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ABSTRACT. The novel mechanism-based reagent 2-acetamido-2-deoxy-5-ihiofictopyranosyl fluoride

has been synthesized, and the kinetic paramétgrs 0.23 mM andkea: = 0.55 mirr? for its hydrolysis

by Vibrio furnisii 5-N-acetylglucosaminidase (Exoll) have been determined. Investigation of mixtures of
enzyme with this slow substrate by electrospray mass spectrometry revealed a high steady-state population
of the 2-acetamido-2-deoxy-5-fluofe+ -idopyranosyl-enzyme, indicating that the hydrolytic mechanism

of Exoll involves the formation and rate-determining hydrolysis of a glycosyl-enzyme intermediate. Analysis

of a peptic digest of the glycosyl-enzyme by HPLC/ESMS/MS in the neutral-loss mode permitted
identification of a peptide bearing the 5-fluoro-sugar moiety. Tandem MS sequencing of the labeled peptide,
in conjunction with multiple sequence alignments of family 3 members, allowed the identification of
Asp242 as the catalytic nucleophile within the sequence MPISSM.

pB-N-Acetylglucosaminidases are glycosyl hydrolases that mechanism in which two active site carboxyl groups assist
catalyze the hydrolysis oN-acetylglucosamine from the in the formation and breakdown of a glycosyl-enzyme
nonreducing end of oligosaccharides and glyconjugates.intermediate. The first step involves the attack by one of
Considerable interest in these enzymes has developed in thehe carboxylates at the anomeric center, along with general
past few years as a consequence of their importance in theacid catalysis from the other carboxyl group, expediting
pathology of certain lysosomal storage diseadparid their  departure of the leaving group to yield a glycosyl-enzyme
potential uses in industrial biotechnologd) (and as targets  jntermediate with inverted configuration at the anomeric
for antifungal agents3). Within the classification system  center. In a second step, the intermediate is hydrolyzed by

of glycosyl hydrolases devised by Henrisshitacetyli-  general base-catalyzed attack of water at the anomeric center,
glucosaminidases have been found in family 20 and, very resyiting in cleavage of the glycosidic bond with overall net
recently, family 3 of the glycosyl hydrolases 6). However,  (gtention of the anomeric configuration (Figure L)X

Vibrio furnisii f-N-acetylglucosaminidase (Exoll) is one of

only three cloneg-N-acetylglucosaminidase8)(within this The first X-ray structure of a family 3 enzyme was that

family, the rest of the family comprising primaril§-glu- of the H. vulgare -glucan exohydrplase rgcently published
cosidasess-xylosidases, cellodextrinases, and-1,3-1,4- Py Varghese et al.1@). On the basis of this structure, they
glucanases. All members of this family are defined by a tentaUver_ proposed Asp285 as the nucleophile and_ Gl_u491
section of high sequence similarity in a region encompassing@S the acid/base catalyst. The authors, however, indicated
the proposed nucleophile. some uncertainty in their assignments .of these gatalytlc
The mechanism of family 33-glucosidases 7) and carboxyl groups. Much earlier, Legler, using the active site
B-glucan exohydrolases) has been the subject of some directed inactivator conduritol B epoxid&3) and the slow
investigation. Stereochemical outcome studies with both Substrate-glucal with theAspergillus wentif-glucosidase
Hordeumyulgare-glucan exohydrolas®) andAspergillus ~ (10), proposed an aspartic acid within a 63 residue peptide
wentii S-glucosidase ¥0) have shown that this family  as the nucleophile. However, in a number of cases, conduritol
operates via a retaining mechanism. Thus, owing to their epoxides have been found to label residues other than the
sequence similarity with other family 3 enzymes, it may be catalytic nucleophile. For example, in the caseEofcoli
expected that thesg-N-acetylglucosaminidases catalyze [-galactosidase, the-galacto derivative labeled the acid/
hydrolysis of their substrates using a double displacementbase residueld) while in bitter almondg-glucosidase a
carboxylate in close proximity to the active site was tagged
' Financial assistance from the Protein Engineering Network of DY conduritol B epoxideX5). Working with theA. wentii
Centres of Excellence of Canada, the Natural Sciences and Engineering3-glucosidase, Legler also conducted a series of kinetic
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- 11 has been removed and apparently shown to not play an

ENZ ENZ essential role in catalysi®, 22). In view of the residual

) o o catalytic power of these ChEWL mutants, anchimeric as-
oH 1 OH H_ sistance may play a significant role in the mechanism of wild-
HO&&/O\R = HOIN N3, type ChEWL or this may simply be a case of efficient
NHAC AcHNOS_0 chemical rescue by the substrate acetamido group, which
00 sz presumably must have a high effective molarity.

ENZ L J The significant role that substrate assistance appears to
play in the mechanisms of the family 20 hydrolases and
possibly in wild-type and/or nucleophile mutants of ChEWL

GLYCOSYLATION brings to question the mechanism of action of these family
ENZ 3 N-acetyl$-p-glucosaminidases. Whether they operate with
00 an anchimeric assistance mechanism in which the conserved
o é% H aspartate is: no Ionger of crit_ical importancg_ for catalysis, or
HOA=— O-H whether .thIS r¢5|due funct_lqns as a critically important
OYO nucleophile as in most retaining glycosidases is unclear.
ENZ 2-Deoxy-2-fluorog-p-glycosyl fluorides have proved to
DEGLYCOSYLATION be highly.suc_cessful reagents for_ identifying the active site
nucleophiles in a range @kglycosidases33—25). 5-Fluo-
roglycosyl fluorides have also been found to be of great
ENZ B ez | F utility in the labeling of botho- and s-glycosidases, and,
o)“o o/go interestingly, in most cases the fluorinated version of the
OH OH C-5 epimer of the natural substrate (e.g., b-E-idosyl
Hogé&m — Qg Qﬁié‘ZH fluoride for af-glucosidase) functioned at least as well as
NHAG AGHNOY_0O the ‘correct’ 5-fluoro-sugar26—28). The mode of action
OYO \ﬂ:\‘Z of these mechanism-based inactivators involves the stabiliza-
ENZ L tion and consequent trapping of the glycosyl-enzyme inter-
Ficure 1: Proposed mechanism for family 8-N-acetylglu- mediate. The good leaving group at C-1 accelerates the first
cosaminidases. step of the double displacement mechanism (glycosylation)

