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Six novel inhibitors of Vibrio harveyi chitinase A (VAChiA), a
family-18 chitinase homolog, were identified by in vitro screen-
ing of a library of pharmacologically active compounds. Unlike
the previously identified inhibitors that mimicked the reaction
intermediates, crystallographic evidence from 14 VAChiA-in-
hibitor complexes showed that all of the inhibitor molecules
occupied the outer part of the substrate-binding cleft at two
hydrophobic areas. The interactions at the aglycone location are
well defined and tightly associated with Trp-397 and Trp-275,
whereas the interactions at the glycone location are patchy, indi-
cating lower affinity and a loose interaction with two consensus
residues, Trp-168 and Val-205. When Trp-275 was substituted
with glycine (W275G), the binding affinity toward all of the
inhibitors dramatically decreased, and in most structures two
inhibitor molecules were found to stack against Trp-397 at the
aglycone site. Such results indicate that hydrophobic interac-
tions are important for binding of the newly identified inhibi-
tors by the chitinase. X-ray data and isothermal microcalorim-
etry showed that the inhibitors occupied the active site of
VhChiA in three different binding modes, including single-site
binding, independent two-site binding, and sequential two-site
binding. The inhibitory effect of dequalinium in the low nano-
molar range makes this compound an extremely attractive lead
compound for plausible development of therapeutics against
human diseases involving chitinase-mediated pathologies.

Family-18 chitinases (EC 3.2.1.14) are enzymes that catalyze
the degradation of chitin, a homopolymer of B-(1,4)-linked
N-acetylglucosamine that is the major structural component of
crustaceans and arthropod shells and the cell walls of fungi. The
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enzymes are present in various organisms ranging from bacte-
ria to animals, and their physiological functions depend on the
structural roles of chitin substrates in different species. The
catalytic domain of the known family-18 chitinases consists of
an (a/P)g-barrel fold with a long, deep substrate-binding cleft
containing six binding subsites —4, —3, —2, —1, +1, and +2,
with the cleavage site located between subsites —1 and +1
(1-4). The enzymes catalyze reactions through the “substrate-
assisted” mechanism (5), the essential steps of which are the
stabilization of the oxazolinium intermediate by its own N-
acetamido group and the retention of the -glycone configura-
tion after the resultant bond cleavage.

In recent years, family-18 chitinases have received much
attention as therapeutic targets for certain human infectious
and inflammatory diseases. Malaria, the first well demonstrated
example, accounts for 300 —500 million cases worldwide, from
which approximately one million die annually, according to a
World Health Organization report. The cause of malaria is the
Plasmodium parasite. During the reproductive stage of their
complex life cycles, the zygotes (so-called ookinetes) produce
significant levels of chitinases to penetrate the chitin-contain-
ing wall of the mosquito midgut (6). This stage of development
is crucial because it allows the parasites to be repetitively trans-
mitted from mosquitoes to humans. Disruption of the trans-
mission pathway by chitinase inhibitors could open up new
avenues to control epidemic waves of malaria in high risk
regions.

Paradoxically, although chitin does not exist in mammals, a
family-18 acidic mammalian chitinase (AMCase)* has been
described in the serum of patients with asthma and allergic
diseases (7, 8). However, the mechanisms underlying the patho-
genesis of asthma related to the up-regulation of AMCase are
not clearly understood. Biochemical and immunochemical
studies in a mouse asthma model suggested that the AMCase
may act as a selective activator of Th-2/IL-13-induced inflam-
matory responses (9). Hence, inactivation of AMCase activity
by high potency inhibitors could offer a solution for treatment
of asthma, as well as other forms of Th-2/IL-13-mediated
pathology.

A number of chitinase inhibitors have been reported
recently. The pseudotrisaccharide allosamidin, a natural prod-

“The abbreviations used are: AMCase, acidic mammalian chitinase; pNP,
p-nitrophenolate; ITC, isothermal titration microcalorimetry; DEQ,
dequalinium; PRO, propentofylline; CHE, chelerythrine; IDA, idarubicin;
IMI, 2-(imidazolin-2-yl)-5-isothiocyanatobenzofuran; PEN, pentoxifyl-
lin; SAN, sanguinarine; DMAB, p-dimethylaminobenzaldehyde.
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uct isolated from Streptomyces sp., was the first candidate to be
identified (10 —12). Although allosamidin and its derivatives are
highly potent, with dissociation constants in the nanomolar to
micromolar range, and active against all family-18 chitinases
(10, 13-18), their complex chemistry and limited availability
make them unsuitable for pharmaceutical applications. As an
alternative, peptide-derived compounds have been a focal point
of chitinase-based drug development after two cyclopentapep-
tides, argifin and argadin, were isolated from fungal strains
FTD-0668 and FO-7314, respectively (19, 20). Argadin exhib-
ited high affinity inhibition, with an IC,, of 150 nm against
Luciliacuprina chitinase, 0.5 uM against Aspergillus fumigatus
ChiB1 (AfChiB1), and 13 nm against human chitotriosidase and
with a K of 20 nm against SmChiB (10, 21-23). Because the high
affinity suggests that pharmaceutical use might be possible, a
series of argadin/argifin derivatives were further generated
(24 -28). One of the synthesized argifin analogs, referred to as
MeTyr(Bn) for MePhe mutation, showed the highest affinity,
with an IC,, of 11 nm toward AfChiB1 (25).

In parallel, other peptidic derivatives were evaluated, for
instance CI-4 (cyclo-(.-Arg-p-Pro)) (29), disulfide-cyclized
peptides (30), and a bifunctional peptidic aspartic protease
inhibitor (31). These recognized compounds interacted with
family-18 chitinases at submicromolar to micromolar concen-
trations. A high throughput screening technique was also
applied to a druglibrary and identified pentoxifyllin as the most
active inhibitor, with a K; of 37 um toward AfChiB1 (32). In a
selection of ~50,000 xanthine derivatives from a virtual library
screen, C,-dicaffeine was the most active, with a K of 2.8 um
toward the same chitinase (33). The most recently reported
chitinase inhibitors are chitobiose and chitotriosethiazoline
analogs, which had a K; range of 0.15-30 um toward SmChiA
(34).

