
X-ray Structure of Papaya Chitinase Reveals the Substrate Binding Mode of
Glycosyl Hydrolase Family 19 Chitinases†,‡
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ABSTRACT: The crystal structure of a chitinase from Carica papaya has been solved by the molecular
replacement method and is reported to a resolution of 1.5 Å. This enzyme belongs to family 19 of the
glycosyl hydrolases. Crystals have been obtained in the presence of N-acetyl-D-glucosamine (GlcNAc) in
the crystallization solution and two well-defined GlcNAc molecules have been identified in the catalytic
cleft of the enzyme, at subsites -2 and +1. These GlcNAc moieties bind to the protein via an extensive
network of interactions which also involves many hydrogen bonds mediated by water molecules, underlying
their role in the catalytic mechanism. A complex of the enzyme with a tetra-GlcNAc molecule has been
elaborated, using the experimental interactions observed for the bound GlcNAc saccharides. This model
allows to define four major substrate interacting regions in the enzyme, comprising residues located around
the catalytic Glu67 (His66 and Thr69), the short segment E89-R90 containing the second catalytic residue
Glu89, the region 120-124 (residues Ser120, Trp121, Tyr123, and Asn124), and the R-helical segment
198-202 (residues Ile198, Asn199, Gly201, and Leu202). Water molecules from the crystal structure
were introduced during the modeling procedure, allowing to pinpoint several additional residues involved
in ligand binding that were not previously reported in studies of poly-GlcNAc/family 19 chitinase
complexes. This work underlines the role played by water-mediated hydrogen bonding in substrate binding
as well as in the catalytic mechanism of the GH family 19 chitinases. Finally, a new sequence motif for
family 19 chitinases has been identified between residues Tyr111 and Tyr125.

Higher plants produce a myriad of defense proteins that
allow their protection against stresses and pathogenic attacks.
These so-called pathogenesis-related proteins encompass a
large variety of functions with putative protective roles (1).
The most abundant class of these proteins contains lytic
enzymes such as �-1,3 glucanases and chitinases.

Chitinases, like lysozymes, hydrolyze the �-1,4 glycosidic
bonds which are often found in structural polysaccharides

of cell walls. Chitinases cleave preferentially the glycosidic
bonds between GlcNAc1 residues and differ from lysozymes,
which hydrolyze the bonds between N-acetyl-D-muramic acid
and GlcNAc. Chitin, the natural substrate of chitinases, is a
linear �-1,4-linked homopolymer of GlcNAc ((GlcNAc)n),
found in the cuticle of insect shells, in the outer shell of
crustaceans, and in the cell walls of many fungi. Chitin is
believed to be the second most abundant polysaccharide on
earth next to cellulose.

Chitin-degrading enzymes have shown various potential
applications in agricultural, biological, and environmental
fields, such as their use against chitin-containing pathogens,
in the biological control of soil-borne fungal diseases, or,
also, in case of chitinases with chitosanase activity, in
preparation of low molecular weight chitosan oligomers for
clinical applications as wound healer, blood anticoagulants,
and hemostatic materials.

Chitinases are classified into the glycosyl hydrolase (GH)
family 18 or 19 (2, 3). These two families do not share
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oppement Régional programs.

‡ The refined coordinates and structure factors of papaya chitinase
have been deposited in the RCSB Protein Data Bank with accession
code RCSB047093 (pdb id: 3cql). Cartesian coordinates of the
(GlcNAc)4/papaya chitinase complex model can be obtained by request
to authors.

* To whom correspondence should be addressed. Telephone:
+32255556299. Fax: +3225556782. E-mail: rene.wintjens@ulb.ac.be.

