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ABSTRACT. 3-N-Acetylglucosaminidases are commonly occurring enzymes involved in the degradation
of polysaccharides and glycoconjugates contaiihgcetylglucosamine residues. Such enzymes have
been classified into glycoside hydrolase families 3 and 20 and are believed to follow distinct chemical
mechanisms. Family 3 enzymes are thought to follow a standard retaining mechanism involving a covalent
glycosyl enzyme intermediate while family 20 enzymes carry out a substrate-assisted mechanism involving
the transient formation of an enzyme-sequestered oxazoline or oxazolinium ion intermediate. Detailed
mechanistic analysis of representatives of these two families provides support for these mechanisms as
well as detailed insights into transition state structar&econdary deuterium kinetic isotope effects of

kwko = 1.07 and 1.10 foiStreptomyces plicatus-hexosaminidase (SpHex) andbrio furnisii S-N-
acetylglucosaminidase (Exoll) respectively indicate transition states with oxocarbenium ion character in
each case. Brgnsted plots for hydrolysis of a series of aryl hexosaminides are quite different in the two
cases. For SpHex a large degree of proton donation is suggested by the relatively low yiajiie 0129)

on keafKm, compared with gy of —0.79 for Exoll. Most significantly the Taft plots derived from kinetic
parameters for a series @knitrophenyl N-acyl glucosaminides bearing differing levels of fluorine
substitution in theN-acyl group are completely different. A very strong dependence (stopel.29) is

seen for SpHex, indicating direct nucleophilic participation by the acetamide, while essentially no
dependence (0.07) is seen for Exoll, suggesting that the acetamide plays purely a binding role. Taken
together these data provide unprecedented insight into enzymatic glycosyl transfer mechanisms wherein
the structures of both the nucleophile and the leaving group are systematically varied.

2-Acetamido-2-deoxy-p-glycopyranosides are naturally — glycoconjugates, yet are known to use differing catalytic
occurring glycosides found within many of the glycoconju- mechanisms3—7).
gates and oligosaccharides that are present in an extremely exa-N-Acetylglucosaminidases from family 3 use a
wide variety of organisms ranging from microbes to humans. catalytic mechanism involving the formation and breakdown
Unsurprisingly, given their abundance in nature, there are of a covalenti-glycosyl enzyme intermediate (Figure 1, path
several classes of enzymes comprising both hydrolases andh) formed on an aspartate residug.(Such a mechanism
lyases that have evolved to cleave glycosidic linkages has been found to operate for the very large majority of
involving this saccharide residue. The glycoside hydrolasesretaining/-glycosidases, although in some cases the inter-
are particularly abundant and have been classified into manymediate forms a covalent linkage to the enzyme through a
different families of enzymes on the basis of structural and glutamate or tyrosine residug-£13). In the first step of the
primary sequence similarities. Members of each family have reaction, the formation of the intermediate, departure of the
similar three-dimensional structures and use similar catalytic aglycon leaving group is typically facilitated by a general
mechanisms. Interestingly, two distinct enzyme-catalyzed acid/base catalytic residue which, in the ground-state Michae-
hydrolytic mechanisms to cleave tlfieglycosidic linkage lis complex, donates a hydrogen bond to the glycosidic
of 2-acetamido-2-deoxg-p-glycopyranosides have evolved oxygen. In the second step of the reaction, the breakdown
in nature. Excellent examples of these two mechanistic of the intermediate, this same residue acts as a general base,
classes are thexo3-N-acetylglucosaminidases from families  enhancing the nucleophilicity of a water molecule poised
3 and 20 of the glycoside hydrolases (For the family near the anomeric center. This water attacks the anomeric
classification system of glycoside hydrolases see: Couthino,center, displacing the enzymatic nucleophile, with the net
P. M., and Henrissat, B. (1999) Carbohydrate-Active Enzyme result being the formation of the hemiacetal product with
server at http://afmb.cnrs-mrs.fr/CAZYL,(2)), which are retained stereochemistry.
functionally related in that they both catalyze the release of The enzymes from family 20 of glycoside hydrolases,
terminal 2-acetamido-2-deox§-p-glycopyranosides from  however, are generally held to use a catalytic mechanism
involving substrate assistance from the 2-acetamido group
* To whom correspondence should be addressed. E-mail: withers@ of the substrate (Figure 1, path B). Chemical precedent for
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Ficure 1: The apparent distinction in the catalytic mechanisms of these two clasges-atetylglucosaminidase rests in the identity of

the nucleophile. The family B-N-acetylglucosaminidases use an anionic enzymic carboxylate group as the nucleophile (path A) to form
a covalent glycosyl enzyme intermediate. For the family$528-acetylglucosaminidases the 2-acetamido group of the substrate acts as
nucleophile (path B) to form a bicyclic oxazoline or oxazolinium ion intermediate. A third alternative has been proposed for the family 20
B-N-acetylglucosaminidases involving the formation of an oxocarbenium ion intermediate stabilized by the acetamido group (path C).

Scheme 1: Synthesis of {PH}-pNPGIcNAG
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enzymes of unknown sequence, have also provided reason

able evidence supporting such a mechanis&-0). More

formation of a bicyclic oxazoline or oxazolinium ion
intermediate (Figure 1, path B). The nucleophilicity of the
amide moiety is enhanced by a critically important catalytic
residue that hydrogen bonds directly with the amide proton.
This critically important residue may act as a general acid/
base catalytic residue, deprotonating the acetamido group,
or it may act to polarize the amide bond and stabilize a
putative oxazolinium ion intermediat2y, 24). In the second
step of the reaction a molecule of water attacks the anomeric
center, breaking down the oxazoline ring to generate the
hemiacetal product with retained stereochemigir2p). In

both steps of the reaction a general acid/base catalytic residue
acts in a manner analogous to that of the general acid/base
catalytic residue seen in the classical double displacement
mechanism. An alternative proposal, invoking the formation
of an oxocarbenium ion intermediate stabilized by the
acetamido group that shields the bottom face of the saccha-
ride ring (Figure 1, path C), has also been proposed on the
basis of structural studies of a family 20 enzyme from
Serratia marcescen§26). This proposal, however, lacks
experimental support.

