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Abstract: The NagZ class of retaining exo-glucosaminidases play a critical role in peptidoglycan recycling
in Gram-negative bacteria and the induction of resistance to f-lactams. Here we describe the concise
synthesis of 2-azidoacetyl-2-deoxy-5-fluoro-f3-p-glucopyranosyl fluoride as an activity-based proteomics
probe for profiling these exo-glycosidases. This active-site directed reagent covalently inactivates this class
of retaining N-acetylglucosaminidases with exquisite selectivity by stabilizing the glycosyl-enzyme intermedi-
ate. Inactivated Vibrio cholerae NagZ can be elaborated with biotin or a FLAG-peptide epitope using the
Staudinger ligation or the Sharpless—Meldal click reaction and detected at nanogram levels. This ABPP
enabled the profiling of the Pseudomonas aeruginosa proteome and identification at endogenous levels of
a tagged protein with properties consistent with those of PA3005. Cloning of the gene encoding this
hypothetical protein and biochemical characterization enabled unambiguous assignment of this hypothetical
protein as a NagZ. The identification and cloning of this NagZ may facilitate the development of strategies
to circumvent resistance to g-lactams in this human pathogen. As well, this general strategy, involving
such 5-fluoro inactivators, may prove to be of general use for profiling proteomes and identifying glycoside
hydrolases of medical importance or having desirable properties for biotechnology.

Introduction Several activity-based proteomics probes (ABPPs) directed

Glycoside hydrolases are an extremely large class of enzymedoWward glycosidases have been develGp&tbut only those

that act to cleave carbohydrate motifs. They are found through- I"corporating a 2-deoxy-2-fluorosugar have proven useful for
out nature in organisms ranging from bacteria to humans and probing complex proteomes such as cell lysates. The first of

have been classified into over 100 families on the basis of €S€ 2-deoxy-2-fluorosugar probes, directed agamst
structural similarityt In light of their biological significance, gly003|dasesb, |Pr11a(<j:tlvatels the er?z?/%r;e ?]ur[e slowly owing to lost
the rapid detection of proteins involved in processing glyco- €NZyme-carbohydrate interactiorts. The second, directed

conjugates is of considerable interdéstowever, compared to lagballr_]st one ?Iass_géndo-gly_comdasr?s, I not su;[atr)lle for
activity-based methods for profiling protease and esterase 2% €X0-glycosIdases owing to the structure of the AB-
activities3~7 which have met with considerable success, the P

methods used to profile the activities of glycan-processing _ ndeed, a major Icomple.xity in the development of probﬁs
enzymes within proteomes and the discovery of new families dirécted against glycoconjugate-degrading enzymes s that,
of these enzymes is laggiig unlike proteases, which commonly have a cleft-like active site,

most carbohydrate processing enzymesaceacting and cleave
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commonly have pocket-shaped active site architectures that In previous work, the small pendant azide group attached to
hinder the development of useful probes since there is little spacethe 2-fluoro sugar probe diminished, but did not prevent, binding
to accommodate pendent biochemical reporter groups such af the saccharide moiety lgxo-galactosidasésin that study,
biotin. An exception are thendo-glycosidases that have a the target enzyme could be covalently inactivated by the affinity
canyon-like active site that can tolerate bulky reporter groups probe bearing the azide group and then elaborated with a reporter
attached to the prolbé.* group by using a ligation reactidA.As alluded to, however,

One distinct advantage in common with the serine and this 2-fluorosugar probe, while highly selective, was slow to
cysteine proteases, however, is that most retaiakwglycosi- inactivate the target enzymes thereby limiting its use with
dases use a catalytic mechanism involving the transient forma-unstable enzymes or proteomes rich in proteases.
tion of a covalent intermediate. These glycosyl-enzyme inter- Here we present a significantly improved strategy using an
mediates can be stabilized so that they persist by using eitherazide-derivatized 5-fluorosugar that quickly inactivates the target
deoxy sugar® or, more commonly, deoxy-fluorosugars as exo-glycosidases and forms a stable species (Figure 1A). A
mechanism-based inactivators or probes of enzyme mechan-biochemical reporter group can be appended to this inactivated
ism16-18 The inclusion of a fluorine atom at C2 or C5 of the enzyme by using the Staudinger ligation or Sharpless—Meldal
pyranose ring has the effect of destabilizing the two transition click reaction, enabling subsequent proteomic profiling and
states that flank the covalent glycosyl-enzyme intermediate, purification. Recent studies in our laboratory have focused on
thereby slowing both enzyme-catalyzed steps. A key functional the enzyme NagZs which is involved in the murein recycling
requirement is that a very good leaving group be incorporated pathway in Gram-negative bacteria. This enzyme has been
at the anomeric center. In this way, the intermediate is kinetically shown to regulate the inducible expression of Ampdacta-
accessible since the leaving group compensates for the destamase in Gram-negative bactetf2’ NagZ and other sequence
bilizing effect of the fluorine, yet the breakdown of the related glucosaminidases are members of CAZy famif#3
intermediate is very slow since the excellent leaving group is of glycoside hydrolases that also contains glycosidases active
no longer present. The net effect is that these fluorosugars acton a variety of other saccharides. NagZ isexo-glycosidase
as both a recognition element and reactive group, since a stablehat uses a catalytic mechanism involving the formation and
covalent bond is formed between the enzymic nucleophile and subsequent breakdown of a covalent glycosyl—enzyme inter-
fluorosugart6.17.19,20 mediate?® Based on previous mechanistic studies\ibrio

A key challenge for developing ABPPs for glycoside hydro- furnisii 5-glucosaminidase using fluorinated sacchadtlasd
lases is the point of attachment of the reporter group. As structural studies of NagZ froiiibrio cholerag?® we envisioned
described earlieexo-glycosidases have a pocket-shaped active that 2-azidoacetamido-2-deoxy-5-flugbes-glucopyranosyl fluo-
site in which extensive contacts are formed between the proteinride 1 (2AA5FGF) could be an efficient ABPP that would be
and all substrate hydroxyl groups, making it impractical to useful for functional proteomic analysis of organisms that
incorporate a bulky biochemical reporter group such as biotin. produce mechanistically related glucosaminidases.
One solution to this problem has been demonstrated for several ) )
families of retainings-galactosidases by using a 6-azido-2,6- Results and Discussion
dideoxy-2-fluorop-p-galactopyranosyl fluoride ABPP where the A high-resolution crystal structure of. cholerae NagZ
pendant azide group could later be ligated to a reporter gfoup. (VCNagz) in complex with an inhibitor has recently been