§ Service de Chimie Générale, Institut de Pharmacie, Université Libre
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sequence or structural similarities and act using different
catalytic mechanisms. GH family 18 chitinases are found in
a wide diversity of organisms. Their catalytic domains are
defined by an eight (R/�) barrel (4) and use a substrate-
assisted double-displacement mechanism, which leads to the
retentionoftheanomericcarbonC1initsinitialconfiguration(5,6).
GH family 19 chitinases are mainly found in plants but have
also been recently discovered in bacteria. Their 3D structures
show a high R-helical content and have a topology similar
to lysozymes from goose, phage, and hen (7–9). The catalytic
mechanism of family 19 chitinases involves a single dis-
placement which leads to an inversion of the configuration
of the anomeric carbon (10).

There is so far no structure of an enzyme in complex with
substrates or ligands for GH from family 19, unlike the
enzymes from family 18, for which many complexes have
been reported (11). Only theoretical models were built,
mostly based on the complex between HEWL and a
trisaccharide substrate (7, 11–13). However, HEWL (GH
family 22) is known to hydrolyze its substrate with retention
of the anomeric configuration (10) like GH family 18
chitinases and, as such, is not ideally suited for modeling
studies of GH family 19 catalysis. Moreover, the binding
cleft of HEWL appears more extended on one side when
compared to that of the barley chitinase, so far the most
studied chitinase of GH family 19 (11), an observation which
underlies differences in enzymatic mechanisms. HEWL
predominantly hydrolyzes a molecule of (GlcNAc)6 into
(GlcNAc)4 and (GlcNAc)2 (14), whereas the barley chitinase
produces in equal amount (GlcNAc)3 and (GlcNAc)4/
(GlcNAc)2 (15, 16). Finally, all reported models of family
19 chitinase complexes with (GlcNAc)n do not include water
molecules in the substrate binding cleft, leading to an
incomplete view of the presumed catalytic mechanism
(7, 11–13).

We report here the crystal structure of a complex of a
Carica papaya chitinase with GlcNAc. Two GlcNAc mol-
ecules are found in the active site, allowing to model a
complex of this GH family 19 chitinase with (GlcNAc)4, in
which water molecules are incorporated.

EXPERIMENTAL PROCEDURES

X-ray Diffraction Data Collection. Protein purification and
crystallization procedures were reported previously (17, 18).
Well-diffracting crystals of the papaya chitinase were
obtained by the vapor diffusion method in hanging drops
with the following conditions: Li2SO4 (0.17 M), Tris-HCl
(0.085 M) pH 8.5, PEG 4000 (25.5%), glycerol (15%), and
in the presence of a large excess of GlcNAc (18). X-ray
diffraction data were collected at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) on beamline
BM30-A. Diffraction data were processed with the XDS suite
of programs (19). The crystals belong to space group P21,
with cell dimensions a ) 44.49 Å, b ) 69.00 Å, c ) 76.81
Å, and � ) 94.97° and diffract to at least 1.5 Å resolution.
Crystal data and data collection statistics are summarized in
Table 1.

Structure Determination and Refinement. Analysis of the
unit-cell content suggested the presence of two protein
molecules in the asymmetric unit, consistent with a solvent
content of 42.78% (20). The structure was solved by

molecular replacement using the CCP4 suite of programs
(21). For the molecular replacement procedure, a model was
elaborated using MODELER (22), starting from the structure
of barley chitinase (pdb code: 2baa) (7). This model was
subsequently used in the MOLREP program (23).

The structure was progressively rebuilt and fitted, using
both 2F - Fc and Fo - Fc maps in coot (24). The loop from
residue 88 to residue 109 was completely reconstructed by
hand. Final refinement cycles were performed with restrained
constraints in REFMAC5 (25). Water molecules were added
using the “find waters” procedure implemented in REF-
MAC5 (25). Finally, the quality of the structure was
evaluated using PROCHECK (26). Refinement statistics are
given in Table 1.

Structural Analysis and Comparisons. Secondary structures
were defined with DSSP (27). Intermolecular interactions
were analyzed using LigPlot (28) and HBplus (29).