. ) _ whereas the C-2 or C-5 fluorine slows down both steps via
3 -N-acetylglucosaminidases remains essentially unchar-jndyctive destabilization of the carbocationic transition states
acterized, and as will become apparent below, there remainecyng results in the trapping of a 5-fluoro- or 2-deoxy-2-fluoro-

some question as to the actual mechanism followed. glycosyl-enzyme intermediate. Subsequent peptic digestion
The functionally related family 2@-N-acetylglucosamini-  of the inactivated enzyme commonly yields short peptides,

dases have recently received considerable attention; X-rayone of which bears the fluoro-sugar label. The sole ester in

structural data6) and kinetic studies with inhibitorsl{— the complex, the glycosyl-enzyme linkage, is uniquely fragile

19) have provided strong evidence for catalysis involving to fragmentation in the collision cell of a mass spectrometer.
neighboring group participation from the 2-acetamido group. Thus, neutral-loss tandem MS can be used to localize the
These enzymes lack an apparent nucleophile, and thelabeled peptide29). Purification of the tagged peptide and
2-acetamido group of the substrate acts in its place to further tandem MS analysis permit sequencing of the peptide
generate an enzyme-bound oxazolinium ion intermediate and identification of the catalytic nucleophile.
(Figure 2) @0). This intermediate is then hydrolyzed by  Our interest in the mechanisms®N-acetylglucosamini-
general base-catalyzed attack of water at the anomeric centetases prompted us to investigate whether these enzymes
in a manner analogous to the double displacement mechaemploy an enzymic nucleophile. Additionally, should the
nism described above. enzyme utilize an enzymic nucleophile, we hoped to identify

The mechanism of action of another interesting, function- the residue using a mechanism-based inhibitor, thereby
ally related enzyme, chicken egg white lysozyme (ChEWL), removing any ambiguity regarding the identity of this residue.
remains an issue of contention despite its textbook familiarity. Since the 2-acetamido group is important for catalysis in
There are three realistic mechanistic alternatives for this Exoll (6), it was necessary to prepare an inhibitor bearing
enzyme, which differ primarily in the nature of the enzyme this functional group. However, compounds in which the
intermediate: oxacarbenium ion, glycosyl-enzyme, and ox- 2-acetamido and 2-fluoro groups are both present are
azoline. These mechanisms are expected to differ in theirunstable. Consequently, we have chosen to prepare the novel
requirement for the apparent catalytic carboxylate Asp52. substrate analogue 2-acetamido-2-deoxy-5-fluoteidopy-
Indeed, some support for a mechanism involving anchimeric ranosyl fluoride. In this paper, we report the synthesis of
assistance has come from studies in which the nucleophile2-acetamido-2-deoxy-5-fluore-L-idopyranosyl fluoride and

its action onV. furnisii -N-acetylglucosaminidase. Ad-

! Abbreviations: 5FIdNAcF, 2-acetamido-2-deoxy-5-fluara- di.tiona"y’ we describe t.h.e u;e of this reageqt in conjunc_tion

idopyranosy| fluoride; pNPG|CNAC,p.nitropheny| 2-acetamido-2- with ESMS for the identification of the Ca'[a|ytIC nUC|eophI|e.

deoxyf-p-glucopyranoside; SFIdNAc-enzyme, 2-acetamido-2-deoxy-

5-fluoro-L-idopyranosyl-enzyme intermediate; ISV, ion-source voltage; EXPERIMENTAL PROCEDURES

OR, orifice energy; LC/MS, tandem liquid chromatography/MS; MS/ . .
MS, tandem MS: ESMS, electrospray MS; TFA, trifluoroacetic acid; ~ Reagents, Enzymes, and Bacterial Stra@owth media

TIC, total ion chromatogram; ChEWL, chicken egg white lysozyme. components were obtained from Difco. Plasmid-containing
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FiGure 2: Proposed mechanism for family ZBN-acetylglucosaminidases.

strains were grown in Luria broth containing »@/mL
kanamycin (LRan) or in TYP (16 g/L tryptone, 16 g/L yeast
extract, 5 g/L NaCl, 2.5 g/L KHPOy) containing 5Q«g/mL
kanamycin (TYRa). Pwo DNA polymerase and deoxy-

nucleoside triphosphates were from Boehringer Mannheim.

Restriction endonucleases and T4 DNA ligase were from
New England BioLabsEscherichia coliToppl10 cells and
the pZeroBlunt cloning kit were from Invitrogen. The pET-
29b(+) expression vectoE. coliBL21(DES3) cells, and His-
Bind metal chelation resin were from Novagen. PCR DNA
fragment purification and plasmid purification kits were from

vector) using gel-purified DNA fragments and T4 DNA
ligase (1 unit/10 ng of DNA) at 258C. The cloned product,
called pET29exoll, was subsequently transformed into elec-
trocompetent TopplO cells, selected by the kanamycin
resistance conferred by pET-29( Single colonies were
selected and grown overnight in B and DNA was isolated
via the minipreparation technique. Restriction endonuclease
mapping revealed positive clones. Toppl0 transformed cells
were used for preparation of large amounts of plasmid
pET29exoll (Qiagen Plasmid Maxi kit) and long-term storage
of the vector as glycerol stock.

Qiagen and Promega. Preparation of oligonucleotide primers Owverexpression and Purification of 6-Histidine-Tagged

and DNA sequencing were performed at the Nucleic Acids
and Peptide Service facility (NAPS), University of British
Columbia.

Amplification and Subcloning of ExolThe 5-N-acetyl-
glucosaminidase gene frondibrio furnissii (exoll) was
amplified via polymerase chain reaction (PCR). The PCR
mixture contained 1@«M oligonucleotide primers (shown
below), 1 mM concentrations of the four deoxynucleoside
triphosphates in 10@L of DNA polymerase buffer, and 50
ng of plasmid pXE18, a generous gift from Dr. Saul Roseman
(Department of Biology and the McCollum-Pratt Institute,
The John Hopkins University, Baltimore, MD). Plasmid
pXE18 contains a 1.8 kBpH/Sal fragment ofV. furnissii
DNA, carrying the entireexoll gene. After heating the
reaction mixture to 95C, the PCR reaction was started by
adding 5 units of Pwo DNA polymerase (Boehringer
Mannheim). Thirty PCR cycles (45 s at 9€, 45 s at 56
°C, and 70 s at 72C) were performed in a thermal cycler

Exoll. The constructed pET29exoll expression vector was
used to transform electrocompetent BL21(DE3) cells. The
E. colitransformants were selected onH50 «g/mL) agar
plates. A single colony was picked to grow overnight in 3
mL of LBy, and this culture was subsequently used to
inoculae 1 L of TYRan After the culture grew to afsgo of
2—3 at 30°C, 0.4 mM isopropy|s-p-thiogalactoside (IPTG)
was added to induce protein expression from the lac promoter
and grown for an additiona h at 25°C. Overexpression
of the enzyme was monitored by sampling both induced and
noninduced cells using SBFAGE. Induced cells were then
harvested and suspended in 30 mL of binding buffer (5 mM
imidazole, 500 mM NacCl, 20 mM Tris-HCI, pH 7.9). The
cell suspension was passed 2 times through a French press
at 0-5 °C and centrifuged at 100@Gor 30 min at 4°C to
yield soluble cell extract.