Several chemoselective ligations have been developed thateported and revealed the presence of a large pocket surrounding
make use of the small unobtrusive azide functionality as one the 2-acetamido groufs.This observation suggested to us that
reactant!~24 The reactive partner for the azide group varies substrates and inhibitors bearing extensions at the 2-acetamido
for these different reactions; for the Staudinger ligation it is a group should be well tolerated by the enzyme. This site therefore
phosphine, for the SharplesMeldal click reaction it is an  seemed suitable, and synthetically accessible, for the installation
alkyne, and for the strained Huisgen ligation it is a cyclooctyne of an azide functionality.
derivative?'~24 These chemoselective ligations can be carried  Before embarking on a lengthy synthesis we decided to
out under physiological conditions and, owing to the entirely jnyestigate whether an azide group attached to the 2-acetamido
bioorthogonal nature of both partners, are so exquisitely selectivemoiety of an N-acetylo-glucosaminyl substrate would be
that the large concentrations of biologically relevant functional tolerated by the enzyme. We therefore prepared the known
groups do not interfere. Any of these reactive functional group chromogenic substrate 4-nitrophenyl 2-azidoacetamido-2-deoxy-
pairs can be appended to various affinity probes or ligands as-p-glucopyranoside (pNP-GIcNA2Y.We found this compound
desired. to be a good substrate for tiflep-glucosaminidase VCNagZz,
an enzyme that we had previously clorf@€Compared to the
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Figure 1. (A) The activity-based detection and purification strategy using 2-azidoacetamido-2-deoxy-5ftnegtucopyranosyl! fluoride (2AAS5FGF).
Incubation of the proteome with 2AA5FGF results in rapid inactivation and covalent labeling of the catalytic nucleophije-glutt@saminidase. Denaturation

under acidic conditions and conjugation using either the Staudinger ligation or by the Sharpless-Meldal click reaction facilitates either profiling in lysates
or purification and identification using an immobilized streptavidin stationary phase. (B and C) Reporter groups used in this study. (B) Phosphine-FLAG and
(C) Alkyne-biotin.

Keat = 4.4 £ 0.08 umol min~t mg~%, Ky = 0.514 0.03 mM), harming either anomeric fluorine. Subsequent acetylation of the
the value of the second-order rate constant for the VCNagZ- intermediate amine afforded the amiflg after which depro-
catalyzed hydrolysis of pNP-GIcNAz is only 2.8 fold higher tection yielded the desired 2-acetamido-2-deoxy-5-flyéim-
(PNP-GICNAZ; kealKy = 24 £ 5.7 umol mM~1 min~? mg™1, glucopyranosyl fluorid®. The 2AA5FGF ABPFL was prepared
kear= 0.48=+ 0.02umol min™* mg~*, Ky = 0.02-+ 0.004 mM), similarly starting from the common intermediate This time,
indicating that the azide moiety only modestly affects enzyme however, a one-pot procedure was used in which removal of

activity (see Supporting Information). the phthalimido group was followed by chloroacetylation.
Having established that the azide group is well tolerated by |pstallation of the azide moiety was effected by displacement
this representative member of the family &o-$o-glu- of thea-chloride to yield the probé, in good yield. It is worth

cosaminidases, we synthesized both 2-acetamido-2-deoxy-Sy\4ting that previous efforts to generate such 2-acetamido 1,5-
fluoro-f3-p-glucopyranosyl fluoride (2ASFGF) and the azide  ifyor0 compounds failed to yield theglucoepimer but rather
analogue 2AA5FGF1.asai:)otent|aI inactivators (Scheme 1).  4¢orded the -ido analogue in very modest yiet Furthermore,
Usmg the hydrochloride -asa Sta”'r?g _pomt, the liberated unlike the previous study, the synthesis presented here enables
amine was protected using a phthalimido group to ghve facile installation of an azide group, which is a prerequisite to

Se_lectwe remoyal of the anomeric acety_l group was effected develop this ABPP. Although the yield of the two-step photo-
using benzylamine, and the resulting hemiacgtalas treated - o .
bromination/fluorination proceedure is modest, the overall

with (diethylaminojsulfur tifluoride (DAST) to yield the synthesis is facile and readily furnishes more than adequate

p-fluoride 6 in excellent yield. Photobromination 6fgave the it ¢ ABPPL si I tit f material
presumed 5-bromo intermediate that was immediately treateq duantties o since very small quantiies of materia
are required for proteomic profiling.

with silver tetrafluoroborate in diethyl ether to furnish exclu-
sively the 5-fluorop-gluco derivative?7. Surprisingly, removal With the putative mechanism-based inhibitband2 in hand,
of the phthalimido group could be effected by hydrazine without We turned our attention to evaluating their ability to inactivate
VCNagZ. Incubation of VCNagzZ with 2A5FGR results in
(31) Cunha, A. C.; Pereira, L. O. R.; de Souza, M. C. B. V.; Ferreira, \J. F. rapid time—dependent inactivation of the enzyme relative to a

Chem. Ed1999,76, 79-80. ; . .
(82) Pozsgay, V.; Jennings, H.J. Carbohydr. Chem1990,9, 333—343. control (Figure 2A). This result differs somewhat from a report




Scheme 1. Synthesis of the 2—Acetamido—2—deoxy—5—ﬂu0ro—ﬂ—D—gIucopyranosyl Fluoride 2 (2A5FGF) and the Azide Analogue 2AA5FGF 1
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by Vocadloet al. who sawincompleteinactivationof a family
3 -N-acetylglucosaminidasieom V. furnissi whenusing the
C-5 epimer,the L-ido inactivator?® The more naturalp-gluco
inactivatorstudiedheremaythereforeoffer amoreappropriate
scaffoldfor generationof ABPPsfor 5-N-acetylglucosamini
dasesWe carriedoutinactivationkineticsat severainactivator
concentrationsandthekinetic parametergoverninginactivation
(kinactandK;) weredeterminedy plotting kops versudl] (Figure
2B). Inactivationof VCNagZby 2A5FGF2 revealeda K; value
of 86 £ 15 uM and a kinact value of 0.74 £ 0.09s™% In all
casesthe inactivationdatafitted well to a single exponential
decayequation.