The papaya chitinase structure was compared to the other
available chitinase structures, using a modified version of
the SoFi algorithms (30), which extend the alignment to
allow that all residues, except those corresponding to
insertions and deletions, are superimposed. The X-ray
structures included in this comparison are the chitinases from
rice (pdb code 2dkv, 31), barley (2baa, 7), jack bean (1dxj,

Table 1: X-ray Data Collection, Refinement, and Model Statistics

papaya chitinase

Crystal Parameters

space group P21

unit cell (Å) a ) 44.49, b ) 69.0, c )
76.81; � ) 94.97°

no. of protein molecules in asymmetric unit 2 monomers

Data Collectiona

source/beamline ESRF/BM30A
wavelength (Å) 0.978872
resolution (Å) 20.0-1.50 (1.59-1.50)
no. of reflections 301176 (45870)
no. of unique reflections 71589 (10910)
completeness (%) 95.2 (90.6)
Rmerge

b 6.4 (39.6)
mean I/σ(I) 17.94 (4.23)

Refinement Statistics

resolution (Å) 19.68-1.50
Rfactor

c (%) 16.1
Rfree

d (%) 18.8

Model Statistics

total no. of protein atoms 3744
no. of GlcNAc molecules 6
no. of water molecules 403
no. of other atoms 26
rmsdbond (Å) 0.008
rmsdangle (deg) 1.17
〈B-factor〉all protein atoms (Å2) 11.74
〈B-factor〉protein main chain atoms (Å2) 10.54
〈B-factor〉GlcNAc (Å2) 13.98
〈B-factor〉water (Å2) 24.48
Ramachandran distribution

most favorable regions (%) 87.0
in additional regions (%) 12.5
in disallowed regions (%) 0.5
a Statistics for the highest resolution shell in parentheses. b Rmerge )

∑hkl∑i|Ihkl,i - 〈Ihkl〉|/∑hkl∑i〈Ihkl〉, where Ihkl,i is the ith observed intensity of
reflection hkl and 〈Ihkl〉 is the mean intensity for all observations i of
reflection hkl. c Rfactor ) ∑||Fo| - |Fc||/∑|Fo|, where |Fo| and |Fc| are the
observed and calculated structure factor amplitudes, respectively. d Rfree

was calculated from a random selection of 5.02% of the data.
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32), leaf mustard (2z37, 33), Streptomyces coelicolor (2cjl,
34), and Streptomyces griseus (1wvv, 35). Conservations of
amino acids in GH family 19 chitinases were evaluated using
an alignment of 370 sequences. This multiple alignment was
obtained using clustalX (36) and subsequently optimized
manually. This alignment is given in the Supporting Infor-
mation section (Figure S1).

Steady-State Fluorescence Spectroscopy. Fluorescence
spectra were recorded using a Perkin-Elmer LS 55 fluorom-
eter, and measurements were made in the concentration range
where the emission was linear regarding the fluorophore
concentrations. The emission and excitation bandwidths were
5.0 nm, and the temperature of the solution in the cell was
maintained at 25.0 ( 0.1 °C.

The quenching experiments were achieved in 50 mM
sodium acetate buffer at pH 5.0. Solutions were prepared
from the buffer containing 200 mM GlcNAc and a stock
solution of protein in water. Measurements were carried out
using a protein concentration of 77 µg/mL and concentrations
of GlcNAc of 50 and 100 mM. Fluorescence intensities were
measured at 340 nm using an excitation wavelength of 295
nm for selective excitation of Trp residues. Fluorescence
contribution from GlcNAc was subtracted from all the
spectra.