A 60 mL slurry of His-Bind resin (nitriloacetic aciel
agarose, Novagen) was placed into a 50 mL column, yielding

(Perkin-Elmer, GeneAmp PCR System2400). Agarose gel a bed volume of 30 mL. The column was washed with 10
electrophoresis of the PCR product revealed a single DNA bed volumes of sterile deionized water and then charged with

fragment of 980 bases.

The forward primer was as follows:'-BA CAT ATG
GGA CCG TTA TGG CTA GAC-3(Ndd underlined). The
reverse primer was as follows:-BAT GTC CTC GAG
GCT GTG CGC GTC AAT CAA ACG-3(Xhd underlined).
After purification of the PCR product using the Qiaquick
PCR purification kit according to the manufacturer’s protocol
(Qiagen), a blunt-end ligation into plasmid pZero2.0 was
performed according to the manufacturer’s protocol (Invit-
rogen). Electrocompetent Toppl0 cells (Invitrogen) were
subsequently transformed with the ligation mixture using a

nickel by adding 5 bed volumes of 50 mM Nig@nbound
Ni%* was washed away with 5 bed volumes of binding buffer
(see above). The soluble cell extractrfra 1 Lcell culture
was applied to the column. The column was washed with 5
bed volumes of binding buffer. Exoll protein was eluted from
the NP*-column with a linear imidazole gradient from 30
to 200 mM in a buffer containing 500 mM NaCl and 20
mM Tris-HCI (pH 7.9). Fractions (3 mL) were collected (1.0
mL/min flow rate) and assayed for hexosaminidase activity
using 4-methylumbelliferyp-N-acetylp-glucosaminide. Ac-
tive fractions were further analyzed via SBgolyacrylamide

BioRad GenePulser II. Single colonies were selected andgel electrophoresis. Fractions containing pure enzyme were

grown overnight in LR,,, and DNA was isolated via the
minipreparation technique (Promega Wiz#&tus kit). Re-

striction endonuclease mapping revealed positive clones,

pooled, mixed with glycerol to give a 20% solution, and
stored at 4°C.
General Procedures and Synthesidl buffer chemicals

which were subsequently sequenced to verify the publishedand other reagents were obtained from the Sigma/Aldrich

sequence oéxoll.
The clonedexollin pZero2.0 was cut out using the unique

Chemical Co. unless otherwise noted. Synthetic reactions
were monitored by TLC using Merck Kieselgel 6Qsk

sites engineered into the oligonucleotide primers (see above)aluminum-backed sheets. Compounds were detected by

The 6-histidine fusion protein expression vector, pET-29b-
(+) (Novagen), was also digested wihdd and Xhd. A
ligation reaction was performed at a ratio of 10:1 (insert to

charring with 10% ammonium molybdate2 M H,SO, and
heating. Flash chromatography under a positive pressure was
performed with Merck Kieselgel 60 (232100 mesh) using
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the specified eluantsH NMR spectra were recorded on a

Vocadlo et al.

H)*™ (29%), 222 (M— F)* (100%); high-resolutior-CIMS

Bruker WH-400 spectrometer at 400 MHz (chemical shifts (M + H)*: calculated, 242.0840; found, 242.0838.

quoted relative to CDGlor to DSS when taken in D).

Enzyme KineticsKinetic studies were all performed in

1%F NMR spectra were recorded on a Bruker AC-200 at 188 50 mM sodium phosphate, 200 mM sodium chloride, pH

MHz and are proton-coupled with @QEO.H as a reference.
3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-5-fluara—-ido-
syl Fluoride @). 3,4,6-Tri-O-acetyl-2-acetamido-2-deox3~
p-glucopyranosyl fluorideX) (30) (0.922 g, 4.1 mmol) was
suspended in carbon tetrachloride (220 mL), &kldromo-

7.00, containing 0.1% bovine serum albumin. A continuous
spectrophotometric assay based on the rate of release of
p-nitrophenolate upon hydrolysis of pPNPGIcNAc was used.
The resulting absorbance change was measured at 400 nm
(A€goo = 7280 mMt cm™1) using a Pye-Unicam UV/VIS

succinimide (2.36 g, 13.3 mmol) was added. This suspensionspectrophotometer equipped with a circulating water bath
was heated to reflux between two 200 W light bulbs. After at 23.5°C. Michaelis-Menten parameters for the hydrolysis

2 h, the reaction mixture was allowed to cool to room

of pPNPGIcNAc by Exoll were determined by directly fitting

temperature, and dichloromethane (160 mL) was added. Thethe intial rate data to the Michaelidlenten equation using
solution was washed with saturated sodium hydrogen GraFit version 3.031). K, andk., values for the hydrolysis

carbonate (150 mL) and water (2 150 mL). The organic

layer was dried (MgSg) and filtered, and the solvent was
removed in vacuo. The resulting yellow gum was im-
mediately purified on a short column of silica gel (ethyl

of 5FIANACF by Exoll were determined by monitoring the
release of fluoride using a 9606BN lonplus Orion fluoride
ion electrode interfaced to a pH/ion selective meter (Fischer
Scientific) at 25°C. Stock enzyme (1@L) was added to

acetate/hexanes/triethylamine, 2:1:0.015) to yield the crudeglass cells containing various concentrations of 5SFIANAcF

intermediate 3,4,6-ti3-acetyl-2-acetamido-5-bromo-2-deoxy-
B-p-glucosyl fluoride R): °F NMR (188 MHz, CDC}, CFR-
CO.H reference) —44.7 (1 F, ddJr1 11 = 57.0 Hz). This

golden syrup (223 mg) was dried under vacuum for 3 h,

in the above-mentioned buffer to give a final volume of 250
uL. Reaction cells were preequilibrated in a water bath to
25°C. Itis known that 5-fluoroglycosyl fluorides, after being

hydrolyzed to give the hemiacetal, rapidly lose another

and under an atmosphere of nitrogen silver fluoride (0.94 g, fluoride ion, resulting in a net release of two fluoride ions

