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ABSTRACT. The sialidase fromMicromonosporaviridifaciens has been found to catalyze the hydrolysis

of aryl 2-thio-o-p-sialosides with remarkable efficiency: the first- and second-order rate conants,
andk:o/Km, for the enzyme-catalyzed hydrolysis of PI$fNeuAc are 196t 5 st and (6.7 0.7) x 1P

M~1 s71 respectively. A reagent panel of eight aryl 2-thies-sialosides was synthesized and used to
probe the mechanism for thd. viridifaciens sialidase-catalyzed hydrolysis reaction. In the case of the
wild-type enzyme, the derived Brgnsted parametggd 6n kearandkea/Km are—0.83+ 0.11 and—1.27

4 0.17 for substrates with thiophenoxide leaving groupskafymalues>4.5. For the general-acid mutant,
D92G, the derive@y value onkea for the same set of leaving groups+9.82+ 0.12. When the conjugate

acid of the departing thiophenol was4.5, the derived Brgnsted slopes for both the wild-type and the
D92G mutant sialidase were close to zero. In contrast, the nucleophilic mutant, Y370G, did not display
a similar break in the Brgnsted plots, and the corresponding valuggféor the three most reactive aryl
2-thiosialosides, oRcarandkea/Km are—0.764 0.28 and—0.84 4 0.04, respectively. Thus, for the Y370G
enzyme glycosidic €S bond cleavage is rate-determining for bkgh andk../Km, whereas, for both the
wild-type and D92G mutant enzymes, the presented data are consistent with a change in rate-determining
step from glycosidic €S bond cleavage for substrates in which th& pf the conjugate acid of the
leaving group is>4.5, to either deglycosylatiork{y) or a conformational change that occurs prior to
C—S bond cleavagek{/Km) for the most activated leaving groups. Thus, the enzyme-catalyzed hydrolysis
of 2-thiosialosides is strongly catalyzed by the nucleophilic tyrosine residue, yetiBebOnd cleavage

does not require the conserved aspartic acid residue (D92) to act as a general-acid catalyst.

The family of enzymes that cleave terminal sialic acid directed mutagenesis, replaced the active site tyrosine residue
residues from glycoconjugates is called exosialidadés (  in the Micromonosporaviridifaciens sialidase with several
acetylneuraminosy! glycohydrolases, neuraminidases, ECamino acids, such as aspartate, a modification that changed
3.2.1.18) ). Of the approximately 100 sequence-based the hydrolytic mechanism from one involving retention of
glycosidase families, exosialidases have been classified intoanomeric configuration to one where the reaction proceeded
families 33, 34, and 832-4). Within the exosialidase  jth a single inversion at the anomeric centét, (15, 16).
superfamily, sequence homology and X-ray crystal structure The conserved active site aspartate residue has been postu-
data have revealed that seven amino acid residues are strictlyated 1o be the general-acid catalys?), and in the case of
conserved in the enzyme active sif.(As a consequence \; jiridifaciens sialidase, this residue has been shown to

of th_e?_z homologiets, it is_n(_)lt s(ljjrprésling_ thlat all kntown make a significant energetic contribution (i.e., 19 kJ/mol)
exosialidases operate via similar double displaceément réacy, y,q hydrolysis of natural substratd$8). The third catalytic
tions, a mechanism that was first proposed by Koshland, over

L X . residue, a conserved glutamic acid, is presumed to act as a

50 years ago, for retaining acetal-hydrolyzing glycosidases e )
(6-10). general-b_ase catalyst facilitating attack of the tyrosine

Recently, two separate experimental approaches havenUCIeOphIIe 11, 16).
implicated the conserved tyrosine residue, rather than either The 65 kDa sialidase from the soil bacteriwh viridi-
the proximal glutamate or aspartate residues, as the catalytidacienshas been cloned and recombinantly expressed in
nucleophile 11, 12). Specifically, Withers and co-workers Escherichia coli(11). Of note, this sialidase is rather
used a 3-fluorosialosyl fluoride to label the critical tyrosine promiscuous, in that is it has the ability to hydrolyze, at
residue covalently in both @rypanosoma rangeBialidase similar rates, both 2,3- and 2,6-sialyllactodd)(as well as
(13, 14) and aTrypanosoma cruzi transialidase active site  2,8-linked polysialic acidX9). In addition, theM. viridifa-
mutant (12) for further mass spectral and X-ray crystal- cienssialidase is able to process efficiently a broad range of
lographic characterization. Bennet and co-workers, using site-substrate types displaying high catalytic proficiencies {CP)
[CP = (kealKm)/Kuncal (20). For instance, in the case of

T This work was supported by the Natural Sciences and Engineering pyridinium a-p-sialosides the measured CP value forthe
Research Council of Canada.