Gratifyingly, 2AABFGF1 actsasanevenmoreefficienttime-
dependeninactivatorof VCNagZ;in only 7 minutescomplete
inactivationof VCNagZ is observedat concentrationss low
as40uM (Figures2C and2D). The value of the second-order
rate constant(kinac/Ki = 0.011+ 0.002uM~1 s71) governing
inactivationcomparedavorablywith that of the parentinacti-
vator2A5FGF2 (Kinac/Ki = 0.009+ 0.003uM 1 s71), consistent
with the studiesdescribedaboveusing the azide derivatized
substrate Consequentlythe azide moiety haslittle effect on
the inactivation process.2AA5FGF 1 therefore inactivates
family 3 5-p-glucosaminidasesn a time scaleappropriatefor
practical applicationsand suggestghat this compoundcould
be usedto detects-p-glucosaminidaseactivity within complex
proteomesat endogenousevels of targetprotein.

The reportergroup chosenfor initial studieswasthe phos-
phine-FLAGligand (Figure1B).2! After incubationof purified
VCNagZ (0.84mg mL~1) with 1 (333 M) for 10 minutesno
residualenzymeactivity couldbedetectedTo stoptheturnover
of the presumedylycosyl-enzymentermediatehe proteinwas
denaturedunder mild reducing conditions (pH 3.5 in the
presencef urea).In thisway boththelabile acylalesterlinkage

1

andthe azidemoiety remained intact. Treatment of the sample
with phosphine-FLAG! followed by SDS-PAGE and Western
blot analysis revealed no signal if the acrylamide gel was
subjected to electrophoresis for the normal time (90 V for 20
minutes and then 180 V for 65 minutes). This result was
presumably owing to the acylal ester linkage of the glycosyl-
enzyme intermediate breaking down under the basic conditions
(pH 8.8) of the buffered gel. Decreasing the pH of the gel
resulted in diffuse bands that were poorly resolved (data not
shown).

After some optimization a short electrophoresis protocol (90
V for 20 minutes and then 200 V for 8 minutes) was developed
that when used in conjunction with Western blot analysis
showed the enzyme was indeed labeled (Figure 3). To confirm
that the phosphine-FLAG was reacting specifically with the
azide of NagZ inactivated with and not with the protein itself,
various controls were performed (Figure 3A). The results clearly
reveal that both the inactivation of NagZ usidgand the
subsequent Staudinger ligation are highly specific, and neither
reagent on its own results in labeling of the enzyme.

To validate the selectivity of our approach toward thBse
glucosaminidases that form a glycosyl-enzyme intermediate, we
tested two enzymes from family 84 of glycoside hydrolases.
Theses-p-glucosaminidases differ in their catalytic mechanism
in that they use substrate-assisted catalysis involving the
2-acetamido group as a nucleophile in place of an enzymatic
nucleophile®®=37 These enzymes therefore do not form a
covalent glycosyl-enzyme intermediate, and as a result, they

(33) Tews, |.; Perrakis, A.; Oppenheim, A.; Dauter, Z.; Wilson, K. S.; Vorgias,
C. E.Nat. Struct. Biol.1996, 3, 638—648.

(34) Knapp, S.; Vocadlo, D.; Gao, Z. N.; Kirk, B.; Lou, J. P.; Withers, SJG.
Am. Chem. S0d 996,118, 6804—6805.

(35) Macauley, M. S.; Whitworth, G. E.; Debowski, A. W.; Chin, D.; Vocadlo,
D. J.J. Biol. Chem2005,280, 25313—25322.
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Figure 2. Time-dependent inactivation of VCNagZ. (A) Experimental data represent the VCNagZ activity of control samples (@)itbweert time. P]

used with VCNagZ: 0@), 10 0), 20 @), 30 (), 50 (a), 100 @) «M. Curves are the nonlinear fits of data to a single-exponential decay equation. (B)
Plot of the inactivation rate constantgds as a function of2] for VCNagZ. (C) Time-dependent inactivation of VCNagZ by Experimental data represent
the VCNagZ activity of control samples (witholiy over time. 1] used with VCNagZ: 0@), 10 (O), 20 (m), 30 (<), 40 (a), 50 (®)xM. Curves are the
nonlinear fits of data to a single-exponential decay equation. (D) Plot of the inactivation rate corgtanés (@ function of 1] for VCNagZ.

should not be labeled using the approach described here.unlabeled proteins, can be mixed with SDS-PAGE loading

Repeating the experiment with VCNagZ along with the family buffer and boiled to cleave the acylal ester linkage, thereby

84 humanO-GlIcNAcase and a close bacterial homologue of releasing the enzyme. After electrophoresis of the supernatant,
O-GIcNAcase,BtGH84, demonstrated the selectivity of the gels can be stained with SYPRO Orange to identify the affinity

labeling strategy (Figure 3B). The family83p-glucosaminidase,  purified proteins. We decided to use the proven alkyne-linked

VCNagz, is labeled, but as predicted, fv-glucosaminidases  biotin (Figure 1C):3:38-41

from family 84 are not. With this new reporter group in hand, we turned our attention
Having shown the probe is selective for family /Bp- to labeling VCNagZ. Samples of VCNagZ (0.027, 0.09, 0.16,
glucosaminidases we determined the lower detection limit of ang 0.3 mg mEL) were treated witH. in the manner described
our strategy. Incubating purified VCNagZ (0.03, 0.09, 0.3, and gpgve. Again, to prevent the turnover of the glycosyl-enzyme
0.84 mg mL™) with 1 revealed the lower limit for the detection  iniermediate, the protein was denatured under mild reducing
of VCNagZ to be approximately 80 ng (Figure 4A). Even though congitions (pH 3.5) by adding a solution of TCEP, the biotin
it was obvious to us that we were losing signal the longer the tag in DMSO, and the triazole ligaftin a mixture of DMSO
gel was subjected to electrophoresis, the approach is still quite gngtert-butanol. After incubation of the sample for five hours,
sensitive. . followed by treatment with avidin resin, the sample was
Having established that VCNagZ could be successfully centrifuged. The pelleted beads were washed with PBS buffer,
labeled usingL, our attention turned to extending this strategy 54 SDS-PAGE loading buffer was then added and the sample
to the analysis of--p-glucosaminidase activity from cell lysates. pqjled. After electrophoresis (10% acrylamide), proteins were
The problem we faced, however, was that owing to the short ;g ajized using SYPRO Orange. Gratifyingly, we observed a
electrophoresis protocol, a gel could not be obtained that would protein band corresponding to the molecular weight of VCNagZ
give sufficiently good resolution of cell lysates to resolve protein (Figure 4B). These results indicate that both the Sharpless