7.4 mmol), and activatk4 A molecular sieves (50 mg) were

for each catalytic event. Initial rates, which were measured

added. Dry acetonitrile (50 mL) was added to the flask, and over 5 min, were therefore corrected by dividing by a factor
the reaction mixture was stirred under nitrogen for 18 h. The of 2. Calculation of kinetic parameters for this substrate was
reaction mixture was then filtered through Celite/silica to carried out by directly fitting the intial rate data to the
remove silver salts and the solvent removed in vacuo to yield Michaelis—Menten equation using GraFit version 331

a translucent pale yellow syrup. This residue was purified

Labeling and ProteolysisLabeling of V. furnisii 5-N-

by careful gradient flash chromatography (ethyl acetate/ acetylglucosaminidase (8.2 mg/mL) was accomplished by

hexanes, 1:1 to 2:1) to yield the produ8} &s a clear gum
(120 mg, 0.33 mmol, 8%)°F NMR (188 MHz, CDC},
CRCO.H reference)y —44.3 (1 F, dd,Jri i1 = 52.4 Hz,
J|:1,H2= 10.1 Hz, F-l),—308 (1 F, dddeFS,HGZ 17.0 Hz,
JFS,HG =15.3 HZ,JF5YH4= 8.5 HZ,J|:5,H1= 1.5 Hz, F-5),1H
NMR (400 MHz, CDC}) 6 5.99 (1 H, d,Jyn 2 = 8.6 Hz,
NH), 5.63 (1 H, dddJu1 42 = 3.9 Hz, H-1), 5.47 (1 H, dd,
\]H4,H3 = 5.6 Hz, H-4), 5.08 (1 H, deH3’H2: 6.0 Hz, H-3),
4.47 (1 H, ddd, H-2), 4.31 (1 H, d, H-6), 4.31 (1 H, d, ;6
2.1 (9 H, s, 3x OAc), 2.0 (3 H, s, NAC);+CIMS (NHa):
m/z 385 (M + NH,)" (22%), 368 (M+ H)™ (100%), 348
(M — F)™ (20%); high-resolution+CIMS (M + NHy)™:
calculated, 368.1158; found, 368.1150.

Synthesis of 2-Acetamido-2-deoxy-5-fluore-idosyl Fluo-

incubating the enzyme with 5FIdNACF (8.2 mM) for 5 min
in 50 mM sodium phosphate, 200 mM sodium chloride, pH
7.00. This sample was then analyzed immediately by
injecting the mixture onto a reverse-phase column (PLRP-
S, 1 x 50 mm) equilibrated with solvent A [solvent A:
0.05% trifluoroacetic acid (TFA)/2% acetonitrile in water]
on an Ultrafast Microprotein Analyzer (Michrom BioRe-
sources Inc., Pleasanton, CA). Elution of the enzyme was
accomplished using solvent A at a flow rate of A0d/min.
Proteolytic digestion of the enzyme was performed by mixing
the labeled enzyme (2b6L of 8.2 mg/mL) with 20uL of

2.1 M sodium phosphate, pH 1.7, 135 of H,O, and 20

uL of 1 mg/mL pepsin in 200 mM sodium phosphate, pH
2.0. This sample and a control in which the enzyme was not

ride (4). The protected 5-fluoro-sugar (23.5 mg, 0.064 mmol) exposed to the inhibitor were incubated at°25for 2 h. At
(3) was dissolved in dry methanol (3 mL). After being cooled 0.25, 0.5, 1.0, and 2.0 h, aliquots (&D) of the sample were

to 4 °C, the stirred solution was saturated with ammonia. frozen over CQacetone. Analysis of these samples by
This mixture was warmed to room temperature and stirred ESMS revealed that &2 h digest ensured complete digestion
for 25 min, after which time the solvent was evaporated in of the enzyme and generated peptides of a size suitable for

vacuo to give a clear gum. The desired product was thensequencing by MS/MS.

purified by flash chromatography on silica gel (ethyl acetate/

methanol/water, 17:2:1) to yield the desired prodd{(13.6
mg, 0.056 mmol, 88%) as a transparent guft NMR (188
MHz, CDsOD, CRCO;H reference) —44.1 (1 F, ddJrp 1
= 54.7 Hz,Jr1 4= 13.6 Hz, F-1),—33.2 (1 F, ddddJes pe
=14.6 HZ,JF5,H6 =12.2 HZ,J|:5'H4: 12.2 HZ,J|:5YH1: 1.7
Hz, F-5); '"H NMR (400 MHz, CBOD) 6 5.49 (1 H, dd,
\]Hl,H2= 3.9 Hz, H-l), 4.19 (1 H, ddd]HgvH3= 8.4 Hz, H-Z),
3.98 (1 H, dd,JH4’H3 =71 HZ, H-4), 3.80 (l H, deHS,HG
= 12.2 Hz, H-6), 3.72 (1 H, dd, H*§ 3.71 (1 H, dd, H-3),
2.01 (3 H, s, NAc); +CIMS (NH3): m/z 242 (M +

ESMS Analysis of the Proteolytic Digesfiass spectra
were recorded on a PE-Sciex API 300 triple-quadrupole mass
spectrometer (Sciex, Thornhill, Ontario, Canada) equipped
with an lonspray ion source. Peptides were separated by
reverse-phase HPLC on an Ultrafast Microprotein Analyzer
(Michrom BioResources Inc.) directly interfaced with the
mass spectrometer. In each of the MS experiments, the
proteolytic digest was loaded onto a C18 column (Reliasil,
1 x 150 mm) equilibrated with solvent A [solvent A: 0.05%
trifluoroacetic acid (TFA)/2% acetonitrile in water]. Elution
of the peptides was accomplished using a gradien6(@6)
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Scheme 4
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of solvent B over 60 min followed by 100% solvent B over
2 min (solvent B: 0.045% TFA/80% acetonitrile in water).
Solvents were pumped at a constant flow rate ofi&0
min. Spectra were obtained in the single-quadrupole scan
mode (LC/MS), the tandem MS neutral-loss scan mode, or
the tandem MS product-ion scan mode (MS/MS). In the
single-quadrupole mode (LC/MS), the quadrupole mass
analyzer was scanned over a mass-to-charge rat& ange
of 300—-2200 Da with a step size of 0.5 Da and a dwell
time of 1.5 ms per step. The ion source voltage (ISV) was
set at 5.5 kV, and the orifice energy (OR) was 45 V. In the
neutral-loss scanning mode, MS/MS spectra were obtained
by searching for the mass lossrofz = 222, corresponding
to the loss of the 5FIANAc label from a peptide in the singly
charged state. In the tandem MS daughter-ion scan mode
the spectrum was obtained by selectively introducing the
parent ion Wz = 1248) from the first quadrupole (Q1) into
the collision cell (Q2) and observing the product ions in the
third quadrupole (Q3). Thus, Q1 was locked mfz 1248;
the Q3 scan range was 5Q0260; the step size was 0.5; the
dwell time was 1 ms; ISV was 5 kV; OR was 45 V; GO
—10; 1Q2= —48.