*To whom correspondence should be addressed. E-mail: bennet@viridifaciens sialidase is 23 orders of magnitude greater
sfu.ca. Tel: (604) 291-4884. Fax: (604) 291-5424. than those determined for several bacterial and viral sialidases

10.1021/bi0607507 CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/11/2006




9320 Biochemistry, Vol. 45, No. 30, 2006 Narine et al.

(21). Interestingly, this enzyme displays similarly high from Sigma-Aldrich and used without further purification.
catalytic efficiencies with both activated and natural sub- Full experimental details for the synthesis2if are given
strates KeafKm ~ 10°—10" M~1 s7%) (11). To delineate the  below while those for2a and 2c—h are given in the
structural features of thd. viridifacienssialidase responsible  Supporting Information section. MU-NeuAc and NeuAc were
its unique activity, several X-ray crystallographic studies have purchased from Rose Scientific and used without further
been performedi, 18, 22, 23). However, to date, it has  purification. Milli-Q water (18.2 M2 cm™1) was used for
not been possible to observe by X-ray crystallography either kinetic and product study experiments. All other salts used
a substrate or a substrate analogue bound in the active sitén the hydrolysis runs were of analytical grade and were not
of the M. viridifaciens sialidase. Given thatxathioglyco- purified further. All pH values were measured using a
sides, compounds where the glycosidic oxygen has beenRadiometer pHM82 standard pH meter and a standard
substituted with a sulfur atom, have been used as nonhy-combination glass electrode standardized with Fisher certified
drolyzable substrate analogues in several X-ray crystal buffers (pH = 4.0, 7.0, and 10.0). NMR spectra were
structures of thioglycosideglycosidase complexeg4, 25), acquired on Bruker AMX-400, Varian Unity-500, or Bruker

it was decided to evaluate the potential use of a simple aryl AMX 600 spectrometers. Chemical shifts are reported in
2-thio-a-p-sialoside for X-ray crystallographic analysis of parts per million downfield from signals for TMS. The
theM. viridifacienssialidase. In addition, it has been reported residual signals from deuterated chloroform and external
that theVibrio choleraesialidase is incapable of hydrolyzing TMS salt (D,O) were used fotH NMR spectral references;
o-NeypbAc-(2—3)-3-S5-p-galpOMe (1) (26). However, an for 13C NMR spectra, natural abundance signals from GDCI
initial screen showed that th®l. viridifaciens sialidase and external TMS salt (BD) were used as references.

displayed a significant activity toward aryl 2-thioo- Coupling constants] are given in hertz. Melting points were
sialosides. determined on a Gallenkamp melting point apparatus and
are not corrected, and optical rotations were measured on a
COH Perkin-Elmer 341 polarimeter.
\w\ Hs 4-Nitrophenyl 5-Acetamido-3,5-dideoxy-2-thieglycero-
AcHN o-D-galacto-2-nonulopyranosidonic Aci@lf). To a stirred