All of the above-mentioned reports emphasize the ongoing
search for the most effective chitinase inhibitors. However, dif-
ficulties arising from the limited availability of the starting
materials, complex chemistry, and/or insufficient affinity of the
target compounds still hamper the current development of
anti-chitinase agents that could satisfactorily meet pharmaceu-
tical needs. Here, we describe the identification of nonpeptidic,
easily produced, and highly effective chitinase inhibitors using
high throughput screening of a commercially available drug
library. All of the identified species, with the exception of pen-
toxifyllin, are novel in their reported activity against a family-18
chitinase (Vibrio harveyi chitinase A or VAChiA). The crystal-
lographic data revealed two hydrophobic inhibitor binding
areas in the substrate-binding cleft. The arrangement of these
binding areas implied different binding mechanisms for the
inhibitors, which could be confirmed by isothermal titration
microcalorimetry. Dequalinium, the most promising com-
pound obtained from this study, had a K; of 70 nm. From the
chemical biology point of view, this compound could serve as
an excellent scaffold for generation of effective agents against
human diseases including malaria, asthma, and inflammation.

EXPERIMENTAL PROCEDURES

Recombinant Expression and Purification—VhChiA mutant
W275G was obtained by PCR-based site-directed mutagenesis
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as described previously (35). The recombinant wild-type and
mutant W275G were expressed in Escherichia coli M15 cells as
described by Pantoom et al. (36). Cells expressing recombinant
chitinase were harvested and disrupted in an HC-2000 micro-
fluidizer (Microfluidics, Lampertheim, Germany). For purifica-
tion, the crude enzyme obtained after final centrifugation was
purified using affinity chromatography on a gravity-fed nickel-
nitrilotriacetic acid-agarose column (5 X 1 ml; Qiagen GmbH,
Hilden, Germany), followed by a HisTrap™ HP column (5 X 1
ml; GE Healthcare, Munich, Germany) connected to an AKTA
purifier system (GE Healthcare). The eluted fractions were
pooled and then subjected to several rounds of membrane cen-
trifugation using Vivaspin-20 ultrafiltration membrane con-
centrators (M, 10,000 cut-off; Vivascience AG, Hannover, Ger-
many) for a complete removal of imidazole and for
concentrating the proteins.

Inhibitor Screening and Determination of Dose-Response
Curves—Potential chitinase inhibitors were screened from the
Library of Pharmacologically Active Compounds (Sigma-
Aldrich Chemie GmbH, Munich, Germany). The general
set-up of the primary screen is described elsewhere (37). Here,
5 ul of 1 mm substrate pNP-GIcNAc, were added to 5 ul of
VhChiA wild-type preincubated with 200 uMm of the respective
inhibitor. The buffer consisted of 50 mm Tris-HCI, pH 7.5, con-
taining 50 mm NaCl, 1 mm dithioerythritol, and 0.025% (v/v)
Nonidet P-40. Formation of pNP was detected by absorbance
measurement at 405 nm (A,y;). The reaction rate without
enzyme was taken as 0% activity and without inhibitor to 100%
activity. Dose-response curves of inhibitors obtained from ini-
tial screen were carried out using the pNP assay (36) or DMAB
assay (38). For the pNP assay, a 2-fold dilution series of different
inhibitors was incubated for 10 min with 0.25 um VAChiA in 20
mM Tris-HCI buffer, pH 7.5, containing 100 mM ammonium
acetate and 0.025% (v/v) Triton X-100 before the substrate was
added to a final concentration of 125 um. The progress of the
reaction (4 ,,5) was monitored continuously at 27 °C for 16 min
in a TecanGENios Pros Microplate Reader (MTX Lab Systems
Inc., Vienna, VA). The slope obtained from a linear portion of
the reaction progress curve was taken as the initial velocity
using the standard calibration curve of pNP (8 =500 um). It is
worth mentioning that the VZChiA mutant W275G exhibited
very low activity toward pNP-GIlcNAc, but reasonable activity
toward pNP-GIlcNAc;. Hence, pNP-GIcNAc,; was used as the
substrate of choice for determining the IC,, values of W275G
mutant.

Dose-response curves were also obtained from the DMAB
method (38), by which N-acetylhexosamines are quantitatively
determined from chitohexaose hydrolysis. With this assay, the
reaction mixture was titrated with a 2-fold dilution series of
each inhibitor to obtain a concentration range of 1 nM to 1 mm.
The reaction mixtures (500 ul), containing 500 uMm substrate, 50
pg of native enzyme or 200 ug of mutant, and 100 mm sodium
acetate buffer, pH 5.5, were incubated at 37 °C in a Thermo-
mixer Comfort (Eppendorf AG, Hamburg, Germany). After 15
min of incubation, the reaction was terminated by heating at
100 °C for 5 min. A 200-ul aliquot was then taken for specto-
photometric assay of the released amino sugars, absorbance at
585 nm being converted to molar concentrations using a stan-
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dard calibration curve of GlcNAc, (0—875 um). The dose-re-
sponse curves were constructed from the nonlinear four-pa-
rameter algorithmic fit available in the Prism v5.0 software
(GraphPad Software Inc., San Diego, CA), yielding IC, values
and Hill coefficients.

Fluorescence Quenching Assay—The purified wild-type
VhChiA (0.25 um) was titrated with different concentrations of
the inhibitors (5 nm to 100 uMm) in 20 mMm Tris-HCL, pH 8.0, at 25 °C.
Changes in intrinsic tryptophan fluorescence were monitored
directly in a LS-50 fluorescence spectrometer (Perkin-Elmer
(Thailand) Ltd., Bangkok, Thailand). The excitation wavelength
was 295 nm, and emission intensities were collected over 300 — 450
nm with the excitation and emission slit widths being kept at 5 nm.
Each protein spectrum was corrected for the buffer spectrum. The
fluorescence intensity data were analyzed using the nonlinear
regression function available in Prism v5.0.