Aminolysis of the Labeled Enzyme DigeSbncentrated
ammonium hydroxide (L) was added to an aliquot of the
2 h digest mixture (1QiL, 1.0 mg/mL). This sample was
incubated for 15 min at 50C, acidified with 50% TFA,
and analyzed by LC/MS as described above.

RESULTS AND DISCUSSION

Synthesis5FIANAcF @) (Scheme 1) was synthesized from
3,4,6-tri-0O-acetyl-2-acetamido-2-deoxgro-glucosyl fluoride
(1) by a three-step procedure as follows (Scheme 1). Radical
bromination 82) of 1 in carbon tetrachloride generated the
5-bromo derivative Z) although attempts to isolate this
material were unsuccessful. Monitoring of a crude sample
of 3,4,6-tri-0O-acetyl-2-acetamido-5-bromo-2-deogyp-glu-
cosyl fluoride @) in CDCl; by °F NMR suggested that the
product underwent significant decomposition overnight. The
bromo compound2) was therefore used immediately after
minimal purification on a plug of silica. Displacement of
the bromine at C-5 using silver fluoride in acetonitrile yielded
the product with the inverted stereochemistry at C-5, namely,
3,4,6-tri-0O-acetyl-2-acetamido-2-deoxy-5-fluowo-ido-
syl fluoride @), in a modest but acceptable yield. Depro-
tection of the acetylated 5-fluoro compour8j (vas accom-
plished by treatment with ammonia in methanol to yield,
after purification, the target compound 5FIANAGH.(We
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Ficure 3: Michaelis-Menten plot of initial rates of hydrolysis of
5FIdNACF by Vibrio furnisii Exoll.

1.2 1.4

opted to conduct the reaction series on the desired 2-aceta-
mido compound and accept the loss of yield arising from
partial N-halogenation of the alkyl amide rather than employ
a transient protecting group on a 2-amino-sugar. This
decision was reached on the basis of avoiding potential
difficulties in deprotection and reacetylation during subse-
guent steps, since compounds with two anomeric fluorine
atoms are relatively reactive.

Kinetic Studies Comparison of the MichaeksMenten
parameters for the hydrolysis of pPNPGIcNAc by the dHis
tagged Exoll (23.5C, Kn = 0.73 MM, Vipax = 2.37 umol
mg* min~?) used in this study and the wild-type Exoll as
reported by Roseman (ZZ, K, = 0.44 mM, Vo = 1.1
umol mg* min~?) indicates that modification of the wild-
type Exoll by addition of the hexa-histidine tag does not
alter its catalytic function significantly. The greater specific
activity of the Hig-tagged Exoll may arise from the
expedient purification of the Higagged Exoll as compared
to the wild-type Exoll that is known to be thermally unstable.

Incubation ofV. furnisii 5-N-acetylglucosaminidase with
5FIdNACF did not result in time-dependent inactivation of
the enzyme relative to a control. The absence of any
observable inactivation of the enzyme by 5FIdNACF there-
fore prompted us to investigate whether the enzyme was
capable of hydrolyzing this analogue. Rates of release of
fluoride upon incubation o¥. furnisii 5-N-acetylglucosamini-
dase at a number of different inhibitor concentrations [(6.15
5) x K] as measured by a fluoride ion selective electrode
indicated that the enzyme hydrolyzed 5FIDNAcCF as a
Michaelian substrateKg = 0.23+ 0.02 mM, ke, = 0.0091
4 0.0004 s?, Figure 3). The hydrolysis of 5FIDNAcF by
the enzyme follows the scheme shown below (eq 1) where

ko
ES

HF

k

1
—_—

k

E+SFIdNACF B ——— E+5FIdNAc

-1

E = enzyme, F= fluoride, 5FIdNAc = 2-acetamido-2-
deoxy-5-fluorot-idose, E:S= Michaelis complex, and El

= enzyme intermediate. As mentioned above, the 5FIDNAc
product rapidly decomposes with the release of a second
equivalent of fluoride; thus, all kinetic parameters have been
calculated on the basis of 2 equiv of fluoride released per
molecule of inhibitor.
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Ficure 4: Transform of the electrospray mass spectrum of (a) £
native Exoll and (b) Exoll incubated with 8.2 mM 5FIANACF. MMMMJMM&MMMM&MM
. 30 40 50
The observeK,, is somewhat lower than that observed 10 2 Time (min)
for pNPGIcNAc K, = 0.44 mM) despite the absence of an 1001 .
aromatic aglycon, which has generally been found to enhance 5] d
binding. This relatively lonK,, is even more surprising given 50
the structurally significant epimerization of the 5-position 25
from the configuration found in GIcNAc to that found in Y R T , .
IdNAc. This modification would be expected to result in 400 600 800 1000 1200 1400 1600 1800
decreased inherent binding affinity of the enzyme for the m/z (amu)

inhibitor. It therefore seems likely that this relatively low FGURES: ESMS experiments on peptic digests/ofurnisii Exoll.
K value has its origin in a kinetic phenomenon rather than (&) Enzyme incubated with SFIdNACF, TIC in normal MS mode.