solution of sialosyl chloridé (29) (1.00 g, 1.96 mmol) and
tetran-butylammonium bisulfate (0.68 g, 1.9 mmol, 97%
purity) in ethyl acetate (20 mL) at room temperature was
CO,H COH added 4-nitrothiophenol (0.49 g, 2.5 mmol, 80% purity) in
\jw\ aqueous sodium carbonate (20 mL, 1 M). After 1.5 h, the
AcHNS AcH@\ bright orange/red reaction mixture was diluted with ethyl
H acetate (100 mL) and washed with a saturated aqueous
solution of sodium bicarbonate (8 50 mL) and brine (50
mL). The organic layer was dried over anhydrous magnesium
<:> <:§ sulfate, filtered, and concentrated under reduced pressure to
afford a bright red foam. Purification by silica gel chroma-
tography using ethyl acetatdexanes (1:1) and then ethyl
CH3 acetate as eluent afforded an inseparable mixture (875 mg,
86:14) of the peracetylated thiosialostle (30, 31) and the
O O @ 4@ glycal 6: *H NMR (CDCly) 6 1.88 (s, 3 H, Ac), 2.03 (s, 3
on CHs H, Ac), 2.04 (s, 3 H, Ac), 2.06 (s, 3 H, Ac), 2.09 (m, 1 H,
H-3ax), 2.16 (s, 3 H, Ac), 2.87 (dd, 1 Hgeqzax= 12.8,
Jzeqa= 4.6, H-3eq), 3.60 (s, 3 H, Me), 4.00 (m, 1 H, H-6),
4.01(q, 1 HJs+ Jsnn = 29.0, H-5), 4.08-4.10 (m, 1 H,
H-9a), 4.32 (dd, 1 HJgp0a= 11.7,J9ps = 2.2, H-9b), 4.88
oddd, 1 H,Jus = 14.2, Jy5ax = 10.1, H-4), 5.21 (d, 1 H,
Inks = 9.2, NH), 5.26-5.30 (m, 2 H, H-7+ H-8), 7.63-
7.65 (m, 2 H, Ar-H), 8.1%8.21 (m, 2 H, Ar-H). To a stirred
solution of the peracetylated sialosiéib/glycal 6 mixture
(875 mg) in methanol (15 mL) at room temperature was
added a solution of sodium methoxide [5 mL, prepared from
sodium metal (25 mg, 1.1 mmol) and methanol]. After 2 h,
the reaction mixture was neutralized with Amberlite 120-
MATERIALS AND METHODS (H+) resin, filtered, and concentrated under reduced pressure
) ) ) to afford an off-white solid. Purification by silica gel
_ Materials. PNP-O-NeuAc was synthesized according to chromatography using chloroforamethanol (8:1 to 5:1) as
literature methods27, 28). All thiophenols were purchased g ent afforded the methyl estéb (288 mg, 32% over two
steps) as a pale yellow soliddH NMR (CDsOD) ¢ 1.91
1 Abbreviations: CP, catalytic proficiency; DANA, 2-deoxy-2,3- (dd, 1 H,Jsax,seq= 12.7,33ax4= 11.4, H—3ax), 1.99 (S, 3H,

didehydroN-acetylneuraminic acid; NeuAgy-acetylneuraminic acid; — _
PFPSNeuAc, 2,3,4,5,6-pentafluorophenyl 2-thiep-sialoside; PNP- éc)’ 2.88 (di’ 1 HJseqa= 4.7, H-3eq), 3'44_(dd’ 1 Hies
O-NeuAc, p-nitrophenyl a-p-sialoside; PNFS-NeuAc, p-nitrophenyl = 10.4,J7 = 1.6, H-6), 3.47 (dd, 1 H);s = 9.1, H-7),

2-thio-o-D-sialoside; MU-NeuAc, 4-methylumbelliferyl-p-sialoside. 3.58-3.69 (m, 5 H, H-4+ H-9a+ Me), 3.75 (ddd, 1 H,

HOOH

Consequently, the present paper details a kinetic study
performed using a panel of substituted aryl 2-thio-
sialosides Za—h) with the M. viridifaciens sialidase. The
kinetic data are compared to those obtained for a standar
and commercially available sialidase substrate, RNP-
NeuAc @). In addition to the wild-type enzyme, catalytic
mutants Y370G and D92G, lacking the nucleophilic and
general-acid residues, respectively, were characterized in
order to determine the mechanistic requirements for efficient
hydrolysis of thiosialosides.
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Scheme 1
OAc Ac
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0 o]
—> AcHN SAT ——— ACHEN\SAI'
HO OH HO OH
7a-h 2a-h
Js.9a= 5.7,Js9p = 2.6, H-8), 3.81 (dd, 1 HJgpoa= 11.4, at leastK/3 to 4K,. Michaelis—-Menten parameters were

H-9b), 3.83 (t, 1 HJs6 + Js4 = 20.4, H-5), 7.35-7.39 (m,

2 H, Ar-H), 7.83 (d, 1 H,J = 8.9, Ar-H), 8.23 (d, 1 H,
Ar-H). A solution of the methyl esterb (288 mg, 0.625
mmol) and lithium hydroxide monohydrate (112 mg, 2.67
mmol) in tetrahydrofuranwater (15 mL, 2:1) was stirred

at 0°C for 15 min and then at room temperature for 1.5 h.

The reaction mixture was neutralized with Amberlite 120-

calculated using a standard nonlinear least-squares fit of the
initial rate versus substrate concentration data.