Isothermal Titration Microcalorimetry (ITC)—ITC experi-
ments were carried out using the ITC-200 system (MicroCal
Inc., Northampton, MA). Measurements of the wild-type
VhChiA were carried out at 25 °C with stirring speed 1,000 rpm.
After the baseline was set with distilled water, 4 ul of 250 um
dequalinium (DEQ) or 500 um SAN and PEN was injected into
the 300-ul calorimeter cell containing 20 mm sodium acetate
buffer, pH 5.5, 0.025% (w/v) Triton X-100, and 25 um enzyme.
The injections were repeated 10 times over 90-s intervals. The
background was measured by injecting the inhibitor into the
cell containing only buffer. ITC experiments with the mutated
VhChiA were performed as described for the wild-type enzyme
but with higher concentrations of the reaction components
(100 M of the mutated enzyme, 1 mm DEQ, or 2 mm SAN and
PEN). All of the measurements of mutant W275G were con-
ducted at 18 °C. After subtracting the background, titration
curves were fitted using the algorithms supplied by Microcal
v7.0. The measured enthalpy changes as a function of ligand
concentrations can give information on the binding enthalpy
(amplitude and direction of the change), binding affinity (max-
imal slope of the sigmoid part), and number of sites (position of
the inflection point relative to the protein concentration). For
Scheme 2 fits, we fixed N1 = N2 = 1. The parameter values
listed in supplemental Table S2 are derived from multiparam-
eter fitting, using the simplest theoretical models that ade-
quately fit the data; nevertheless, they must be viewed with
caution, because the parameters cannot be fitted independ-
ently. When one of these correlated parameters is fixed at an
arbitrary value, the other parameters may adjust to new values
without decreasing the quality of the fit. Gibb’s free energy (AG)
and the entropy change (AS) can be calculated from the
enthalpy change (AH) and the binding constant K: AG = AH —
TAS = —R X T X In(K), where R represents the gas constant
(1.98 cal K™ mol™ %), and T is the absolute temperature in
Kelvin (K).

Crystallization Screenings and Structure Determination—Crys-
tallization screenings of the native VAZChiA were performed at
22 °C using the commercially available Crystal Screen HR2-110,
Crystal Screen HR2-112 (Hampton Research, Riverside, CA), and
JBScreen HTS II (Jena Bioscience GmbH, Jena, Germany). Crys-
tals were obtained by the vapor diffusion method in a hanging
drop, followed by microseeding under two different conditions: 1)
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16% (w/v) PEG 4000, 21% (v/v) propanol, 0.1 M sodium citrate, pH
5.6; and 2) 1.1 M ammonium sulfate, 0.1 m Tris-HCI, pH 8.5. Crys-
tallization of the mutant W275G was carried out using the same
techniques as described for the native enzyme. However, single
crystals were obtained only in 26% (w/v) PEG 4000, 0.2 M ammo-
nium acetate, and 0.1 M sodium acetate, pH 5.5.

Crystal complexes of wild-type VAChiA with the inhibitors
DEQ and propentofylline (PRO) were obtained by co-crystalli-
zation using 400 uM inhibitors, whereas the complexes with
other inhibitors were obtained by soaking the native crystals
with 5-15 mM inhibitors in the corresponding mother liquor at
22 °C for 16 h. All of the crystal complexes of mutant W275G
were obtained by soaking as described for wild type. Afterward,
the crystals were immersed in a cryoprotectant consisting of the
reservoir solution supplemented with 10% (v/v) glycerol for
5-10 s and then picked up in a loop and frozen in liquid nitro-
gen. For some of the crystals, blocking the cryostream for a
few seconds (annealing) improved the diffraction quality
considerably.

X-ray diffraction data of most of the chitinase complexes
were collected at the beamline PX-II of the Swiss Light Source
in Villigen, Switzerland, using a MAR Research CCD detector.
Some data sets were collected on a BrukerMicrostar rotating
anode generator (Bruker AXS GmbH, Karlsruhe, Germany)
equipped with Bruker Helios and Xenocs Fox mirrors and a
MAR Research DTB image plate detector. Initial data process-
ing was conducted with the program XDS (39). For crystals with
a previously unknown space group, molecular replacement was
employed to obtain phase information using the program
MOLREP from the CCP4 suite (40). The structure of the apo-
form of native V/ChiA was solved using the published structure
of the VAChiA mutant E315M in complex with GlcNAc, (Pro-
tein Data Bank code 3b9a) as a search model. Subsequently, the
final model of native VAChiA was employed to obtain the
phases of all data sets of the VZChiA-inhibitor complexes. Rigid
body fitting followed by restrained refinement were performed
in REFMAC, available in the CCP4 suite. Model building was
done in COOT (41). The molecular topologies of the inhibitors
were created using Maestro and the PRODRG server (42), and
the inhibitors were modeled into the corresponding 2F, — F.
and F, — F_ maps. The further refinement resulted in the final
models described in supplemental Table S1. The geometry of
each final model was verified by PROCHECK (43) and WHAT-
CHECK (44). The figures were generated using PYMOL and
LIGPLOT (45).

RESULTS

Screening of Chitinase Inhibitors—Screening of compound
libraries requires an assay that is technically simple and not
prone to artifacts. Chitinase activity was monitored spectro-
photometrically from the generation of p-nitrophenolate from
the substrate pNP-GIcNAc, (or pNP-GIcNAc; in the case of
W275@G) (hereafter referred to as the pNP assay). Because the
phenolate anion is only formed at neutral or basic pH values,
the enzymatic hydrolysis was performed at pH 7.5, although the
optimum pH for VAiChiA is between 5.5 and 6.0. Screening of
the Sigma Library of Pharmacologically Active Compounds
identified nine hits of 1,280. These were subjected to further
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TABLE 1
IC5, and K, values obtained from four different assays

Novel Family-18 Chitinase Inhibitors

IC,, values (um) were derived from competition studies with 100 um chitohexaose in the DMAB assay, the pNP assay with pNP-GIcNAc,, and the pNP assay with
PNP-GlcNAc,. Equilibrium dissociation constants (K}, um) derived from fluorescence quenching (Fig. 5) are shown. The K, values for wild-type chitinase and the mutant
W275G were derived from three-parameter fits of the corresponding ITC experiments assuming one set of sites (Fig. 6, panels A2, B2, C2,and D2, and Scheme 1). The values
represent the means * S.D. from at least three independent sets of the experiments. ND, not determined.