Molecular Modeling of the (GlcNAc)4-Papaya Chitinase
Complex. By convention, the polysaccharide units are
named from the nonreducing to the reducing end. The
GlcNac molecules in the crystal structure of the papaya
enzyme are thus named (GlcNAc)C and (GlcNAc)E. The
initial conformation of the tetra-N-acetyl-D-glucosamine
moiety was taken from the hevamine complex structure
(pdb entry 1kr0, 37). It was superimposed to the GlcNAc
molecules found in the papaya chitinase crystal structure,
in such a way that the six cycle atoms of the first and
third units of the (GlcNAc)4 were superimposed respec-
tively to (GlcNAc)C and (GlcNAc)E of the papaya chiti-

nase. Thus the (GlcNAc)4 molecule occupies subsites C,
D, E, and F according to HEWL binding convention (38).
A conjugate gradient minimization was then applied using
X-plor (39), in two cycles of 200 minimization steps with
harmonic restraint of 10 kcal/mol on the sugar cycle atoms
of GlcNAc units at positions C and E. The positions of
all protein backbone atoms were kept fixed during the
minimization. A total of 189 water molecules were kept
in the initial model, and their positions were also
energetically optimized, including the nine water mol-
ecules found in the active site. The rms deviation of
protein side chain atoms between the initial structure and
the minimized model is 0.29 Å, and 1.01 Å for the
(GlcNAc)4 molecule and 0.35 Å for the 189 solvent
molecules.

RESULTS

Structure of Papaya Chitinase. The crystal structure of
the papaya chitinase was determined by the molecular
replacement method using a model elaborated with MOD-
ELER (22), starting from the structure of barley chitinase
(pdb entry 2baa (7); sequence identity of 73%). The crystal
contains two molecules in the asymmetric unit, with a
Matthews coefficient (VM) value of 2.15 Å3/Da (20), which
corresponds to a solvent content of 42.78%. The final model
of papaya chitinase was refined to a resolution of 1.5 Å. All
atoms from the 243 residues were well defined in electron
density, and thereby at that resolution, uncertainties inherent
to sequencing by mass spectrometry (17) were elucidated.
An isoleucine residue was thus identified instead of a leucine
at positions 35, 57, 117, 149, 172, 194, 197, 198, 216, and
225, and an isoleucine was replaced by a leucine at position
155 (consequently, the SwissProt database entry P85084 has
been modified accordingly). With the exception of Trp121
located in the active site, all non-glycine and non-proline
residues were in the allowed regions of the Ramachandran
plot (87.0% of residues in most favored regions and 12.5%
in additionally allowed regions). Loop 88-109 was not
visible in the initial electron density map and was manually
built during the refinement process.

Like other family 19 chitinases, the papaya enzyme is
made up of nine R-helices comprising 6-18 residues, thus
representing an overall 40% of R-helix content. Three 310

helices are also found at positions 2-4, 79-81, and
140-144 (Figure 1). Three disulfide bonds which are often
conserved in plant chitinases are also present in the papaya
chitinase, between Cys23 and Cys85, Cys97 and Cys105,
and Cys204 to Cys236. Five residues are found within
isolated �-bridges, forming a short �-hairpin (Gln162 and
Lys165) and the smallest possible antiparallel �-sheet
(Lys88, Arg114, Leu119). The catalytic cleft goes across
the central portion of the protein and involves the �-sheet,
the N-terminal part of helix R4, and the C-terminal part
of helices R3 and R8 (Figure 1).

Six crystal structures of GH family 19 chitinases are
currently available in the Protein Data Bank, four coming
from plants and two from bacteria (they are listed in the
Experimental Procedures section). The papaya enzyme
presents a sequence identity ranging from 33% to 76% and
is structurally similar to the other family 19 chitinases, with
an overall rms deviation ranging from 0.85 to 2.07 Å. The

FIGURE 2: Crystal packing of papaya chitinase. The two protein
molecules found in the asymmetric unit are drawn in turquoise-
colored ribbons with four other symmetric molecules, which are
shown in pale-colored ribbons. The GlcNAc molecules and also
Gln177, which actively participate to the crystal packing, are
illustrated. The two GlcNAc molecules found in the catalytic cleft
are also shown. The figure was generated using MolScript and
Raster3D.