Despite the growing interest in glycoside hydrolases as

recently, substrate-assisted catalysis has been convincinglyjools for biotechnology applications, detailed mechanistic
shown to operate in family 20 of glycoside hydrolases studies have not been carried out/siN-acetylglucosamini-

through both enzyme kinetics studiés 7, 21) and structural
studies 4, 6, 22, 23).

dases of known primary sequence. Because the family 3 and
20 -N-acetylglucosaminidases have evolved to carry out the

In the substrate-assisted catalytic mechanism, the carbonylsame function using catalytic mechanisms that clearly differ
of the 2-acetamido group acts as a nucleophile to displacein the nature of the catalytic nucleophile, we were interested
the aglycon leaving group with the net result being the in determining what the mechanistic similarities and differ-
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ences between these two families might be. Here we describe o o *
a detailed comparative analysis and elucidate the detailed _ 0.025 - Hg5 ‘: o .
catalytic mechanism of the family 28N-acetylglucosamini- T 0.02 NO,
dase fromStreptomyces plicatu¢SpHex} (27) and the E 0015 o oo
family 3 S-N-acetylglucosaminidase fronibrio furnisii é ) o’ i
(Exoll) (28). g 001 * Joom

g i
RESULTS AND DISCUSSION 0.008 B ENCAEIE
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Requirement for the Acetamido Groupoth Exoll (28) 0 10 20 30 40

and theS. marcescensomologue of SpHex7) have been [2,4DNPGIc] (mM)

reported to have an absolute requirement for the 2-acetamiddricure 2: Michaelis-Menten plot of the hydrolysis of 2,4DNPG

group of their substrates. The family B-N-acetylglu- by Exoll. Inset: Region of low 2,4DNPG concentration showing

cosaminidases, however, are found within a family of apparent Michaelian saturation kinetics. The chemical structure of
- ’ . 2,ADNPG (3) is shown.

enzymes containing, for examp|e-xylosidases ang-glu-

cosidases that process substrates bearing a hydroxyl grou

in place of a 2-acetamido substituent. Given that this family fold lower than that found for 2,3DNPGICNAGL/Km =
of enzymes contains such functionally diverse glycosidases,130jE 10 MMt s key = 10 8j’: 02s! K.=0 0m9j:
’ at — . . y m— U.

we were interested in establishing whether the acetamidoo 01 mM). For retaining glycosidases plots with the shape
group 1S feq“"_ed onl_y_for Substrate recognition _rather than fc;und in F.igure 2 commonly indicate that the second step
more d|r_ectly in fulfiling a key role in transition state of the reaction is rate determining and that by increasing
stabilization. the substrate concentration a second molecule of substrate

To reefvalléa:e tthe rfep?fr]ted ri/c;uwement for the Z'aceta(;n'zdzmtercepts the glycosyl enzyme intermediate thereby increas-
group of substrates lor these two enzymes, we assayed <, ing its rate of breakdown. This sequence of events is known

ginigo&hznylﬁ -D-%Iluscogyrangside (2’15 pr G)'Iasztzl)substrate as transglycosylation and occurs at elevated substrate con-
or both EXoll and SpHex. Because he family 20 enzymes .oqy4tions. Thus, the shape of the plot in Figure 2 suggests

;Isuiér;%s':\fgaag:g%g;ﬁzg ;T] gizaell)llesliflst'I(\a,va?/ir?;(%erghgt)hssc?]that the rate-determining step in the Exoll-catalyzed hy-
drolysis of 2,4DNPG is deglycosylation. Presumably, the
as 2,4-dinitrophenol, should not be cleaved by SpHex y glycosy Y

Conversely, for Exoll, which uses an enzymic nucleophile, very good leaving group makes the first step, glycosylation,

" I'h det bl it > ADNPG faster than the second step. The Ikwvalue for 2,ADNPG
the enzyme may well have detectable activity on 2, .~ Is consistent with such an interpretation as it seems unlikely
if the 2-acetamido group does not fulfill an essential catalytic

role that a glucoside would have the same affinity as the

) glucosaminide substrate. The oy can most likely be
As expected, when SpHex (0.2 mg/mL) was incubated pqcriped to the consequence of accumulation of the glycosy
overnight with 20 mM 2,4DNPG, no significant activity

L k enzyme intermediate. For 2,3DNPGIcNAc, the rate-deter-
above that arising from spontaneous hydrolysis could be nining step is also believed to be the deglycosylation step
detected. However, when Exoll was incubated with 2,- (g infra). The 1200-fold difference k. values for these
4DNPG, significant enzymatic activity was observed. This 4 sypstrates therefore underscores an important, yet not

last observation differs from the results.of Chitla}ru and vital, role of the acetamido group in stabilizing the second
Roseman, who could not detect any glucosidase act#8y (  ransition state of the family B-N-acetylglucosaminidase-
perhaps because they were not using a highly reactive qia)y7ed reaction. Indeed these effects are reminiscent of

substrate bearing as activated a leaving group as 2,4-yqqe found with other retaining glycosidases in which the
dinitrophenol. Regardless, the Michaelldenten parameters 2-substituent, typically a hydroxyl, is removed. Enzyme
for the Exoll-catalyzed hydrolysis of 2,4DNPG could be

Rons up to 4 mM). Thisk., value is approximately 1200-

measured conveniently by continuous assay over five minutes,

(Figure 2,keafKm = 0.0304 0.003 mM ™ s7%, keoe = 0.009
+ 0.001 st, Ky, = 0.314+ 0.02 mM for substrate concentra-

1 Abbreviations: SpHexStreptomyces plicaty$-hexosaminidase;
Exoll, Vibrio furnisii p-N-acetylglucosaminidase; 2,4DNPG, 2,4-
dinitrophenyl-p-glucopyranoside; pNPGIcNA@-nitrophenyl 2-ac-
etamido-2-deoxys-D-glucopyranoside; pNPGIcNA¢ p-nitrophenyl
2-fluoroacetamido-2-deoxg-p-glucopyranoside; pNPGICNAg p-
nitrophenyl 2-difluoroacetamido-2-deoyto-glucopyranoside; pN-
PGIcNAGs, p-nitrophenyl 2-trifluoroacetamido-2-deox3rp-glucopy-
ranoside; 2,3DNPGIcNAc, 2,3-dinitrophenyl 2-acetamido-2-dexy-

