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Glycoside hydrolases (hereafter glycosidases) are enormously 120 I . , T , . 12

efficientt enzymes that play a wide range of biological roles. - acidibase .
. A . pK, 6.9-7.3 2
Consequently, much interest has been expressed in the design, _ 100 nucleophile ! PK,~8.6 ] 10
synthesis, and testing of potent inhibitors. Of particular importance ‘"2 pK, ~4.7 T .
are the tautomeric and protonation states of putative transition-state ‘g 80 - 18 %
mimics and the surrounding enzyme, not only to inform strategies 7 60 i 6 %
for therapeutic intervention but also to report on the nature of the ‘E’ ~
transition state itself. Imino sugars are some of the most powerful § 40 4 ¥
inhibitors of glycosidase action, yet their degree, if any, of i -
transition-state “mimicry” and their protonation state when bound = 20 2
to the target glycosidases remains uncfelaurthermore, much of
the published work assumes binding as the protonated form, but 0 0
this has not been demonstrated directly. 4 6 8 10
pH
OH HO OH
HO&\ HO &\ Figure 1. pH dependence df.a/Kwm for Cel5A from Bacillus agarad-
HO NH H+0 ) I?O NH haereng©) and 1K; for compound? (®). Calculated K, values and their
OH . putative origins are indicated.
1 2,n=1; 3,n=2; 4,n=3

Here we present a detailed analysis of the inhibition of the
endocellulase Cel5A fromBacillus agaradhaerenby a series of
oligosaccharide glycosidase inhibitora—4),% derived from the
parent isofagominelj. The 1.0 A resolution three-dimensional (3-
D) structure of Cel5A in complex witl2 reveals that the imino
sugar is protonated within the active site. Assignment of the
protonation state of the catalytic apparatus in conjunction with the
pH dependence df; andk../Ky suggests that both the enzymatic
nucleophile and the acid/base are unprotonated.

Cel5A is an endocellulase classified in “family GH5” of the
CAZy classificatior* Catalysis occurs with net retention of
anomeric configuratiohyia a covalent glycosyl enzyme intermedi-

Compoundsl—4 are competitive inhibitors of Cel5A witl;
values, determined at the pH optimum for catalysis, ofi&56(1),
700 nM @), 5 nM (3), and 400 nM 4).8° The pH dependence of
1/K; for 2 gives acidic and basic limbs withkp values of 6.9 and
8.6, respectively. The loss of binding at acidic pH most likely
reflects titration of the acid/base, while the alkaline loss reflects
titration of the isofagomine moiety K ~ 8.4%0). On its own, the
pH profile does not allow determination of the protonation state of
the inhibitor since it is consistent both with binding of protonated
inhibitor to an enzyme species in which both acid/base and
nucleophile are deprotonated (tH+ E) and with the binding of
unprotonated inhibitor to a protonated catalytic apparattsEH).

The 3-D structure of Cel5A in complex withwas determined

ate, with Glu228 acting as the nucleophile and Glu139 as the acid/at 1.05 A resolution K; 2 = 6.5 uM at pH 5)!* Following

base® The enzyme has a pH optimum of 6.0 (Figure 1) with acidic
and basic limbs of i§; 4.7 and 7.3, which most likely reflect titration

of the catalytic nucleophile and acid/base, respectively. Crystals

that diffract to 1.0 A resolution are obtained at pH 5 where the
enzyme retains approximately 75% activity, the loss reflecting
partial protonation of the catalytic nucleophile. Indeed, previous

atomic resolution analysis of snapshots along the reaction coordi-

nat€ confirms (partial) protonation of the nucleophile at low pH

maximum-likelihood refinementqps — Fcalc “difference” electron
density unambiguously reveals the position of all carbohydrate-
associated hydrogen atoms. Compo@riands in the—2 and—1
subsites, with the isofagomine moiety in the catalytit subsité?

as expected (Figure 2). Both glucose and isofagomine moieties lie
in undistorted*C, (chair) conformations. Of most importance is
the unambiguous observation ti2dbinds to Cel5A as a protonated
species (Figure 2), consistent with the pH dependence<ef The

as reflected in the carboxylate CE-OE1 and CE-OE2 bond distancesOE?2 carboxylate oxygen of the nucleophile Glu228 lies 2.58 A

of 1.24 and 1.32 A, respectively.
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from the N1 of2, consistent with a close Coulombic interaction
between the protonated isofagomine and negatively charged nu-
cleophile (Figure 3). Electron density and geometrically unrestrained
refinement reveal that the acid/base is likewise ionized, reflected
in identical 1.26 A G-O bond-lengths, and also forms a Coulombic

10.1021/ja034917k CCC: $25.00 © 2003 American Chemical Society
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The observed complex of protonat2ctould be interpreted as
reflecting the charge distribution that occurs in the Cel5A transition
state where the nucleophile and acid/base acquire partial negative
charge and the substrate becomes oxocarbeniumélikéeakly
basic analogues df such as oxazine or 1-azafagomine, that would
be expected to have more complementary pH profiles, are in fact
weaker inhibitors of3-glucosidases thah.!” Yet the observation

I I that the tightest binding is to an inactive enzyme species, which

Glu228 Glu228 cannot, by definition, bind the transition state, casts doubt on any

Figure 2. Observed electron density for inhibit@in complex with Cel5A interpretation based upon mlmlcry. DISIIO_I’tIOI‘l of the isofagomine

(only —1 site shown). Bops — Feao 0tcalc density at 2.2 eA3 in blue and toward an oxocarbenium-like half chair is not observed. Indeed,
Fobs — Fealc 0carc “difference” density at 0.1 eA3in red. The two hydrogen both the position andC; conformation more closely resemble the

atoms visible at N1 are shown in purple. covalent intermediat® while the close association of the catalytic
acid/base with N1 also hints that the potency of binding is partly
)/A\Ia1234 fortuitous. The K, of 2 is not matched to those of the catalytic
apparatug?® thus, the pH dependence kf,/Ky and 1K; do not
% H correspond, placin@ at odds with a criterion proposed for a
," d\ transition-state analoguésWe believe that addressing such issues
20A in future inhibitor design should not only produce more powerful
OH OH %BA H/O @ inhibitors at catalytically relevant pH values but also allow targeting
HSWOH’/O nH 3.1A o Tyr202 of specificity through &, matching.
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