Hydrolysis of 2a, 2b, and 2e was monitored at 300 nm
(Ae = 1498 Mt cm™1), 420 nm e = 8410 M1 cm™?),
and 283 nm fe = 2543 M1 cm™Y), respectively. FoRa
and2b, reactions were performed in the presence of 2 mM
1,4-dithiothreitol. The wild-type-catalyzed reactions wait)

(H+) resin, filtered, and concentrated under reduced pressure2d, and2f—h were performed in the presence of Ellman’s

to afford the required 2-thiosialosi@b (253 mg, 91%). An

reagent (2 mM), and the formation of 2-thio-5-nitrobenzoate

analytical sample was prepared by silica gel chromatographicwas monitored at 412 nmAg = 10900 M cm?) (32).

purification using ethyl acetatamethanot-water (20:2:1) as
eluent to afford a yellow solid:Rs 0.16 (ethyl acetate
methanot-water, 10:2:1); mp 208C (dec); p]?% = +89.0

(c 0.417, ethanol)*H NMR (D;0) 6 1.90 (t, 1 H,Jzax3eq+
Jzax.a= 24.0, H-3ax), 2.02 (s, 3 H, Ac), 2.91 (dd, 1 Beq 3ax

= 12.6,J3eq4= 4.8, H-3eq), 3.53 (dd, 1 Hlgs = 10.4,Js7

= 1.9, H-6), 3.56 (dd, 1 HJ);s = 9.1, H-7), 3.59 (dd, 1 H,
Joaob= 11.9,J9.5= 6.0, H-9a), 3.653.72 (m, 1 H, H-4),
3.75-3.78 (m, 1 H, H-8), 3.82 (dd, 1 Hlgps= 1.7, H-9),
3.86 (t, 1 H,Js4 + Js 6= 20.3, H-5), 7.77 (d, 2 H) = 8.4,
Ar-H), 8.21 (d, 2 H, Ar-H);:3C NMR (CD;OD) 6 22.6 (Ac),
41.9 (C-3), 53.6 (C-5), 64.4 (C-9), 69.1 (C-7), 70.1 (C-4),
73.2 (C-8), 77.5 (C-6), 87.9 (C-2), 124.5 (Ar), 137.7 (Ar),
139.5 (Ar), 149.9 (Ar), 171.7 (Ac), 175.3 (C-1). Anal. Calcd
for CyoH2gN20sS: C, 45.74; H, 4.97; N, 6.27. Found: C,
45.36; H, 5.15; N, 5.97.

Measurement of Thiol pvalues.The (K, values for 3,4-
difluoro-, 4-bromo-, and 3,5-dimethylthiophenol were de-
termined spectrophotometrically. Aliquots (a) of the
thiophenol (2x 1072 M in ethanol) were added to cuvettes
containing>=1 mL of KOAc—HOAc (50 mM, pH range
~4.0-5.5) or KHbPO,—K,HPQO, (50 mM, pH range~5.5—
7.2) buffers of constant ionic strength € 1.00, KCI) at
25.0+£ 0.5°C. UV/vis spectra (356250 nm) were acquired
immediately, and the i, values were calculated using a
standard nonlinear least-squares fit (sigmoidal dose
response) of the absorbance versus pH data.

Enzyme KineticsMichaelis—Menten parameters for the

The D92G and Y370G mutant-catalyzed hydrolyseRof
were monitored at 300 nnmi\¢ = 2121 M cm™%). Control
experiments demonstrated that the rate of wild-type sialidase-
catalyzed hydrolysis of MU-NeuAc was independent of the
presence of DTT and that the corresponding rate of PNP-
O-NeuAc hydrolysis was independent of the presence of
Ellman’s reagent. Estimations & for the hydrolyses of
2c—h by D92G were determined by monitoring the sialic
acid released at high substrate concentration (1 miM). (

Product StudiestH NMR spectroscopy was employed to
identify the products of the enzyme-catalyzed reactions (see
Supporting Information). These reactions were conducted
using a previously reported protocdl1).

RESULTS

Substrate Synthesi$he eight aryl 2-thioe-D-sialosides
were prepared fromi-p-sialosyl chloride4 (Scheme 1)Z8,
31, 33, 34). During the coupling reaction some dehydroha-
logenation of theert-sialosyl chloride4 occurred to generate
the o, f-unsaturated est&ras an unwanted byproduct. This
unsaturated ester could not be removed effectively from
coupled products until the acetate protecting groups had been
removed. The purified methyl ester was then saponified to
give, after acidification and lyophilization, the desired aryl
2-thio-o-p-sialosides in yields of 8#100%. Flash chro-
matographic purification of the methyl estergat-h) and
the aryl 2-thioei-p-sialosides Za—h) permitted the efficient

wild-type, D92G mutant, and Y370G mutant enzymes were removal of DANA. These crucial steps are important in order
measured using analogous procedures to those reportedo ensure that the measurement of accurate kinetic data is
earlier (L1). Absorbance versus time data were recorded using not rendered impracticable by the presence of the tightly
an Olis Upgraded Cary 14 UV/vis spectrophotometer equipped binding glycal impurity. Previously, this critical step had been
with a circulating water bath temperature regulated six-cell accomplished using HPLG3).