bands clearly. We therefore turned our attention to using a pe|qal click cycloaddition and the avidin binding assay are
biotin-alkyne reporter group, which has the benefit of having a gy specific, but what is more encouraging was that this
biotin moiety that can be used to immobilize labeled protein 0 .ohtre and release approach is highly sensitive and allows
avidin resin even under the acidic conditions required to stabilize longer electrophoresis times. The lower limit for the detection

the acylal ester linkage. The avidin resin should immobilize only ¢ 1o VCNagZ after all sample handling is approximately 25
those proteins bearing the glycosyl-enzyme intermediate con-

jugated to the reporter group. The washed resin, free of

(38) Link, A. J.;Vink, M. K. S.; Agard,N. J.; Prescher). A.; Bertozzi,C.R.;
Tirrell, D. A. Proc. Natl. Acad. Sci.U.S.A.2006,103,10180—10185.
(36) Dennis, R. J.; Taylor, E. J.; Macauley, M. S.; Stubbs, K. A.; Turkenburg, (39) Link, A. J.; Tirrell, D. A. J. Am. Chem.Soc.2003,125,11164—11165.

J. P.; Hart, S. J.; Black, G. N.; Vocadlo, D. J.; Davies, G\at. Struct. (40) Wilbur, D. S.;Hamlin, D. K.; VessellaR. L.; Stray,J. E.; Buhler,K. R.;
Mol. Biol. 2006,13, 365—371. Stayton, P. S.; Klumb, L. A.; Pathare,P. M.; Weerawarna,S. A.
(37) Rao, F. V.; Dorfmueller, H. C.; Villa, F.; Allwood, M.; Eggleston, |. M.; BioconjugateChem.1996,7, 689—702.

van Aalten, D. M.EMBO J.2006, 25, 1569—1578. (41) Gayo,L. M.; Suto,M. J. TetrahedronLett. 1996 37, 4915-4918.
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80, 30 ng. (B) SYPRO-stained 10% SDS-PAGE showing the detection limit
of 1, used in conjunction with copper-catalyzed Sharpless-Meldal click
reaction. Lanes shown (left to right); no enzyme, no inhibitpno biotin
label, flow through, wash 1, 280 ng of VCNagZ, 150 ng of VCNagZ, 80
ng VCNagZ, 25 ng VCNagZ.
B kDa kDa
ng: — 203—
— 116 —
50— 92— -
37— - 50—
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Figure 5. SYPRO-stained 10% SDS-PAGE analysis of a cell lysate (240

Figure 3. Visualization ofl-labeled VCNagZ by denaturing SDS/PAGE-  ug) from a culture ofP. aeruginosaPAO1. The cell lysate was treated
Western blot. After inactivation, the samples were labeled with phosphine- with 1 and then added to avidin resin. (A) Flow through, (B) wash 1, (C)
FLAG and analyzed by the Western blot technique using anti-FLAG-HRP wash 2, (D) wash 3, (E) wash 4, (F) elution of bound PANagZ, (G) standard
(HRP, horseradish peroxidase): (A) SDS/PAGE-Western blot with the of purified recombinant PANagZ (60 ng).

appropriate controls. Coomassie blue-stained 10% SDS-PAGE gel, elec-

trophoresed fully, showing equal loading of lanes. The protein concentration of strategies to combat this antibiotic resistance mechatfism.

used in each lane was approximatelyd Western blot analysis shows all

A small culture ofP. aeruginosawas grown to exponential

appropriate species must be present for a successful result. (B) Demonstratephase, harvested, and then lysed. The clarified lysat®.of

the selectivity of the technique for thofep-glucosaminidases that have a
catalytic mechanism involving a glycosyl-enzyme intermediate. Lane (1)
VCNagZ (2.8ug), (2) family 84 humarD-GIlcNAcase (1.2:9), (3) family

84 BtGH84 (2ug). The Coomassie blue-stained 10% SDS-PAGE gel,
electrophoresed fully, shows the different molecular weights of the three
proteins.

ng, which compares favorably with the approximate 80 ng
detection limit obtained using the FLAG-phosphine method.
We next evaluated the proteome frétnaeruginosaa Gram-
negative bacterium that harbors a chromosomally inducible
AmpC S-lactamasé? This opportunistic pathogen is problematic
for patients suffering from cystic fibrosis, chronic obstructive
pulmonary disease, and severe bufié® The genome sequence
of P. aeruginosds known, and one gene (PA3005) has been
annotated as a family B-p-glucosaminidase homologife?®
(For more information on the classification of glycoside

hydrolases, see the CAZY Database available at afmb.cnrs-

mrs.fr/CAZY/). By analogy to other inducible AmpC systems,
this putative NagZ could be important in the induction of AmpC

aeruginosawas incubated with activity-based probés.6 ug),
treated with the biotin-alkyne reporter group (Figure 5), and
incubated with streptavidin beads as described above for purified
VCNagZ. Analysis of the beads by SDS-PAGE followed by
SYPRO Orange staining revealed a band with a molecular
weight consistent with that predicted for PA3005, a putafive
aeruginosdamily 3 5-p-glucosaminidase homologue (predicted
MW = 33 kDa). We therefore cloned this putative NagZ,
PA3005, and after overexpression and purification we subjected
it to the same protocol as that used with the cell lysate (Figure
5, Lane G). Gratifyingly, pure PA3005 protein product is labeled
by 1 and migrates during electrophoresis to the same position
as the labeled protein in the cell lysate. 2AA5FGEherefore
effectively labels this putative NagZ in a complex proteome
with exquisite selectivity, allowing it to be both detected and
purified. To verify the efficiency of this ABPP with this putative
enzyme, termed PANagZ, we analyzed the purified enzyme as
we did VCNagZ. Again, we find that selectivity is extremely

S-lactamase and could therefore be a target for the developmentigh, and the detection limit using Western blot is simik60

(42) Sanders, C. C.; Sanders, W. E.,Qlin. Infect. Dis.1992,15, 824—839.