8286 Biochemistry, Vol. 47, No. 32, 2008 Huet et al.



structure of the papaya chitinase most resembles that of the
mustard chitinase (2z37, 33). Secondary structures among
GH family 19 chitinases are rather well conserved (Figure
1) with only minor differences. For instance, the papaya
chitinase has a 310 helix in region 140-144 instead of an
R-helix in other chitinases.

N-Acetyl-D-glucosamine Binding Sites in Papaya Chitinase
X-ray Structure. The two monomers in the asymmetric unit
are each complexed with three GlcNAc moieties. Two are
located in the catalytic cleft, and the third one contributes
to the crystal packing, essentially by hydrogen bonds between
its O4 atom and the Oε1 of the Gln177 residue from an
adjacent asymmetric unit (Figure 2). These intermolecular
contacts seem important in obtaining well-diffracting crystals,
as crystallization attempts in the absence of GlcNAc always
resulted in poorly diffracting crystals (18).

The two GlcNAc molecules in the catalytic cleft are bound
to subsites equivalent to subsites C and E in HEWL

(according to the nomenclature early defined by Blake et al.
(38)). These molecules are well defined, with average
temperature factors of 9.9 and 5.9 Å2 at subsites C (GlcNAc)C

and E (GlcNAc)E, respectively. These subsites correspond
respectively to positions -2 and +1 in relation to the
glycosidic bond cleavage (40). The so-called A, B, C, D, E,
and F (38) binding subsites of HEWL must be adapted into
B, C, D, E, F, and G in GH family 19 chitinases, as a result
of a shift toward the reducing end side (12, 15) of the binding
cleft in these enzymes.

The (GlcNAc)C unit binds to the papaya enzyme via an
extensive network of interactions, some of them implicating
water molecules (Figure 3). Four direct hydrogen bonds are
observed between (GlcNAc)C and residues Ser120, Trp121,
Lys165, and Ile198. Five hydrogen bonds mediated by water
molecules are also observed, bridging (GlcNAc)C with
residues Gln118, Tyr123, Asn199, Ile197, and Leu202
(Figure 3). In addition, a hydrophobic stacking is found

FIGURE 3: Schematic representation of the interactions between the enzyme and GlcNAc molecules. This picture was obtained using LigPlot
(28). The atoms involved in hydrogen bonds (with distances) or hydrophobic contacts are depicted. The legend is indicated below. Residues
well conserved (more than 85%) in the 370 sequences of the GH family 19 chitinases used in this study are marked by an asterisk. The
water molecule proposed to actively participate in the enzymatic mechanism is shown by a light blue arrow.

Mechanistic Insights into Chitinase Catalysis Biochemistry, Vol. 47, No. 32, 2008 8287



between the sugar acetyl group of (GlcNAc)C and the side
chain of Phe157. The second saccharide molecule found in
the catalytic cleft, (GlcNAc)E, interacts with the enzyme
through eight hydrogen bonds, four of them involving water
molecules. These hydrogen bonds involve the following
protein residues: Arg90, Glu67, His66, Glu89, Gln118, and
Ser120 (Figure 3).

The acetyl group of (GlcNAc)E is in hydrophobic contact
with the side chain of Phe86. Within the asymmetric unit,
loop 72-78 of one monomer penetrates into the substrate
binding cleft of the other monomer at its reducing end side.
Consequently, the (GlcNAc)E molecule of the second mono-
mer interacts with residues Trp72 and Ser74 of the adjacent
monomer (Figure 3). These additional interactions participate
to the crystal packing, underlining the role played by GlcNAc
molecules for the crystallization of papaya chitinase.