D-glucopyranoside; 3,5DNPGIcNAc, 3,5-dinitrophenyl 2-acetamido-

2-deoxyf-p-glucopyranoside; pNHAcGIcNAc p-acetamidophenyl
2-acetamido-2-deoxg-p-glucopyranoside; mNHAcGIcNAan-aceta-
midophenyl 2-acetamido-2-deop-glucopyranoside; mNPGIcNAc,
m-nitrophenyl 2-acetamido-2-deo)3+p-glucopyranoside; MuGIcNAc,
4-methylumbelliferyl 2-acetamido-2-deoydtp-glucopyranoside;
PGIcNAc, phenyl 2-acetamido-2-deoyyp-glucopyranoside®P(V/
K)ke, secondarya-deuterium kinetic isotope effect on \W/Km;
“"D(V)kie, secondaryr-deuterium kinetic isotope effect onn; BSA,
bovine serum albumin.

substrate interactions at the 2-position have been shown to
be particularly important for transition state bindintQy.

This finding of some residual activity toward substrates
bearing a 2-hydroxyl substituent perhaps reflects their
relatively recent evolution from ancestrgtglucosidases.
Conversely, these results support the critical requirement of
the acetamido group in catalysis by family BéN-acetyl-
glucosaminidases.

Electronic Requirement for the 2-Acetamido GroHpen
though it is clear that the acetamido group is involved in
catalysis for both enzymes, the extent of involvement in the
transition states for catalysis by each enzyme is unknown.
Indeed, little is known about the extent of nucleophilic
participation of the catalytic nucleophile in retaining gly-
cosidases. This lack of knowledge stems, in part, from the
fact that mutagenesis of the enzymic nucleophile allows only
the natural set of amino acids to be introduced unless
extraordinary measures are taken. For the family N20O
acetylglucosaminidases studied here, however, chemical
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Ficure 3: Structure ofN-acyl substituted glucosaminides used in
this study.

by the magnitude of the largest energy barrier from any stable
enzyme-substrate or enzymédntermediate complex to the
subsequent transition state. An alternative explanation is that
the data may not be scattered, but may represent a biphasic
plot indicating that the rate-determining step for SpHex varies
depending on the extent of fluorine substitution of the
substrate. Increasing the extent of fluorine substitution is
expected to make the acetamido group both a worse
nucleophile, in the first step of the reaction, and a better

Table 1: 8-N-Acetylglucosaminidase-Catalyzed Hydrolysis of
Fluoro-Substituteg-Nitrophenyl 2-Acetamido-2-deoxg-p-

glucosides leaving group, in the second step of the reaction, with the
. Km Keat KealKm | 2-fold effect of slowing down the cyclization step and

substrate 0" ° enzyme  (mM) (67 (s7mM™) accelerating the ring-opening step. As the ring-opening step

pN('°1§3'°NA° 0.0 Siﬁé'x glgggtobogm iggti??-“ g%‘(l)jct)igso is rate limiting for pNPGIcNAc (vide infra), it seems

DNPGICNACF 0.8 Exoll  0.680.04 3.4+02 50403 reasonable to suppose that the cyclization step may become
%) SpHex 0.55:0.02 390+40 720+ 80 rate determining for pNPGIcNAgFand/or pNPGIcNACE:

pN(PB?IcNACE 2.0 gxall %-%%étt 8-8; §§4ﬂi 0.02 gé&t 20.1 Despite these potential complications, several important

pHex . . + + ; R : :

DNPGICNACE, 2.8 Exoll  0.138£0.007 0.9:01 741 points can be made on the basis of the data outlined in Table

@ SpHex 1.7+0.2 0.95+ 0.04 0.6+0.1 1 and Figure 4.

First, as expected, the two enzymes have greatly differing
requirements for the 2-acetamido group and enzymes from
each family can be readily and rapidly distinguished using
these substrates. Second, increasing substitution with fluorine
- at the methyl group does not exert a significant electronic
effect on the transition state for the Exoll-catalyzed hydroly-
sis of these substrateg*(_, = —0.17 andp*\ s, = 0.07).
Indeed, there is little effect ok.,: Or oOnKp, as can be seen
from Table 1. In conjunction with the results of the
experiments using 2,4DNPG it appears that the amide
] i functionality is an important, but not critically important,

— T - - - - component of catalysis by Exoll probably contributing to
ot o .. 3 transition state binding. Third, Jones and Kosman, using
Ficure 4: Substituent analysis of the Exoll and SpHEXN- PNPGIcNAc, pNPGICNApE, and pNPGIcNAcE a.S .SUb'
acetylglucosaminidase-catalyzed hydrolysis of a series of fluoro- Strates for Aspergillus niger 3-N-acetylglucosaminidase,
acetamido derivatives. (A) Plot of ldg/K.,) againsto*. (B) Plot determined from their three point correlation a slope-&f41
of log(kea) againsto™. In each plot the filled circles®) are the  (18): others have determined a slope 1.0 for human
Sgltje?zggg'Lf‘e”?agﬁgt‘esaqﬁ]a;efggoi_SpHeX' The data and* p-hexosaminidase3() and estimated a value of0.6 for
Aspergillus oryzags-N-acetylglucosaminidase using a less
synthesis enables the acetamido group to be altered in orderigorous strategyl(9). In these studies the slope is generally
to evaluate the electronic effects of systematically modifying a sum of an electronic contributiop?¥, which is the Taft
this nucleophile. parameter associated with the electronic properties of the

