A\C\S

ARTICLES

Published on Web 12/23/2006

Analysis of PUGNAc and NAG-thiazoline as Transition State
Analogues for Human O-GIcNAcase: Mechanistic and
Structural Insights into Inhibitor Selectivity and
Transition State Poise
Garrett E. Whitworth,” Matthew S. Macauley,’ Keith A. Stubbs,*

Rebecca J. Dennis,* Edward J. Taylor,* Gideon J. Davies,* lan R. Greig,® and
David J. Vocadlo* T

Contribution from the Department of Chemistry, Simon Fraser.grsity, 8888 Uniersity

Drive, Burnaby, British Columbia, Canada V5A 1S6, York Structural Biology Laboratory,

Department of Chemistry, Umrsity of York, York Y010 5YW, U.K., and Department of
Chemistry, Undersity of Bath, Bath BA2 7AY, U.K.

Received August 7, 2006; E-mail: dvocadlo@sfu.ca

Abstract: O-GlcNAcase catalyzes the cleavage of 5-O-linked 2-acetamido-2-deoxy-S-p-glucopyranoside
(O-GIcNAc) from serine and threonine residues of post-translationally modified proteins. Two potent inhibitors
of this enzyme are O-(2-acetamido-2-deoxy-p-glucopyranosylidene)amino-N-phenylcarbamate (PUGNAC)
and 1,2-dideoxy-2'-methyl-o-p-glucopyranoso[2,1-d]-A2'-thiazoline (NAG-thiazoline). Derivatives of these
inhibitors differ in their selectivity for human O-GIcNAcase over the functionally related human lysosomal
B-hexosamindases, with PUGNAC derivatives showing modest selectivities and NAG-thiazoline derivatives
showing high selectivities. The molecular basis for this difference in selectivities is addressed as is how
well these inhibitors mimic the O-GlcNAcase-stabilized transition state (TS). Using a series of substrates,
ground state (GS) inhibitors, and transition state mimics having analogous structural variations, we describe
linear free energy relationships of log(Kw/kear) versus log(Kj) for PUGNAc and NAG-thiazoline. These
relationships suggest that PUGNAC is a poor transition state analogue, while NAG-thiazoline is revealed
as a transition state mimic. Comparative X-ray crystallographic analyses of enzyme—inhibitor complexes
reveal subtle molecular differences accounting for the differences in selectivities between these two inhibitors
and illustrate key molecular interactions. Computational modeling of species along the reaction coordinate,
as well as PUGNAc and NAG-thiazoline, provide insight into the features of NAG-thiazoline that resemble
the transition state and reveal where PUGNAC fails to capture significant binding energy. These studies
also point to late transition state poise for the O-GIcNAcase catalyzed reaction with significant nucleophilic
participation and little involvement of the leaving group. The potency of NAG-thiazoline, its transition state
mimicry, and its lack of traditional transition state-like design features suggest that potent rationally designed
glycosidase inhibitors can be developed that exploit variation in transition state poise.

Introduction

The development of rationally designed potent glycoside

hydrolase inhibitors has been a topic of continuing research for
Jeometry, will be potent competitive inhibitors stems from a

years and has more recently enjoyed a surge of interest due t
their increased uses as both research téaad as therapeutic
agents$~> Considerable efforts have been directed toward
preparing both potefit® and selectiv& 11 glycosidase inhibitors
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using transition state (TS) mimicry as a guiding design
principle’8 The expectation that stable molecules resembling
the enzyme catalyzed transition state, in either their charge or

proposal, made first by Paulidg, that enzymes catalyze
reactions by binding interactions realized preferentially with the
transition state rather than with ground state (&8Such tight
binding stabilizes these fleeting transition state structures and
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Figure 1. Catalytic mechanism used by O-GIcNAcase involves substrate-assisted catalysis. The first step of the reaction, cyclization, proceeds via attack
of the 2-acetamido carbonyl oxygen on the anomeric center to form a covalent bicyclic oxazoline intermediate. This step is facilitated bypmpolattieati
2-acetamido moiety by an enzymic carboxyl group most likely acting as a general base catalyst. Departure of the aglycone is facilitated bydgeneral aci
catalysis provided by another carboxyl group in the enzyme active site. In the second step, ring opening, the oxazoline intermediate is brokée open by
general base-catalyzed attack of a water molecule on the anomeric center and general acid catalysis facilitating departure of the amide gepsp. Both s

occur with inversion of stereochemistry at the anomeric center such that the overall reaction proceeds with net retention of stereochemistry.

thereby results in the enormous rate accelerations of up'fe 10
fold seen for the most proficient enzymésOn the basis of
this rate acceleration the theoretical limit for the dissociation

C-1 of the pyranose ring to mimic the geometric requirements
of the putative planar oxocarbenium ion-like transition state.
Second, nitrogen is often incorporated in place of C-1 or O-5

constant of a perfect transition state analogue can be estimatedo mimic the relative positive charge development at these

to be approximately 12 M.14 Of course, stable transition state

analogues necessarily vary from genuine transition state struc-

tures having partial bonds, and therefore it is impossible to
capture all the potentially available binding energy using a stable

centers within the transition state. Third, and less commonly,

conformationally constrained inhibitors are used that force the

pyranose ring to adopt a transition state-like conformat#n2>
Many inhibitors are defined as transition state analogues by

molecule. Despite this limitation, very potent transition state virtue of the principles used in their design and their superficial
analogues have been found for several different classes ofresemblance to predicted transition state structures. In only a

enzymesg?>16

very few cases have efforts been made to define whether these

For certain enzyme classes, extensive kinetic isotope effectmolecules are genuinely transition state analogues, simply
studies have been carried out that have enabled the definitionserendipitous binders, or actually ground state analogues. Here

of geometric and electrostatic features of the transition tdfe.
Such studies have led to the development of very tight binding
inhibitors that are now clinical drug candidatés-or glycosi-

we investigate the binding of two known potent inhibitors to

humanO-GIcNAcase; a family (for the classification of gly-
coside hydrolases see the CAZY database; http://afmb.cnrs-

dases, however, despite considerable synthetic efforts the verymrs.fr/CAZY) 84 glycoside hydrolase catalyzing the cleavage
best inhibitors rationally designed as transition state analoguesof O-linked 2-acetamido-2-deox§-pD-glucopyranoside @-

typically have no lower than nanomolar affinities$ Although

GIcNAc) from serine and threonine residues of post-transla-

highly detailed kinetic isotope effect studies of the glycoside tionally modified nuclear and cytoplasmic protedig? Our
hydrolases are lacking, a significant body of data has accruedobjective being to gain insight into the design of potent tran-

that provides limited insights into the general features of
transition states found for these enzyres.

