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The Huisgen cycloaddition of azides and alkynes, accelerated by
target biomolecules, termed “in situ click chemistry,” has been
successfully exploited to discover highly potent enzyme inhibitors.
We have previously reported a specific Serratia marcescens chiti-
nase B (SmChiB)-templated syn-triazole inhibitor generated in situ
from an azide-bearing inhibitor and an alkyne fragment. Several in
situ click chemistry studies have been reported. Although some
mechanistic evidence has been obtained, such as X-ray analysis
of [protein]-[“click ligand”] complexes, indicating that proteins
act as both mold and template between unique pairs of azide
and alkyne fragments, to date, observations have been based
solely on “postclick” structural information. Here, we describe
crystal structures of SmChiB complexed with an azide ligand and
an O-allyl oxime fragment as a mimic of a click partner, revealing
a mechanism for accelerating syn-triazole formation, which allows
generation of its own distinct inhibitor. We have also performed
density functional theory calculations based on the X-ray structure
to explore the acceleration of the Huisgen cycloaddition by
SmChiB. The density functional theory calculations reasonably sup-
port that SmChiB plays a role by the cage effect during the pre-
translation and posttranslation states of selective syn-triazole click
formation.
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he Huisgen cycloaddition of azides and alkynes is a pure [2+

3] thermal dipolar cycloaddition reaction (1), which becomes
nonconcerted when the reaction is catalyzed by Cu(I) (2, 3). This
provides ready access to 1,4-disubstituted 1,2,3-triazles and is one
of the most commonly recognized reactions of “click chemistry”
(3). Since 2002, several studies of click chemistry applying Cu(I)-
catalyzed 1,2,3-triazle formation have been published and it has
now been used in many areas of research. “In situ click chem-
istry” represents a target-guided synthesis technique for discov-
ering protein ligands. It is dependent on Huisgen cycloaddition
reactions between azide and alkyne reagents that are inert under
physiological conditions, where metal catalysts such as Cu(I) (4)
are absent. During the past decade, in situ click chemistry ap-
proaches, based on the use of proteins as templates to covalently
assemble fragments by Huisgen cycloaddition, have been increas-
ingly successfully demonstrated (5-16). In our strategy, we used
chitinases from Serratia marcescens (SmChi) as target template
enzymes for in situ click chemistry study.

Chitinases are enzymes that hydrolyze chitin, a homopolymer
of B-(1,4)-linked N-acetylglucosamine, which is the second most
abundant polysaccharide in nature, being the major structural
constituent of fungal cell walls, the shells of crustaceans and
arthropods, and the microfilarial sheaths of parasitic nematodes
(17-19). Chitinases are present in a wide variety of organisms,
ranging from bacteria to animals, and their biological roles vary
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depending on the function of chitin among different species (20—
22). Chitinases are currently classified into two different families
of glycosyl hydrolases, namely family 18 and family 19, on the
basis of amino acid sequence similarities (23, 24). Recently,
family-18 chitinases have become attractive as targets for possi-
ble treatments for certain human infectious and inflammatory
diseases. For example, onchocerciasis, commonly known as river
blindness, is a neglected tropical disease caused by infection with
the filarial nematode, Onchocerca volvulus. Janda and his co-
workers identified closantel, a veterinary anthelmintic with
known proton ionophore activities, as a potent and specific in-
hibitor of filarial chitinases (classified into family 18), which can
completely prevent L3 to L4 stage molting of O. volvulus larvae
(25). So far, many inhibitors of the family-18 chitinases have
been reported, offering the promise for development of new
therapeutic agents against chitinase-connected infectious dis-
eases and chitinase-mediated pathologies. During screening of
over 10,000 extracts from soil microorganisms, our research
group has discovered naturally occurring cyclic pentapeptide
chitinase inhibitors, argadin (26) and argifin (1) (27-29). In 2009,
we reported the design of an azide-bearing N”-methylcarbamoyl-
L-arginine substrate (2), a simpler derivative of 1, and the
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Fig. 1. Our previous result for in situ click chemistry. A bacterial chitinase b