To address the electronic requirements of Exoll and SpHex substituent and a steric contributiah,that is associated with
for the acetamido substituent for catalysis we prepared thethe bulk of the substituent; however, these electronic and
same series gi-nitrophenyl 2-deoxy-2-fluoroacetamigi- steric contributions cannot be dissected using the current
D-glucoside substrates as Yamamdt®, 9) and Jonesi(g). strategy. The slope observed for the family 20 SpHek 29,
Increasing levels of substitution of fluorine for hydrogen on is consistent with the values observed for these other enzymes
the acetamido group decrease the basicity of the carbonyland suggests that thfe nigerenzyme studied by Jones and
oxygen nucleophile, making this group a poorer nucleophile. Kosman is a member of family 20 of glycoside hydrolases.
Analysis of pNPGIcNAc, pNPGIcNACcF, pNPGIcNAgFand The marked deleterious effect of including increasing fluorine
pNPGIcNACF; as substrates of both enzymes reveals sig- substitution suggests that in family 20 enzymes there is
nificant differences in the processing of these substrates bysignificant involvement of the acetamido group in the
Exoll and SpHex (Figure 3; Table 1). Indeed, increasing transition state, likely as a nucleophile. Fourth, we can
fluorine substitution has little effect on the Michaetis hypothesize that the acetamido group is interacting with a
Menten parameters for Exoll while for SpHex a dramatic positively charged center in the transition state of the SpHex-
effect is seen. The data in Table 1 can be representedcatalyzed reaction, since a steep negative correlation in Taft
graphically in a Taft-like free energy relationship. By plotting analyses of nucleophilic participation, such as that found for

ag* is the Taft parameter, values of which were obtained from

Hansch and Leo5Q).

the log of the first k.o) and second orderk{/K.) rate

constants against the Taft parameters for methyl, monofluoro-

methyl, difluoromethyl, and trifluoromethyl we obtain the
relationships shown in Figure 4.

Scatter in free energy relationships of lkg; values may
be attributable to differences in ground state binding within
the Michaelis complex because the valu&kgfis governed

SpHex, indicates that the nucleophile interacts with a cationic
center at the transition state. For SpHex it is quite reasonable
to speculate, on the basis of considerable precedent with other
glycosidases that use aenzymicnucleophile, that this
cationic center is the sugar anomeric carbon in an oxocar-
benium ion like transition state2§). Further studies,
however, are required to verify this analogy.
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Table 2: Kinetic Parameters for the Hydrolysis of a Series of Aryl Glucosaminides Catalyzed by SpHex and Exoll

phenol Keat Km KealKm
substrate pK2 enzyme (s (mM) (sTmM1
2,3DNPGIcNAc 4.96 Exoll 10.80.2 0.09+ 0.01 130+ 10
(5) SpHex 235+ 9 0.019+ 0.002 12006+ 1000
3,5DNPGIcNAC 6.69 Exoll 48 0.4 1.240.1 4.0+ 0.4
(6) SpHex 222+ 6 0.048F 0.005 4600+ 500
pNPGIcNAC 7.18 Exoll 3.26k 0.04 0.73+0.03 4.440.2
(7 SpHex 193+ 3 0.049+ 0.004 3900+ 400
MuGIcNAc 7.50 Exoll 2.08+0.08 1.2+0.1 1.84+0.1
(8) SpHex 180+ 7 0.0544+ 0.03 3300+ 300
mNPGIcNAC 8.39 Exoll 0.33:0.01 1.5+ 0.1 0.2240.02
9) SpHex 197+ 7 0.15+ 0.03 1300+ 100
pNHACGICNAC 9.50 Exoll nd nd nd
(10 SpHex 206+ 8 0.22+0.01 9404+ 90
MNHACGIcNAc 9.60 Exoll 0.054+ 0.005 1.1+ 0.1 0.05+ 0.06
(12) SpHex 187+ 8 0.27+ 0.04 700+ 100
PGIcNAc 9.99 Exoll 0.012+ 0.005 1.0£0.1 0.011+ 0.002
(12 SpHex 172+ 3 0.48+0.01 360+ 70
2 pK, values used for phenols were taken from r&8s-55. ® Not determined.
Charge Deelopment on the Glycosidic Oxygen at the A 5] B 5]
Transition State.Kosman and Jonesl®) advanced a 4 4{
mechanistic proposal involving the formation of an exocyclic e 37
oxonium ion like transition state in which they suggest that ~, 2] &7
the glycosidic oxygen is protonated very early in the reaction, f;" ;E 2 ;f Estimated
perhaps even in the Michaelis complek8). In such a 2 ] 4]
transition state there would be very little fission of the ] 2]
glycosidic bond but nearly complete protonation of the  s3}———— 0

glycosidic oxygen. Kosman and Jones rationalize this 4 ° & 7.8 9 1041 4 5 6 7 8 3§ 10 1
proposal on the basis of the _small solve.nt isotope effect they FicUre 5: Bransted plots of the log of the firsks) and second
observed Ku/ko = 1.27) during theA. niger Nacetylglu- (kealKm) order rate constants for the Exoll and SpHex hydrolysis
cosaminidase-catalyzed hydrolysis of pPNPGICNA8)( The of a series of aryl glucosaminide substrates. (A) Plot of gg(
small magnitude of this solvent isotope effect suggests thatKm) against the K, of the leaving group phenol. (B) Plot of log-

the proton is either almost completely transferred or hardly (ka) against the Kaf of the leaving group phenol. Filled circles
transferred to the glycosidic oxygen. These authors also argu :r) Srf)ﬂgi?nt data for Exoll, and open squatejrepresent data

that the small, slightly negatiy@gg.) value iy ~ —0.1),

determined from theA. niger S-N-acetylglucosaminidase-  eters can be plotted in a series of Bransted linear free energy
catalyzed hydrolysis of a series of four para-substituted relationships (Figure 5), where several trends are seen.
2-acetamido-2-deoxg-p-glucopyranosides, suggests little  For Exoll the plot of logkea/Km) versus [, of the phenol
charge development on the glycosidic oxygen, thereby leaving group shows a strong correlation for all substrates.
supporting their view. Consistent with their proposal are the The plot of logk.s) against the K, of the phenol leaving
observations that for the spontaneous and alkaline hydrolysisgroup also reveals a significant correlation but only for
of glucosides thgsy, value is typically large and negative substrates bearing poor leaving groups wiky pr 7. The

