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Complete subsite mapping of a “loopful” GH19 chitinase from rye seeds

based on its crystal structure
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Crystallographic analysis of a mutated form of “loopful” GH19 chitinase from rye seeds a double
mutant RSC-c, in which Glu67 and Trp72 are mutated to glutamine and alanine, respectively,
(RSC-c-E67Q/W72A) in complex with chitin tetrasaccharide (GIcNAc), revealed that the entire sub-
strate-binding cleft was completely occupied with the sugar residues of two (GIcNAc), molecules.
One (GIcNAc), molecule bound to subsites —4 to —1, while the other bound to subsites +1 to +4. Com-

parisons of the main chain conformation between liganded RSC-c-E67Q/W72A and unliganded wild
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type RSC-c suggested domain motion essential for catalysis. This is the first report on the complete

subsite mapping of GH19 chitinase.
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1. Introduction

Chitinases (EC 3.2.1.14) hydrolyze B-1,4-glycosidic linkages of
chitin, and have been classified into families GH18 and GH19
according to the CAZy database (http://www.cazy.org/) [1].
Although GH18 chitinases are widely distributed in living organ-
isms from bacteria to humans [2-6], GH19 enzymes are only found
in plants and some bacteria [7]. Plants constitutively or inducibly
produce various types of GH18 and GH19 chitinases [8]. Among
the plant chitinases, the first crystal structure was reported for a
family GH19 chitinase from barley seeds [9]. The barley enzyme
is composed of two lobes, both of which are rich in o-helical struc-
tures. Five loop structures (Loops I-V) are located at both ends of
the substrate-binding groove lying in between the two lobes
(“loopful” chitinases). Crystal structure of another “loopful”
chitinase was reported for a GH19 enzyme isolated from papaya

Abbreviations: GlcNAc, 2-acetamido-2-deoxy-B-p-glucopyranose; (GIcNAc),, B-
1,4-linked oligosaccharide of GIcNAc with a polymerization degree of n; RSC-c, wild
type GH19 chitinase from rye seeds; RSC-c-E67Q/W72A, a double mutant RSC-c, in
which Glu67 and Trp72 are mutated to glutamine and alanine, respectively;
2 x (GlcNAc),, two molecules of (GlcNAc)4; MD, molecular dynamics
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latex [10]. On the other hand, a GH19 chitinase lacking the loops
except Loop III (“loopless” chitinases) was isolated from moss,
Bryum coronatum [11]. Based on the amino acid sequence align-
ment, the structure of the moss enzyme is closely related to those
of GH19 chitinases from Streptomyces griseus HUT6037 [12], Strep-
tomyces coelicolor A3(2) [13], and Norway spruce [14]. Thus, the
structural organization of the GH19 enzymes was intensively stud-
ied, and the structural data have been accumulated. However, their
mechanisms of action are not fully understood, due to a lack of
information on the enzyme-substrate complex. It is highly
desirable to analyze the binding mode of chitin oligosaccharides,
(GlcNAC),, to the plant GH19 chitinases.

The binding mode of (GIcNAc),, to the GH19 enzymes was inves-
tigated using kinetic analysis of the HPLC-based time-course of the
(GlcNAc), degradation [15,16]. This analysis revealed that the sub-
strate-binding cleft of GH19 chitinases from rice and barley seeds
consists of sixsubsites, —3 to +3, based on the subsite nomencla-
ture proposed by Davies et al. [17]. However, (GIcNAc)s was used
as the substrate in the kinetic analysis. Therefore, the substrate-
binding cleft might not be fully occupied with the substrate, and
analysis using (GIcNAc)s is unlikely to provide information on
the entire substrate-binding cleft. Recently, we successfully
analyzed the crystal structure of a “loopful” GH19 chitinase from
rye seeds (RSC-c) in complex with (GlcNAc), [18], and revealed
that the tetramer binds to positively numbered subsites,+1 to +4,
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and that Trp72 is involved in the interaction with the +4 GlcNAc.
The substrate-binding cleft of the “loopful” GH19 chitinase is likely
to be more extended than expected from the kinetic analysis of the
HPLC-based reaction time-courses [15,16]. However, no informa-
tion has been obtained for the negatively numbered subsites of
the “loopful” GH19 enzymes. Here, we mutate Trp72 of RSC-c to
alanine to facilitate the oligosaccharide binding to the negatively
numbered subsites, and the catalytic residue Glu67 is also mutated
to glutamine to exclude hydrolytic effect (RSC-c-E67Q/W72A).
Using the double mutant of RSC-c, we solve the crystal structure
of the mutant enzyme in complex with (GIcNAC)4.