(43) Govan, J. R.; Deretic, Wicrobiol. Rev.1996,60, 539—574.

(44) Lyczak, J. B.; Cannon, C. L.; Pier, G. Blin. Microbiol. Res. 2002,15,
194—-222.

(45) Nagaki, M.; Shimura, S.; Tanno, Y.; Ishibashi, T.; Sasaki, H.; Takishima,
T. Chest1992,102, 1464—1469.

ng) (Figures 6A and B).

The protein product of PA3005 fromR. aeruginosabears
48% amino acid sequence identity with VCNagZ. To verify its
activity as g6-N-acetylglucosmainidase we assayed the recom-
binant enzyme against a series of 4-nitrophenyl glycosides and



A Enzyme + - + + Conclusion

Inhibitor1+ + - <+ In summary, this ABPP (2AA5FGR) is the first highly
FLAG + 4+ + - efficient probe for analysis of retainingxo-glycosidases at
kDa endogenous levels from complex proteomes. This probe is useful
203 — for profiling and affinity-based purification ¢f-p-glucosamini-
116 — dases that use a catalytic mechanism involving a covalent
92— glycosyl-enzyme intermediate. The exquisite selectivity of both
50— the fluorosugar inactivation and the Sharptebteldal click
37| — - reaction also enables purification of this class of enzyme from
complex mixtures containing the enzymes of interest at low
native levels, as found within cell lysates. In this case we used
_ ABPP 2AA5FGF1 to validate a bioinformatics assignment of
PA3005 as g-p-glucosaminidase and verified this biochemi-
cally by cloning and characterization & aeruginosaNagZ
B as a potential target for inhibiting the chromosomally inducible
AmpC f-lactamase pathway. We anticipate that this general
- strategy will find utility in analyses of glycoside hydrolases from
various proteomes for both biotechnological and perhaps
Srrg%ilr'\“(r?;) IO &> therapeutic purposes.
Figure 6. Characterization of PANagZ: (A) Visualization dflabeled Experimental Section

PANagZ by denaturing SDS/PAGE-Western blot with appropriate controls.

After inactivation, the samples were treated as for VCNagZ SDS/PAGE-  General.H and3C NMR spectra were obtained on a BrukerAV600

Western blot analysis. (B) Western blot showing the detection limk,of 500 MHz for'H and 150.8 MHz fof*C) spectrometer. Unless stated

used in conjunction with Staudinger ligation. For PANagZ amounts used . .

were 920, 460, 210, and 63 ng otherwise, deuterated chloroform (CRGNas used as the solvent with
Lo CHCl; (64 7.26) or CDC} (dc 77.0) being employed as internal

standards. NMR spectra run in© used internal CEOH (6w 3.34,0c
found no detectable activity under the conditions of our assays 49-0) as the standard. Melting points were determined on a Reichert
(1 mM substrate, 26M enzyme) with pNRx-L-fucopyranoside hot stage melting point apparatus. Optical rotations were performed
' - - : with a Perkin-Elmer 141 Polarimeter in a microcell (1 mL, 10 cm path
pNP S-p-glucopyranoside, pNB-p-galactopyranoside, pNP

| id NP id d DN length) in CHC} at room temperature, unless stated otherwise. Mass
f-p-glucuronide, pNPo-p-mannopyranoside, and pNé-o- spectra were recorded with a VG-Autospec spectrometer using the fast

GIcNAc. A full kinetic analysis of the. er?zyme using pNP- atom bombardment (FAB) technique, with 3-nitrobenzyl alcohol as a
GlcNAc and pNP-GIcNAZ revealed kinetic parameters (Se€  matrix, unless otherwise stated. Elemental analyses of all synthesized

Supporting Information; pNP-GIcNACk.afKm = 6.6 £+ 0.57 compounds used in enzyme assays were performed at the Simon Fraser
umol mM~tmin~t mg, kear= 2.97+ 0.06mol min~ mg1, University. Flash chromatography was performed on BDH silica gel
Km = 0.45+ 0.03 mM; pNP-GIcNAZkafKy = 4.3 + 0.42 or Geduran silica gel 60 with the specified solvents. Thin-layer
wmol MM~ min~tmg2, kege= 0.38+ 0.007umol min~! mg4, chromatography (TLC) was effected on Merck silica gel 684F

Ky = 0.089 + 0.007 mM) similar to those observed for aluminum-backed plates that were stained by heatrD0 °C) with
VCNagZ (pNP-GIcNAC:keafKy = 8.6 + 0.66 umol mM—1 5% sglfuric acid in EtOH. Percentage yields for chemical reacti.o.ns as
minL mg-L, keaw = 4.4 & 0.08umol min-2 mg-%, Ky = 0.51 descrlbe”(_i are quotebd onl)ll for th(rJ]se compourLds tha(; where pu_rlfled by
. . _ - recrystallization or by column chromatography, and the purity was
i.0;?3 ml\l/l, pNE_GICNAZ'kca{KM N 2_4}1: 5.7iumol_mM ' assessed by TLC dH NMR spectroscopy. All solvents except DMF
min~" mg, Keat = 0_'4.8i 0.02umol min™* mg~ K Km = 0.02 ~and MeCN were distilled before use and dried according to the methods
+ 0.004 mM) providing good support for assignment of this ot gyrfield and Smitheré® “Usual workup” refers to dilution with water,
enzyme as a NagZ. These values also reveal that the azide groupepeated extraction into an organic solvent, sequential washing of the
has a similarly small effect on catalysis for both of the enzymes, combined extracts with hydrochloric acid (1 M, where appropriate),
and the values obtained for pNP-GICNAc are consistent with saturated aqueous sodium bicarbonate and brine solutions, followed
those measured for previously cloned familyN3acetyl-5o- by drying over anhydrous magnesium sulfate, filtration, and evaporation
glucosaminidases froi. furnisii andE. coli#647 The inactiva- of the solvent by means of a rotary evaporator at reduced preséure.
tion of PANagZ with 2A5SFGR2 and 2AASFEGF1 also reveals ~ choleraeNagZ was expressed as previously descrised.
the kinetic similarity of PANagZ and VCNagZ (see Supporting  3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimidoe-glucose (5).To 1,3,4,6-
Information), consistent with our ability to inactivate and capture (etra-O-acetyl-2-deoxy-2-phthalimidoggglucose4 (5.5 g, 12 mmol)
this enzyme. The second-order rate constants governing inac-9iss0lved in THF (30 mL) was added benzylamine (3.0 mL, 28 mmol),

L. . . _ and the mixture kept (1 h). Concentration of the reaction mixture
tivation using both probe2 (kinac/Ki = 0.0134 0.004uM 1 i X

followed by flash chromatography (EtOAc/petrol, 1:1) furnistieds
sLKi =75+ 14 4M, Kpaq= 1.0+ 0.1 53) and (KnacfK; = e vy graphy ( P ) furni

> . a colorless powder (3.8 g, 76%). The spectral data were consistent with
0.010-£ 0.003uM~* s7) are also very similar (see Supporting  hose previously reported.