[Serratia marcescens chitinase B (SmChiB)] guided the formation of a more
potent syn-triazole obstructer (4) involved in chitin hydrolysis via in situ click
chemistry between the active azide ligand (2), simplified from natural
product argifin (1), and an alkyne fragment (3).

application of in situ click chemistry for the generation of more
potent chitinase inhibitors (11) (Fig. 1). Information about
binding of chitin substrates and some inhibitors including 1
[ICsp = 6.4 uM against S. marcescens chitinase B (SmChiB)] in
the tunnel-like active site, and the chitin hydrolytic mechanism of Glu 144
SmChi based on X-ray crystallography are easily available (30—
33). In fact, SmChiB itself serves as a mold to enable production
of the syn-triazole (4) from 2 (ICsy = 0.58 pM) with quinoline-
oxime (3) (ICso = >100 pM), found from a library of 71 ran-
domly collected, structurally diverse alkynes, via the enzyme
template Huisgen cycloaddition process. Syn-triazole 4 (ICs5p =
0.022 pM) demonstrated heightened potency with ICs, values
against SmChiB smaller than the precursor (2) as well as the
natural product argifin (1). In contrast, the anti-triazole isomer
of 4, not formed in SmChiB, exhibited only comparatively mod-
erate inhibition (ICso = 1.0 pM) (11). In the process of in situ
?hc,k chem.l stry, the highly exergonls: natu.r e of triazole f(.)rl.natlon magenta and interacting residues colored light brown are shown as stick
is irreversible and thereby locks in unique characteristics. In model (blue, nitrogens; red, oxygens). (B) Schematic drawing of the detailed
previous in situ click chemistry studies, some triazole compounds interactions between SmChiB and 4 (blue, nitrogens; red, oxygens; black,
have been cocrystallized with corresponding target proteins to  carbons).
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Fig. 2. Syn-triazole (4) (postclicked inhibitor) complexed to SmChiB. (A) The
surface representation of SmChiB with a postclicked inhibitor 4 colored
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Fig. 3. Visualization of the intermediates in triazole formation. (A) Preparation of SmChiB complex with azide ligand (2) or/and quinoline fragment (5) as
a mimic of alkyne fragment (3) to indicate the state before in situ triazole formation between 2 and 3 in SmChiB. (B) An azide ligand (2) complexed to SmChiB
(colored as in Fig. 2A). (C) Both azide ligand (2) and quinoline fragment (5) (green) complexed to SmChiB (colored as in Fig. 2A). (D) Syn-triazole (4) (yellow) is
superimposed on the azide ligand (2) (magenta) and quinoline fragment (5) (light blue).

functional theory (DFT) calculations to explore the SmChiB-
induced Huisgen cycloaddition. The DFT calculation suggests
that the activation barrier of triazole formation in the solvent
(H,0) was approximately equal with that in the protein. This
means that the enzyme works by guiding the assembly of the
click candidates. The DFT calculation reasonably supports the
theory that SmChiB plays a role via the cage effect, not as
a catalyst, during the pretransition states of triazole formation,
and that molecules of 2 and 3 are potentially coupled to gen-
erate only 4 among two possible cycloaddition patterns (syn
and anti) by conformational selection in the active site
of SmChiB.
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Results and Discussion

Preparation of the SmChiB Complexes and Structural Analysis of in
Situ Click Chemistry. To understand how SmChiB recognizes the
syn-triazole (4) at the atomic level, we determined the crystal
structures of SmChiB alone and after soaking with 4 at 1.7- and
2.3-A resolution, respectively (Materials and Methods) (Fig. 2).
The N-methylcarbamoyl-L-arginine moiety of 4 is, as expected,
bound at the active site of SmChiB with the same orientation as
argifin (1) (31). In addition, the dibenzyl moiety of 4 is embed-
ded in the hydrophobic region of the binding cleft composed of
Phel2, Phe51, Tyr292, 1le339, and Trp403. The triazole of 4, as
a bridging function between the azide ligand (2) and quinoline-