Large and normal secondamyD kinetic isotope effect studies
suggest that these transition states have &hhgpridized
anomeric center with significant oxocarbenium ion-like char-
acter?122 A corollary of such presumed planar oxocarbenium
ion-like transition states is that the pyranose ring is expected to
assume a conformation in which the C-2, C-1, C-5, and O-5
atoms adopt a coplanar arrangen®@n8uch limited kinetic
isotope effects, in conjunction with Brgnsted analyses using
substrates having different leaving group abilities, have generally

sition state analogues as well as to evaluate Wh{2-acet-
amido-2-deoxyp-glucopyranosylidene)aminN-phenylcarb-
amate (PUGNAc, Figure 2la—g) based derivatives bearing
bulky N-acyl groups show weak selectivif?® for human
O-GIcNAcase over human lysosom&hexosaminidase, while
analogous derivatives of 1,2-dideoxi#ethyl-a-p-glucopy-
ranoso-[2,1d]-A2'-thiazoline (NAG-thiazoline, Figure 2,
2a—g) show high selectivitie8.

O-GIcNAcase uses a two-step catalytic mechanism involving
substrate-assisted catalysi$to form a transient oxazoline
intermediaté! (Figure 1) that is broken down to liberate the

suggested transition states in which the leaving group is largely free sugar hemiacetal and the protein. This overall catalytic

dissociated! Accordingly, the vast majority of rationally
designed glycosidase inhibitors exploit three principle design
feature 8 First, an sp-hybridized center is often installed at
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Figure 2. Series of inhibitors and substrates used to study transition state analogy of PUGNAc and NAG-thiazoline.

mechanism is common to glycosidases from families 18, 20, competitive inhibitor of both the family 2(-hexosamin-
56, and 84, all of which have evolved two strategically dase&"*°and the family 840-GIlcNAcaseg. This molecule has
positioned carboxyl residues located within the active site that an obvious geometric resemblance to the oxazoline intermediate,
play key catalytic roleg?=35> Aspl’ and Asp’® have been although it has been suggested it may bind tightly by virtue of
identified as the two key catalytic residues of hum@n its resemblance to a geometrically related transition state.
GlcNAcase®®381n the first step of the reaction, the cyclization Whether these two highly potent inhibitors GEGIcNAcase
step, Asp’* directs and polarizes the 2-acetamido group to act are truly transition state analogues, however, has yet to be
as a nucleophile and form the oxazoline intermedidtssp'™> determined.
meanwhile acts as a general acid, encouraging departure of the Using a combination of linear free energy analyses, compu-
aglycone leaving grouff. In the second step, ring-opening, tational modeling studies, and X-ray crystallographic analysis
Aspt’# facilitates departure of the 2-acetamido group, while of enzyme-inhibitor complexes, we evaluate whether these two
Asp'’®acts as a general base, promoting the attack of a moleculeinhibitors bind as transition state analogues, ground state
of water to yield theB-hemiacetal produé® The structure of analogues, or serendipitous binders. New insights into the
the two transition states flanking the oxazoline intermediate have structure of the transition state for teGIcNAcase catalyzed
been investigated through substrate struetfiaction studie%° hydrolysis of glycosides are gained and, by analogy, into those
anda-D kinetic isotope effectd! These studies have suggested of related enzymes using such a substrate-assisted catalytic
an “exploded” {1-like transition state in which both the leaving mechanism.
group and nucleophilic carbonyl oxygen of the acetamido group
are distant from the anomeric center. Similar proposals have
been made for the mechanistically related family/22Bexos- The successful application of the principles of enzymology
aminidase$’ The most common interpretation of the geometric to the design of transition state analogues can be gauged by the
and electrostatic structure of such transition states for enzymesincreasing numbers of potent, rationally designed, transition
using substrate-assisted catalysis is that the transition states arstate analogues. For many inhibitors few criteria, other than their
oxocarbenium ion-like with an $ghybridized anomeric center  potency, are used to define them as transition state analogues.
and delocalized positive charge between the endocyclic ring In many cases, the designation of transition state analogue may
oxygen and the anomeric cen&rz? be inadvertently misused to describe opportunistic inhibitors that

The two best characterized inhibitors GfGIcNAcase are  simply exploit favorable binding situations within enzyme active
PUGNAc and NAG-thiazoline. PUGNAc, first prepared by sites. In recent years there has only been limited progress in
Vasella and co-worke®, has been proposed to be a transition developing still more potent transition state analogues of
state analoguiby virtue of its sp-hybridized anomeric center  glycoside hydrolase inhibitors. Studies directed at clarifying
which is thought to have geometric resemblance to an oxocar-which inhibitors are transition state analogues, however, have
benium ion-like transition state (Figure 1). NAG-thiazoline, first proven value in improving our understanding of transition state
prepared by Knapp and co-workéfsjs a highly potent structures as well as in the iterative design of improved transition

- state analogues. We therefore have undertaken studies to define

e e o SIS md0s o 8090 50ga. - the mode of binding of two well-characterized inhibitors of

(33) Tews, |.; Perrakis, A.; Oppenheim, A.; Dauter, Z.; Wilson, K. S.; Vorgias, humanO-GIcNAcase: NAG-thiazoline and PUGNACc.
C. E.Nat. Struct. Biol.1996 3, 638-648.

Results and Discussion

(34) Mark, B. L.; Vocadlo, D. J.; Knapp, S.; Triggs-Raine, B. L.; Withers, S. Both NAG-thiazoline and PU_GNAC are potent inhibitors of

G.; James, M. NJ. Biol. Chem2001, 276 10336-10337. O-GIcNAcase (Table 1) and bind nearly 240 000-fold more
(35) Markovic-Housley, Z.; Miglierini, G.; Soldatova, L.; Rizkallah, P. J.; Muller, K . .