block. Each 50Q«L reaction was performed at 37D 0.5
°C by equilibrating the buffer (NaOAeHOAc, pH 5.25,
100 mM) and substrate in the cell block for-3 min prior
to the addition of enzyme (50L in 0.01% BSA). Kinetic

Enzyme KineticsOf note, the wild-typeM. viridifaciens
sialidase used in the present study was a newly purified pool
of enzyme, and the measured kinetic parameters for this
enzyme batch, assuming that the enzyme is 100% active,

parameters were determined from a minimum of seven initial are about 2-fold greater than those estimated previotg)y (
rate measurements within a substrate concentration range oSpecifically, the newly measured values on the sialidase-
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Table 1: Michaelis-Menten Kinetic Parameters for the Wild-Type Sialidase Measured at pH 5.25 at@# 37

thiophenol substitution KL (log HY) Keat (571 KealKm (M7t s71) Km (MmM)
pentafluoro 2a) 2.68 259+ 8 (1.03+0.14)x 1¢° 0.25+ 0.03
4-nitro (2b) 450 196+ 5 (6.67+0.72) x 1C° 0.294+ 0.02
3,5-dichloro @c) 4.94 66.34 1.2 (1.04+ 0.08) x 10° 0.644 0.04
3,4-difluoro @d) 5.63 9.43+0.14 (4.7£0.3) x 1C° 2.024+0.09
4-bromo Qe) 5.76 12.7+1.0 (3.9+ 1.1) x 10° 3.2%+07
4-chloro @f) 5.97 6.60+ 0.09 (3.99+ 0.23)x 1C° 1.654+ 0.07
none @g) 6.43 0.140-+ 0.003 (2.12£0.27) x 10° 0.064+ 0.007
3,5-dimethyl gh) 6.58 4.49+0.17 (1.42+ 0.20) x 1C® 3.17+0.34

2 For wild-type-catalyzed hydrolysis of PNB-NeuAc, thekca:andkea/Km parameters are 277 11 st and (1.74 0.3) x 10’/ M~1s7L, respectively
(12). b All pK, values are at 28C (I = 1, KCI) in aqueous solutiorf.References0. ¢ Referencesl. © This study.

Table 2: Michaelis-Menten Kinetic Parameters for the D92G Mutant Sialidase Measured at pH 5.25 a@¢ 37

thiophenol substitution KL (log HY) compd Keat (S71) KealKm (M~1s71) Km (uM)
pentafluoro 2.68 2a 13.6£0.7 (4.8+£1.3)x 1C° 2.8+0.7
4-nitro 4.50 2b 11.24+0.3 (5.4+£0.7) x 10° 214+0.2
3,5-dichloro 4.94 2c 2.07+£0.21 NI NDe
3,4-difluoro 5.63 2d 0.53+ 0.09 ND? NDe
4-bromo 5.76 2e 0.854+0.10 NI NDe
4-chloro 5.97 2f 0.89+4 0.05 ND NDe®
none 6.48 29 0.264+ 0.02 NI NDe
3,5-dimethyl 6.58 2h 0.11+0.01 NI NDe

a For wild-type-catalyzed hydrolysis of PND-NeuAc, thekea:andkea/Km parameters are 186 0.4 st and (5.64 0.6) x 10° M~1s7%, respectively
(18). P All pK, values are at 28C (I = 1, KCI) in aqueous solutiorf.References0. ¢ Referencesl. € ND, not determined| This study.

Table 3: Michaelis-Menten Kinetic Parameters for the Y370G Mutant Sialidase Measured at pH 5.25 &a% 37

thiophenol substitution KL (log HT) compd Keat (571 KealKm (M1 s71) Km (MM)
pentafluoro 2.68 2a 2.87+0.14 2110+ 410 1.4+ 0.2
4-nitro 4.50 2b 0.321+ 0.014 73+ 11 4.4+ 0.5
3,5-dichloro 4.94 2c 0.033+ 0.003 25+ 9 1.3+0.3

aFor Y370G mutant-catalyzed hydrolysis of PKIPNeuAc, thekea and kea/Km parameters are 128 6 st and (1.14 0.3) x 10° M1 s,
respectively {5). ® All pK, values are at 25C (I = 1, KCI) in aqueous solutiorf.References0. ¢ References 1.