Information) to those measured for VCNagZ. Altogether, this 3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-Be-glucosyl Fluoride
data strongly support the bioinformatic assignment of PA3005 (). (Diethylamino)sulfur trifluoride (0.80 mL, 6.0 mmol) was added
as anN-acetyl-$p-glucosaminidase and as an NagZ. to 5 (1.5 g, 3.7 mmol) in CKCl, (25 mL) at 0°C, and the solution
kept (0.5 h). The reaction mixture was quenched with aqueous NgHCO

(46) Chitlaru, E.; Roseman, 3. Biol. Chem.1996,271, 33433—33439.
(47) Tsujibo, H.; Hatano, N.; Mikami, T.; Hirasawa, A.; Miyamoto, K.; Inamori,
Y. Appl. Environ. Microbiol.1998,64, 2920—2924. (48) Burfield, D. R.; Smithers,R. H. J. Org. Chem.1983,48, 2420-2422.




followed by usual workup and removal of the solvent. Crystallization
of the residue (ED) yielded6 as a colorless powder (1.2 g, 80%).
The spectral data were consistent with those previously reptited.

3,4,6-Tri-O-acetyl-2-deoxy-5-fluoro-2-phthalimidof-p-glucosyl
Fluoride (7). N-Bromosuccinimide (370 mg, 2.10 mmol) was added
to 6 (300 mg, 0.70 mmol) dissolved in CQI10 mL), and the mixture

mixture followed by flash chromatography (MeOH/CHC3:17) gave

a colorless solid that was dissolved in DMF (2 mL) and treated with
NaNs (20 mg, 0.31 mmol), and the resulting mixture was stirred at 80
°C (2 h). Concentration of the mixture followed by flash chromatog-
raphy (MeOH/CHGY, 3:17) furnishedl as colorless flakes (15 mg,
32%), mp 161-163°C, vmax(film)/cm=1 2070 (N). oy (600 MHz, CD»-

was irradiated using a 200 W bulb (3 h). Concentration of the reaction OD) 5.53 (dd,J1r1 = 54.0 Hz, H1), 3.98—3.93 (m, 3H, H2, GN3),

mixture followed by flash chromatography (EtOAc/toluene, 1:19) gave

3.86 (dd, 1HJo3 = 10.2 Hz, H3), 3.82 (dd, 1HJsrs = 9.3 Hz, H6),

the presumed bromide as a gum (150 mg) that was immediately treated3.73 (dd, 1H,J34 = 9.4 Hz,Jsrs = 24.1 Hz, H4), 3.68 (dd, 1HJs s

with AgBF, (64 mg, 0.33 mmol) in dry EO (1 mL). The mixture was

= 4.4 Hz, Jos = 11.9 Hz, H6).5c (150.9 MHz, CROD) 170.85

stirred (0.3 h), and upon consumption of the bromide the mixture was (COCHN3), 113.99 (ddJs 1= 8.1 Hz,Js 5= 227.1 Hz, C5), 106.91

cooled and quenched with4st (0.2 mL). The mixture was then filtered

(dd,leFsz 3.9 HZ,J]”F],: 215.3 HZ, Cl), 71.53 (d.]4,|:5: 24.8 HZ,

through silica and concentrated. Flash chromatography (EtOAc/toluene,C4), 70.47 (dJsr1 = 9.8 Hz, C3), 62.62 (dJsrs = 33.8 Hz, C6),

1:9) followed by crystallization (MeOH) furnished as fine needles
(50 mg, 16%), mp 145148°C, [a]p?® +21.8°.5y (600 MHz) 7.90—
7.75 (4H, m, Ar), 6.44 (dd, 1H},» = 8.1 Hz,J1 ;1 = 53.3 Hz, H1),
6.04 (dd, 1HJ2,3: 10.4 HZ,J3V4: 9.6 Hz, HS), 5.43 (dd, lH]4,F5=
23.2 Hz, H4), 4.58 (ddd, 1HL 1 = 14.0 Hz, H2), 4.42 (dd, 1HJs rs
= 7.6 Hz,Js6 = 11.9 Hz, H6), 4.15 (dd, 1Hls s = 4.2 Hz, H6), 2.87,
2.15, 2.10 (9H, 3s, C¥). oc (150.9 MHz) 169.65, 169.52, 169.20,
167.11 (C=0), 134.54, 131.11, 123.79 (Ar), 109.48 (d¢, = 9.2
Hz, Js s = 230.7 Hz, C5), 102.12 (ddly r1 = 219.1 HZ,J1 s = 5.1
Hz, C1), 68.27 (dJsrs = 24.0 Hz, C4), 66.61 (dlsr1 = 9.9 Hz, C3),
61.48 (d,Jsrs = 36.9 Hz, C6), 53.89 (dJ,r1 = 22.5 Hz, C2), 20.46,
20.31, 20.16 (3C, COH3). HR-MS m/z (ES) 494.0668; [M+ K]*
requires 494.0665.