(Big = —1) while that observed for specific acid catalysis, values offigx,) = —0.78 obtained from a linear regression
where an oxonium ion is formed, is typically small and of the data for all substrates other than 2,3DNPGIcNAc and
positive 3 = 0.02 to 0.2) 17). One alternative interpretation  the figx.«,) = —0.79 obtained from a linear regression of

of the data of Jones and Kosman is that the transition stateall the data are very similar. Indeed, identical slopes are
is more oxocarbenium ion like with advanced fission of the expected if the rate-determining step, governedkhy is
glycosidic bond as well as with significant proton donation. also the first irreversible chemical step of the reaction, as
Indeed, such a late transition state is more consistent withgoverned byk../Kn. The similarity of these twg values

the Taft-like analysis (vide supra) that indicates development suggests that the rate-determining step for these substrates
of a positively charged center in the transition state. (pKa > 7) with Exoll is the glycosylation step. The deviation
Furthermore, such a mechanism is consistent with the generabf 2,3DNPGIcNAc from the correlation of log{y) presum-
catalytic mechanisms ¢i-retaining glycosidasesS1). ably arises because the rate-determining step for this substrate

To address this question we aimed to evaluate the extentVith Exoll is the deglycosylation step. The relatively low
of charge development at the glycosidic oxygen in order to <m value that is found for 2,3DNPGIcNAc as compared to
establish whether, at the transition state, proton transfer wagPC0rer substrates Ka > 7) supports this view. LovKn
more or less advanced than cleavage of the glycosidicValues aré often the consequence of accumulation of a
linkage. To this end we prepared a series of akl glycosyl enzyme intermediate sing&g, reflects the ratio of
acetylglucosaminides with varying leaving groups and tested &/l €nzyme bound species to f.ree. enzyme and substrate
these as substrates of both Exoll and SpHex (Figure 3). The2ccording to the following equation:
kinetic parameters determined for each substrate with both .
enzymes are summarized in Table 2. These kinetic param- Kw = [EIISY Z[ES] 1)



12814 Biochemistry, Vol. 44, No. 38, 2005 Vocadlo and Withers

Although studies to substantiate this claim have not beenit has been established that bond cleavage is highly advanced.
carried out for Exoll, similar behavior has been observed For SpHex, however, to unambiguously establish that the
with several retainingexof-glycosidases including, for transition state for the SpHex-catalyzed reaction is more

example,-glucosidases from sweet almondd2), Agro- dissociative and oxocarbenium ion like than oxonium ion
bacterium sp. @3), and Pyrococcus furiosug34), the like, as suggested by Jones and Kosman, some measure of
B-mannosidase fror€ellulomonas fim{35), and thes-xy- the geometry of the anomeric center at the transition state
losidase fronThermoanaerobacterium saccharolytic(3e). must be made.

The magnitudes of thgy values observed here for Exoll o-Deuterium Kinetic Isotope Effecté direct and rapid

(—0.78 and—0.79) are also consistent with the studies listed test to gain insight into the nature of the transition state is
above whereB)y values commonly lie betweer0.7 and through the use ofi-deuterium kinetic isotope effectD-
—0.95. KIE) studies. Indeed, such studies with Lgégfalactosidase

Linear regression analyses of the data obtained with SpHexwere the first to elegantly show that the glycosyl enzyme
for both logk.o/Kn) and logkea) values, as plotted against intermediate was, in fact, a covalent species rather than an
the K, values of the leaving group phenol, also yield good intimately enzyme sequestered oxocarbenium i88).(
correlations throughout the entire range of substrates. ThisFurthermore, this approach was also used withGhdimi
unbroken linear correlation suggests that the rate-determiningxylanase that had a relatively smglu..) value. Accord-
step remains the same for all substrates. The markedlyingly, for the family 205-N-acetylglucosaminidase SpHex,
different Bigpy (—0.02) andBig k) (—0.29) values also  a-deuterium kinetic isotope effect studies should clarify
indicate that the rate-determining step of the reaction, aswhether the transition state is more oxonium ion like as
reflected byk.s, is not the first irreversible chemical step. suggested by Jones and Kosma8)(or more oxocarbenium
Indeed k.. values show essentially no dependence on leavingion like, as we expect. These studies may also provide
group ability (g ~ 0), indicating that the rate-determining unambiguous evidence pointing to whether the intermediates
step is either the deglycosylation step or some nonchemicalin the Exoll- and SpHex-catalyzed reactions are covalent
rate-determining step. A nonchemical rate-determining step species or stabilized oxocarbenium ions as is still sometimes
is ruled out, however, by the-deuterium kinetic isotope  posited. While it is generally accepted that m@setaining
effect of significant magnitude (vide infra) measuredkan glycosidases operate via a catalytic mechanism involving the
using pNPGIcNAc. The trend ik, values also supports this  transient formation of aovalentglycosyl enzyme intermedi-
proposal. As the leaving group becomes beKerdecreases  ate,3-N-acetylglucosaminidases from family 20 are generally
(Table 2), suggesting that the steady state concentration ofheld to use a catalytic mechanism involving anchimeric
an enzyme-sequestered intermediate is increasing. Presumassistance from the acetamido group of their substrates. This
ably, this occurs as a consequence of an increased rate ointermediate is thought to be either a bicyclic oxazoline
cyclization relative to that of the ring-opening step, which intermediate %, 6, 40) or, alternatively, a transient oxocar-
must remain invariant regardless of the nature of the leaving benium ion intermediate that may be stabilized through close
group. positioning of the acetamido groug, (18, 26, 41).