Binding Experiments. The interactions between the papaya
chitinase and GlcNAc molecules were further characterized
by fluorescence spectroscopy. The enzyme has one tryp-
tophan residue (Trp121) located within its substrate binding
cleft. Conformational changes may alter its emission spectra
and thereby provide information about substrate binding. By
setting the excitation wavelength at 295 nm, the enzyme has
a strong fluorescence emission band at 340 nm, while

GlcNAc has a fluorescence emission at 385 nm. Addition
of increasing amounts of GlcNAc to papaya chitinase results
in a linear decreasing of its fluorescence intensity, while no
shift can be observed in the maximum emission wavelength
(Figure S2 in Supporting Information). This behavior sug-
gests a fluorescence quenching without large conformational
changes in the protein structure. Unfortunately, the very low
association constant (estimated value about 2-4 M-1)
between the enzyme and GlcNAc molecules did not allow
us to perform a Stern-Volmer analysis, and thus we could
not estimate the thermodynamic parameters of binding.
Similar uncertainties have been reported regarding fluores-
cence spectroscopy experiments of GlcNAc binding to
lysozyme (41).

Catalytic Binding Mode of Family 19 Chitinases. The
binding of two GlcNAc molecules at specific subsites in the
catalytic site of the papaya enzyme (Figure 4a) has allowed
us to model a complex of this chitinase with (GlcNAc)4. The
(GlcNAc)4 complex was elaborated using as a starting model
the coordinates of the (GlcNAc)4 molecule observed in the
complex with hevamine (pdb code 1kr0, 37). It has been
positioned in the papaya chitinase structure in such a way
as to conserve the positions of (GlcNAc)C and (GlcNac)E,
and the model was subsequently minimized with harmonic
restraints on the sugar cycle atoms at these positions. These
GlcNAc moieties showed thus only very small conforma-
tional changes upon energy minimization (Figure 4b). The
carbohydrate cycle of (GlcNAc)E undergoes only a small flip
due to the steric presence of the adjacent (GlcNAc)D. Also,
side chain atoms of the two catalytic glutamate (Glu67 and
Glu89) and the catalytic water were only marginally dis-
placed (Figure 4b). Consequently, experimentally observed
interactions in the catalytic site of the enzyme in the crystal
structure were preserved in the (GlcNAc)4 complex.

The (GlcNAc)4 molecule interacts through an extensive
network of interactions, which also involves many hydrogen
bonds mediated by water molecules (Figure 5). Interacting
residues are mainly clustered into four regions along the
amino acid sequence of papaya chitinase (Figure 1), and most
of them were previously predicted to be involved in hexa-
GlcNAc binding interactions (7, 11, 12). Nevertheless, five
amino acids (Tyr96, Glu89, Gly201, Leu202, and Trp121)
are now unambiguously identified as interacting residues by
the inclusion of water molecules into the docking procedure.

The C-terminal part of helix R3 binds to the saccharide
part of (GlcNAc)E and (GlcNAc)F via residues His66, Glu67,
and Thr69. The backbone carbonyl of Glu67 forms a
hydrogen bond with the N-acetyl amide of (GlcNAc)E

whereas the carboxylate group of Glu67 forms a hydrogen
bond with the �-1,4-glycosidic oxygen linking (GlcNAc)D

and (GlcNAc)E. The HO6 proton of (GlcNAc)E interacts with
the side chain of His66. (GlcNAc)F is bound only by one
hydrogen bond to the backbone amide of Thr69. Residues
Glu89 and Arg90 form the second binding region (Figure
1). They are located into the very long flexible loop 88-114
that interacts with (GlcNAc)E via its N-acetyl carbonyl and
HO3 groups. Interestingly, the carboxylate of Glu89 interacts
with the HO3 group of (GlcNAc)E through the water
molecule which was expected to play a role in the single-
displacement inverting mechanism of family 19 chitinases
(showed as orange dots in Figure 5) (11, 32).