U.; Schirmer, T.Structure200Q 8, 1025-1035. tightly than the ground state inhibitor methyl 2-acetamido-2-
(36) I%%msazné_%ég’aterson, A. J.; Kudlow, J.Btochim. Biophys. Acta006 deoxyﬁ-D-gIucopyranosideﬂa (KI =11 mM, Table 1)_ Potent
(37) Vocadlo, D. J.; Withers, S. @iochemistry2005 44, 12809-12818. inhibition alone, however, is not a good measure of transition
(38) Beer, D.; Maloisel, J. L.; Rast, D. M.; Vasella, Welv. Chim. Actal99Q state analogy, and several other more rigorous approaches have

73,1918-1922. 41as ,
(39) Rao, F. V.; Dorfmueller, H. C.; Villa, F.; Allwood, M.; Eggleston, I. M.;  been advancet: Arguably, the most rigorous approach

van Aalten, D. M.EMBO J.2006 25, 1569-1578. ‘i i
(40) Knapp, S.; Vocadlo, D.; Gao, Z. N.; Kirk, B.; Lou, J. P.; Withers, SJG. to eStab“Shmg_ transition Sti_ite_ ?nalo_gy _has been to_ _use free
Am. Chem. Socl996 118 6804-6805. energy correlations between inhibitor binding and transition state
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Table 1. Kinetic Data Determined Using Human O-GIcNAcase for the Three Series of Inhibitors and the Series of Substrates

PUGNR GIeNR-THZ GIcNR O-Me MU-Glc NR

R group Ki (uM) selectivity (family (20/84)) Ki (uM) selectivity (family (20/84)) Kigs) (MM) KlKeat (MM min)
-CHjs 0.046 1 0.07 1 11 0.13
-CH,CHs 1.2 1 0.12 270 11 0.15
-(CHy).CH3s 2.5 11 0.25 1500 21 0.19
-(CH)3sCH3 40 6 15 3100 70 1.8
-(CH)4CH3 220 >5 57 100 205 1.8
-CH(CHg): 9 2 1.6 700 147 5.0
-CH,CH(CHg), 190 >6 5.7 190 224 110

stabilization!544 Using this method to distinguish whether an  Scheme 14
inhibitor is a transition state analogue, ground state analogue, °1 i °‘§ iiafiiy, OAc
or simply a fortuitous binder involves systematic modification H%&M — A% I AX%&&AR‘
of the inhibitor at one position and determining the resulting el on Bt B el

changes inK; values. Analogous structural changes are also 8 5 Zj Ejim’u
made within the substrate, atkeh/Km values are determined, l -
since this parameter informs on the structure of the first

transition state reached along the reaction coordinate. The — §RZICh. oH N oA
inverse logarithm of these values provides free energy terms ¢ Rz = (CHa);CHs “ﬁ;&\,m‘ <—Aﬁ%é&,om
that, when correlated to each other in a plot of Kgversus e, 22;58:338:; 03'2" 03'2"

!og KM/kcat,_ may yield one of several patter%%‘!“_v“The proper ; Eiigﬂfé'ﬂ%m)z R, Ry
interpretation of these linear free energy diagrams rests on g::g: g::f_*“‘gu ;gfgg E:stu

several practical assumptioffs(1) the chemical step having ) L y

. L I a(i) AcBr, heat; (i) pyridine, MeOH; (ib)(a) acetone, 4-MU, Na 4-MU;
the transition state mimicked by the inhibitors must be rate (b) KoCOs, E6O: (¢) HCI: (iif) RCOCI, EgN, DCM: (iv)(a) NaOMe, MeOH:
limiting for the reaction, (2) the intrinsic reactivity of the () 20:1 MeOH:acetic acid.
substrates must not significantly change as a result of the
modifications, and (3) variation of the substituent should not  For O-GIcNAcases, we know that thid-acyl group of the
affect binding to the enzyme of the unmodified regions of either sypstrate is critically involved in catalysis and must undergo
the substrate or inhibitor. Once these requirements are satisfiedconformational, electrostatic, and positional variation within the
a strong correlation with a slope of 1 reveals the inhibitor is a zctive site of the enzyme on proceeding from the ground state
transition state analogue. This interpretation stems from thetg the transition state3! We speculated that modifications of
expectation that changes made to a bona fide transition statehis group would report clearly on the transition state structure
analogue should evoke equivalent changes in the energy of thefgr these enzymes and that derivatives of PUGNAL gnd
actual transition state when introduced within the substfate. NAG-thiazoline @), both previously synthesized within our
Conversely, scattered plots having weak correlations suggestiaporatory, would be useful prob@38 The structural changes
the inhibitor is a poor transition state analogue or a fortuitous \ithin these inhibitors are small increases in the volume of the
binding inhibitor? Ground state mimics, on the other hand, are alkyl group of theN-acyl moiety and they give rise & values
best revealed by strong correlations having a slope of 1 betweenyarying by over five orders of magnitude when assayed against
log K; of the inhibitor and logKs values for binding of the  hymano-GIcNAcase (Table 138 Such a wide variation i,

substrate (log; for a ground state analogue or 169, for values is beneficial for establishing a meaningful correlation.
enzymes with a rapid equilibrium substrate binding step may wjith these molecules already in hand, we then prepared
also be used). (Scheme 1) the requisite series of substrates with analogous

It is noteworthy that in two closely related glycosidases from modifications to theN-acyl group and measured the second-
family 13, correlations of log, versus logKw/keathave yielded  order rate constants for humaGlcNAcase catalyzed hy-
slopes other than 1 and these have been interpreted in entirel)ﬁrmysis of these compounds (Table 1). Satisfying the first
different ways:*?® These two studies, however, have been requirement of the transition state analogy approach (vide supra),
carried out using enzymes in which mutations have been madeye have previously shown, using a combination of kinetic
at several different residues within their active sites. It therefore isotope effec® and a series of substrates bearing different
seems prudent to make systematic structural variations at only|eaving group$;®° that the second-order rate constant for
one site. The best approach, first described by the Bartlett sypstrates bearing the 4-methylumbelliferyl leaving group
group;® is to make a series afmallstructural perturbations to  reflects the first chemical step. The second requirement of this
the inhibitor atonesite since these are most likely to report in approach is fulfilled since the spontaneous hydrolysis rates of
a sensitive manner on changes in the differences between thehese substrates are indistinguishable within error. Due to
actual transition state and the putative transition state mimic. |imitations in the solubility of these substrates, however, we
(41) Rahil, J.; Pratt, R. FBiochemistry1994 33, 116-125. were unable to obtain reliablés or evenky values making
(42) Dale, M. P.; Ensley, H. E.; Kern, K.; Sastry, K. A.; Byers, L. D.  correlations withKs or Ky values impossible. A series of methyl