. PP . Enzyme incubated with 5FIdNAcCF, TIC in the neutral-loss
reflecting enhanced binding interactions. TKg value for mode. (c) Unlabeled enzyme, TIC in the neutral-loss mode. (d)

a two-step enzyme having a'ping-por]g-type mechanism in \ass spectrum of the peptide eluting at 23.0 min.
which one of the substrates is water is expressed as ) . o )
enzymic nucleophile rather than the mechanism involving

_ k itk ks substrate assistance from the 2-acetamido group followed

m~ K, k, + kg @) by the family 20p-N-acetylglucosaminidases. This latter

mechanism involves the formation of an oxazoline or

As can be seen from the expression, a Ikw can result oxazolinium ion intermediate, noncovalently bound to the

from an increase ifk; relative tok—; or ky, or a decrease in  enzyme, and it is very unlikely that such a complex would
ks relative tok,, which in either case results in an increased survive the LC/ESMS conditions. Indeed, subsequent peptide
steady-state concentration of the enzyme intermediate (El).analysis (vide infra) confirms the covalent nature of the
However, in this case the low observikd; suggests thats intermediate. This enzyme therefore operates by a double
has decreased significantly relative k such that the  displacement mechanism involving an enzymic nucleophile
breakdown of the enzyme intermediate is now rate-determin- as do other family 3 members. The relatively large steady-
ing. Such kinetic behavior is consistent with that observed state 5FIdNAc-enzyme population observed by ESMS should
for 5-fluoroglycosyl fluorides studied previously, as discussed permit the determination of the site of attachment of the label.

in the introduction 26—28), and opens the possibility of Identification of the Labeled Acte Site PeptidePeptic

investigating the nature of what must be a fairly well- hydrolysis of the 5FIdNAc-enzyme resulted in a mixture of

populated enzyme intermediate. peptides which were separated by reverse-phase HPLC using
Nature of the Intermediatdhe mass of nativ¥. furnisii the ESMS as detector. When scanned in the normal LC/MS

[-N-acetylglucosaminidase was found by ESMS to be 37 258 mode, the total ion chromatogram (TIC) showed a large
Da (Figure 4a), which is in agreement, within error, with number of peaks, each corresponding to one or more peptides
the theoretical mass of the cloned enzyme (37 247 Da). After in the digest mixture (Figure 5a). The 5FIdNAc-peptide was
incubation with 5FIdNACF, two species are observed: the then located in a second experiment using a tandem mass
native, unlabeled enzyme; and another species with a masspectrometer set up in the neutral-loss mode. This technique
of 37 479 Da (Figure 4b). The mass difference observed involves the limited fragmentation of the ions by collision
between the native and inhibited enzymes is 221 Da, a valuewith an inert gas (B in a collision chamber (Q2) between
which is consistent, within error, with the addition of a single two quadrupoles (Q1 and Q3). Since the ester linkage
5FIdNAc label (222 Da). The partial labeling of the enzyme between label and enzyme is one of the most labile linkages
is consistent with the expectation of a high steady-state present, homolytic cleavage of this bond is expected to occur
population of the enzyme intermediate rather than a stoich-in the collision chamber. The resulting neutral loss of this
iometrically inactivated species. label leaves the peptide with an unchanged charge state but
The observation of a covalent glycosyl intermediate a mass decrease of 222 Da. The two quadrupoles were
provides strong evidence for a mechanism involving an therefore scanned in a linked mode to permit only passage
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“NH,-Tle—Vak-Phe Aer/Asp /AspALeuerAlet-COAOH units lower than the B ions are observed. These ions are
360 447 562 677 790 877 1008 Bions believed to arise from dehydration of a serine residue and

are marked) on the spectrum. This sequence corresponds
100 9 exactly to that of,3g VFSDDLSMa4s as deduced from the
o gene sequence. Within this peptide, there are four amino
acids that could potentially function as nucleophiles: two
serines and two aspartic acids. Precedent alone would make
* IM+HTF the two serine residues unlikely candidates, and both the
790 1026 susceptibility of the linkage to aminolysis (vide supra) and
the lack of sequence conservation (vide infra) confirm this.
2 This leaves two aspartic acid residues that could function as
. the catalytic nucleophile, and, unfortunately, the MS/MS
[M+H]T sequencing does not allow the assignment of which one was
a 1248 labeled. However, sequence conservation and precedent from
other enzymes provides a clear answer, as described below.
Multiple Sequence Alignmentslultiple sequence align-
ments of the members of family 39 glycosyl hydrolases
200 400 600 800 1000 1200 revealed that Asp242 is fully conserved among all known
m/z(amu) family members whereas Asp243 is not, as shown in the
FIGURE 6: ESMS/MS daughter-ion spectrum of the 5FIdNAc- partial multiple sequence alignment of Figure 7. This
peptide (Vz 1248, in the singly charged state). Observed B series observation, in conjunction with the results from the tandem
ey e b e e o sechelogs o e 5 Seauencing of th labeled pepide, prmis the denifca
B ions arising from dehycration of serine are indicated by, ( -~ tion of Asp242 as the catalytic nucleophile. This assignment
is in agreement with the results of both Legler and Fincher
of those ions which lose a mass of 222 Da in the collision and thereby both unambiguously establishes the identity of
cell. A peak at 23.0 min was observed (Figure 5b), and no the nucleophile within this family and demonstrates that the
such peak was observed in a control in the neutral-loss 3-N-acetylglucosaminidases within this family operate via
spectrum of the unlabelegiN-acetylglucosaminidase (Figure the same mechanism as that of the glucosidases.
5¢). These results indicate that a singly charged peptide Interestingly, members of this family are essentially of 2
bearing the 5FIdNAc label is preferentially detected with a different sizes: the smaller enzymes being approximately
mass of 1248 Da (Figure 5d); thus, the uncharged peptide340 residues long while the larger enzymes contain, on
has a mass of 1247 Da (12481 H). Since the mass of the average, about 550 residues. The recently solved structure
label is 222 Da, the unlabeled, protonated peptide must haveof the Hordeumwulgare 3-glucan exohydrolase revealed this
a mass of 1026 Da (1247 222+ 1 H). Aminolysis of the enzyme has a two-domain structure in which the active site
labeled peptide resulted in disappearance of the peak in thds a cleft formed by the interface of the two domaid)(
ion chromatogram ofn/z 1247 (1) (data not shown) and  In light of this information and the sequence alignments, it
an increase in the intensity of the peak at 1027. The massis expected that the smaller enzymes within this family are
loss of 221 Da (1248- 1027) resulting from aminolysis of composed of a single domain that is equivalent to the first
the labeled peptide to yield a lower molecular weight species domain of the larger enzymes, and therefore must have a
(m/z = 1027) is consistent, within error, with the expected somewhat different active site architecture. Of particular
mass loss from cleavage of the ester-linked S5FIDNAc label. interest in this regard, Fincher has tentatively proposed
The susceptibility of the label to aminolysis provides Glu491, a residue that is positioned on the second domain,
evidence for an ester linkage between the sugar moiety andas the catalytic acid/base residue. This observation therefore
the enzyme and is entirely consistent with the formation of raises a question regarding the identity of the acid/base
a glycosyl-enzyme intermediate on an enzymic carboxylate. catalyst in the single-domain enzymes. The bell-shaped pH/
Candidate peptides of this mass (1026 Da) were identified activity profile observed for Exoll indicates this enzyme
by inspection of the enzyme amino acid sequence andbears a catalytic acid/base residue despite lacking this second
searching for all possible peptides of this mass. Three domain. It is possible that Exoll and other single-domain
possible peptides with a mass of 1026 1 Da were family 3 enzymes bear an extended loop that partially
identified: 13sDVQTVLTYS143 23d VFSDDLSM,46 and occupies the position of the second domain in close contact
26PISVVPQAQSgs The peptide bearing the label was then with the active site and includes the catalytic acid/base
identified unambiguously by peptide sequencing using MS/ residue. However, structural and kinetic studies must be
MS. undertaken to bear out such speculation. Another interesting
Peptide Sequencingnformation on the sequence was difference noted in multiple sequence alignments between
obtained by additional fragmentation of the peptide of interest the 3-N-acetylglucosaminidases and other members of this
(m/z 1248) in the daughter ion scan mode (Figure 6). Both family is a region that lies at the end @fstrande. The highly
the labeled parent ion and the unlabeled peptide £ 1026) conserved residues KHF, found after fhetrand, have been
arising from loss of the 5FIdDNAc label appear as singly shown to contain two cis-peptide bonds in tHerdeum
charged species. Peaks resulting from B ions correspond tovulgare 5-glucan exohydrolase structure, and come in close
IVF (m/z360), IVFS Wz 447), IVFSD (nWz562), IVFSDD contact with the C-3 and C-4 hydroxyls of the substrate.
(m/z677), IVFSDDL (z 790), IVFSDDLS (z877), and Immediately following this unusual feature is a stretch of
IVFSDDLSM (m/z 1008). Several peaks with/z values 18 11 amino acids within a loop region that is well conserved