wT W275G

Inhibitor IC,, K, K, 1C,,

DMAB PpNP Fluorescence ITC ITC pNP
DEQ 39=*1.1 0.4 =*0.1 0.2 = 0.02 0.07 37 70 + 28
IDA 6.4+ 1.1 0.9 *+0.2 0.4 = 0.02 ND ND 270 = 33
SAN 7.6 1.3 23*0.3 0.6 = 0.02 2.3 28 71 *+ 26
CHE 11*1.1 2.2 *0.01 0.7 = 0.03 ND ND 95 + 34
IMI 21+15 15*+3.2 1.0 +0.1 ND ND 160 = 78
PEN 59 £ 1.2 35*0.5 4.0 £ 0.6 4.0 600 260 = 21
PRO 83 1.0 3.7*09 4.7+ 0.5 ND ND 360 + 42

screening using the DMAB assay, which measures the amount
of amino sugars (here only N-acetylhexosamines) liberated
from the substrate GIcNAc,. Two of the initial hits were not
confirmed, because their IC,, values were above 1 mM. Other
compounds, including chelerythrine (CHE), dequalinium
(DEQ), idarubicin (IDA), 2-(imidazolin-2-yl)-5-isothiocyana-
tobenzofuran (IMI), pentoxifyllin (PEN), propentofylline
(PRO), and sanguinarine (SAN), displayed IC, values less than
100 uM in both DMAB and pNP assays. These were selected for
more detailed studies. The IC,, values obtained from both
assays are listed in Table 1; for chemical structures, see Fig. 1. It
is notable that PRO and PEN are methylxanthine derivatives,
and PEN is the only compound that had been reported earlier to
inhibit the AfChiB1 activity, with a K, of 37 um (IC;, = 126 um)
(32).

Structural Basis of Chitinase-Inhibitor Complexes—To
investigate in more detail how the identified inhibitors interact
structurally with VAChiA, crystals of wild-type chitinase were
grown and then soaked or co-crystallized with the inhibitors as
described under “Experimental Procedures.” Our recent struc-
tural data (46) had already suggested that Trp-275 and Trp-397
are important for maintaining the molecular interactions with
the substrate around subsites +1 and +2. According to the six
substrate-binding subsites identified previously for VAChiA by
Songsiriritthigul et al. (46), the glycone part is assumed to cover
subsites —4, —3, and —2, whereas the aglycone part covers the
product sites or subsites +1 and +2. Subsite —1is not included,
because it is located at the bottom of the substrate-binding cleft
and did not at all interact with the inhibitors reported in this
study.

Site-directed mutagenesis data revealed that both residues
are crucial for the binding selectivity toward short chain sub-
strates, such as tetra-, penta-, and hexachitooligosaccharides
(35). Therefore, crystallization trials of the previously described
mutants (both W275G and W397F) were made. However, only
the mutant W275G could be crystallized. The availability of the
crystal complexes of W275G helped to evaluate how Trp-275
contributes to the binding affinity of the enzyme to the identi-
fied inhibitors.

Crystals of wild-type VAChiA could be obtained from either
PEG solution at pH 5.6 or ammonium sulfate solution at pH 8.5
so that solubility problems, encountered with some inhibitors,
could be circumvented by choosing the more suitable mother
liquor for soaking and/or co-crystallization. The space groups
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of the wild-type were P2, with two different unit cells, thus
allowing detailed analysis of the effect of crystal packing on
inhibitor binding. On the other hand, all of the complexes of
mutant W275G crystallized in the same space group (P2,2,2,)
and unit cell as the previously determined VAZChiA E315Q
mutant (Protein Data Bank code 3b9a) (46). As summarized in
supplemental Table S1, the structures of 14 complexes of inhib-
itors with wild-type and mutant VAChiA were refined with dif-
fraction data collected from a lowest resolution of 2.4 A for the
W275G-IMI complex to the highest resolution of 1.16 A for the
WT-PRO complex. Attempts to obtain the structure of mutant
W275G with IDA were made by soaking and co-crystallization;
however, crystals obtained by both methods failed to show elec-
tron density for this compound. This coincides with the
W275G mutant having relatively low affinity for IDA (IC;, =
270 um) as shown in Table 1. Therefore, W275G-IDA is the
only complex structure missing from this study.

In the final models of the wild-type crystals grown in the
ammonium sulfate condition, the C-terminal residues starting
from Gly-589 and the hexahistidine tag were not observed. In
all of the W275G-inhibitor complexes, the C terminus was vis-
ible up to Ala-588 or Val-591. In contrast, the wild-type crystals
grown in the PEG condition showed clear electron density up to
residues 595 or 596, probably because of stabilization of these
residues by symmetry-related molecules and/or the PEG-con-
taining buffer. The different crystallization conditions also led
to some changes in the orientation of the N-terminal domain
relative to the catalytic domain (with hinge bending angles
between 6° and 16°) as well as to minor conformational changes
in the Val-205 loop of the catalytic domain itself. However, the
binding positions of inhibitors soaked into two different crystal
forms (DEQ and IMI) are very similar; therefore, no further
distinction is made in the following description.

Thorough crystallographic analysis demonstrates that the
inhibitors bind to the wild-type chitinase mainly at two loca-
tions: one is between Trp-275 and Trp-397 at the aglycone sites
(subsites +1 and +2), and the other is near Trp-168 and Val-
205 at the glycone sites (subsites —3 and —4). This is illustrated
in Fig. 2B, which shows two molecules of SAN in the wild-
type enzyme’s binding cleft, one at subsites +1 and +2 and
the other one at the subsites —4 and —3. The inhibitors IDA,
CHE, IMI, PEN, and PRO were bound to the aglycone site of
the wild-type enzyme in a more or less similar place with well
defined electron densities (Fig. 3). In contrast, the electron
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FIGURE 1. The chemical structures of potential chitinase inhibitors identified from the Library of Pharmacologically Active Compounds.

