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Chitinases (EC 3.2.1.14; glycosidase families GH 18 and
19)[1] are widely distributed enzymes that hydrolyze the
glycosidic linkage of the repeating b-1,4-linked N-acetyl-
glucosamine-containing polymer chitin. Inhibitors of chiti-
nases have a number of potential applications, including use
as insecticides and fungicides,[2] the prevention of human-
malaria-parasite transmission,[3] and the treatment of
human asthma[4] as well as the sexually transmitted disease
human trichomoniasis.[5] Known chitinase inhibitors
include cyclic dipeptides,[6] cyclopentapeptides,[7] pseudo-
sugars, such as glycosylamides,[8] a chitobionoxime,[9] and
allosamidin (1, and its analogues).[10] Allosamidin (1) is the
most potent broad-spectrum inhibitor of chitinases (Ki =

1 nm–1 mm); however, it remains very difficult to synthesize
in useful quantities.[10]

The generally accepted mechanism of action of the
retaining chitinases of family 18 involves neighboring-
group participation with the formation of an oxazolinium
intermediate within the �1 subsite (Scheme 1a).[11] Indeed,
the powerful inhibitory effect of 1 (Scheme 1b) is ascribed
to the (protonated) cyclic-urea moiety, which resembles the
oxazolinium-ion intermediate. The N-acetyl-b-hexosamini-
dases from GH 20 and 84 are exo-acting hydrolases that
share the same substrate-assisted mechanism[12] but cleave a
single sugar at a time. The N-acetylglucosamine thiazoline 2
was designed as a stable mimic of the oxazolinium inter-
mediate and/or closely related transition states, and was
shown to be a potent, competitive inhibitor of enzymes from
these families.[12]

In keeping with their endoglucosaminidase activity, chi-
tinases are not significantly inhibited by the monosaccharide
thiazoline 2. However, it seemed logical that chitobiose or
chitotriose thiazolines (e.g. 3 and 4) might well function as
good inhibitors, as observed analogously in the inhibition of
the N-glycoprotein-degrading endo-N-acetylglucosaminidase
endo-A.[13] A major concern with the use of oligosaccharide-
derived inhibitors as biological probes is degradation by exo-
and endohexosaminidases. This problem is obviated in
allosamidin by the attachment of allo-configured HexNAc
residues that are not cleaved by exohexosaminidases and yet
do not deleteriously affect chitinase binding. Herein we
describe efficient and scaleable syntheses of 3 and 4, as well as
their thioamide analogues, 9 and 10, which we show to be
metabolically stable. Kinetic and X-ray crystallographic
analysis of their binding to the model enzyme chitinase A
(ChiA) from Serratia marcescens (ATCC 990) confirmed that
these compounds are potent inhibitors and provided struc-
tural insight into their high affinities and the toleration of
thioamide groups.

The synthesis of the di- and trisaccharide thiazolines 3 and
4 started with octaacetylchitobiose (5) and undecaacetylchi-
totriose (6), respectively (Scheme 2). Both 5 and 6 are
commercially available; they can also be synthesized from
the naturally abundant polymer chitin by chemical[14] (ace-
tolysis reaction) or chemoenzymatic methods[14d, 15] (enzy-
matic hydrolysis followed by conventional acetylation). The