2. Materials and methods
2.1. Production of the double mutant, RSC-c-E67Q/W72A

The double mutant RSC-c-E67Q/W72A gene was obtained by
site-directed mutagenesis of the E67Q mutant gene previously ob-
tained [19] using a QuikChange site-directed mutagenesis kit
(Stratagene). The oligonucleotides used to introduce the second
mutation were 5'-AGACCACCGGCGGGGCGGCGACCGCA-3’ and 5'-
TGCGGTCGCCGCCCCGCCGGTGGTCT-3' (the mutation site is under-
lined). Prior to expression of the mutant enzyme, the entire coding
region of the mutant was sequenced to verify the presence of the
desired mutations and absence of unintended mutations. The dou-
ble mutant RSC-c-E67Q/W72A was successfully produced and
purified by the methods developed for the wild type enzyme [19].

2.2. Crystallization and data collection

Crystallization conditions were screened using the sparse-
matrix sampling method by sitting drop vapor diffusion at 20 °C.
Under optimized crystallization conditions, 1 pl of protein solution
(5mg/ml in water) containing 9.5 mM (GIcNAc), (Seikagaku
Biobusiness Co., Tokyo) was mixed with 1 pl of reservoir solution
containing 0.1 M NaCl, 0.1 M HEPES (pH 7.5), and 1.6 M (NH,4),SO,.
Octahedral crystals grew within 2 weeks. For data collection, the
crystals were transferred into the cryoprotectant solution contain-
ing 0.1 M NaCl, 0.1 M HEPES (pH 7.5), and 1.6 M (NH,4),SO,4, and
20% ethylene glycol, and then flash-cooled in a nitrogen stream
at 95 K. Diffraction data were collected at the beam-line BL-17A
of the Photon Factory (Ibaraki, Japan) using an ADSC Q270 CCD
detector at a cryogenic temperature (95 K). Data were integrated
and scaled with HKL2000 [20]. Processing statistics are summa-
rized in Table 1.

2.3. Structural determination and refinement

The structure of RSC-c-E67Q/W72A was first solved by the
molecular replacement method using the program MOLREP [21],
in which the structure of unliganded RSC-c, PDB code 4DWX
[18], served as a search model. One protein molecule was located
in the crystallographic asymmetric unit. The model was improved
by several rounds of refinement with REFMAC5 [22] and manual
rebuilding with COOT [23]. The structure of RSC-c-E67Q/W72A
was refined to an Ryork/Reree Of 0.182/0.207 at a resolution of
1.9 A. The final model contains one protein molecule that includes
residues 1-243, two (GlcNAc), molecules, one ethylene glycol, five
sulfate ions, and 187 water molecules. The stereochemistry of the
model was verified using PROCHECK [24], showing 88.9%, 10.6%,
0.0%, and 0.5% of protein residues in the most favored, additionally
allowed, generously allowed, and disallowed regions of the Rama-
chandran plot, respectively. The residue (0.5%), His121 in the pro-
tein, lies in the disallowed region of the Ramachandran plot;
however, this residue fits well in the electron density map.

Table 1
Summary of data collection and refinement statistics.

Data collection

Space group P432,2

Cell dimensions

a, b, c (A) 78.8, 78.8, 95.1
o, By (°) 90, 90, 90
Wavelength (A) 0.98
Resolution (A) 50-1.90 (1.93-1.90)
Rmerge” 0.104 (0.332)
Rineas” 0.107

Rpim” 0.029

Ijol 44.8 (11.0)
Completeness (%) 100 (100)
Redundancy 14.2 (14.5)
Wilson B factor (A?) 16.1
Refinement

Resolution (A) 50-1.90

No. of reflections 22984
RuworkS/Riree? 0.182/0.207
No. of atoms

Protein 1834
Ligand/ion 143

Water 187

Average B-factors (A?)

Protein 12.8
Ligand/ion 18.1

Water 231

RMS deviations

Bond lengths (A) 0.007

Bond angles () 1.1

The numbers in parentheses are for the last shell.
a Rmerge = leavg - Iil/ZIi-
Definitions of Rmeas and Rpim can be found in Weiss.
Rwork = Z|F, — F¢||ZF, for reflections of working set.
9 Riree = Z|F, — Fc|/ZF, for reflections of test set (5.0% of total reflections).

o

His121 is located on a loop and contributes to filling the space of
the molecule. Molecular graphics were illustrated with PyMol soft-
ware (http://www.pymol.org/). Refinement statistics are summa-
rized in Table 1.