The magnitude of thBigu..x,) value measured for SpHex If the transition state is oxonium ion like, as postulated
(—0.29) is greater that that estimated by Kosman and Jonesby Jones and Kosmanl§) with littte C—O bond cleavage,
from their four point study {0.1) although the sign is the then we expect that theD-KIE will be approximately unity
same in both studies. Both of these values are consistent withas the anomeric center will remain essentially/sgridized
the Bigw..k.) Value of~ 0.2 we calculate by plotting a subset in both the starting material and the transition state.
of the kinetic data reported by Tanaka et al. in their study Conversely, if the transition state is oxocarbenium ion like
of bovine liver 3-N-acetylglucosaminidase7). The small with advanced fission of the-©0 bond, then the hybridiza-
negativefig.sx.) (—0.29) observed with SpHex reflects the tion of the anomeric center changes froni spthe ground
accumulation of a relatively small amount of negative charge state to spin the transition state and, accordingly, a normal
on the glycosidic oxygen at the transition state of the aD-KIE should be observed. In every case where such
glycosylation step and suggests that cleavage of the glyco-studies have been carried out, these kinetic isotope effects
sidic bond is slightly, yet significantly, more advanced than have been significantly greater than unity, revealing that the
is proton donation to the glycosidic oxygen. The negative transition states leading to the formation and breakdown of
Py values measured for both enzymes indicate that the acovalentglycosyl enzyme have considerable oxocarbenium
glycosidic oxygen accumulates negative charge in the ion like characterZ5). The only3-N-acetylglucosaminidase
transition state, presumably as a consequence of the cleavag® have been investigated usindp-KIE studies is hen egg
of the glycosidic bond. The difference in the magnitude of white lysozyme, which uses a catalytic mechanism involving
the Bigu.x) Values between SpHex and Exoll hints either a covalent glycosyl enzyme intermediatl); In those
at a different requirement for acid catalysis in the two cases, studies a normal value d&§/kp of 1.14 was found for the
or that cleavage of the glycosidic bond is more advanced in first step of the reactioM@, 43). No such studies have been
the first transition state of the reaction catalyzed by Exoll carried out on angxo-N-acetylglucosaminidase from any
than it is for SpHex. If the difference is attributable to a family of glycoside hydrolases. On the basis of the Brgnsted
varying requirement for acid catalysis, as we expect, proton analyses it is clear that the rate-determining step for SpHex
donation is expected to play a more significant role in is deglycosylation (vide supra). If a significant and normal
catalysis by the family 20 SpHe¥&N-acetylglucosaminidase. aD-KIE value is measured fdg,; with SpHex, we can infer
A small negativesy value such as that seen for SpHex has that the intermediate is a covalent oxazoline intermediate.
been observed for a number of retainifeglycosidases  Last, in addition to clarifying these aspects of the mechanism
including the xylanase fror@ellulomonas fim{38) for which of the family 20/-N-acetylglucosaminidases these isotope
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effects would provide further insight into the similarities and with the very large majority of studies on retainifiegly-
differences of the anchimeric assistance mechanism and thecosidases and support the view that all retainfrglycosi-
double displacement mechanism. To this end we prepareddases, with the exception of the NAD-requiring enzymes of
1{?H}-pNPGIcNAc (9), which is isotopically enriched with  family 4 (45), use a fundamentally similar mechanism
deuterium at the anomeric center. involving substrate distortion, general acid/base catalysis to

With the deuterium-labeled substrate in hand we sought facilitate the departure of the aglycon, and electrophilic
to determine thexD-KIE values for both enzymes. Unfor- ~ migration of the anomeric cente8X).
tunately, owing to the limited solubility of the substrate and
the relatively highk, value of this substrate for ExolKg, METHODS AND MATERIALS
= 0.73 mM), saturating concentrations of substrate could  saneral ProceduresAll buffer chemicals and other

not be reachquand ar®(V)ce could therefore not be oa5ents were obtained from the Sigma/Aldrich/Fluka Chemi-
measured. The ®(V/K)e value could, however, be mea- 5 co ynless otherwise noted. Solvents and reagents used
sured for this enzyme. Conversely, for SpHex, the Michaelis ore either reagent, certified, or spectral grade. Anhydrous

constant is so smalk = 0.05 mM) as to make accurate o\ ents were prepared as follows. Methanol was distilled
spectrophotometric measurements by the substrate depletiof. ., magnesium turnings in the presence of iodine; tetrahy-
method difficult. Therefore the isotope effect was measured 4.0 ran was distilled from sodium in the presence of
under conditions of saturating substrate, yielding &{V)we benzophenone; and toluene, pyridine, triethylamine, aceto-
value for SpHex. As discussed abokey values for SpHex  ijle “and dichloromethane were prepared by distillation
likely reflect the deglycosylation step. from calcium hydride. Solvents were distilled immediately
Since the cyclization and ring-opening steps are the nearprior to use. Dimethylformamide was dried sequentially over
microscopic reverse of each other, however, these valuesq A molecular sieves.
provide some insight into the structures of the transition states Synthetic reactions were monitored by TLC using Merck
for both steps. The isotope effect measured for Spiek ( kjeselgel 60 F254 aluminum-backed sheets (thickness 0.2
ko = 1.07:i:_ 0.0;L) reveals transition states having significant mm). Compounds were detected by ultraviolet light (254 nm)
oxocarbenium ion character, as also suggested by the Taftn4/0r by charring with 10% ammonium molybdate in 2 M
like analysis. The magnitude of this isotope effect also H,SO, and heating. Flash chromatography under a positive

_unambiguously es_tablishes that the_ (_)xazoline intermedk_atepressure was performed with Merck Kieselgel 60 (2200
is a covalent species and not a stabilized oxocarbenium I0Nmesh) using the specified eluantsi NMR spectra were

as has been positeti§, 26, 41). The isotope effect measured ecorded on a Bruker WH-400 spectrometer at 400 MHz, a
for Exoll (kifkp = 1.10 + 0.02) is very close to that g ker AV-300 at 300 MHz, or a Bruker AC-200 at 200
measured for SpHex and suggests that the charge buildup af 4, 19 NMR spectra were recorded on a Bruker AC-200
C-1in the transition states of both enzymes is similar. These 5 188 MHz or a Bruker AV-300 at 282 MHz and are proton-

values are also wit_hin the range found for all retaining coupled with CECO,H as a reference. Chemical shifts are
p-glycosidases studied to date (1-0B11 for the glycosy-  rgported on the scale in parts per million from tetrameth-