FIGURE 4: Close-up view of the GlcNAc binding site in the catalytic
cleft: (a) observed GlcNAc molecules in the crystal structure of
papaya chitinase; (b) complex model of (GlcNAc)4/papaya chitinase.
The protein was shown in mallow ribbons. In both pictures, the
observed 2Fo - Fc electron density map was contoured at the 1.0σ
level for the two observed GlcNAc molecules, the two catalytic
glutamates, and the nucleophilic attacking water molecule. The
picture was generated with BobScript.
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The third binding region encompasses residues Ser120,
Trp121, Tyr123, and Asn124, located in the N-terminal part
of helix R4. The side chain of Ser120, like the catalytic
residue Glu89, forms a water-mediated hydrogen bond with
the OH3 group of (GlcNAc)E.. The last binding region is
situated in the N-terminal part of helix R8 and involves
residues Ile198, Asn199, Gly201, and Leu202, which again
mainly interact with the sugar part of (GlcNAc)C. Interest-
ingly, the side chain amino group of Asn199 forms a
hydrogen bond with the N-acetyl carbonyl of (GlcNAc)D

whereas its side chain carbonyl group forms a water-mediated
hydrogen bond with HO6 of (GlcNAc)C.

Besides these four major interacting regions, three other
residues also interact with the (GlcNAc)4 molecule. The side
chain hydroxyl of the highly conserved Tyr96 forms a water-
mediated hydrogen bond with the N-acetyl amide of
(GlcNAc)D. The OH4 of the (GlcNAc)C sugar forms a
hydrogen bond with the side chain amine of Lys165, and
finally, the side chain of Gln162 forms a water-mediated
hydrogen bond with the OH3 of (GlcNAc)C (Figure 5).

A New Sequence Motif in the GH Family 19 Chitinases.
The main chain of Trp121 displays a characteristic structure
with backbone torsion angles in a left-handed conformation.
This conformation is also observed for the equivalent residue

FIGURE 5: Schematic diagram of interactions in the model of the (GlcNAc)4/papaya chitinase complex. (GlcNAc)4 is drawn in blue, and
water molecules are showed as red dots. The catalytic water molecule is in orange dots. Hydrogen bonds are represented in broken lines.
Asterisks indicate residues highly conserved (>85%) in the 370 aligned sequences of GH family 19 chitinases.

FIGURE 6: Catalytic mechanism proposed for GH family 19 chitinases inferred from the model of the chitinase complex. The electron
density of the two GlcNAc observed in the crystal structure is depicted in gray. (GlcNAc)4 is represented in light blue, and residues
involved in the catalytic center are in dark blue. The figure was generated using BobScript.
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in all available structures of GH family 19 chitinases. Trp121
also forms an aromatic cluster with Tyr96 and Tyr123, which
is also conserved in all chitinase structures. A highly
conserved motif, which characterizes GH family 19 chiti-
nases, could be defined between Tyr111 and Tyr125 as 111Y-
[FHY]-G-R-G-[AP]-x-Q-[IL]-[ST]-[FHYW]-[HN]-[FY]-N-
Y125, where x represents any amino acid. Among the 370
studied sequences of chitinases, 337 of them (91%) contain
this motif. A survey of the sequences in the TrEMBL data
bank showed that the motif is very specific to GH family 19
chitinases. In the same way, a preliminary survey of the
protein structures using the DaliLite server (http://ekhidna.
biocenter.helsinski.fi/dali_server/) seems also to indicate a
certain specific feature of this 15-residue-long structural
motif. Finally, it is worth mentioning that this new motif is
associated with the substrate binding site, contrary to the
two other sequence patterns found in the PROSITE database
for the GH family 19 chitinases (PS00773 and PS00774).

DISCUSSION

Three GlcNAc molecules bound to each chitinase mono-
mer were found in the crystal structure, one involved in
crystal packing and the two others located at subsites C and
E in the catalytic site. Studies of free energy changes upon
ligand binding in family 19 chitinases predicted that subsites
C and F are the strongest binding positions (13, 16). Our
results suggest indeed that the strongest binding site is
(GlcNAc)C but followed by (GlcNAc)E instead of (GlcNAc)F.