FIGURE 2. Surface representations of the complexes of wild-type enzyme with DEQ (A) and SAN (B) and of the mutant W275G with the same inhibitors
DEQ (C) and SAN (D). The protein surface is green with hydrophobic patches shown as yellow surface and yellow stick models of the corresponding residues. The
inhibitors are shown in magenta (DEQ) and orange (SAN). The 2F, — F_omit map is contoured at 1 o.

densities at the glycone site were always much less well
defined, with correspondingly higher temperature factors,
than for the inhibitors sandwiched between Trp-275 and
Trp-397 at the aglycone site, implying lower affinity binding.
For IDA and CHE, no interpretable density was found at the
glycone site, whereas PRO and PEN showed either superim-
position of multiple binding stances or less well defined ali-
phatic substituents, respectively. In contrast with the inhib-
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itors mentioned above, a single molecule of DEQ was found
in the substrate-binding cleft of the wild-type enzyme (Fig.
2A). DEQ contains two symmetrical 4-amino-2-meth-
ylquinolinium head groups connected by a long, flexible C, ;-
linker (Fig. 1). This elongated structure stretches from sub-
sites —3 to +2, thus occupying location “aglycone” with one
of the aromatic head groups and location “glycone” with the
other head group (Fig. 24).

ACEVEN
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Superimposition of the wild-type structure with bound
inhibitors and the substrate GIcNAc, (Protein Data Bank code
3b9a, chitinase A mutant E315M from V. harveyi; root mean
square deviation, 0.34 A for 456 C, atoms of the catalytic
domains) clearly demonstrates that the inhibitors occupy only
the outer part of the substrate-binding cleft covering subsites
—4, —3, —2, +1, and +2, whereas the transient sugar
(—1GIcNAc) of the bent substrate is embedded deeply at the
bottom of the cleft, where the cleavage site is located (Fig. 3).
The interactions of all inhibitors with the VAChiA are unique
and entirely different from the interactions of the enzyme with
the GIcNAc, substrate; the inhibitors are accommodated in the
active site of the enzyme largely through hydrophobic interac-
tions, and only very few potential hydrogen bonds were
observed. The detailed interactions between the enzyme, the
substrate GIcNAc,, and the inhibitor DEQ as representative
example are depicted in the supplemental Fig. S1. This “Lig-
plot” representation illustrates the extended structure of
GlcNAc,, exhibiting a number of hydrogen bonds and hydro-
phobic interactions with various side chains that surround the
multiple binding sites. In marked contrast, the contacts with
the inhibitors, such as DEQ, are made up almost exclusively of
hydrophobic interactions. As seen in supplemental Fig. S1, the
quaternary quinolinium head group located at the aglycone-
binding sites was found to interact with the three residues,
Trp-275, Trp-397, and Asp-392, whereas its counterpart made
contact with a larger number of residues, including Trp-168,
Val-205, Thr-276, His-228, and Leu-277.

In contrast with the wild-type enzyme, in the chitinase
mutant W275G almost all complex structures showed two
inhibitor molecules in location aglycone: one forming aromatic
interactions with Trp-397 as in wild type plus another stacked
on the first molecule, in exactly in the place that was occupied
by the indole ring of Trp-275 in the wild type (Fig. 2D). Thus,
two inhibitor molecules are sandwiched between the side chain
of Trp-397 and the backbone of a loop containing Gly-321 on
the other side. Similar binding modes at the aglycone site were
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Trp 397

[
$ Asp 313

FIGURE 3. Superimposition of typical wild-type complexes with the identified inhibitors in comparison with chitihexaose (shown in gray with the
subsites labeled from —4 to +2). The inhibitors are shown in magenta (DEQ), orange (SAN), and cyan (PEN).

observed with SAN, CHE, and IMI. The electron density is
roughly similar for both inhibitors in all of those complexes
except CHE where the position distant from Trp-397 had
weaker density. Although PEN and PRO both have a xanthine
backbone (Figs. 1 and 4, A and B), their interactions with the
mutated enzyme are different from each other: two molecules
of PEN form a double sandwich with Trp-397 at the aglycone
position, with very well defined densities just like the above-
mentioned inhibitors. On the other hand, only one molecule of
PRO was found stacked to Trp-397 in the aglycone position.
This is most likely due to a steric clash of the 7-propyl moiety
that protrudes toward the site of the mutation W275@G, thus
preventing stacking (Fig. 4, B and C).

At the glycone subsites, a weak density, probably corre-
sponding to two or three inhibitor molecules binding in differ-
ent orientations, was visible only for PEN and PRO (and DEQ,
see below). This lack of occupancy around the glycone subsites
is most likely explained by backbone changes relative to the
wild type caused by crystal packing; in wild type, the loop con-
taining Val-205 forms one “wall” of the glycone side, and Trp-
168 is the counterpart on the other side (Fig. 3). In the mutant,
the cleft formed between those two residues is more open com-
pared with the wild type, thereby probably weakening the inter-
actions of potentially bound inhibitor molecules (supplemental
Fig. S2).

The binding of DEQ to the mutant W275G (Fig. 2C) is
remarkable for three reasons: 1) inspection of the 2F — F_and
F, — F_maps revealed two DEQ molecules in the active site of
the enzyme instead of one molecule as observed in wild type
(Fig. 2A); 2) the two molecules are located at the opposite sides
of the substrate-binding cleft: one is at the aglycone site,
whereas the other one sits at and reaches outside the glycone
site; and 3) both molecules have adopted completely different
conformations: at the aglycone site, the DEQ molecule appar-
ently folds onto itself, allowing one of the quinolinium head-
groups to stack against the other, which concomitantly substi-
tutes the eliminated side chain of Trp-275 in a structure
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FIGURE 4. A and B, details of the interaction of PEN (A) and PRO (B) with the
chitinase mutant W275G. PEN is shown in cyan, PRO is in yellow, hydrogen
bonds are dashed lines, water molecules are cyan spheres. C, superposition of
the two complex structures showing the potential clash of the 7-propyl moi-
ety of PRO that most likely prevents binding of a second PRO molecule.