2.4. Protein data bank entry

The atomic coordinates and structural factors were deposited in
the Protein Data Bank under the accession code 4JOL.

3. Results and discussion
3.1. Overall structure of liganded RSC-c-E67Q/W72A

In the crystal structure of RSC-c-E67Q/W72A in complex with
(GIcNAc)4, we observed clear electron density for two molecules
of (GIcNAC),, 2 x (GlcNAc),, within the substrate-binding cleft, in
which their sugar residues completely occupied the entire region
of the substrate-binding cleft (Fig. 1). One of the (GIcNAc), mole-
cules bound to subsites +1 to +4, while the other bound to subsites
—1 to —4. Individual sugar residues bound in a linear conformation
with the chair configuration for all sugar residues. However, the
glycosidic linkage between —2 and —3 GIcNAcs appears to be
twisted.

We compared the main chain conformation of RSC-c-E67Q/
W72A liganded with 2 x (GIcNAc),4 to those of unliganded RSC-c
(PDB code: 4DWX) and RSC-c liganded with (GlcNAc), (PDB code:
4DYG), in which only one (GIcNAc)4 molecule bound to subsites +1
to +4 [18]. As shown in Fig. 2A, the main chain conformation of the
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RSC-c-E67Q/W72A liganded with 2 x (GlcNAc), (orange) was
similar to that of unliganded RSC-c (black). Upon binding of
2 x (GlcNAc)4, however, the pointed end of Loop IIl moved toward
inside by 3.9 A, and those of Loops IV and V moved inside by 1.6
and 1.4 A, respectively. Nomenclatures of the loop structures are
based on the report by Taira et al. [11]. The conformations of the
hinge region almost overlapped each other. The shifts of the loop
structures were also observed between RSC-c-E67Q/W72A
liganded with 2 x (GIcNAc); and RSC-c liganded with (GIcNAc),
(Fig. 2B). The individual loops similarly moved inside upon (Glc-
NAc), binding to the negatively numbered subsites. The shifts of
the pointed ends of the loop structures III, IV, and V were 3.5,
2.2, and 1.8 A, respectively. On the other hand, comparison
between RSC-c liganded with (GIcNAc); and unliganded RSC-c
exhibited only small shifts in the loop structures (Fig. 2C). The
shifts of the loops were below 0.3 A. Thus, domain motion was
most likely to take place upon the oligosaccharide binding to the
negatively numbered subsites which tightly cramp the oligosac-
charide chains. Oligosaccharide binding to the positively
numbered subsites did not bring about such a domain motion. It
is likely that the domain motion is related to the catalytic mecha-
nism, which will be discussed below.

3.2. (GIcNAc)4, binding mode to subsites +1 to +4

The mode of (GlcNAc), binding to subsites +1 to +4 was partly
similar to that observed in the crystal structure reported for
RSC-c liganded with (GlcNAc), [18]; however, some interactions
were rearranged in RSC-c-E67Q/W72A liganded with 2 x (Glc-
NAc)4, as shown in Fig. 3. The hydroxyl on C-3 of +1 GIcNAc (the
sugar occupying the +1 subsite) forms a hydrogen bond with the
Oe¢ atom of GIn118, which further interacts with the N2 atom of
the N-acetyl group of +1 GIcNAc. The O7 atom of the N-acetyl
group of +1 GIcNAc is also recognized by a hydrogen bond with
the main chain nitrogen of Arg90. On the other hand, the hydroxyl
on C-6 of +1 GlcNAc strongly interacts with Og of Glu203, N1 of
Arg215, and Neg of His66. The hydroxyl on C-6 of +2 GlcNAc pro-
vides a hydrogen bond to the main chain carbonyl of Thr69, which

in turn accepts a hydrogen bond from the hydroxyl on C-3 of +3
GlcNAc. The N-acetyl group of +3 GIcNAc is recognized through a
hydrogen bond between the N2 atom of the N-acetyl group and
the main chain carbonyl of Gly70. The 07 atom of the N-acetyl
group of +3 GIcNAc also makes a hydrogen bond with the side
chain of Arg90. As reported previously for RSC-c liganded with
(GIcNAC)4, Trp72 of RSC-c was shown to be involved in a face-
to-face stacking interaction with the +4 sugar [18]. In this study,
however, Trp72 was mutated to alanine, and the stacking interac-
tion was removed at this subsite. Instead, a water-mediated hydro-
gen bond was formed between Oy of Thr74 and the +4 sugar.
Removal of the stacking interaction of Trp72 did not significantly
affect the location of the bound oligosaccharide. This might have
been due to many hydrophobic and van der Waals interactions
found in the lower part of the substrate binding cleft. In addition,
the mutations of Glu67 and Trp72 rearranged the binding interac-
tions at subsite +1, which resulted in the stronger recognition of
GIcNAc at this subsite of RSC-c-E67Q/W72A. This situation did
not change the location of the bound (GlcNAC),.