The 1.5 Å structure of the papaya chitinase reveals the
presence of a water molecule (HOH61) in the active site,
hydrogen bonded to the side chain carboxylate of Glu89, to
the hydroxyl group of Ser120, and to O3 and O4 atoms of
the (GlcNAc)E sugar moiety (Figure 3). It was proposed that
this water molecule could be activated by Glu89 for the
nucleophilic attack on the C1 atom of (GlcNAc)D, thereby
leading to a product with an inverted anomeric configuration
(7, 11). In our study, the steric hindrance caused by the
presence of the two saccharides, (GlcNAc)C and (GlcNAc)E,
probably prevents the additional binding of a (GlcNAc)D

moiety. However, the distance between this water molecule
and the O4 atom of (GlcNAc)E, which corresponds formally
to atom O1 of a (GlcNAc)n polysaccharide, is only 3.32 Å
(Figure 3). Thus, our experimental observations support a
mechanistic model of reaction involving the assistance of a
water molecule.

It was also speculated that the very long loop 88-114
which contains the catalytic Glu89 can come closer to the
second catalytic residue Glu67 in order to participate to the
catalysis (12, 33). In the papaya chitinase crystal structure,
this loop appears very flexible (average B factors of 16.5
Å2), an observation which may support a potential confor-
mational change upon substrate binding. Also, in the papaya
chitinase the side chains of Glu67 and Glu89 are only 7.6 Å
apart whereas there are more than 9 Å in the other chitinase
that belong to family 19.

The model of papaya chitinase complexed with a tetra-
GlcNAc substrate reveals four major binding regions (Figure
1) within the active site, which involve the residues around
Glu67, the short segment around Glu89, the sequence region
120-124, and the R-helical segment 198-202. Site-directed
mutagenesis studies have previously demonstrated the crucial

role played by residues Glu67, Glu89, Tyr123, and Asn124
in the enzyme activity (42, 43). Our studies show that
residues His66, Arg90, Tyr96, Ser120, Trp121, and Asn199,
which are highly conserved in family 19 chitinases, are also
involved in substrate binding.

Theoretical models of complexes between (GlcNAc)6

substrate and family 19 chitinases have been previously
described (7, 11–13). They were all elaborated from the
complex between HEWL and a polysaccharide, without
taking into account the presence of water molecules in the
binding process. The tetrasaccharide/papaya chitinase com-
plex, elaborated using experimental data at subsites C and
E, provides additional information on substrate binding. The
inclusion, during the docking procedure, of 189 water
molecules observed in the crystal structure has allowed to
show that Tyr96, Trp121, Gly201, and Leu202 are involved
in additional binding interactions. Our results are in agree-
ment with the following model for the catalytic mechanism
(Figure 6) (12): the substrate binds in a conformation
favoring the protonation by Glu67 of the anomeric oxygen
linking sugar D and E; Asn199 can interact with the N-acetyl
group of sugar D, preventing the formation of an oxazoline
ion intermediate; Glu89, located in the very long loop
88-114, and Ser120 are coordinated to a water molecule
that may be activated for the nucleophilic attack (Figure 6).

Finally, the papaya chitinase is highly resistant to pro-
teolysis. Considering its chitosanase activity (17), this
property could represent an advantage for its industrial use
in the production of chitosan oligomers. Indeed, the enzyme
is purified without any polypeptidic cleavage from a source
containing up to 1 mM fully active cysteine proteinases (17).
The crystal structure of papaya chitinase does not provide
the clues to explain such property, excepting the relative high
occurrence of proline residues in loop regions (17) that may
be relevant in protecting this enzyme against proteolytic
degradation,asalreadyreportedforseveralotherproteins(44–46).
Revealing the mechanisms underlying such protection will
require further investigations.
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