reminiscent of the double stack described for two separate
inhibitor molecules. The electron density of the first molecule
at the aglycone position was very weak for the headgroups and
even weaker for the linker. In contrast, the second molecule of
DEQ is in open conformation and stretches along the surface of
the enzyme starting from subsite (—3), where one aromatic
moiety interacts with Trp-168 and Val-205 like the other inhib-
itors, toward the N-terminal chitin-binding domain. The sec-
ond aromatic moiety is located close to Trp-231 and Tyr-171,
and the strongest density is observed for the linker region of this
molecule. In contrast with the other inhibitors, the overall elec-
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FIGURE 5. Effect of the inhibitors on the intrinsic fluorescence of VhChiA.
DEQ, for example, was titrated into 0.25 um of the purified protein in 20 mm
Tris-HCI, pH 8.0. The emission spectra were collected from 300 to 450 nm
upon excitation at 295 nm. Binding curves were fitted with a dissociation
one-phase exponential decay model: F/F, = (Fo/F, — NS)e — K [L,] + NS,
where Fand F,refer to the fluorescence intensity in the presence and absence
of ligand, respectively; NS is the nonspecific binding that does not dissociate
(plateau); L, is the initial ligand concentration, and K, is the equilibrium dis-
sociation constant.

tron density at the glycone sites is more clearly defined than at
the aglycone sites. This suggests that the DEQ molecule at the
glycone sites may bind with the higher affinity, because it occu-
pies the position between Trp-168 and Val-205, whereas the
other DEQ molecule cannot bind in a conformation similar to
DEQ in the wild-type enzyme. Thorough inspection of the elec-
tron density map indicates that a third DEQ molecule may also
bind, outside of the active site and next to Pro-181 at the rear of
the catalytic domain (opposite the active site), but the density is
very weak, and only the linker region is clearly visible.

Fluorescence Titration—To confirm the results of the pNP
and DMAB assays (Table 1), fluorescence quenching spectros-
copy was performed to monitor the interactions of the inhibi-
tors with the tryptophan residues located in the active site of
VhChiA. Fluorescence titration of the enzyme with different
concentrations of inhibitors resulted in significant reduction in
the fluorescence intensity at the emission wavelength 330-350
nm, confirming that the tryptophan residues surrounding the
active site play an important role in inhibitor binding (Fig. 5). A
plot of relative fluorescence (F/F,) as a function of inhibitor
concentration fits an exponential decay curve, allowing the
equilibrium dissociation constant (K,) of each inhibitor to be
calculated (Fig. 5, inset). The binding affinities of the inhibitors
obtained from fluorescence quenching are listed in Table 1. The
order of relative K, values agreed well with the order of IC,,
values determined from the DMAB and pNP assays (Table 1),
but their absolute values differ significantly. Therefore, ITC was
used as a fourth independent method of measuring inhibitor
binding.

Affinities and Binding Mechanisms—The structures of
enzyme-inhibitor complexes were classified into four different
“structural binding modes” (A, B, C, and D) as shown in Fig. 2.
The corresponding binding mechanisms were studied using
ITC, which generates the corresponding dose-response curves
(Fig. 6, with A, B, C, D as in Fig. 2). In mode A (Fig. 2A4), one
molecule of DEQ binds to the wild-type chitinase molecule
through hydrophobic interactions with Trp-168, Val-205, Trp-
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FIGURE 6. Thermographic binding isotherms (panels A1-D1) with theoretical fits (panels A2-D2) obtained from ITC experiments and the dose-
response curves (panels A3-D3) obtained from colorimetricassays. The binding of DEQ and SAN to wild-type chitinase is shown in panels A1-A3 and B1-B3,
respectively. In panels A2 and B2, the fitted binding curve assumes a single binding site (Scheme 1); a theoretical curve fitted assuming two independent
inhibitor binding sites (Scheme 2) is shown in B2 in gray. The binding of DEQ to the W275G mutantis shown in panels C1-C3. The theoretical fit to Scheme 2 (two
independent inhibitor binding sites) is indicated as gray in Fig. 6C2, and the corresponding fit to Scheme 1 is in black. For SAN binding to the W275G mutant
(panels D1-D3), the theoretical fit to Scheme 3 (sequential binding) is shown in gray, and the fit to Scheme 1 is shown in black in panel D2.

275,and Trp-397 as seen in the x-ray structure. Fig. 6 (panel AI)
shows the corresponding ITC experiment, with DEQ binding
to the wild-type chitinase. This method measures the enthalpy
changes on increasing the ligand concentrations and thus
allows the determination of binding affinities without the bias
of potentially different fluorescence changes occurring at dif-
ferent locations in the protein. Fig. 6 (panel A2) is a secondary
plot of Fig. 6 (panel AI) with the injection peaks integrated,
yielding the enthalpy change as cal mol ™" of injectant, and plot-
ted as a function of the molar ratio of DEQ: VAChiA.

E+I1=El
SCHEME 1. One site.

Analyzing these data according to Scheme 1 confirms a stoi-
chiometry of ~1 for the number of inhibitor molecules bound
per enzyme molecule, AH = —8.7 kcal'mol ! for the enthalpy
change and 70 n™m for the equilibrium dissociation constant
(Kp). The corresponding theoretical curve is shown as a solid
black line in Fig. 6 (panel A2). The parameters corresponding to
the theoretical curves in Fig. 6 are shown in supplemental
Table S2.