Biochemistry1985 24, 3530-3539. H H _
(43) Snider, M. J.; Wolfenden, RBiochemistry2001, 40, 11364-11371. glyCOSIdeS (Flgu,re 24a g) was therefore also prepared
(44) Mader, M. M.; Bartlett, P. AChem. Re. 1997, 97, 1281-1301. (Scheme 1) as simple ground state substrates and were tested
Ejgg Sartlett, P. Aﬁﬁ;ﬁjﬁg‘fg‘é@”gég"-%f{gsmemlg% 61, 3433-3438. as competitive inhibitors to obtain inhibition constants (Table
(47) Lienhard, G. ESciencel973 180, 149-154. 1) that are taken to be equivalent to true dissociation constants.
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100 logarithm of the inhibition constants (Id¢cs) for the ground
< 804 state inhibitors showed no clear correlation (Figure 4C). These
%‘ two patterns are very similar to those observed by Bartlett and
g 607 co-workerst>48which they used to show that phosphonamidates
2 40 are transition state analogues for the zinc peptidases. Together
s these data strongly support the proposed mechanism involving
2 20 - . ) _ _
- substrate-assisted catalysis from the acetamido group and re-
P i — veal NAG-thiazoline as a good transition state mimic for
2 0 2 4 6 8 10 O-GIcNAcase catalyzed glycoside hydrolysis.
1/[S] (mM)-1 Using this approach, it is possible only to comment on the
Figure 3. Inhibition of humanO-GlcNAcase using ground state substrate  transition state resemblance in regions where the inhibitor varies
methyl 2-acetamido-2-deoxj-glucopyranoside. Inhibition db-GIcNAcase in structure from the substrate. The specific structural features
catalyzed hydrolysis gbNP-GIcNAc by the methyl glycosidet§) shows bed by NAG-thi i th tire thi i -
a pattern of competitive inhibition. The concentrations4af(mM) used pro e_ y - _'azo ine encom_pass een .lre '?‘ZO Ine ring,
were 85.0 4), 42.5 @), 11.0 (0), 5.5 @), and 0.0 ©). including the position of all associated atoms including C-1 and

C-2 of the pyranose ring. Notably, C-1 of NAG-thiazoline is
an sp-hybridized carbon center rather than ai-bpbridized
center or basic nitrogen, features that are often assumed to be
essential features of transition state mimics for glycoside
hydrolases. The two best studied iminosugar inhibitors are the
isofagomine class, wherein C-1 is replaced with nitrogen and
the endocylic ring oxygen with a methylene unit, and the
nojirimycin class of inhibitors, wherein the endocylic ring
1 2 0 1 oxygen is replaced by a nitrogen atom. Both of these inhibitors
log K (O-Methyl) log Kw/Kcat have been proposed to be transition state mimics although more
recent experimental data suggest that, at least for some enzymes,
this is not the case. Indeed, in a crystallographic complex of
GalNAc-isofagomine bound to a family 26-hexosamindase
that uses substrate-assisted catalysis, it was observed that the
protonated nitrogen engaged in an adventitious electrostatic
interaction with the general acid/base catalytic residueor
nojirimycin, scattered linear free energy data was observed for
two relateda-glucosidases, suggesting that this inhibitor is an
. o 2 140 1 2 3 adventitious binder to the two enzymes studié®l.

log K; (O-Methyl) log Kulkeat For the series of PUGNAc derivatives a poor correlation (
Figure 4. Comparison of transition state analogy free energy diagrams — 0.73, Figure 4B) with a slope of 1.0¥ 0.29 was observed
for NAG-thiazoline and PUGNAc derivatives. (A, top lefty Comparison of in @ plot of log K, values of the inhibitor versus lofm/Kcat
PUGNAc series of inhibitors fa—g) K, with methyl glycoside series  values for the series of glycoside substrates. As well, a poor

(4a—q) K. (B, top right) Comparison of PUGNACc series of inhibitors ; ;
(la—g) K; with substrate 3a—g) Ku/kea: (C, bottom left) Comparison of correlation is observed between |<b’g] values and IOg('(GS)

thiazoline series of inhibitors26—g) K, with methyl glycoside series  Vvalues for the ground state inhibitors (Figure 4A). Accordingly,
(4a—g) K. (D, bottom right) Comparison of thiazoline series of inhibitors  the scatter within both of these correlations indicates that

(2a—g) Ki with substrate $a—g) Kw/keat incremental changes of tiacyl chain of the parent compound

) ) ) are not viewed in a similar manner within the active site of the
Testing parent_gly_cpadeas a representative member of these enzyme as the incremental elongation of Mecyl chain of
ground state inhibitors revealed, as expected, a pattern ofy,q s pstrate, indicating that PUGNAG is either a poor mimic
competitive inhibition (Figure 3) and validated their use as o he O.GIcNAcase-catalyzed transition state or simply a
ground state analogues binding within Be&GIcNAcase active fortuitous binder. Consistent with this interpretation, Bartlett

site. Together, these four sets of compounds allowed us 1055 jescribed scatter of the data as an indication that the inhibitor
delineate the nature of the inhibition of hum&GIcNAcase may not closely resemble the transition stite.
by NAG-th_mzohne and PUGNAc. ) o In the context of the traditional design principles used in
Correlations of lo values for the series of NAG-thiazoline e\ e|0ping transition state analogue inhibitors of glycosidases,
denva’uyes (Figure 2a—g) with the corresponding logarithm ;¢ apparent weak transition state analogy of PUGNACc is
of the inverse second-order raFe constaﬁm/kcat for the surprising. The trigonal anomeric center found within PUGNAc
O-GlcNAcase catalyzed hydrolysis of a series of 4-methylum- s gfen considered to be a vitally important feature, and many
belliferyl glycoside substrates (Figure3a—g) reveals astrong  sent inhibitors contain such a moiety. It is worth noting that

correfation (= 0.98) with a slope of 0.9% 0.06 (Figure 4D). N AG-thiazoline, which lacks all of the key design features of
This correlation indicates that the incremental differences in transition state analogues, is an equally potent inhibitor as

binding energy related to the elaboration of the thiazoline ring pGNAc. NAG-thiazoline may therefore mimic a transition
with aliphatic chains of increasing length are nearly identical
to those perturbations observed for the transition state of the (48) Phillips, M. A.; Kaplan, A. P.; Rutter, W. J.; Bartlett, P. Biochemistry
enzyme catalyzed hydrolysis of the substrates bearing analogous, o, 1992 31, 959-963.