80
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NAG_Vibfu 139 §LTYSsavM

NAG_Ecoli 142 ALAIASRFI

NAG_Haein 142 AVNLATAFI

NAG_Myctu 157 FTAYAGAYA

NAG_Mycle 157 ngYAGAYA

NAG_Ricpr 151 v PLFLSAT

NAG_Zymmo 147 HAALGRAVL

NAG_Bacsu 158 TSRLGLYTM

NAG_Altso 164 ETKLGLAQV.

NAG_Strepth 182 RMVAAQ

NAG_Strepco 153 ¥ARHTTAWI

NAG_Synpc 162 ¥GTLVREFIT TQ

NAG_Thema 139 ¥AEHGARAC YL

NAG_Borbu 169 ESLLSLAFYKEOK

NAG_BorbuA 167 EGLMVEAFI Q 3
NAG_consensus v g m KHEPGhG DsH P
EXO_Horvu 169 IVQSMTELIPGLQGDVPKDFTSGMPFVAGKNKVAACAKHFVGDGGTVDGINENNTIINRE
consensus : * : KRy XK
NAG_Vibfu 182

NAG_Ecoli 186

NAG_Haein 186

NAG_Myctu 200

NAG_Mycle 200

NAG_Ricpr 195

NAG_ Zymmo 150

NAG_Bacsu 202

NAG_Altso 208

NAG_Strepth 226

NAG_Strepco 197

NAG_Synpc 206

NAG_Thema 183

NAG_Borbu 213

NAG_Borbua 211

NAG_consensus i dm pf i mm ahv pas s 1
EXO_Horvu 229 --GLMNIHMPAYKNAMDKG- - --VSTVMISYSSWN—---——=-==~-~ GVKMHANQDLVT
consensus H H : H : :
NAG_Vibfu 227 S——MEGAAIMGGPAERAQQSE ‘ CN----~
NAG_Ecoli 233 s——aEGAAIMGSYAERGQAs pEXECImS TIVCN - - - - -
NAG_Haein 233 G- -IUKGAGVMGNFVERSKKANINECBE 1.CN- - - - -
NAG_Myctu 246 Pg SG-WAAT SDRFGVSEAVLRTHEOMNEA T-----
NAG_Mycle 246 NEPEFEIED SS—HAAISDRYGLADAVLRTIO“GEDIRL S=wn--
NAG_Ricpr 242 Rt B i - - OALSGSMADTTKGASDE o1
NAG_Zymmo 235 g e DNG - - UN - -ALDGDPVTRALRVE DRECIMARHCS - - - - -
NAG_Bacsu 261 i IN- KA TADHFGQEEAVVMAR B oasursL
NAG_Altso 267 ID- -WAGISDFFNPVDATIETF. #MP TATRNR
NAG_Strepth 274 s G- -MEGVRTKYGDDRVPVLA oL BNPP- -~~~
NAG_Strepco 244 ? =~ ~CAVTRRYGIDGATVER AICVGG-----
NAG_Synpc 253 iy I- -GG ITDIASPREVAVRA ok hpp- - - - -
NAG_Thema 230 BDE e TEIRAYE - - WISAVSNNF SVEETVSLEE S TILGD- - -
NAG_Borbu 262 FNNESI TR DT, - MNAVNYNNES T YNTTER IYRTK SBMFI#T SLN- - - -
NAG_Borbua 254 ITSHMEBSYD-MGATTRSFSNIENA IKK S#SEEvRMvMlIP- - - - - -
NAG_consensus f giv sD 1 m 1l ag dm 1

EXO_Horvu 270
consensus

FKGFVISDWEGIDRITTPAGSDYSYSVKASILAGLDMIMVPNNYQQF

o
*

Ficure 7: Partial multiple sequence alignment of the cloned and putative famil§-NBacetylglucosaminidases. Consensus of
-N-acetylglucosaminidases is shown below (NA&nsensus) with upper case letters indicating entirely conserved residues and lower
case letters indicating similar residugsN-Acetylglucosaminidases were aligned using Clusteddy.(Dark shading indicates highly conserved
residues, while light shading indicates conserved similar residues. Shading was performed using Version 3.21 of BoxShade. The sequence
of Hordeumuulgare S-glucan exohydrolase was manually aligned in conjunction with use of ClustalW. The consensus of all sequences is
shown (consensus) at bottom: (*) indicates entirely conserved residues, and (:) indicates similar residues. Numbers to the left denote
residue positions. The abbreviations used, references to the published sequence, and data bank accession numbers are as folldafis: NAG
N-acetylf3-p-glucosaminidase froid. furnisii (6) (GenBank identifier U52818); NAGEcoli, putativeN-acetyl3-D-glucosaminidase from
Escherichia coli(35) (GenBank identifier AE000302); NAGHaein, putativeN-acetyl{3-p-glucosaminidase frorilaemophilus influenzae