catalyzed hydrolysis of PNB-NeuAc for Kea: and Keaf K Listed in Tables 33 are the kinetic parameters for the
are 277+ 11 stand (1.7+ 0.3) x 10’ M~ s%, respectively, hydrolysis of the aryl 2-thiax-p-sialosides with theM.
while the previously reported values &g andke./Km were viridifaciensrecombinant wild-type, the D92G mutant, and
145+ 7 stand (8.54+ 1.7) x 10° M1 s, respectively  the Y370G mutant sialidases. Shown in Figures 1 and 2 are
(12). Presumably, the first pool of enzyme had a lower the corresponding Bragnsted plots. It is clear that the Brgnsted
specific activity because the purification took longer as plots for the wild-type and D92G mutant sialidases display
several steps required optimization. All subsequent puri- nonlinear behavior. The derivgly values, for substrates with
fications were performed more expediently, so the crude thiophenolate leaving groups oKpvalues>4.5, onk.,and
protein samples were not stored for any significant period ke./Kn, for the wild type are—0.83 + 0.11 and—1.27 +
of time. 0.17, respectively. Thede, data point for the wild-type
During the initial screen for activity using the aryl sialidase witli2gwas omitted from thgy calculation, while
2-thiosialoside®a—h, it was observed that the first 5% of for the D92G mutant thgy value onkc, for the same set of
hydrolysis gave nonlinear absorbance versus time profiles.leaving groups is—0.82 + 0.12. On the other hand, the
This observation presumably was a result of oxidation of Y370G mutant did not display a break in the Brgnsted plots,
the thiolate leaving groups, by dissolved oxygen, to the and the derive@ values, for the three aryl 2-thiosialosides
corresponding disulfides. Therefore, for the aryl 2-thiosia- studied, ork.s andkeo/Km are —0.76 + 0.28 and—0.84 +
losides2a and 2b the kinetic analyses were carried out in  0.04, respectively.
the presence of dithiothreitol (2 mM), a reducing agent which  Product Studies.A product study of the wild-type-
has been used to prevent thiol/thiolate oxidati®@) (while catalyzed hydrolysis of PNB-NeuAc (10 mM) in either the
for the aryl 2-thiosialosidec—h, the kinetic data were  presence or absence of DTT (2 mM) clearly showdtbuAc
acquired in the presence of Ellman’s reagent (2 mB¥).(  to be the first formed product, which subsequently underwent
For the D92G mutant sialidase, Michaelislenten curves mutarotation to givggNeuAc (Figure S7, Supporting Infor-

for the aryl 2-thiosialoside2c—h were not obtained because mation). No other sialoside product was detected in these
accurate kinetics could not be performed at low concentra- experiments.

tions of substrate~1—5 uM) due to the instability of

these thiolate leaving groups under the reaction condi- bigcussioN

tions. Therefore, onlyk:a: values were measured at high

substrate concentrations by detecting the released sialic acid Compared toO-glycosides, the glycosidic linkage of
product. exothioglycosides is more stable to both aci@8)(and
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25 N from other glycosidases in that they lack the strictly
- ¢ conserved catalytic acid residue (Glu) present in all other
207 e glycosidases from glycoside hydrolase family4B)( Their
i substrates, glucosinolates, possess an O-sulfated thiohydrox-
151 AN amic acid aglycon, and this good leaving group presumably
o o e does not require acid catalysis to depart. Recently, Vocadlo
107 * 5 and co-workers reported that the hum@nGIlcNAcase
3 0s e (glycosidase family 84) catalyzes the efficient hydrolysis of
\%o ’ ¢ o “ aryl 2-acetamido-2-deoxy-1-thjé-p-glucopyranoside<50).
SO . These authors postulated that this thioglycosidase activity
= . ° might afford the cell protection fron$-GIcNAc-modified
05 o ‘ proteins, which could result from aberrant glycosylation of
° cysteine residues, b9-GIcNAc transferase (OGTase)(Q).
1.0 - L *s Within the realm of sialidases, various thiosialosides have
B : been characterized as competitive inhibitors for various
15 | ° sialidases, including those frodrthrobacter ureafaciens
B Clostridium perfringensV. cholerag influenza, rotavirus,
20 1 . - \ and Newcastle disease virudQ( 44, 51—-53). In addition,
2 3 4 5 6 7 the sialidases from influenza and choleraehave been
pK, (ArSH) shown to have little or no hydrolytic activity against either
FicURe 1: Brensted plot. Effect of leaving group ability égy for thioglycoside analogues of naturaf( 53) or aryl-containing

the wild-type sialidase®) and D92G ©) and Y370G ¢) mutant (51, 52) substrates. However, one recent report notes that
sialidases. All experiments were performed at@7and pH 5.25.  the T. rangeli sialidase possesses thioglycosidase activity,