Scheme 1. a) Mechanism of chitin hydrolysis by family-18 chitinases.
R = b-1,4-linked N-acetylglucosamine residue(s). b) Structures of allosami-
din (1) and the N-acetylglucosamine thiazoline 2.
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anomeric configurations of the a-acetoxy groups of 5 and 6
were inverted to give the corresponding b anomers by initial
treatment with HCl and AcOH to give the anomeric
chlorides, followed by treatment with AgOAc in AcOH.
Next, treatment with the Lawesson reagent effected both the
conversion of the amides into thioamides as well as intra-
molecular displacement of the anomeric b-acetoxy group by
the sulfur atom of the adjacent thioamide to afford thiazolines
7 and 8 in 71 and 43% yield, respectively (3 steps from
compounds 5 and 6). Portions of each of the per-O-acetylated
thiazolines 7 and 8 were deacetylated to give two additional
chitinase inhibitors: the chitobiose thiazoline thioamide 9
(89 % yield) and chitotriose thiazoline dithioamide 10 (80%
yield). To reach 3 and 4, we first converted the thioamides 7
and 8 into the diacetylimides 11 and 12 with silver acetate in
dichloromethane[16] (in 81 and 60% yield, respectively)
without damage to the thiazoline moiety. Finally, imides 11
and 12 were O-deacylated and mono-N-deacylated by using
sodium methoxide in methanol to give the targets analogous
to 2 : the chitobiose thiazoline derivative 3 (69% yield) and
the chitotriose thiazoline derivative 4 (78% yield).

Inhibitor 3 was also synthesized by a more protracted
route comprising the coupling of 3-O-acetyl-6-O-benzoyl-
GlcNAc thiazoline with N-trichloroacetyl-protected, per-O-
acetyl-protected glucosamine trichloroacetimidate, followed
by deprotection, as described in detail in the Supporting
Information. This latter route offers flexibility for the attach-
ment of modified sugar moieties; however, it is less efficient
than the chemoenzymatic route for the synthesis of the parent
compound and would be challenging for longer congeners.

Kinetic analysis of the inhibition of chitinase A from
S. marcescens was carried out with 4-nitrophenyl-N,N’-diace-
tyl-b-chitobioside as the substrate. To a certain extent, this
enzyme exhibits non-Michaelian kinetic behavior, with acti-
vation at low substrate concentrations and substrate inhib-
ition at high concentrations.[17] The substrate concentrations,
[S], chosen for the inhibition studies (25–150 mm) were in a
region of the v/[S] curve in which the effects of allosteric
behavior and substrate inhibition are minimal.

Given the ambiguities in the literature concerning the pH
dependence of ChiA, a pH profile of kcat/KM was first
determined by the substrate-depletion method, which yielded
a classic bell-shaped curve defined by pKa values of 7.9 and
4.7 and an optimum enzyme activity at pH 6.2 (see Figure 1 in
the Supporting Information). All subsequent inhibition
studies were performed at this pH value. Well-behaved
competitive inhibition was observed in all cases (as exempli-
fied for 3 in Figure 2 in the Supporting Information). Ki values
determined in this way are presented in Table 1. The

monosaccharide version, GlcNAc thiazoline 2, is a very
poor inhibitor of ChiA, with Ki> 1 mm (results not shown).
However, the addition of one GlcNAc residue, as in 3,
improved binding at least 40-fold, and the second GlcNAc
residue provided a further 100-fold increase in affinity to
bring down the Ki value for the pseudotrisaccharide 4 well
below that measured for the inhibition of ChiA by allosami-
din (Ki = 0.6 mm). This result stands in contrast to the recent
report that a disaccharide thiazoline with an interresidue
sulfur linkage was not a significant inhibitor of ChiA; the lack
of inhibition observed in that study is presumably due to a
different geometry imposed by the thioglycosidic linkage.[18]

Importantly, the presence of thioamides rather than amides as
the C2 substituents in the appended GlcNAc moieties had no
deleterious effect upon binding, as seen in the Ki values for 9
and 10. There is, however, a spectacular effect on degradation
by exohexosaminidases: no degradation of 10 was observed
upon extended incubation with high concentrations of the
Streptomyces plicatus hexosaminidase.