X ; . Mark, B. L.; Vocadlo, D. J.; Zhao, D.; Knapp, S.; Withers, S. G.; James,
changes. Correlations of Idg values with the corresponding M. N. J Biol. Chem2001, 276, 4213}+-42137.
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state that is significantly different than the canonical oxocar-
benium ion-like transition state that is widely perceived to be
found along the reaction coordinate of glycoside hydrolases.
In view of this possibility we considered previous results in

this new context. The large secondamydeuterium kinetic

isotope effectsD-KIE) of 1.144- 0.02 measured previously

with humanO-GIcNAcase suggests that the enzyme stabilized
transition states have oxocarbenium ion-like character with
significant sg-character at the anomeric center. Interpreting this

Taft-like linear free energy analyses (l&g/Ky versuso®)
of the O-GIcNAcase catalyzed hydrolysis Nffluoroacetamido
glycosides have strongly implicated the acetamido group in
nucleophilic participation at the transition state of the rate
determining chemical sté{®! Furthermore, the linear free
energy analyses we describe here indicate that NAG-thiazoline
is a transition state analogue, an observation also consistent with
nucleophilic participation since the anomeric carbon and the
thiazoline sulfur atom are only 1.85 A apart from each other.

KIE as revealing a strict trigonal geometry at the anomeric center However, whether NAG-thiazoline geometrically resembles the
in the transition state is complicated, however, as underscoredtransition state along the reaction coordinate, some point along

by studies of known § reactions of the methoxymethyl model

system. Depending on the nature of the incoming nucleophile,

aD-KIE values traditionally held to be consistent with either
S\l (kn/kp = 1.18) or §i2 (ku/kp = 0.99) were observedd.
Further complicating matters is that equilibrium isotope binding

the reaction coordinate that is close to this saddle, or that the
enzyme catalyzed reaction iyB+ Ay with a short-lived, yet
discrete oxocarbenium ion, as has been suggestegitdatac-
tosidase by Richard and co-worké&®fsurrently remains untested

in any glycoside hydrolase.

effects have been observed in several cases where deuterium is Assuming the transition state resembles NAG-thiazoline, as

present at the anomeric centérAccordingly, in the absence

suggested by the free energy analyses, one can approximate the

of other supporting heavy atom isotope effects at the reactionbond orders to both the leaving group and nucleophile. By

center, interpreting the magnitude @D-KIE values at acetal

assuming the interatomic distance between C-1 and the carbonyl

centers is difficult and cannot be used to discern the extent of 0xygen in the transition state is 1.85 A (the length of the<C

nucleophilic participatiod? Therefore, it seems equally pos-
sible that theaD-KIE values determined may reflect a non-
planar transition state having greater nucleophilic participation

bond length within NAG-thiazoline), a Pauling bond order of
0.26 to the nucleophile can be calculated. The Brgnsted analyses
and theoD-KIE values previously measured for hum&n

and correspondingly less p-orbital character at the anomeric GIcNAcase suggest little involvement of the leaving group in

center.

Such differences in the extent of nucleophilic participation
and involvement of the leaving group have been well-
documented for thé\-ribosyl hydrolases and have developed
with the support of X-ray crystallographic analyses of enzyme
inhibitor complexes into the concept of transition state poise.

the transition state. On these bases and the crystallographic
analyses of theBacteroides thetaiotaomicron -GlcNAcase
homologue in complex with NAG-thiazoline, we estimate the
bond order to the leaving group is nearly 0 (0.01). In this
structure, a molecule of water sits approximately 2.8 A above
the anomeric carbon in a position that is expected to be occupied

The transition state poise is defined by the bond orders betweerby the glycosidic oxygen of the substrate within the Michaelis
the anomeric center and both the leaving group and nucleophile,cOmplex, and it is held in position by a hydrogen bond to the

which can vary significantly as a function of the position of

enzymic general base catalysfThese data, in combination with

C-1 along the reaction coordinate. In this context the glycoside Other studies of the glycosidase mechanism, suggest that human

hydrolases$? like the N-ribosyl hydrolases, appear to use an
electrophilic migration mechanisthfor which the reaction
coordinate diagram can be defined by the motion of the

O-GIcNAcase possesses an oxocarbenium ion-like transition
state which is significantly stabilized by nucleophilic participa-
tion of the 2-acetamido group. This nucleophilic participa-

anomeric center, nucleophile, and leaving group is significantly
less than 1. Within crystallographically visualized Michaelis
complexes oB-p-glycoside hydrolasé%55the anomeric carbon
typically adopts a positioabave the plane of the pyranose ring
with the exocyclic oxygen hydrogen bonding to the general acid
catalytic group. Within the newly formed intermediate, the
anomeric carbon is now positiondsklow the plane of the
pyranose ring bonded to the nucleophile. E»GIcNAcase,

this nucleophile is the carbonyl oxygen of the acetamido group.

hydrogen bonding with the amide nitrogen (A%bin human
O-GIcNAcase and As{f? in the B. thetaiotomicrons-glu-
cosaminidase), delocalizes excess positive charge away from
the C-1-0O-5 region of the pyranose and on into the oxazoline
ring. Such a dissociative transition state is consistent with the
previously described Taft analys®%kinetic isotope effectd!

and the free energy analyses we detail here. It is also reminiscent
of those determined empirically fdi-ribosyl transferases using

a DyAn mechanism but most likely involving slightly greater

The transition state must accordingly resemble a structure sittingnucleophilic participatior/->®

somewhere along this pathway defined by these two end points

To gain greater insight into the basis by which NAG-

and not necessar”y, as W|de|y believed, equidistant betweenthiazoline mimics the transition state whereas PUGNAc does

them as would be found for an oxocarbenium ion.