The lines are the best linear fits to the data (see Results section forcleaving thiosialosidel at approximately one-third of the
full details). rate of the natural oxygen homologue 2,3-sialyl lactose,
7.0 - although the precise values for the kinetic parametiets (
] o ° and k../Km) were not reported 54). Furthermore, these
1 authors suggested that, on the basis of the observation that
6.0 * the glycal DANA was bound in th@. rangeli sialidase’s
active site after being soaked with the hydrolysis gave
DANA as a side product. In addition, other researchers have
N attempted to use 2-thiosialosides as substrate mimics, to
N\ probe the structure of the Michaelis complex, for X-ray
40 ] \ . diffraction experiments on thé. choleraeand the influenza
o .;\ sialidasesq, 35). Interestingly, in none of these cases was
] y any electron density observed that would be consistent with
3.0 N the thiosialoside being bound in the enzyme’s active site.
1 E ‘ These observations suggest that the very slow turnover of
] N the thiosialosides by these enzymes is certainly possible.
2.0 | T Mechanism of Sialidase-Catalyzed Thiosialoside Hydroly-
] ses. The generally accepted mechanism for sialidase-
] catalyzed hydrolyses is shown in Schemé 2, £5, 56). In
L0 T this scheme, the first formed Michaelis complex undergoes
2 3 4 3 6 7 a conformational change that results in a chair to boat
PK, (ArSH) transition of the substratek(,, Scheme 2), which upon
FIGURE 2: Bransted plot. Effect of leaving group ability &g/Kn, cleavage of the glycosidic bonlg) forms an enzyme-bound
for the wild-type sialidase®) and D92G Q) and Y370G ©) intermediate that is covalently linked to the active site
mutant sialidases. All experiments were performed atG7and tyrosine residuel2, 14).
geHctsiéznsfoTrr;Sllhggtsaﬁg the best linear fits to the data (see Results Th(_a product study for the wild-type sialid_ase—catalyzed
reaction of PNP=NeuAc 2b) revealed that, like all other
enzyme-catalyzed hydrolysi89). Consequently, thiogly-  wild-type sialidases, hydrolysis proceeds with retention of
cosides have been developed for use: as glycosidaseanomeric configuration (Figure S7, Supporting Information).
inhibitors @0), as substrate mimics for analysis of binding Significantly, the glycal DANA was not observed in tHe
equilibria @1), as ligands for affinity chromatograph42), NMR spectra during the wild-type-catalyzed hydrolysis of
and as biological probeg8—45). 2b, suggesting that the reaction of exothioglycosides, with
Nonetheless, thioglycosidase activity has been observedthis specific sialidase, follows a pathway similar to that of
in nature in extracts of fungal4¢), bacterial 47), and their oxygen counterpartd {, 15, 16).
mammalian 48) species. Notably, the plant myrosinasés ( The kinetic data for the sialidase-catalyzed hydrolysis of
49) and a humai®©-GIcNAcase 50) represent the only two  the aryl 2-thioe-p-sialosides are consistent with the mech-
examples of well-characterized thioglycoside-processing anism shown in Scheme 2 where, for the best leaving groups,
enzymes. Myrosinases are exothioglycosidases believed tdk; is the rate-limiting step for the second-order rate constant
be part of the plant defense system, and these enzymes diffefk../Kn). That is, if deglycosylationky) was rate limiting,

5.0 - Ne

log,o(keo/K.n)
/
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Scheme 2

Ky k., Kis

E.oNeuAc-XR¢ E.oNeuAc-XRg
K, K

E + aNeuAc-XR

E.BNeuAc; + RX(H)
k.

L

E + aNeuAc-OH E.aNeuAc-OH¢ E.aNeuAc-OHg

K Ks

then the wild-type enzyme should exhibit a larger second-  This intrinsic property of thiols, that is, their inherent
order rate constant than the D92G mutant, a catalyst whichineffectiveness in undergoing general-acid-catalyzed depar-
should be incapable of general-base assistance during théure or general-acid-catalyzed nucleophilic substitution reac-
deglycosylation step; i.eky4 (wild-type) > ki4 (D92G). In tions at acetal centers, has been exploited by Withers and
addition, the leaving group has an effect on the magnitude co-workers to make thioglycosidic linkages catalytically
of the second-order rate constant, for different leaving group using mutant glycosidases with sulfur-containing carbohy-
chemistries, even though the respective Brgnsted plots aredrate acceptorsbg, 59).