3.3. (GIcNAc), binding mode to subsites —1 to —4

For —1 GIcNAc, direct hydrogen bonds are formed between the
hydroxyl on C-1 and Og of Glu89, the N2 atom of N-acetyl group
and On of Tyr96, and the hydroxyl on C-6 and Ne of GIn67. A
water-mediated hydrogen bond is also formed between O7 of the
N-acetyl group and N§ of Asn199. —2 GIcNAc is most strongly rec-
ognized by Ser120, His121, Asn124 (the N-terminal part of the
helix a4), 11e198, and Gly201 (from the C-terminal of o9 to the
N-terminal of o10). The O7 atom of the N-acetyl group is hydro-
gen-bonded with the main chain nitrogen and oxygen atoms of
Ser120 and N3 of Asn124. The pyranose-ring oxygen interacts with
the Ne atom of His121. The N2 atom of the N-acetyl group directly
interacts with the main chain oxygen of 1le198, and the hydroxyl of
C-6 interacts with the O3 of Asn199 and the main chain nitrogen of
Gly201 by water-mediated hydrogen bonds. On the other hand, —3
and —4 GlcNAcs are weakly recognized by the enzyme. Two water-
mediated hydrogen bonds are formed between the main chain

Fig. 1. Stereo view of simulated annealing-omit maps of the two molecules of (GIcNAc)4 bound to RSC-c-E67Q/W72A. The map is colored in blue and contoured at 1.0 ¢. The
two (GIcNAc), molecules are displayed by stick model colored in cyan. The individual subsites are numbered according to the subsite nomenclature proposed by Davies et al.

[171.
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Loop IlI

Fig. 2. Stereo views of superimpositions of the main chain structures of RSC-c-E67Q/W72A liganded with 2 x (GIcNAc), and unliganded RSC-c (A), RSC-c-E67Q/W72A
liganded with 2 x (GlcNAc), and RSC-c liganded with (GlcNAc),4 (B), and RSC-c liganded with (GIcNAc)4 and unliganded RSC-c (C). The main chains are displayed with wire
models colored in orange (RSC-c-E67Q/W72A liganded with 2 x (GIcNAc),), green (RSC-c liganded with (GIcNAc),; PDB code, 4DYG), and black (unliganded RSC-c; PDB code,

4DWX).

nitrogen of Phe242 and the O7 atom of the N-acetyl group of —3
GlcNAc and between the main chain oxygen of Phe242 and the hy-
droxyl on C-6 of —4 GlcNAc. O of GIn162 is also involved in the
hydrogen bond with the hydroxyl on C-6 of the —3 sugar. Similar
to that observed in the positively numbered subsites, many hydro-
phobic and van der Waals interactions are found in the negatively
numbered subsites. Overall, the oligosaccharide binding to the
negatively numbered subsites is dominated by the GIcNAc residue

interaction at subsite —2. This is consistent with the binding free
energy data reported for the individual subsites for “loopful”
GH19 chitinases [15,16].

The binding model of (GlcNAc)s to the “loopful” GH19 chitinase
from barley seeds was constructed by a molecular dynamics (MD)
simulation [25] based on the crystal structure of the unliganded bar-
ley enzyme [26]. The amino acid sequence of the barley enzyme is
92% identical to that of RSC-c. In the binding model obtained from
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Fig. 3. Stereo view of the amino acid residues of RSC-c-E67Q/W72A interacting with two molecules of (GIcNAc),. The two (GlcNAc), molecules are displayed by stick model
colored in cyan. The amino acid residues interacting with the ligands are displayed by stick model colored in yellow. Hydrogen bonds are shown as dashed lines. The

individual subsites are numbered as in Fig. 1.