3,4,6-Tri-O-acetyl-2-acetamido-2-deoxy-5-fluorgs-p-glucosyl Fluo-
ride (8). Hydrazine hydrate (0.5 mL) was added Zq30 mg, 0.07
mmol) in MeOH (2 mL), and the mixture kept (5 h). The mixture was
concentrated, and the residue dissolved in pyridine (3 mL), the®Ac
(0.5 mL, 5.3 mmol) and DMAP (2 mg) were added, and the mixture
was again kept (2 h). The mixture was quenched with MeOH and
subjected to a usual workup followed by flash chromatography (EtOAc/
petrol, 3:2) to yield8 as a colorless powder (20 mg, 82%), mp 221
223°C, [a]p?® —328°.0y (600 MHz) 5.70 (dd, 1HJ1 2= 7.5 HZ,J1 ;1
= 53.3 Hz, H1), 5.455.35 (m, 2H, H3,H4), 4.40 (dd, 1Hsrs= 8.8
Hz, H6), 4.25—4.17 (m, 1H, H2), 4.11 (dd, 1Bsrs = 5.2 Hz,Js6 =
12.0 Hz, H6), 1.94, 2.00, 2.05, 2.08 (4s, 12H, CQLHc (150.9 MHz)
170.91, 171.28, 171.42, 173.64 (4CQCH), 111.14 (ddJsr1 = 8.1
HZ, J5'|:5 = 228.0 HZ, C5), 106.29 (d(ﬂ,1'|:5= 4.2 HZ,J1_|:1 = 219.1
Hz, C1), 69.68 (dJsr1 = 9.6 Hz, C3), 69.54 (d)srs= 23.9 Hz, C4),
62.76 (d,Jsrs = 36.7 Hz, C6), 54.78 (dJ.,r1 = 23.4 Hz, C2), 20.34,
20.38, 22.59 (CQH3). HRMS m/z(ES) 406.0722; [M+ K] * requires
406.0716.

2-Acetamido-2-deoxy-5-fluoro-fp-glucopyranosyl Fluoride (2).
Triethylamine (0.5 mL) was added &(15 mg) in MeOH (2 mL), and
the mixture was stirred at 30C (3 h). Concentration of the reaction
mixture gave2 as a colorless powder (10 mg), mp 1585 °C. oy
(600 MHz, CQXOD) 5.46 (dd, 1HJ:, = 7.9 Hz,J1 r1 = 53.9 Hz, H1),
3.93-3.87 (m, 1H, H2), 3.83—3.77 (m, 2H, H3,H6), 3.73 (dd, 14,
=94 HZ,J4'|:5 = 23.9 HZ, H4), 3.66 (dd, 1HJ6,|:5 =44 HZ,Jeve =
11.9 Hz, H6), 2.00 (s, 3H, COGH ¢ (150.9 MHz, CRROD) 173.89
(COCHp), 113.99 (ddJs 1 = 8.0 Hz, Js 5 = 226.8 Hz, C5), 107.15
(dd, J1'|:5: 3.9 HZ,‘]J_,FJ_: 215.5 HZ, Cl), 71.52 (dJ4,|:5: 24.8 HZ,
C4), 70.47 (dJsr1 = 9.8 Hz, C3), 62.64 (dJsrs = 33.9 Hz, C6),
56.89 (d,J2r1 = 20.0 Hz, C2), 22.84 (COH;). HR-MS m/z (ES)
505.1427; [M + Na]" requires 505.1421. Anal. calcd forslysF,-
NOs: C, 39.84; H, 5.43. Found: C, 39.67; H, 5.61%.

2-[(Azidoacetyl)amino]-2-deoxy-5-fluorog-p-glucopyranosyl Fluo-
ride (1). Hydrazine hydrate (1.0 mL) was added 770 mg, 0.20
mmol) in MeOH (5 mL), and the mixture kept (5 h). The mixture was
concentrated to yield a gum that was dissolved in MeOH (5 mL) and
then treated with BN (1 mL) and (CICHCO)0 (~20 mol equiv)
until the reaction was judged complete (TLC). Concentration of the

(49) Blomberg,L.; Norberg,T. E. J. Carbohydr.Chem.1992 11, 751—760.

56.94 (d,Jor1 = 19.9 Hz, C2), 53.03 (CNz). HR-MS m/z (FAB)
283.0849; [M+ H] " requires 283.0854. Anal. calcd fogl@iF:N4Os:
C, 34.05; H, 4.29. Found: C, 34.31; H, 4.23%.

Inactivation Kinetics. The time-dependent inactivation of each
enzyme byl or 2 was monitored by measuring the residual enzyme
activity over time. This was accomplished by incubation of the enzyme
(0.053 mg mL? for VCNagZ and 0.082 mg mt! for PANagZ) in
500 uL of PBS buffer solutions containing either inactivatbor 2.

For VCNagZ and PANagZ witR, five inactivation concentrations (0,

10, 20, 30, 50, and 1Q@M) were used. For the inactivation of VCNagZ
with 1, different concentrations (0, 10, 20, 30, 40, and.B0) were
used. The control mixture contained the same concentration of the
appropriate enzyme but no inactivator. Both inactivation and control
samples were incubated at room temperature°@p and at various
time intervals an aliquot (&L) of each inactivation mixture was added

to a solution of the substrate, 4-nitrophenyl 2-acetamido-2-dgexy-
p-glucopyranoside in PBS (50 mM NaR00 mM NaCl, 0.1% BSA,

pH 7.4), so that the final assay contained VCNagZ (activieactive)

at a concentration of 3/3g mL™* and 0.5 mM substrate in PBS bulffer;
the total volume was 8@L (for PANagZ the final concentration of
enzyme was 5.&g mL™%). The initial rates were then measured under
steady-state conditions by spectrophotometric monitoring of the release
of 4-nitrophenolate ion at 400 nm. Pseudo-first-order rate constants,
kobs = ki[l]/(Ki + [l]), for the decay of activity at each inactivator
concentration were determined from fitting the decay curve to a single-
exponential decay equation using the nonlinear regression analysis
package of the program Grafit.