flat. Specifically, for the wild-type-catalyzed hydrolysis of Conversely, the Y370G mutant enzyme is a very poor
the most reactive oxygen- and sulfur-containing aglycons, catalyst for the hydrolysis of aryl 2-thiosialosides (Table 3).
the measured values fég./K, are (1.7+ 0.3) x 10’ M~* This observation is consistent with the previous conclusions
s' (PNPO-NeuAc) and (1.03£ 0.14) x 10°M~*s™ (PFP-  of Newstead et al., who argued that the Y370G mutant
SNeuAc), respectively. In other words, glycosidic bond sjalidase, in contrast to the wild-type enzyme, operates via
cleavage is not rate-determining, yet the leaving group is a dissociative mechanismy&like) in which a bound water

still present at the transition state for the first irreversible
step, and this must be eithde;; or ki, (Scheme 2).
Specifically, ifky; approaches the rate of diffusion, then the

molecule attacks the nascent oxacarbenium ion center
following departure of the leaving groups). In other words,
there is little nucleophilic catalysis for the departure of bad

first irreversible step is the conformational change); the
keaf Km Value for enzymes in which diffusion contributes to
the rate-limiting step is typically around &M~ s (57).
With regard to the first-order rate constakd,j, the likely
rate-determining step for the same activated leaving groups o o
is deglycosylation for the following reasons: (i) the mag- 1 he sialidase fronM. viridifaciens has been found to
nitude of the rate constant for the pentafluoro compound for catalyze the hydrolysis of aryl 2-thie-p-sialosides with
the wild-type enzyme is identical to that for the hydrolysis émarkable efficiency. The wild-type and D92G mutant
of the oxygen-containing substrate PXIPNeuAc, (i) the enzymes exhibit a change in rate—determlnlr_]g step from
D92G mutant turns over activated substrates by a factor of 9lycosidic C-S bond cleavage for substrates in which the
approximately 20 less rapidly than does the wild-type PKa Of the conjugate acid of the leaving group=.5, to
enzyme, and (jii) the value ofia (ArSH) has a negligible either deg_lycosylatloméa,) or a conformational change that
effect on the magnitude €. On the other hand, when the ~©OCCUrs prior to €S bond cleavagekéa/Km) for the most
value for K (ArSH) is greater than 4.5, then the rate-limiting  2ctivated leaving groups. In contrast, for the Y370G inverting
step for both the first- and the second-order rate constantsSialidase, where water is the nucleophile, glycosidieSC
involves C-S bond cleavage. Specifically, tfig values on ~ 0ond cleavage is rate-determining for bétk andkea/Km.
keat and kealKm for the wild-type-catalyzed hydrolysis are The enzyme-catalyzed hydronS|s_ _of 2-th_|05|alo_5|des is
—0.83+ 0.11 and—1.27 4+ 0.17, respectively. Under these strongly catalyzed by.the nucleophilic tyrosine residue but
circumstances the rate-determining step is identical for both N0t by the general acid catalyst.
kinetic constants; therefore, the difference between the two
Pig values necessitates that the thiolate is activated as o \CKNOWLEDGMENT
leaving group during formation of the Michaelis complex.  \we thank the three anonymous reviewers for helpful
Given that both of the well-characterized thioglycosidases ¢omments.
function without acid catalysis4, 50), the kinetic param-
eters were measured for a general-acid mutant ofMhe
viridifaciens sialidase (D92G) X8). The derivedfyy value
on ke for the D92G mutant sialidase-catalyzed hydrolysis
of the less activated aryl 2-thiosialosides((82+ 0.12) is
identical to that for the wild-type enzyme-0.83+ 0.11).
As aresult, it can be concluded that the wild-type and D92G
mutant enzymes have similarly negligible degrees of pro-
tonation at their respective transition states for&bond
cleavage. That is, both the wild-type and the general-acid/
base mutant enzymes catalyze cleavage of the glycosidic
C—S bond in thiosialosides, which are compounds where
acid catalysis is effectively prohibited, by the correct
alignment of a suitable nucleophile that is actively participat-
ing in the cleavage reaction \&-like).

leaving groups; in the present case the leaving groups are
thiolate anions.

CONCLUSIONS

SUPPORTING INFORMATION AVAILABLE

Experimental procedures for substrate synthesis, NMR
data, and the enzymatic product study data. This material is
available free of charge via the Internet at http:/pubs.acs.org.
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