(50) Knier, B. L.; Jencks, W. RI. Am. Chem. S0d.980 102 6789-6798.

(51) Lewis, B. E.; Schramm, V. L. Am. Chem. So@003 125 4785-4798.

(52) Huang, X. C.; Tanaka, K. S. E.; Bennet, A.JJAm. Chem. Sod.997,
119 1114711154.

(53) Vocadlo, D. J.; Davies, G. J.; Laine, R.; Withers, SNature2001, 412,
835-838.

(54) Fedorov, A.; Shi, W.; Kicska, G.; Fedorov, E.; Tyler, P. C.; Furneaux, R.
H.; Hanson, J. C.; Gainsford, G. J.; Larese, J. Z.; Schramm, V. L.; Almo,
S. C.Biochemistry2001, 40, 853-860.

(55) Sulzenbacher, G.; Driguez, H.; Henrissat, B.; Schulein, M.; Davies, G. J.
Biochemistry1996 35, 15280-15287.
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not, we carried out crystallographic analyses of the selec-
tive O-GlcNAcase inhibitor, NButGT, complexed to a bac-
terial homologue of huma®-GlcNAcase. ThisB. thetaioto-
micron f-glucosaminidase is an excellent model of human

(56) Richard, J. P.; Huber, R. E.; Heo, C.; Amyes, T. L.; LinB&chemistry
1996 35, 12387-12401.

(57) Dennis, R. J.; Taylor, E. J.; Macauley, M. S.; Stubbs, K. A.; Turkenburg,
J. P.; Hart, S. J.; Black, G. N.; Vocadlo, D. J.; Davies, GNdt. Struct.
Mol. Biol. 2006 13, 365-371.

(58) Scheuring, J.; Berti, P. J.; Schramm, V.Biochemistryl998 37, 2748~
2758.
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Table 2. Data Collection and Refinement Statistics for the
Structure Solution of B. thetaiotaomicron GH84 O-GIcNAcase with

NButGT

BIGH84 with N-butylthiazoline

Data Collection

space group Cc2
cell dimens
ab,c(A) 185.1,51.7,172.8
o, B,y (deg) 90.0, 100.1, 90.0
wavelength 0.9930
resolution (A) 46-2.25 (2.33-2.25f
Rsym OF Rmerge 0.086 (0.47)
Io(l) 18 (3)
completeness (%) 99.9 (99.9)
redundancy 4.5 (4.4)
resolution (A) 2.25
no. of reflecns 77 267
RWork/Rfree 21/28
no. of atoms
protein 9500
ligand 32
waters 554
B-factors
protein 30
ligand/ion 19
water 30
RMS deviations . Lo
bond lengths (A) 0.023 Figure 5. _Structura}l analyses of the binding of NButGT BiGH84 and
bond angles (deg) 1.99 its comparison to binding of PUGNAc 6fGH84. (A) Observed electron

density for the NButGT along with its flanking residues. The map shown
is a Fops—Fcalc €lectron density map contoured at &and is shown in
divergent (“walleyed”) stereo. (B) Structural overlap of Bt&H84 NButGT
. . . complex (ligand, gray; protein, green) with the PUGNAc complex of the
O-GIcNAcase since it too processé3-GIcNAc modified Clostridium perfringensGH84 enzym# (yellow). The overlap was

proteins and also has striking sequence conservation whenohptipizeg using th?1 main-chain p&f;tﬁi? AatoAmS ?nly,én a Ifjé_ldius CéfAl5 1/_2}] of
compared (o the humab-GicNAGase. The siructure of the {1 01, b0 he rogram QUANTA (i, S ieoe, CA). T
B. thetaiotaomicronGH84 O-GIcNAcase, in complex with

NButGT was solved at a resolution of 2.25 A by molecular
replacement (Table 2). The structure crystallized €Raspace
group (see methods) in which two moleculesBt&H84 lie in

the asymmetric unit in the same orientation separated by a
translation-only vector of 0, 0, 0.5. TH®GH84 structure can

be traced from residue 4 of the mature protein through to residue
589, with two short breaks in molecule B from 51 to 53 and
from 455 to 456. The C-terminal “CBM32-likg8-sheet domain,
which was partially ordered in the original native structure
solution, is completely disordered in this crystal form and could
not be modeled. We compared the structure of this complex
with a previously determined structure of NAG-thiazoline bound
to the same enzyriéas well as to a complex of PUGNAc
bound within the active site of &lostridium perfringens
homologué®>® of O-GIcNAcase. Gratifyingly, NButGT and
NAG-thiazoline bind identically within the active site, and the
pyranose ring of the inhibitors within both complexes can be
overlaid exactly (data not shown). We find the only difference
between the two structures is where electron density corre-
sponding to the alkyl chain of NButGT extends into an active
site pocket (Figure 5A) that has been previously predicted to
accommodate such bulkier group®. The confirmation of
identical binding modes for the parent inhibitor and NButG
is important in the context of the transition state analogy studies
described here since it satisfies the third implicit assumption of
the approach that analogous inhibitors bind in the same
orientation.

a Highest-resolution shell is shown in parentheses.

It has been noted previously by us that derivatives of
PUGNACc having bulkyN-acyl groups show weak selectivity
toward humarD-GlcNAcase over humaf-hexosaminidase®;2°
while the analogous NAG-thiazoline derivatives show high
selectivities® In an effort to better understand the molecular
basis for these differences in selectivity, we decided to compare
the binding modes of NButGT and PUGNAC by overlaying the
structures of these two inhibitors bound to ®eGIcNAcase
homologues (Figure 5B). The molecular basis for this discrep-
ancy in selectivity must stem from structural differences between
these molecules and how they interact with the active site of
humanO-GIcNAcase.