Hirose et al.


www.pnas.org/cgi/doi/10.1073/pnas.1315049110

MM region
Some residues
located within 5 A
from azide (2)
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Fig. 4. The quantum mechanics (QM) and molecular mechanics (MM)
regions in ONIOM calculations. Compounds 2 and 3 were fully optimized in
all our calculations, whereas the total of 39 SmChiB residues, i.e., Tyr10,
Tyr11, Phe12, lle13, Pro14, Phe51, Ser93, 11e94, Gly95, Gly96, Trp97, Tyr98,
Asp142, Trp143, Glu144, Ala184, Phe191, Met212, Thr213, Tyr214, Asp215,
Pro219, Trp220, Tyr292, Gly293, Arg294, Pro313, Gly314, Glu315, Asp316,
Pro317, Asp336, Pro337, Arg338, lle339, Met401, Phe402, Trp403, and
GIn407, were restricted to each initial coordinate during ONIOM optimiza-
tion (colored as in Fig. 3C).

oxime (3), is fitted within the pocket composed of Pro219,
Arg294, Asp336, Arg338, and I1e339. The quinoline moiety of 4
is sandwiched by two tryptophan residues of Trp97 and Trp220,
presumably with strong n—r interaction.

We subsequently attempted to visualize the assemblage of
each click candidate for the pretriazole formation (Fig. 34). For
this, we hypothesized that, if the alkyne substrate (3) is located
and stabilized in appropriate orientations with the azide ligand
(2) by the molding effect of SmChiB, it is likely that the reaction
components would combine within the crystal to generate a high-
affinity substrate (4), thus preventing the recording of a high-
resolution snapshot of the complex by X-ray crystallography.
Therefore, we prepared the alkyne mimic compound (5) (ICsg = >
100 pM) (SI Materials and Methods, Figs. S1-S4), which has
a double bond instead of a terminal alkyne. First, 5 alone was
soaked into SmChiB crystals at high concentration (1.25 mM in
crystallization droplet). However, no distinct electron density
was observed. Next, the azide ligand (2) was cocrystallized with
SmChiB to see how 2 alone binds to SmChiB. Interestingly, the
head region of the azide ligand (2) was rotated about 180°
compared with the syn-triazole (4) orientation (Fig. 3B). The
crystallographic B factor of the head region was much higher
than the N-methylcarbamoyl-L-arginine moiety. This indicates
that the head region is loosely bonded, whereas the N-methyl-
carbamoyl-L-arginine portion tightly binds to SmChiB. The
soaking of azide ligand (2) and alkyne mimic compound (5) to-
gether with the SmChiB crystals at lower concentration (12.5 pM
of 2 and 125 pM of 5) revealed only the electron density from 2,
with the same orientation as 2 alone. When increasing the con-
centration of the compounds (250 uM of 2 and 1.25 mM of 5),
the electron densities of both compounds appeared. The azide
ligand (2) could be fitted to the electron density of the same
orientation as the syn-triazole (4). In addition, the residual
electron density resembled a two-horned goat head, which pre-
sumably results in the two conformers of 5 (Fig. 3C and Fig. S5).
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Both conformers were stacked between Trp97 and Trp220, as
seen in syn-triazole (4), but the quinolone ring of 5 was flipped
about a half-turn from the stacking mode of the quinolone
moiety of 4 on the bond between C-4a and C-8a. As the par-
ticipation of the nitrogen atoms in the quinolone ring of 4 and 5
were not observed in the interaction with the amino acid residues
of SmChiB, it can be expected that there is no variance for
binding affinities caused by reorientation of the quinolone ring.
The oxygen atom of one conformer of 5 formed a hydrogen bond
with the nitrogen atom of azideacetyl amide in the azide ligand
(2). Orientation of another conformer well overlapped with the
syn-triazole (4) (Fig. 3D), representing an assemblage of each
click candidate in the reaction.