In mode B (shown for SAN in Fig. 2B), the inhibitors are
found in two locations (locations aglycone and glycone), all
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interacting with almost the same hydrophobic residues as DEQ
(supplemental Fig. S1). These locations are relatively far away
from each other in the binding cleft and accordingly are ran-
domly accessible by both the inhibitors and the substrates as
inferred from the x-ray structure. When a corresponding ITC
experiment was performed with SAN (Fig. 6, panel BI) or PEN,
Scheme 1 can still fit the data but requires more binding sites
(N) as compared with a stoichiometry #n = 1 calculated from the
independently determined enzyme concentration. This is
shown in Fig. 6 (panel B2), where a three-parameter fit for one
binding site (black solid line) gave n = 1.3, AH = —7.9
kcal'mol !, and K, = 2.3 um for SAN. However, Scheme 1
does not correspond to the structural finding of two inde-
pendent sites so we evaluated reaction Scheme 2, in which
the inhibitor can bind either to site 1 (aglycone) as EI or to
site 2 (glycone) and form the complex IE. A second inhibitor
molecule binding to the nonoccupied site will give the fully
saturated complex IEL

When the data set B2 (SAN) was fitted to Scheme 2, four
parameters (two dissociation constants and two enthalpies
for the independent sites, with fixed N1 = N2 = 1) had to be
varied. Multiparameter fits of these parameters need not be
unique because different combinations of parameters might
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EI+1
1 2
YR
E +21 IEI
N2
2 1
IE +1

SCHEME 2. Two independent sites.

also describe the experimental data. One plausible set of
parameters for Scheme 2 is indicated in supplemental Table
S2, yielding the gray line in Fig. 6 (panel B2). It does not give
a much better fit than Scheme 1 with n = 1.3 (black line in
Fig. 6, panel B2) but is more plausible in view of the x-ray
structure.

This result is similar to DEQ binding to mutant W275G
(mode C, Figs. 2C and 6, panel C2). In both cases, the models of
one site (black line in Scheme 1) and two independent sites
(gray line, Scheme 2) fit the ITC experiments B2 and C2 equally
well. Again, the crystal structure of the mutant complex with
DEQ shows two molecules in the active site (Fig. 2C), so that the
model with two independent sites is more plausible.

In contrast, the crystal structure of W275G with SAN (Fig.
2D) implies a completely different reaction scheme, in which
the two SAN binding sites are not independent. When the first
inhibitor molecule has bound, a second SAN molecule may
form a stack with the first one, and thus a new binding site is
created. Two dependent sites can be described using the
sequential reaction model depicted in Scheme 3.

1 2
E+2l=E+1=El,

SCHEME 3. Two sequential sites.

The ITC data were fitted successfully to Scheme 3 (gray line
in Fig. 6, panel D2; parameters in supplemental Table S2). The
same experimental finding could also be fitted to Scheme 2 of
two independent sites, but the structural data suggest Scheme 3
as the more likely mechanism.

Although the binding sites are randomly accessible as seen in
the x-ray structures, Scheme 3 is a good approximation because
it is likely that the two sites have different intrinsic binding
affinities; the observation of PRO bound to only one of the two
possible “stacked” positions in W275G indicates that this site
has a higher affinity (even if it would sterically interfere with
another PRO in the same molecule, the positions would be
occupied randomly in different molecules in the crystal if the
affinities were similar). Thus, the position close to Trp-397 is
probably occupied first (EI in Scheme 3), whereupon the second
molecule can bind to the presumed “low affinity” site with an
increased affinity, indicating cooperative binding.

All of the parameters used for the calculation of the theoret-
ical curves in Fig. 6 are listed in supplemental Table S2. We are
well aware that the initial part of Fig. 6 (panels DI and D2)
resembles a dilution artifact and therefore repeated this exper-
iment several times under different conditions, always resulting
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in the same shape of plot, indicating that more than one binding
site must be present, compatible with Scheme 3 above.

The K, values used for the calculation of the ITC experi-
ments are in agreement with the K, values obtained from the
fluorescence titrations (Table 1). As already mentioned, they
were one order of magnitude lower than the IC,, values
obtained from competition studies of chitohexaose hydrolysis.
To clarify this point, dose-response curves were also obtained
with a low concentration (125 um) of pNP-GlcNAc, and vary-
ing inhibitor concentrations (Fig. 6, panels A3, B3, C3, and D3).
The corresponding IC,, values (Table 1) were similar to the K,
values obtained either from fluorescence quenching or isother-
mal microcalorimetry.

DISCUSSION

Employing a high throughput screening approach, seven
compounds were identified as potential chitinase inhibitors
(Fig. 1). The identified compounds inhibited VAChiA, a fami-
ly-18 chitinase homolog; at concentrations in the nanomolar to
low micromolar range (Table 1). The crystal structures of 14
VhChiA-inhibitor complexes clearly identified two hydropho-
bic locations in the active site of the enzyme, where the inhibi-
tors were shown to bind. Fig. 7 is a cartoon representation,
summarizing the occupation of the substrate-binding cleft of
the wild-type (Fig. 7, left panel) and the W275G mutant (Fig. 7,
right panel) by the seven inhibitors. In the wild-type enzyme,
the interactions of the first inhibitor molecule at the aglycone
location were clearly defined and restricted almost exclusively
to the stacking interactions between Trp-397-inhibitor-Trp-
275 at subsites +1/+2 (Fig. 2B and supplemental Fig. S1). The
interactions of the other molecule at the glycone are patchy
along subsites —4-to —3 or subsites —3 to —2, indicating fewer
specific interactions and lower affinity. Observation of a second
DEQ molecule at the glycone position beyond subsites —3)/—4
in the mutant W275G-DEQ complex (Fig. 2C) corroborated
the notion of high binding flexibility around this region. This is
in line with a previous report that the interactions between the
VhChiA mutant E315M and the substrate GIcNAc, are strong
at the aglycone side and weak at the glycone side (46). This
structural arrangement involves binding to independent sites,
and the corresponding reaction scheme provides a good fit for
the ITC data (Scheme 2 and Fig. 6, panel C2). In the mutant
complexes, binding at the glycone site was even weaker than in
wild type. Instead, two inhibitor molecules (For SAN, CHE,
PEN, and IM], see Fig. 7, right panel) were found in the aglycone
location (Fig. 2D), corresponding to a sequential or cooperative
binding mechanism (Scheme 3 and Fig. 6, panel D2). The pres-
ence of the first inhibitor molecule close to Trp-397 apparently
enhanced binding of the second inhibitor molecule at the loca-
tion of the (absent) indole moiety of Trp-275. In good agree-
ment with the structural evidence, significant increases in the
IC,,, to values up to 300 times that of the wild type, emphasize
the weakened affinity of the inhibitors as an effect of the missing
aromatic side chain of Trp-275 (Table 1).