There are several obvious structural differences between
NAG-thiazoline and PUGNAc. The first, and most obvious
difference is that PUGNAc bears a phenyl carbamate moiety
which is absent in NAG-thiazoline. This substituent extends out
from the active site and engages in several interactions that are
not found for NAG-thiazoline. The exocyclic oxime nitrogen
of PUGNAC hydrogen bonds with the general acid/base catalytic
group (Aspg”>within humanO-GlcNAcasé&® and Aspg*3within
the B. thetaiotaomicrons-glucosaminidasé), and the phenyl
T 9group of PUGNACc also engages in several hydrophobic and
stacking interactions with residues in the aglycon binding site.
It is interesting to note thall-acetylglucosamino-1,5-lactone
oxime (LOGNAC), which lacks the phenyl carbamate group of
PUGNAC, binds 30-fold more pooH§than PUGNACc, providing
an indication of the importance of these serendipitous inter-
actions. A second structural difference between the two inhibi-
tors is that the hybridization at the anomeric center varies. This

(59) Ficko-Blean, E.; Boraston, A. Bicta Crystallogr., Sect. F: Struct. Biol.
Cryst. Commun2005 61, 834—836.
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variation has an impact on the preferred conformation of the
pyranose ring; for PUGNAc the pyranose ring adoptéEa
conformation enforced, in part, by the?dpybridized anomeric
center, whereas NBuUtGT sits in 4C; chair that is slightly
distorted toward théE conformation due to the rigidity of the G
thiazoline ring. The structural consequence of these variations
is that the substituents of the pyranose ring, particularly the
3-and 4-hydroxyl groups, adopt subtly different orientations.
Such apparently minor differences in the position of both ring
and substituent atoms can have pronounced effects on both van
der Waals interactions and hydrogen bonds. A third obvious
structural difference is that thN-acyl group of PUGNAC is
free, while NAG-thiazoline’s orientation is locked. This differ-
ence also results in important variations in thi€, pf the
protonated nitrogen at the 2-position of the pyranose ring that
will be discussed in greater detail in context of the computational
studies (vide infra). The thiazoline ring is nestled between two
tryptophan residues which presumably serve to accurately
position the acetamido group of the substrate and stabilize the
positive charge that develops at the transition state during
formation of the oxazoline ring. Not only does the thiazoline
ring engage in stacking interactions with these residues, but it
also orients the alkyl substituent of the inhibitors. As seen in
the structural comparison, (Figure 5), the alkyl substituent of
NButGT is pointing directly down the active site cavity, whereas
the N-acetamido group of PUGNAC is pointed at a slightly
different angle. Consistent with this structural view, human | PUGNAc Il NAG-Thiazoline
O-GIcNAcase is better able to cope with elongation of the Figure 6. Simplified reaction coordinate for hum&hGlcNAcase-catalyzed
aliphatic chain of NAG-thiazoline derivatives as compared to /-glucosaminide hydrolysis showing the MEPs for PUGNAc-analogue
L (modeled with methyl rather than phenyl) and NAG-thiazolitheas
analogous derivatives of PUGNAc (Table 1). Because van der well as ground statéll , transition state modelV, and oxazolineV.
Waals forces are powerfully distance-dependent, this apparentlyNAG-thiazolinell is shown to share structural and electrostatic properties
small difference may account for the Signiﬁcant differences in of both transition state mod#® and oxazolindV . PUGNAc-anangue is

. A shown to share significant electrostatic properties with ground state
selectivity observed by us between the derivatives of these tWOIII , although it does display some transition state-like conformational

families of inhibitors. properties. MEPs (which all share a common scale) are shown projected
These crystallographic analyses primarily furnish details of onto the 0.04 electronstAsodensity surface. Stick models of the calculated

the fric feat diafi int ti in th structures used to generate the MEPs are provided in the Supporting

the geometric features mediating interactions in the enzyme  |yrormation.

inhibitor complexes but do not provide great insight into

transition state structure nor the electrostatic features of the o o

inhibitors and reaction coordinate species. We therefore reasoned®@sonable qualitative, though not quantitatively accurate,

that further insight into the potency, transition state analogy, description of the reaction coordinate.

and selectivity of both NAG-thiazoline- and PUGNAc-derived ~ A comparison of our transition state modif and the

compounds toward humad-GlcNAcase could be gained from oxazolineV demonstrates that-60 bond extension is associ-

a comparison of their molecular electrostatic potential surfaces ated with both increased planarity about the anomeric carbon

(MEPs) with that of the enzyme-bound intermediate or, better CENtr as well as a contraction of the endocyclic-G5 bond.

still, the enzymic transition state. Work by the Schramm group The most striking d|ﬁerenc§e betweep oxazohhan(.j'transmon

has shown that the similarity of transition states and inhibitors state modelV, howev_er, is the build-up of positive charge, .
may be probed qualitatively and quantitatively using MEPs. not only at_ the anomeric carbon cen_ter but also on the anomeric
Accordingly, we modeled both inhibitors, PUGNAc-analogue proton. This redistribution of charge is much more apparenF thgn
| and NAG-Thiazolindl , as well as three species found along other changes centered about, for example, the endocyclic ring

the reaction coordinate for the cyclization step (Figure 6C, oxygen or within the oxazoline ring.

. i . . To afford a careful evaluation of this difference, we verified
bottom structures in color): an intact methyl glycoside ground that this chanae in the MEP at the anomeric center was
statelll , the transition statév/ we predict on the basis of the 9

TS analogy studies featuring a distorted oxazoline in which the !ndependent of the protonation state of oxazolifby calculat-

- . ing similar MEPs for the associated oxazolinium ion, thiazo-
C-1 carbonyl oxygen bond distance was constrained to th® C 9
bond distance within NAG-thiazolirf,and last the oxazoline  (61) Using a different distance constraint for the model involving the distance
intermediateV (Figure 6C, bottom structures in color). It is from the anomeric center to thé-@arbon of the thiazoline ring leads to an
X X . even tighter TS model with respect to the distance between the anomeric
important to note that these species are expected to provide a  center and the nucleophilic oxygen atom. This constraint allows the bond
between the "2carbon and the nucleophilic oxygen bond to flex with the
result that within the model it adopts a length greater than that found within
(60) Bagdassarian, C. K.; Schramm, V. L.; Schwartz, SJ.DAm. Chem. Soc. the model of the oxazoline intermediate; a result that is inconsistent with

1996 118 8825-8836. the bond having an order between 1 and 2.

Oxazoline
Intermediate

Michaelis Complex
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linium ion, and oxazolinium ion-based transition state model potential observed in oxazolin®, thiazoline Il, and the

(in which the anomeric €0 bond length of the oxazolinium  transition state analogu¥ . In this respect PUGNAc-analogue
ion was constrained to that found in the thiazolinium ion). These | is significantly more substrate-like (structute). The marked
MEPs may be found in the Supporting Information. A com- changes in charge at this center along the reaction coor-
parison of MEPs for the oxazolinium ion and the oxazolinium dinate are likely to be a significant target felectie transition
ion-based transition state model showed similarly significant state stabilization by huma@®-GIlcNAcase, so any failure to
changes in charge distribution on the anomeric carbon andmimic transition state charge at this center is likely to hinder
hydrogen atoms (with an increase in positive character in the the ability of PUGNAc and derivatives to act as transition state

transition state model). analogues.