lation step and 1.081.25 for the deglycosylation ste®%) ylsilane (TMS) and were measured relative to CCIDs-
and therefore support the idea of a common catalytic 5p or to DSS when taken in£. The abbreviations used
mech_a_mlsm involving dl_ssocnatlve oxoc_arbenlum ion like ;. describing multiplicity are (s) singlet, (d) doublet, (1)
transition states bracketing a covalent intermediate for all triplet, (m) multiplet, and (br) broad. Carbon nuclear
of these enzymes regardless of the nature of the nucleophilemagnetic resonancéC NMR) spectra were obtained on a
These results support the view that the intermediate in they/gian XL-300 spectrometer at 75.5 MHz. Signal positions
catalytic pathway of any given retainifiglycosidase may — 4e given in parts per million (ppm) from tetramethylsilane
be elth_er a covalent_ g_lyco_syl enzyme or a covalent bicyclic 53nq were measured relative to the signal of CDCDs-
oxazoline or oxazolinium ion3{, 44). OD, or D;O. The Mass Spectrometry Laboratory, University
of British Columbia, performed both high and low resolution
CONCLUSION mass spectra. Mr. Peter Borda of the Microanalytical
Despite the difference in the identity and nature of the Laboratory, University of British Columbia, performed
nucleophile, the transition states for both SpHex and Exoll €lémental analyses. Melting points were recorded using a
appear remarkably similar. Cleavage of the glycosidic linkage L@Peratory Devices Mel-Temp Il melting point apparatus
is significantly advanced, with considerable charge develop- 2nd are uncorrected.
ment on the anomeric center as evidenced by the normal SynthesisThe syntheses of pNPGICNAgK3) (29) and
and significanti-deuterium kinetic isotope effects observed 2-deoxy-3,4,6-trio-acetyl-2-trifluoroacetamidg-p-glucopy-
for both enzymes. Brgnsted analysis of both enzymes alsoranosyl bromide 46) were performed as previously de-
reveals that proton donation from the general acid/basescribed.
catalytic residue lags behind cleavage of the glycosidic bond p-Nitrophenyl 2-Deoxy-3,4,6-tri-O-acetyl-2-trifluoroaceta-
for both enzymes. For SpHex, proton donation appears moremido{3-D-glucopyranoside4). An alternative to the approach
advanced, while for Exoll, proton donation lags far behind described in the literatur€9) was chosen to prepare large
C—0 bond fission. The consequence of these interpretationsquantities of this compound. Under an atmosphere of
is that the transition state can be viewed as highly polar, nitrogen, to a solution of 2-deoxy-3,4,6-th-acetyl-2-
with accumulation of net negative charge on the glycosidic trifluoroacetamidgs-p-glucopyranosyl bromide (3.48 g, 7.5
oxygen and the—1 saccharide unit having significant mmol) (46) in anhydrous acetonitrile (30 mL) was added
oxocarbenium ion like character. These results are consistenCaSQ (2 g). To a different solution, also under an
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atmosphere of nitrogen, containing 2,6-lutidine (1.86 mL, Information. Compoundg (49), 9 (37), 10(47), and12 (37,
18.8 mmol, 2.5 equiv) ang-nitrophenol (dried in vacuo  47) are known in the literature, and spectral data reported in
overnight, 2.1 g, 15.1 mmol, 2 equiv) in anhydrous aceto- the Supporting Information are consistent with the available
nitrile (30 mL) was added CaS@2 g). These two separate data. Elemental analyses of all compounds used in these
slurries were then stirred at room temperature for 30 min, studies are reported in the Supporting Information.
after which time the mixture containing the phenol was  1{2H}-2-Acetamido-2-deoxy-3,4,6-tri-O-benzyf3-p-glu-
cannulated into the flask containing the glycosyl bromide. copyranosel5). To a stirred solution of 3,4,6-t®-benzyl-
Silver carbonate was added (1.32 g, 0.75 equiv) to the p-glucono-1,5-lactoneld) (50) (9.7 g, 28 mmol) in anhy-
suspension, and the resulting mixture was stirred vigorously drous THF (130 mL) was added a solution of sodium
in the dark for 3 h, after which time TLC analysis revealed borodeuteride (0.22 g, 5.2 mmol) in 0.99 mL of@ The
that the glycosyl bromide had entirely reacted. The reaction reaction mixture was stirred at room temperature for 2 h,
mixture was diluted with acetonitrile, and the solids were after which time the reaction was judged complete by TLC
removed by filtration through a bed of silica and Celite. The analysis. The resulting solution was concentrated in vacuo
filtrate was concentrated in vacuo to provide a gray gum. to a pale yellow syrup, and dichloromethane (200 mL) was
The desired product was then purified by flash chromatog- added. After the syrup had dissolved, the organic layer was
raphy on silica gel (ethyl acetate/hexanes; 1:1) to yield the washed with water (2« 100 mL) and saturated sodium
desired product4) (3.05 g, 5.9 mmol, 78%) as a crystalline chloride solution (1x 100 mL). The organic layer was dried
solid. *H and*°F NMR data for compound can be found over MgSQ, concentrated in vacuo to a syrup, and crystal-
in Tables 1 to 5 of the Supporting Information. lized from ethyl acetatehexanes to provide a mixture of
General Synthesis of Aryl 2-Acetamido-2-deoxy-3,4,6-tri- the title compounds as a white crystalline solid (82% yield,
O-acetylf-p-glucopyranosidesThe phase-transfer method 8.0 g, 23 mmol)!H NMR (400 MHz, CDC}): 7.35-7.15
of Roy and Tropper47) was followed. Briefly, to a mixture (15 H, m, Ph), 5.37 (1 H, dJnu 2 = 8.8 Hz, NH), 4.86-
of 2-acetamido-2-deoxy-3,4,6-t@-acetylo-p-glucopyra- 4.76 (3H, m), 4.684.48 (5H, m), 4.11 (1 H, dd]zn3 =
nosyl chloride 48) (1 equiv), tetrabutylammonium hydrogen 10.3, H-2), 4.03 (1 H, dddlys 4= 9.7 HZ,Jus 16 = 4.8 Hz,
sulfate (1 equiv), and the acceptor phenol (2 equiv) was Jusnea= 2.8 Hz, H-5), 3.80 (2 H, m), 3.683.60 (3 H, m),
added sulfficient dichloromethane (1 volume) to yield a 1.81 (3 H, s, NAc).
solution containing the donor chloride at a concentration of ~ 1{?H}-2-Acetamido-2-deoxy#3-d-glucopyranose 1).
200 mM. An equal volumefol M NaOH (1 volume) was  The atmosphere of a solution of {2H}-2-acetamido-2-
then added, and this mixture was rapidly stirred at room deoxy-3,4,6-tri©-benzyl$-p-glucopyranoselp, 1.2 g, 2.43
temperature for 1 to 3 h. After the reaction was judged mmol) in a mixture of ethyl acetate and methanol (10 mL
complete by TLC analysis, ethyl acetate (5 volumes) was each) was replaced with nitrogen, and a catalytic amount of
added. The solution was washed lwit M NaOH (4 x 2 palladium on carbon was added. The atmosphere above the
volumes), water (2x 2 volumes), and saturated sodium reaction was replaced with hydrogen, and the mixture was
chloride solution (2 volumes). The organic layer was dried stirred for 16 h, at which time the reaction was judged by
(MgSQOy) and filtered, and the solvent was removed in vacuo. TLC analysis to be complete. The reaction mixture was
The resulting crude product was crystallized from a mixture filtered through glass fiber filter paper and concentrated in
of ethyl acetate and hexanes to provide yields after 1 cropvacuo to yield a white powder (475 mg, 2.14 mmol, 88%).
of between 45% and 70% of the desired aryl glycosidke. IH NMR (400 MHz, D:0): 3.80-3.52 (4.7 H), 3.46:3.32
NMR data for the per-acetylated aijacetylglucosaminides (1.3 H, m), 1.93 (3 H, s, NAc).
can be found in Tables 1 to 5 of the Supporting Information.  1{?H}-2-Acetamido-2-deoxy-3,4,6-tri-O-acetylp-glu-
The per-acetylated derivatives of compouidg9), 9 (37), copyranosyl Chloride X7). This compound was prepared
10 (47), and 12 (37, 47) are known in the literature, and essentially as described for the nondeuterated compound
spectral data reported in the Supporting Information are 2-acetamido-2-deoxy-3,4,6-t@-acetylo-b-glucopyrano-