DFT Calculations Based on X-Ray Cocrystal Structure. To explore how
SmChiB contributes to the Huisgen cycloaddition, we performed
DFT calculations. We first modeled the complex structure of
[SmChiB]-[azide ligand (2)]-[alkyne fragment (3)] using the
crystal structure of [SmChiB]-[2]-[mimic of alkyne fragment
(5)], and performed energy minimization with the AMBER force
field to relax the model structure (35, 36). We then constructed
the system for the geometry optimization using the ONIOM
method (37, 38), which consisted of 2, 3, and a total of 39 resi-
dues of SmChiB located within 5 A from these two compounds.
The quantum mechanics (QM) and molecular mechanics (MM)
regions in the ONIOM calculation are illustrated in Fig. 4. We
defined “the azide and the contiguous methylene group of 2” and
“propargyl group of 3” as a high-level layer with DFT (B3LYP
functional), using a 6-31G* Gaussian basis set, and the remain-
ing atoms of 2, 3, and SmChiB residues as a low-level layer with
the AMBER force field (36). The coordinates of SmChiB resi-
dues were constrained to those of the initial structure. We per-
formed ONIOM optimization for three kinds of forms, i.e.,
precursor state complex, transition state (TS) complex, and
product complex, followed by one-point B3LYP calculations
using the 6-31G™ basis set to estimate the Huisgen cycloaddition
barrier in SmChiB.

Fig. 5 shows the relative energies of the precursor state, TS
state, and product complex with B3LYP calculations using the
6-31G™* basis set, and the optimized coordinates around the
center of Huisgen cycloaddition, based on the ONIOM (B3LYP/
6-31G*:AMBER) method for each complex. The relative ener-
gies were defined as the deviation energy from the precursor
state complex. Our TS complex, optimized under the protein
environment, was found to be very similar to that reported for
the cycloaddition of methyl azide and propyne in the COSMO
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Fig. 5. Relative energies of the reaction via the enzyme complex: precursor
state, transition state (TS), and product state with B3LYP calculations using
6-31G* basis set, and the coordinate around the center of Huisgen cyclo-
addition for each form. The relative energies were defined as deviation
energy from the energy for the precursor state.
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Table 1. Optimized distances between neighboring heavy atoms in transition-state (TS)
complex: The definitions of the lengths are shown in Fig. 5

Positions between azide and alkyne r, (N=N) r, (N=N) r3 (N...Q) rs (N...Q) rs (C=Q)
Protein environment (our result) 1.18 1.23 2.17 2.22 1.23
COSMO implicit solvent (previous work*) 1.17 1.26 2.08 2.24 1.23

Values are in angstroms.

*TS structure for the cycloaddition reaction of methyl azide and propyne in the COSMO implicit solvent model (39).

implicit solvent model (39). As shown in Table 1, there is not
much difference in the heavy-atom distance between the in-
protein environment and in the COSMO implicit solvent model.
This indicated that the protein environment might not have
significant influence on the TS structure. The relative energy
between the precursor state and TS complex, i.e., the activation
barrier, was estimated to be 35.5 kcal/mol, which was somewhat
higher than a value of 26.0 kcal/mol reported in the COSMO
implicit solvent model (39). In terms of the contribution of wa-
ter, we performed additional DFT (using B3LYP functional)
calculations using a system in gas phase and in water phase with
the polarizable continuum model. From these calculations, the
difference of the reaction barrier between these phases is less
than 3.5 kcal/mol, indicating that the effect of water for this
triazole formation might not be significant. In our calculations,
zero point energy correction and thermodynamic effect were not
included because of the large size of system and the strict
shortage of our computational resource. Therefore, the reaction
barrier might be overestimated to some extent. Nevertheless, our
result suggested that the activation barrier of the protein envi-
ronment might be higher than that of aqueous environment.
However, we could successfully obtain the product compound by
triazole formation using SmChiB. In this respect, we considered
that complexation of compounds 2 and 3 by the protein causes
a loss of degrees of freedom, which results in a higher frequency
of collision between the two reactants. These observations and
considerations suggest that S ChiB mainly plays a role through
a cage effect, which leads to an increased frequency of collision
between 2 and 3 in favorable orientation, which causes an ac-
celeration of the Huisgen cycloaddition in SmChiB. The heat of
reaction of —90.1 kcal/mol indicated that the product molecule
was very stable, and the reaction is, in general, irreversible.