An analysis of the structure and MEP of thiazoliheeveals Another notable difference between NAG-thiazoline and
that it mimics some aspects of oxazolWevhile in other aspects PUGNACc is that the polarizing residue (Adpin human
it more closely resembles the transition state mdifel The O-GlcNAcasé® and Asp*? in the B. thetaiotaomicrons-glu-
hexopyranose ring conformations of oxazolgthiazolinell , cosaminidas®) is likely to engage in a much stronger interaction

and transition state modBY are all subtly different. The model ~ with oxazolinelV and thiazolindl as compared to PUGNAc-
used for the reactivity of many glycosidases is one in which analogud. As noted previously? the K; of the nitrogen atom
electrophilic migration of the anomeric carbon center enforces Will change during the cyclization step from around 15, for an
a conformational itinerary following thtSs—4Hs;—4C; path from amide proton, to a lg, of about 5.5, the value found for
Michaelis complex to enzyme-bound intermediate (Figure 6A). the 2-methylA%-oxazolinium ion?? The pH-rate profile
A comparison of our optimized structures indicates that, whereas (I0g(Ku/kea) vs pH) for the hydrolysis of-nitrophenyl3-N-
the pyranose ring of transition state moti¢lis best described  acetylglucosaminide allows us to assign a macroscdfivalue
as a*Hs conformation and that of NAG-thiazoline as adopting of approximately 5.0 to As§%3° The K, of Asp'’4, therefore,
a“C, conformation, oxazolin is best described as adopting much more closely matches those of the conjugate acids of
a “Hs conformation. This conformation is a result of G-3 thiazolinell and oxazolindV than that of PUGNAc-analogue
C-2—C-1-0-5 coplanarity favored by formation of the five- |. Because hydrogen bonds between residues with closely
membered oxazoline ring which induces strain in the pyranose matched K, values are stronger than those between residues
ring. Although the precise conformational itinerary traveled Whose K, values differ greatly, we may reasonably expect
along the reaction coordinate is uncertain, it seems likely that thiazoline-derived inhibitors to more tightly bind to Apthan
the less strainefC, conformation of thiazolinél lies confor- PUGNAc-derived inhibitors. From the perspective of ASp
mationally closer to our transition state model. binding, thiazoline-derived analogues will therefore be better
Although NAG-thiazolinell bears a significant geometric transition state analogues than PUGNAc-derived inhibitors,
resemblance to transition state motié| a comparison of the which possess greater ground state character in this particular

MEPs for the three species under consideration reveal some/nteraction.
subtle differences. The larger van der Waals radius of sulfur
compared to oxygen is readily apparent when the MEPs are
visualized. The potential surrounding the sulfur atom is also  Using three approaches, including linear free energy correla-
appreciably less negative than that surrounding the oxygen atomtions, X-ray crystallographic analyses, and computational
of either oxazolind/ or transition state modé&¥/ . Furthermore, modeling, we find that NAG-thiazoline is a TS analogue for
the potential distribution around the anomeric carbon and the human O-GIcNAcase catalyzed hydrolysis gf-glu-
hydrogen atoms of thiazoliné most closely resembles that of cosaminides while PUGNACc is either a poor TS analogue or a
oxazolineV when compared to that of transition state model serendipitous binding inhibitor. These observations are surprising
V. in view of the conventional approaches used in the design of
The structural properties of thiazolitleand its MEP indicate TS analogues of glycoside hydrolases. Specifically, PUGNAc,
that it is likely to be a reasonable mimic of a species that lies Which incorporates a traditional transition state design feature,
on the reaction coordinate between the region of the enzymic an sp-hybridized anomeric center, is a poor TS mimic. NAG-
transition state and the enzyme-bound intermediate. PUGNAc- thiazoline, which has an $ybridized anomeric center, is a
analogud, in contrast, displays a number of markedly different good TS analogue even though such a geometry is not
structural and electrostatic characteristics from oxazalirand considered TS-like. It may appear counterintuitive that NAG-
the transition state modelV. The hexopyranose ring of thiazoline, given the tetrahedral geometry of its anomeric center,
PUGNAc-analogué adopts #E conformation and, as such, is  should resemble the transition state for the hydrolysis of an
a marginally good mimic of the conformation of transition state acetal since these transition states are widely perceived as

modellV . In a number of critical respects, however, PUGNAc- dissociative with significant oxocarbenium ion-like character.
analogud is an unsatisfactory mimic of either the oxazolvie It seems more obvious that NAG-thiazoline may resemble the

or its preceding transition state. PUGNAc-analoguails to oxazoline structure found further along the reaction coordinate

Capture any Signiﬁcant bonding between Myacetamido moiety and be more of a mimic of a high-energy oxazoline intermediate.
and the anomeric carbon center: as indicated previously, thisHowever, the &S bond length of the thiazoline (1.86 A) is
interaction is a critical component of the reaction pathway at considerably longer than the 4© bond length (1.45 A)
the transition stat& More critically, the MEP of PUGNAc-  expected for the corresponding oxazoline. This longer bond
analoguel indicates that there is significantly more negative

potential in the region of the anomeric carbon atom. This Eggg E‘r’;ﬁ{é’%_Fjj_%’;l_”b'j};s't\'él?l %ﬁf‘gg{déi&"gfg‘gg’f’a 182, 927.
negative potential is in striking contrast with the more positive (64) Esnouf, R. M.J. Mol. Graphics Modell1997, 15, 132-134.

Conclusion
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inhibitors. These collective results, in combination with earlier

kinetics studies, also suggest late transition state poise for thisinjll;giaont'ggslgf%:ntztelog ﬁ:ﬁg:ibslif Cglrlnexopuerlmen;il d(iztiuls,
electrophilic migration mechanism with significant nucleophilic 9 y P 9 g

participation and essentially no involvement of the leaving as well as their structural proofs, enzyme assays, crystallographic
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