MD, several amino acid residues located in the binding cleft were
shown to be involved in the interaction with (GIcNAc)e. These were
Trp103 and GIn162 for —4 GIcNAc, Tyr123, Asn124, and Lys165 for
—3 GIcNACc, 11e198, Ser120 and Asn124 for —2 GIcNAc, and Glu67
and Asn199 for —1 GIcNAc. All of these amino acids are completely
conserved in RSC-c. The amino acid residues contributing to the
interactions with —1 and —2 GIcNAcs are almost identical to those
found in the crystal structure of RSC-c-E67Q/W?72A liganded with
2 x (GlcNAc), (Fig. 3). However, the amino acid residues interacting
with —3 and —4 GlcNAcs are different from those observed in the
crystal structure. The weak interactions at subsites —3 and —4 might
have resulted in the flexibility of the bound sugars, which suggests
several possibilities for the binding mode in MD calculations.

Huet et al. reported the modeled structure of a “loopful” GH19
chitinase from papaya, in which (GIcNAc), bound to subsites —2 to
+2 [10]. The amino acid residues involved in the interactions with
—2 GIcNAc in the modeled structure, for example, Tyr123, GIn162,
and Lys165, are markedly different from those observed in the
crystal structure reported here. This might be due to the absence
of GlcNAc residues at subsites —3 and —4.

3.4. Catalytic mechanism

The catalytic mechanism of GH19 chitinase was also proposed
by an MD simulation [25]. Glu67 donates the proton to glycosyl

oxygen to cleave the B-1,4-glycosidic linkage. This bond cleavage
leads to the formation of an oxocarbenium ion intermediate, which
undergoes a nucleophilic attack of the water molecule activated by
the carboxylate of Glu89. The water molecule is coordinated by the
hydroxyl of Ser120. A similar mechanism has also been proposed
by Huet et al. [10], and is basically supported by the crystal struc-
ture reported here. Fig. 4 shows a close-up view of the catalytic
center, in which the structures of RSC-c-E67Q/W72A liganded with
2 x (GIcNAc), (orange) and unliganded RSC-c (black) are superim-
posed. It should be noted that the conformational change derived
from the oligosaccharide binding to the negatively numbered sub-
sites significantly narrows the distance between Glu67 and Glu89,
resulting in effective stabilization of the oxocarbenium ion inter-
mediate. This conformational change also narrows the distance
between Glu67 and Ser120, which facilitates the nucleophilic at-
tack of the water molecule coordinated by Ser120 to the C-1 of
—1 GIcNAc. Thus, our crystallographic results provide experimen-
tal evidence that strongly supports the catalytic mechanism
proposed by Brameld and Goddard III [25]. When the main chain
of RSC-c-E67Q/W72A liganded with 2 x (GIcNAc), was superim-
posed with that of papaya chitinase liganded with two GIcNAcs
at —2 and + 1 [10], the deviations (an rmsd, 0.402 A) were found
at the ends of the loop structures, but not at the catalytic cleft
including the residues Glu67, Glu89, and Ser120. Taken together,
we conclude that conformational changes shown in Figs. 2A and
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Fig. 4. Stereo view of the catalytic center. The structures of RSC-c-E67Q/W72A liganded with 2 x (GlcNAc), (orange) and unliganded RSC-c (black) were superimposed. Glu67
acts as the proton donor, Glu89 activates the nucleophilicity of the water molecule, which is coordinated by the hydroxyl of Ser120. Dashed lines indicate the distances

between the a-carbons of the corresponding residues.

B are resulting from the binding of oligosaccharide to the nega-
tively numbered subsites and are essential for the catalytic
mechanism.

The structure of the oligosaccharide bound to RSC-c-E67Q/
W?72A did not provide any information on the transition state, be-
cause —1 GIcNAc adopts a stable chair configuration (Fig. 3). It is
highly desirable to obtain crystal structures capturing the transi-
tion state of —1 GIcNAc to obtain further details on the catalytic
mechanism.

3.5. Conclusions

The “loopful” GH19 chitinase from rye seeds, RSC-c, can accom-
modate eight GIcNAc residues in the substrate-binding cleft.
Among the eight subsites, the GIcNAc residues at +1, —1, and -2
are strongly recognized by the enzyme. Comparisons of the main
chain conformation between RSC-c-E67Q/W72A liganded with
2 x (GIcNAc)4 and unliganded RSC-c reveals domain motion upon
oligosaccharide binding. This domain motion might be essential
for chitin hydrolysis. These structural findings can be applied to
the other “loopful” GH19 chitinases from plants because of their
high sequence homology.
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