Conclusions

Currently, there is no definitive evidence to support the theory
that proteins act as both mold and template between a unique
pair of azide and alkyne fragments for in situ click chemistry
studies. Our results demonstrate that the assembly of azide li-
gand (2) and alkyne-bearing quinolone-oxime (3) within SmChiB
is responsible for yielding a very potent syn-triazole inhibitor (4)
via an in situ click chemistry reaction, as visualized by X-ray
crystallography. Moreover, computed analysis of the complex
of [SmChiB]-[2]-[3], which was remodeled from cocrystal of
[SmChiB]-[2]-[mimic of alkyne fragment 3 (5)], further supports
the favorable orientation for syn selective Huisgen cycloaddition
by the cage effect of SmChiB, meaning a reduction in the
degrees of freedom of 2 and 3 in enzyme, which causes a higher
frequency of reactants hitting each other. Conformation of the
[SmChiB]-[2]-[3] and [SmChiB]-[2] complexes are different due
to the inherent flexibility of both the arginine-based inhibitor and
SmChiB molecules. Therefore, the structures of the precursor
complex [SmChiB]-[2] and the product complex [Sm ChiB]—[syn-
triazole (4)] alone do not explain the effect of the mysterious
acceleration of its syn-triazole formation. Our observation sug-
gests that the complex of [enzyme]-[ligand] may be very flexible
and reoriented by the coordination of another fragment around
the affinity site of the ligand. Consequently, the conformation
of the ligand in the complex is changed to a metastable state

15896 | www.pnas.org/cgi/doi/10.1073/pnas.1315049110

from the stable conformation, which, in the case of in situ click
chemistry, leads to the generation of its own inhibitor. The
flexibility of the ligand binding pocket of the protein provides an
opportunity to explore a diversity of ligands. However, even if the
structural information for the apoenzyme and [target enzyme]-
[ligand] complexes could be determined, the prediction of in situ
click chemistry candidates is not straightforward, due to the in-
herent flexibility of proteins and ligands and their ability to spon-
taneously adopt multiple conformations relative to each other.

Materials and Methods

Expression, Purification, and Crystallization of SmChiB. The hexahistidine-
tagged SmChiB was expressed and purified as described previously (11). The
hexahistidine-tag was removed by adding enterokinase (EKMax; Invitrogen)
at 288 K for two overnight periods, and then loaded onto a gel filtration
column (Superdex 200 10/300; GE Healthcare) equalized with buffer A (25
mM Tris-Cl, pH 7.5, 0.1 M NaCl). To remove the uncleaved polypeptides,
a nickel column (HisTrap HP, 1 mL; GE Healthcare) was inserted between the
gel filtration column and UV monitor. The SmChiB-containing fractions were
pooled and concentrated by Microcon (Millipore) with pore size of 30 kDa,
resulting in an 8.0 mg/mL SmChiB solution.