PEN is the only compound to have been reported previously
to be active against AfChiB1 (32). However, there are a few
significant differences regarding the interactions between
VhChiA-PEN and AfChiB1-PEN. The affinity of AfChiB1 for
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FIGURE 7. A summary of VhChiA-inhibitor interactions as revealed by crystallographic evidence. IDA is the missing inhibitor in the substrate-binding cleft
of the mutant W275G. Only a single molecule of PRO was found in the aglycone site of mutant W275G instead of two because of a possible steric clash as
described in the text. Numbers —4, —3, =2, —1, +1, and +2 represent six substrate-binding subsites of VhChiA. Subsites —4 to —2 are located at the glycone
side, subsites +1 and +2 at the aglycone side. Subsite — 1 is positioned at the bottom of the catalytic cleft (46). The inhibitor DEQ is indicated in magenta, IDA
isinred, SANis in yellow, CHE is in pink, PENis in cyan, PRO is in brown, and IMl is in purple. The inhibitor molecules with very weak electron density are indicated

as dashed lines.

PEN (K, = 37 um) was approximately 19-fold lower than that of
VhChiA (K; = 2 um). The x-ray structure of the complex of
AfChiB1-PEN (Protein Data Bank code 2a3c) shows two bound
molecules of PEN: one (PEN1) is sandwiched between Trp-384
(homologous to Trp-540 in VAChiA) and Trp-137 (homolo-
gous to Trp-275 in VAChiA), and the other one (PEN2, which is
present in the Protein Data Bank entry but not mentioned in the
corresponding publication (32)) stacks on the other side of Trp-
137. In this structure, the Trp-137 of AfChiB1 is rotated by
almost 90° relative to the corresponding Trp-275 in VAChiA
(and also to Trp-137 in the other AfChiB1-inhibitor complexes
described in Ref. 32). In contrast, the two molecules of PEN in
our structure cover a larger area (subsites —4, —3, —2, +1, and
+2) and bind in a very different manner: one PEN molecule sits
in almost the same place as PEN2 in AfChiB1, but in an almost
perpendicular orientation, now sandwiched between Trp-275
(which is rotated in the AfChiB1 complex) and Trp-397 as a
counterpart. The aromatic rings of the second PEN molecule in
VhChiA overlap only slightly with the alkyl-aldehyde-group of
the PEN1 molecule in AfChiB1. Interestingly, two of the four
theophylline molecules in another AfChiB1 complex (Protein
Data Bank code 2a3a) overlap closely with our two PEN (and
PRO) molecules. The third is almost in place of Trp-275 in
VhChiA, whereas the fourth occupies the deepest pocket of the
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binding site. Our VAZChiA-PEN complex (1.65 A), as well as the
extremely well defined structure of the VAChiA-PRO complex
(1.16 A), shows some very weak, fragmented density at this
place that might correspond to a partially occupied site.

The presence of one molecule of DEQ in the wild-type active
site (Fig. 2A4) is supported by the ITC experiments, which are
compatible with a single-site binding mechanism (Scheme 1
and Fig. 6, panel A2). DEQ is the most potent inhibitor studied
here, because its elongated structure together with the hydro-
phobic nature of the 2,4-substituted quinolinium headgroups
appears to fit perfectly into the long, deep groove of ViChiA
and potentially to other family-18 chitinases with an equivalent
active site morphology. The two headgroups of DEQ could cor-
respond to the first and the second molecules of other com-
pounds but are now connected by the C,,-linker, thus increas-
ing the binding strength. This linker completely blocks the
catalytic center (subsites —2, —1, and +1) and at the same time
keeps the heterocyclic rings in place so that one is localized at
the aglycone position and the other one at the glycone position.

Argadin, argifin, and allosamidin analogs are among the
most potent chitinase inhibitors reported to date. Such com-
pounds are active in the nanomolar to micromolar range
against family-18 chitinases. They all mimic the reaction tran-
sition state and bind close to the critical subsite —1. In contrast,
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the inhibitors discovered here bind in regions of the substrate-
binding cleft of VAChiA that are closer to the surface. For com-
parison, argadin and argifin in the complexes with AfChiB,
SmChiB, and human chitinase overlap to varying degrees with
the inhibitors at the aglycone-binding site but do not occupy
the glycone site (Fig. 3). This finding suggests a novel concept
for the synthesis of even more potent chitinase inhibitors: two
hydrophobic residues like the quinolinium headgroups of
dequalinium could be separated by a flexible linker that is an
allosamizoline analog, and such compounds should bind more
tightly than either dequalinium or allosamidin alone.

The human AMCase (Protein Data Bank codes 3fxy and 3fy1;
sequence identity to the catalytic domain of VAChiA, 28%) (47)
is a potential drug target for asthma-related diseases, and its
active site is very similar to that of VAChiA, described in this
work. AMCase is missing the loop containing Val-205 of
VhChiA, but the crucial tryptophan residues corresponding to
Trp-275, Trp-397 (aglycone site, Trp-99 and Trp-218 in
AMCase), and Trp-168 (glycone site, Trp-31 in AMCase) are
present. In contrast, the published structures of AfChiB1 (Pro-
tein Data Bank code 2a3a with theophylline, Protein Data Bank
code 2a3c with PEN) and SmChiA (with various inhibitors, e.g.
Protein Data Bank code 2wly) have less similar active sites, at
least with respect to those residues. Therefore, we can expect a
quite similar binding behavior of AMCase, making the inhibi-
tors presented in this work very promising lead compounds.
Docking experiments with, for example, the inhibitor
dequalinium and AMCase (Protein Data Bank code 3fy1) could
indeed accurately reproduce the binding mode found in
VhChiA (data not shown). Especially with this high affinity,
bifunctional inhibitor, it should be easy to compensate for small
differences in the binding site by varying the length of the linker
between the two aromatic moieties, and an additional advan-
tage is that this type of lead compound is (in contrast to the
transition state mimics) not restricted to only one position in
the active site, which again offers more potential for
optimization.
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