Chemoselective Ligation Experiments Using Phosphine-FLAG.
An aliquot of enzyme sample (50.) was treated with a solution (10
uL) of 1 (2.0 mM, final [1]= 333 M) in PBS and incubated at room
temperature for 10 min. An aliquot of this mixture (&Q) was taken,
and 1 M pH 2.0sodium phosphate (26L), saturated urea (one-third
of the total volume), and water (3€.) were added, in that order, to
yield a solution with pH~ 3.5. An aliquot of this mixture (2&L) was
then taken and added to an equivalent volume of a solution of FLAG-
phosphine in water (50@M, 250 «M final concentration), and the
mixture was allowed to incubate at room temperature for 6 h. The
sample was then mixed with SDS-PAGE loading buffer and without
heating the sample (20L) was loaded onto precast 10% Tris-HCI
polyacrylamide gels. After electrophoresis, the samples were electrob-
lotted to nitrocellulose membrane (0.48n, Biorad). Transfer was
verified by visual inspection of the transfer of prestained markers
(Biorad, product 1630318). The membrane was blocked using PBS
containing 5% bovine serum albumin and 0.1% Tween-20 (blocking
buffer) with rocking fa 1 h atroom temperature. The blocking solution
was then decanted, and a solution of blocking buffer containing anti-
FLAG-HRP mAb conjugate (1:3500, Sigma) was added. Membranes
were incubated with rocking at room temperature for 1 h after which
the blocking solution containing antibody was decanted and the
membrane rinsed with PBS, containing 0.1% Tween-20 (wash buffer).
Membranes were then washed forx25 min and 2x 20 min with
wash buffer. Detection of membrane-bound FLAG-HRP conjugates was



accomplished by chemiluminescent detection using a SuperSignal WestBamHI) werecarriedout on boththe PCRproductandemptypET28a

Pico Chemiluminescent Detection Kit (Pierce) and film (Pierce CL- vector. The reaction volumes were 50 4L and consistedof ap-

XPosure). proximately 5 ug of DNA and 1.0 U of each restriction enzyme
Using Biotin—Avidin. The experiment involving recombinant  (Fermentasynd were allowed to proceedfor 3—4 h at 37°C. The

VCNagZ was similar to that described above up to the point just after reactionmixtureswerethensubjectedo electrophoresithrougha 1.4%

the addition of the inactivatdt. An aliquot of the inactivation mixture agarose gel, and the desired DNA was gel purified as described above.

(44 uL) was added to a solution (IL) of the biotin tag (120x stock 1 uL of the digestedplasmidDNA wasthencombinedwith 5 uL of

in DMSO), followed by 10uL of a 5 mM solution of TCEP (60x the digestedPCR productandligatedtogetherusing T4 DNA Ligase
stock in water) and &L of a 100uM solution of ligand (15x stock (New EnglandBiolabs)for 1 h at18 °C. 2 uL of this ligation mixture
in DMSO:tbutanol 1:4) solution, giving a findért-butanol concentra-  wereusedto transformE. coli ultracompetentellsasdescribecabove
tion of 5%. Samples were gently vortexed, and 1 mM Cug8D x exceptplatescontaining50 «g/mL of kanamycinwereused.A colony

stock in water, luL) was added to each sample, making the total was picked and cultured, and the plasmid DNA was harvestedthe
reaction volume 6QuL. Samples were gently vortexed again and following day asdescribedabove. The entireinsertwassequencedo

allowed to react at room temperature for 5 h, at which time:b®f ensureaccuracyDNA encodingNagZin the pET28aexpressiorvector
avidin resin (Promega) were added and allowed to stand fo at 4 was usedto transformTuner@DE3) cells (Novagen).A colony was
°C. The suspension was then centrifuged (Eppendorf 5417C) for 3 min gelectedand cultured to exponentialphasein LB media (5 mL)
at 5000 rpm. The supernatant was removed and a fregth. %0 PBS containing50 ug/mL of kanamycin This culturewasusedto inoculate

buffer was added, and after mixing, the suspension was kept for 1 h. 3 750mL culturethatwasgrown to an ODggo &~ 0.8 at 37 °C. At this
The sample was washed in this way three more times, and then 2 4int proteinexpressiowasinducedusing1 mM IPTG (Bioshop)for
SDS-PAGE loading buffer (reducing) was added 4&0. After boiling 2.5 h at 25 °C.Postinductioncells were harvestedby centrifugation
the sample, an aliquot (2&L) was loaded onto a precast 10% Tris-  (geckmanJ2-HS)for 10 min at 5000rpm andresuspendeth 20 mL
HCI polyacrylamide gel. After electrophoresis (0.05% SDS running ¢ nickel-columnbinding buffer (50 mM NaPQs, 500 mM NaCl, 5
buffer), the gel was rinsed with water and treated with SYPRO-Orange 1 imidazole:pH 7.4) for eachiiter of cell culture. The resuspended
stain in 7.5% aqueous acetic acid for 30 min. The liquid was decanted, .q|is were incubatedon ice for 30 min with 1 mg/mL of lysozyme
and the gel was washed with 7.5% aqueous acetic acid for 20 min a”d(USB) and 1 mM PMSF followed by sonication(6 x 20 s at60%

then rinsed with4vg/gter. TbTe glel was tge;szcannﬁld with @ TYPHOON e FisherScientific, model500). Thecell debriswasthenremoved
Imager using a nm biue faser an nm filter. by centrifugationat 14 000rpm for 75 min, andthe supernatantvas

Pro_bmg P. aeruginosaCell Lysates. Qultures 6 mL_) ofP. loaded via syringe onto a 5 mL FF HisTrapcolumn (Amersham
aeruginosaPAO1 were grown at 37C overnight to exponential phase, Biosciences)The column was washedwith 100 mL of washbuffer

and the cells were harvested by centrifugation for 3 min at 13 000 rpm (sameasbinding buffer but containing60 mM imidazole)and eluted

(3500 g). The cells were washed with 250 of PBS buffer, pellete_d, with 30 mL of elution buffer (sameas binding buffer but containing

$50 mM imidazole). Purified enzyme was subsequentlydialyzed
overnightagainst4 L of PBS (pH 7.4) containing10% (w/v) glycerol,
andthe protein concentratiorof the resultingsolutionwas quantified
by a Bradford assayusing BSA asa standard.

then sonicated (4 15 s at 20% power, Fisher Scientific, model 500)
after which the cell debris was removed by centrifugation at 15 000
rpm for 60 min. A sample of the supernatant (A0 was treated with

a solution (10uL) of 1 (2.0 mM, final = 333 uM, 5.6 ug total) in

PBS and incubated at room temperature for 10 min. An aliquot of this _ .
mixture (44ul) was treated as described above for pure VcNagZ. Acknowledgment. EthanD. Goddard-Borgeis thankedfor

Cloning of P. aeruginosaNagZ. Genomic DNA fromP. aeruginosa thhnlcalaSS'StanceD"]'V' 'S, ?SChOIar.Of the MSFHR anda
PAO1 was used as the template for cloning. The PCR was accomplished! 1€" Il CanadeResearctChairin ChemicalGlycobiology.We
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