The crystallization conditions corresponded to previous work (30, 31, 40)
with small modifications. Briefly, the protein solution was mixed with an
equal volume of reservoir solution [0.1 M sodium phosphate, pH 7.0, 0.8 M
ammonium sulfate, 5% (vol/vol) glycerol] and set up for the hanging-drop
method at 298 K. The crystals of SmChiB were typically appeared in 2-3 d
and grew to maximum size (~0.4 mm) in 10 d.

Preparing the SmChiB-Inhibitor Complex Crystals. We prepared the protein-
inhibitor complex crystals by cocrystallization or soaking methods. We dis-
solved each lyophilized inhibitor and prepared inhibitor solutions as follows:
syn-triazole (4) (285.8 pM in 100% methanol), azide (2) [5 mM in 10%
(vol/vol) methanol], and 4-quinolylfromyl-O-allyloxime (5) [25 mM in 55%
(volivol) methanol] (preparation and spectroscopic data of 5; S/ Materials
and Methods, Figs. $1-S4). The SmChiB-azide (2) crystals were grown from
the drop containing 1.3 pL of SmChiB solution, 0.2 pL of azide (2) solution,
and 1.0 pL of reservoir. For soaking methods, the inhibitor solutions were
added to crystallization drops where the apo-SmChiB crystals were well
grown, and then sealed with vapor grease again and placed for two or three
nights at 293 K. All crystals were transferred to cryoprotectant solution [0.1 M
sodium phosphate, pH 7.0, 0.8 M ammonium sulfate, 20% (vol/vol) glycerol]
for 10 s, and then flash-frozen and stored in liquid nitrogen until the X-ray
data collection.

Data Collection, Structure Determination, and Refinement. Diffraction data
were collected at AR-NW12A, AR-NE3A, BL-5A, and BL-17A in Photon Factory
(Tsukuba, Japan). The crystals were diffracted to 1.7- to 2.3-A resolution. We
processed the diffraction image data with HKL-2000 (41). The crystals belonged
to a tetragonal lattice with space group of P43;2,2, which differs from previous
results (30, 31, 40). The intensity data were converted to structure factors with
TRUNCATE (42), and followed by molecular replacement with MOLREP (43)
using SmChiB monomer (40) as a search model. We refined the model by
Refmac5 (44) and manually fixing using COOT (45). The restriction library and
coordinates of inhibitors were prepared using the PRODRG2 server (http:/
davapcl.bioch.dundee.ac.uk/prodrg/) (46). The data collection and structure
refinement statistics are summarized in S/ Text (Table S1 and Fig. S5).

Figure Preparations. All figures for X-ray cocrystal structure were created by
PyMOL (www.pymol.org), except Fig. 2B, which was created by LIGPLOT (47).

Computational Analysis of Huisgen Cycloaddition in SmChiB. The model struc-

ture used in our calculations consisted of 2, 3, and a total of 39 SmChiB res-
idues (Tyr10, Tyr11, Phe12, lle13, Pro14, Phe51, Ser93, 1le94, Gly95, Gly9s6,
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Trp97, Tyr98, Asp142, Trp143, Glul144, Ala184, Phe191, Met212, Thr213,
Tyr214, Asp215, Pro219, Trp220, Tyr292, Gly293, Arg294, Pro313, Gly314,
Glu315, Asp316, Pro317, Asp336, Pro337, Arg338, 1le339, Met401, Phe402,
Trp403, and GIn407) located within 5 A from these two compounds. The
N-terminal and C-terminal residues in our system were capped by an acetyl
and N-methyl group, respectively. We used a total of 12 atoms, including “the
azide and the contiguous methylene groups of 2" and “propyne group of 3"
in the high QM layer. The other 887 atoms are included in the MM layer. The
geometries of the precursor state, TS, and product complex were optimized
at the ONIOM(B3LYP/6-31G*:AMBER) level. Subsequently, one-point energy
calculations at the B3LYP/6-31G* level were carried out with the optimized
structures to estimate relative energy differences. The ONIOM and B3LYP
calculations were carried out using the Gaussian 03 program package (48).
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