To gain structural insight into the source of the huge
affinity increases found upon inhibitor homologation, as well
as to illuminate the reason for the lack of discrimination
against the thioamides, we solved the structures of complexes
of S. marcescens Chi18A (SmChi18A) at resolutions from 2.4
to 1.9 � (see Table 1 in the Supporting Information). Electron
density was clear and unambiguous for all four ligands
(Figure 1). We found that both “disaccharide” thiazolines
bind in the �2 and �1 subsites, as expected. In the case of the
trisaccharide thiazolines, in both their amide and thioamide

Scheme 2. Synthesis of chitobiose and chitotriose thiazolines 3 and 4
and their thioamide analogues 9 and 10. a) HCl, AcOH; b) AgOAc,
AcOH; c) Lawesson reagent, Cl(CH2)2Cl.

Table 1: Ki values for the inhibition of chitinase Chi18A from S. marces-
cens by chitothiazolines.

Chitothiazoline inhibitor Ki [mm]

chitobiose thiazoline 3 25
chitobiose thiazoline thioamide 9 30
chitotriose thiazoline 4 0.25
chitotriose thiazoline dithioamide 10 0.15
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forms, one molecule binds in the �3 to �1 subsites (as
expected), and a second molecule bind in the “leaving-group
subsites” + 1 and + 2 (with the third moiety of the ligand
disordered in solvent; see Figure 3 in the Supporting Infor-
mation). The electron density was unambiguous in the
assignment of the pyranoside ring of the thiazoline as a 4C1

chair conformation as observed previously for hexosamini-
dase/thiazoline complexes on families GH 20,[19] 84,[20] and
85.[21] The complexes with 3, 4, 9, and 10 enabled mapping of
all the enzyme–substrate interactions within the �3 to + 2
subsites, which are known to be the kinetically productive
subsites of SmChi18A (Scheme 3). Notable is the double
occupancy of Asp313, the residue that stabilizes the oxazo-
linium-ion intermediate through electrostatic and hydrogen-
bonding effects, as recently shown for the Streptomyces
plicatus hexosaminidase by computation.[22] Dual occupancy
in this case may reflect different protonation states of the
carboxylic acid moiety.

The chitobiose and chitotriose thiazolines, particularly in
their thioamide forms, are potent new mechanism-based
hexosaminidase inhibitors that should therefore exhibit
broad-spectrum inhibitory effects on chitinases. The synthesis
of these inhibitors, especially in their thioamide forms, is
practical and readily scaleable. The stability of the thioamide
derivatives towards degradation by exohexosaminidases is
particularly noteworthy. As has been shown previously,[12] the
presence of thioamide groups dramatically slows enzyme-
catalyzed cleavage. Furthermore, the potent GlcNAc thiazo-
line inhibitor 2 is produced directly upon cleavage; thus,
further degradation is minimized. This design for enzymatic
stability is simpler for the synthetic chemist than incorpo-
ration of the N-acetylallosamine residues of 1. Indeed, the
thioamide is key to the formation of the thiazoline moiety
itself. These properties, along with the demonstrated bio-
availability of sugar thiazolines,[23] make these compounds
particularly effective reagents for the probing or modulation
of chitinase activity in biological systems.

Experimental Section
Details of all synthetic steps and product characterization are
provided in the Supporting Information, as are full details of cloning,
expression, kinetic analysis, and structure solution of the SmChi18A
complexes, along with additional information in the respective PDB
headers. Briefly, the gene encoding ChiA was cloned and subse-
quently expressed by using a pET22b vector in Escherichia coli BL21
cells. Inhibition analyses were performed in 50 mm phosphate buffer
(pH 6.3) with 4-nitrophenyl-N,N’-diacetyl-b-chitobioside as the sub-
strate. The pH dependence of kcat/KM was determined by the
substrate-depletion method. SmGh18A crystals were grown at 20 8C
from a mixture (at pH 8.0) composed of 1.0m sodium citrate, 10 mm

sodium borate, and 10% (v/v) dioxane with protein at a concentration
of 10 mgmL�1. Complexes were obtained either by soaking with
powdered 3, 4, 9, or 10 for 24 h prior to data collection or by
cocrystallization with approximately 5 mm ligand. Structures were
solved and refined by using programs from the CCP4 suite.[24]
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