(36) (GenBank identifier U32777); NAGMyctu, putativeN-acetyl5-p-glucosaminidase frorivlycobacterium tuberculosi87) (GenBank

identifier AL021929); NAG_Mycle, putativeN-acetyl-p-glucosaminidase fromlycobacterium lepraé38) (GenBank identifier CAA18563);
NAG__Ricpr, putativeN-acetyl-p-glucosaminidase fronRickettsia prowazeki{39) (GenBank identifier CAA15141); NAGZymmo,
putativeN-acetyl$-b-glucosaminidase frordymomonas mobili¢40) (GenBank identifier AF124757.1); NAGBacsu, putativeN-acetyl-
fp-D-glucosaminidase fronBacillus subtilis (41) (GenBank identifier AB002150); NAGAItso, N-acetylf-p-glucosaminidase from
Alteromonassp. @2) (GenBank identifier D17399); NAGStrepth,N-acetyl$3-p-glucosaminidase frorBtreptomyces thermimlaceus(4)

(GenBank identifier ABO08771); NAGStrepco, putativél-acetyl-p-glucosaminidase frorStreptomyces coelicol¢43) (GenBank identifier
AL023702); NAG_Synpc, putativéN-acetyl$-b-glucosaminidase frorSynechocystisp. @4) (Genbank identifier D90914); NAGThema,
putativeN-acetyl$-b-glucosaminidase frorifhermotoga maritimg45) (Genbank identifier AE001748); NAGBorbu, putativeN-acetyl-
pB-p-glucosaminidase frorBorrelia burgdorferi(46) (Genbank identifier AE001163); NAGBorbuA, putativeN-acetyl{3-p-glucosaminidase

from Borrelia burgdorferi(46) (Genbank identifier AE001115); EXCHorvu, exo3-1,3-1,4-glucanase frotdordeumwulgare (9) (Genbank

identifier AF102868). The nucleophile identified in this paper and the corresponding resitieedaumoulgare exep-1,3-1,4-glucanase
are indicated by €).
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NAG_Vibfu 160
NAG_Haein 163
NAG_Ecoli 163
NAG_Altso 185
NAG_Bacsu 179
NAG_Strepth 203
NAG_Strepco 174
NAG_Ricpr 172
NAG__Zymmo 168
NAG_BorbuA 188
BGL_Agrtu 143
BGL_Clotm 152
EXO_Horvu 206 GTVDGINEN
BGL_Ecoli 208 A VEGGKEYN
BGL_Aspac 189 KH'ILNEQEHFRQVAE

Ficure 8: Partial multiple sequence alignment of 15 selected family
3 members including 1B-N-acetylglucosaminidases. The region
aligned extends from the end @fstrande into a loop region
containing the putativeN-acetyl binding region of thes-N-
acetylglucosaminidases. Alignments were performed using Clust-
alW (34). Dark shading indicates highly conserved residues, while
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a covalent glycosyl-enzyme intermediate for any glycosyl
hydrolase acting on substrates bearing a 2-acetamido group.
In this case, the 5-fluoro-ldNAc-enzyme intermediate was
sufficiently stable to allow identification of the active site
nucleophile using tandem mass spectrometric analysis of
proteolytic digests in conjunction with multiple sequence
alignments. The assignment of the completely conserved
Asp242 as the catalytic nucleophile of Exoll is in agreement
with work conducted by Leglerl@®) and Fincher 12).
Moreover, multiple sequence alignments of members of
family 3 revealed a putativél-acetyl binding region con-
tained within a short stretch of 14 amino acids [(KH-(F/I)-
PGH-(G/L)-X-X-X-X-D(S/T)H] that can be used as a unique
identifier for family 3 5-N-acetylglucosaminidases.
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We thank Dr. Saul Roseman for providing the pXE18

light shading indicates conserved similar residues. Shading wasplasmid containing thexollgene. Thanks also go to Melanie

performed using Version 3.21 of BoxShade. Abbreviations used,
references to the published sequences, and data bank accessi
numbers can be found in the legend of Figure 7 or below:
BGL_Agrtu, g-glucosidase fromi\grobacterium tumefacier(d7)
(Genbank identifier M59852); BGLClotm, 5-glucosidase from
Clostridium thermocellum(48) (Genbank identifier X15644);
BGL_Ecaoli, 5-glucosidase fronk. coli (35) (Genbank identifier
AE000302); BGL._Aspac,3-glucosidase froni\spergillus aculea-
tus (49) (Genbank identifier D64088).

only among theg3-N-acetylglucosaminidases and not at all
within other members of this family (Figure 8). The function
of this region can only be guessed at, although from
examination of thedordeumoulgare 5-glucan exohydrolase
structure it appears that fiN-acetylglucosaminidases these
residues may come into contact with the 2-acetamido group
of the substrate. Basic local alignment sequence tool
(BLAST) (33) analysis of this region with sequence databases
revealed such a putativid-acetyl binding site in 15 se-
quences: 3 cloned family B3-N-acetylglucosaminidases
(Vibrio furnisii, Streptomyces thermimlaceus andAltero-
monassp.), 5 open reading frames classified on the basis of
global alignments ag-N-acetylglucosaminidaseg&gcheri-
chia coli, Haemophilus influenz&lycobacterium tubercu-
losis Streptomyces coelicoloandBorrelia burgdorfer), and

7 other open reading frame&ymomonas mobiljRickettsia
prowazekij Mycobacterium lepraeBacillus subtilus Ther-
motoga maritimaBorrelia burgdorferj and Synechocystic
sp.). We would like to propose this stretch of primary
sequence [(KH-(F/1)-PGH-(G/L)-X-X-X-X-D(S/T)H] as a
unique identifier for family 33-N-acetylglucosaminidases
which may prove to be of utility given the large amount of
information becoming available from genome sequencing
work.

CONCLUSIONS

2-Acetamido-2-deoxy-5-fluoro-L-idopyranosyl fluoride
is hydrolyzed byibrio furnisii 5-N-acetylglucosaminidase
as a slow Michaelian substrate with kinetic parameters of
Km = 0.23 mM andk., = 0.0091 s*. Incubation of Exoll
with 5FIdNAcF permits the observation of a high steady-
state population of 5-fluoro-IdNAc-enzyme intermediate,
indicating this enzyme operates with a ‘normal’ double
displacement mechanism, unligeN-acetylglucosaminidases
from family 20. This is the first report on the observation of
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YBurified protein. D.J.V. also thanks the Science Council of

British Columbia and the Natural Sciences and Engineering
Research Council of Canada for scholarships, and C.M.
thanks the Swiss National Science Foundation for a fellow-
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