consistent with the available data. syl chloride by Leaback4@).

General Synthesis of Aryl 2-Acetamido-2-de@xy-glu- 1-{?H}-2-Acetamido-2-deoxg-p-glucopyranoside 19).
copyranosides1—4, 5—12, and 19). To a stirred solution ~ This compound was prepared as described above under the
of the aryl 2-acetamido-2-deoxy-3,4,6-@racetyl{3-p-glu- sections General Synthesis of Aryl 2-Acetamido-2-deoxy-
copyranoside (per-acetylated derivative of compoues, 3,4,6-tri-O-acetyl8-p-glucopyranosides and General Syn-
5—12, and19) in anhydrous methanol was added a catalytic thesis of Aryl 2-Acetamido-2-deoxg-p-glucopyranosides.
amount (5 drops) da 1 M solution of sodium methoxide Enzyme Kinetics with ExolAll kinetic studies involving

in methanol. The reaction mixture was stirred foo2ith at Exoll were performed in 50 mM sodium phosphate, 200 mM
room temperature. In cases where a precipitate formed, thissodium chloride, pH 7.00, containing 0.1% bovine serum
was filtered and washed with methanol. The mother liquor albumin. For each substrate a continuous spectrophotometric
of this reaction and all other reactions was processed in theassay based on the rate of release of the phenolic leaving
same manner. Excess Amberlite IR-120 resin’)(kvas group upon hydrolysis of the chromogenic substrate was
added, and the reaction mixture was filtered. The filtrate was used. The resulting absorbance change was measured using
concentrated in vacuo to provide a solid. Recrystallization a Pye-Unicam 8700 UV/vis spectrophotometer equipped with
of all compounds was accomplished using a mixture of a circulating water bath set at 23°&. The wavelengths
methanot-ether-hexanes. Yields of the desired product after monitored varied for each substrate and are listed in the
one recrystallization ranged from 30% to 75%4.NMR data, Supporting Information. MichaelisMenten parameters for
melting points, and elemental analyses for compountts the hydrolysis of all substrates by Exoll were determined
4and5to 12 can be found in Tables 1 to 5 of the Supporting by directly fitting the intial rate data to the Michaelis
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Menten equation using GraFit version 3®1). The con- overnight, and the absorbance of each solution was again
centrations of enzyme and substrate used in each assay carecorded. These absorbance readings were in close agreement
be found in the Supporting Information. with the readings taken the previous day, indicating that the

Enzyme Kinetics with SpHeSpHex was recombinantly  reactions had been complete after 6 h. These data were fitted
expressed inEscherichia coliand purified essentially as by linear regression using the program GraFit 30),(and
outlined by Williams et al.Z1). All kinetic studies involving in all cases the data revealed excellent linear correlations (
SpHex were performed in 25/25 mM sodium citrate/sodium = 0.97) furnishing the extinction coefficient of the liberated
phosphate, 150 mM sodium chloride, pH 4.50. For each phenol. The absorbance of the enzyme at each wavelength
substrate a continuous spectrophotometric assay based owas also recorded. The extinction coefficient of the intact
the rate of release of the phenolic leaving group upon aryl glycoside of interest was subtracted from the extinction
hydrolysis of the chromogenic substrate was used. The coefficient of the corresponding phenol and of the enzyme
resulting absorbance change was measured using a Pyeto provide the delta absorption coefficiem«).

Unicam 8700 UV/vis spectrophotometer equipped with a
circulating water bath at 37 . The wavelengths monitored ACKNOWLEDGMENT

varied for each substrate and are listed in the Supporting prof. Saul Roseman generously provided the plasmid
Information. Michaelis-Menten parameters for the hydroly- bearing the Exoll gene. The plasmid bearing the SpHex gene
sis of all substrates by SpHex were determined by directly |, 55 provided by Drs. Brian Mark and Michael James at the
fitting the intial rate data to the MichaetidMlenten equation University of Alberta. pPNPGIcNACF and reference samples
using GraFit version 3_.050.). The concentration of enzyme of pNPGIcNAck and pNPGICNACE were generously
and substrate used in each assay can be found in theprovided by Dr. Tom Harvey. 2,4DNPGIc was generously

Supporting Information. . provided by Dr. David Zechel.
Kinetic Isotope Effectslsotope effects using {2H}-

pNPGIcNAc were determined in two different ways due to SUPPORTING INFORMATION AVAILABLE
limitations arising from th&,, values with each enzyme and
the limited solubility of the substrate. For Exoll the relatively
high K, value K, = 0.73 mM) prohibited measurement of
the ©B(V) isotope effect due to the limited solubility of the
substrate. Thus for this Exoll theP(V/K) isotope effect
was determined by continuously monitoring the depletion
of a low concentration of substraté:(K,) in the reaction

at 400 nm. For SpHex saturation conditions were readily
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