was compared to the 2-deoxyglucosy! iso-

hydrolysis of the zwitterionkg) is not consistent with a highly ~ quinolinium salt7. The comparison betweedb and7 is valid
ordered TS such as would be required for an intramolecular

nucleophilic attack. &/ /
Lifetime of the N-Acetylneuraminyl Oxacarbenium lon. ) N
The influence of the carboxylate group on the lifetime of an

(40) Serjeant, E. P.; Dempsey, Bnisation Constants of Organic Acids

in Aqueous SolutignPergamon Press: Oxford, 1979. idini N i ;
(41) Acetic acid is about 100-fold less nucleophilic than water on the because (1) the pyridinium ring in both compounds is located

basis 0fNors values, while water is about 500-fold less nucleophilic than 1N @n quatorial posiﬁion, (2) both compounds. have grpund-
acetate on the basis of SwaiBcottn values, ref 42. state chair conformations, (3) th&gs for the conjugate acids
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of pyridine and isoquinoline are simil&and (4) any structural ~ Scheme 5
differences are remote from the anomeric center.

e K2 kia
In a previous study, Huang et al. correlated the lifetimes of &*®NvA“OR === EaNevAcORe === EaNeuAcORs —= EfNouAc+ ROH
the 2-deoxyglucosyl and the glucosyl cations with their rates lm
of formation% To wit, a 680-fold change in reactivity was ks
associated with a 4-fold change in cation lifetifden the EraNedhoOfl === EoNeweOHe = 7= EoleuAcOre

present study, addition of an anomeric £Q@roup enhances

the reactivity of the pyridinium salt by approximately 200-fold = catalyzed hydrolyses of aryk-b-N-acetylneuraminideskg,
relative to that of the 2-deoxy compouidThis rate enhance-  Scheme 5). However, both the initial conformational change
ment was estimated from the pH-independent rate constants for(k,) and cleavage of the glycosidic-@ bond ks) are partially

the hydrolyses of (« = 2.0 M, NaClQ)%and3b (x = 1.0 M, rate-determining fok.o{K, in these sialidase-catalyzed reactions
KCI), adjusted by a factor of/3 to account for the differences (Scheme 5%
in fonic strength and added sé&ttHence, the zwitterionic form As a first step in dissecting the individual roles of catalytic

of theN-acetylneuraminyl oxacarbenium ion is estimated to have residues, hydrolysis of the pyridinium sal8af-e) was studied.
a lifetime of approximately 3 times longer than that of the There is no evidence in the current study for rate-determining
corresponding 2-deoxyglucosyl cation (i.e x3L0 ! s) 8 This glycosidic G-N cleavage at either pH 6.0 or 9.5 (Figure 4).
figure is in agreement with the estimate8 x 10711s made Given that the absolute values fky/Ky, are around 19M—1
by Horenstein and Bruner for the lifetime of tiéacetyl- s1, it is unlikely that substrate binding is rate-determining for
neuraminyl oxacarbenium id. the catalyzed hydrolyses 8&—e. However, a rate-determining
The cationic form of3b reacts more rapidly thai despite conformational change is consistent with previously observed
the presence of the electron-withdrawing carboxylic acid group. rates for conformational changes on other enzyme systéfas.
For example, Amyes et al. noted that addition of an ester group In the current example a conjoint enzysgubstrate confor-
in 4-methoxybenzyl derivatives caused a 40-fold decrease inmational change will result in the pyridinium moiety being
rate?® The approximately 60-fold faster reaction of the proto- placed in a thermodynamically unfavorable pseudoaxial orienta-
nated form of3b relative to that of7 may be explained by a  tion. Also, it is reasonable to expect that the conjoint change
steric argument. Specifically, the ground state for the pyridin- will be slower for the pyridinium substrates than for the aryl
ium N-acetylneuraminides contains severe 1,3-diaxial interac- neuraminides. However, once the Michaelis complex com-
tions that are relieved upon approach to the reaction TSs;pletes its transitionke, Scheme 5), then-€N bond cleavage is
therefore, in the current example, any electronic factors are facile and not rate-determining fé¢./Kn. The results shown
outweighed. in Figure 4 for the correlation di.a: and the pyridinium Kg's
Influenza Virus Type A (Tokyo 3/67) o-Sialidase-Cata- suggest that chemistry is not rate-limiting; thus, it is pro-
lyzed Hydrolyses. A long-term objective is to produce a posed thatk.y is determined by a virtual transition state
complete description of the enzyme-catalyzed hydrolysis of comprised of the two required conformational chandgesd
N-acetylneuraminides, dissecting the contributions to catalysis ks, Scheme 5).
of individual residues in the sialidase active site. This objective ~ We conclude that there is a fine balance between the rates of
will be accomplished by a combination of studies involving site- conformational changes on the enzyme and the rate-oX C
directed mutagenesis on a viral sialidase and the use of novelbond cleavage reactions. Therefore, subtle changes in leaving
substrates. group chemistry can alter the various rate-determining steps.
Recombinant influenza virus sialidase was expressed using ]
a baculovirus/insect cell system and then purified. The use of a Conclusions
recombinant enzyme will facilitate future studies of catalysis |, conclusion, the pyridiniuma-p-N-acetylneuraminides

because the enzyme is amenable to site-directed mutagenesigyrectively simplified interpretation of spontaneous and enzy-
Purification pf_the recomblnan_t enzyme was similar to that of 4iic hydrolysis kinetics. Therefore, spontaneous hydrolyses
the natural sialidase; however, it should be noted that the enzymeere observed to proceed via two independent pathways
is a glycoprotein and the insect cell expression system does Notyhere C-N bond cleavage was unassisted and rate-deter-
glycosylate proteins in an identical manner to that of animal ining. Moreover, the anomeric carboxylate does not nucleo-
cells. A Kp value of 93+ 13 uM was observed for the  ppjjically assist in the departure of the neutral leaving group

recombinant sialidase-catalyzed hydrolysis of 4-nitrophery during hydrolysis of zwitterionic species, as previously con-
N-acetylneuraminide. This value is lower than that reported for jectured®

a similar enzyme isolated directly from a viral strafrit is not In the case of influenza-sialidase, the pyridiniuna-p-N-

!<nown whe.ther the diffe(ence reflects a strain-to-strain_variation acetylneuraminides were used to show tatk is determined
in the activity of the sialidases or rather reflects the difference by a conformational change of the first-formed Michaelis

in protein glycosylation. complex, whereag.x is a virtual transition state made up of

In 1994, Guo et al. proposed a mechanistic scheme for {0 separate conformational events.
sialidase-catalyzed hydrolyses which contains two important
feature<! First, the Michaelis complex undergoes a conforma-  Acknowledgment. The authors gratefully acknowledge the
tional change that results in a chair-to-boat transition of the Natural Sciences and Engineering Research Council of Canada
substrate, and second a similar conformational change from afor financial support of this work. The authors also thank Dr.
boat to a chair occurs for the product Michaelis complex David McGillivray for acquiring the HRMS. J.N.W. thanks BC
(Scheme 5). -
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for the hydrolysis reactions dda—e at 65°C, and3b as a JA001641X



