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ABSTRACT: Chitinase A (ChiA) from the bacteriumSerratia marcescensis a hydrolytic enzyme, which
cleavesâ-1,4-glycosidic bonds of the natural biopolymer chitin to generate di-N-acetyl-chitobiose. The
refined structure of ChiA at 1.55 Å shows that residue Asp313, which is located near the catalytic proton
donor residue Glu315, is found in two alternative conformations of equal occupancy. In addition, the
structures of the cocrystallized mutant proteins D313A, E315Q, Y390F, and D391A with octa- or hexa-
N-acetyl-glucosamine have been refined at high resolution and the interactions with the substrate have
been characterized. The obtained results clearly show that the active site is a semiclosed tunnel. Upon
binding, the enzyme bends and rotates the substrate in the vicinity of the scissile bond. Furthermore, the
enzyme imposes a critical “chair” to “boat” conformational change on the sugar residue bound to the-1
subsite. According to our results, we suggest that residues Asp313 and Tyr390 along with Glu315 play
a central role in the catalysis. We propose that after the protonation of the substrate glycosidic bond,
Asp313 that interacts with Asp311 flips to its alternative position where it interacts with Glu315 thus
forcing the substrate acetamido group of-1 sugar to rotate around the C2-N2 bond. As a result of these
structural changes, the water molecule that is hydrogen-bonded to Tyr390 and the NH of the acetamido
group is displaced to a position that allows the completion of hydrolysis. The presented results suggest
a mechanism for ChiA that modifies the earlier proposed “substrate assisted” catalysis.

Chitinases (EC 3.2.1.14) are widespread in nature. They
are found in bacteria, fungi, plants, invertebrates, and all
classes of vertebrates including human. These enzymes
hydrolyze the abundant natural biopolymer chitin, producing
smaller chito-oligosaccharides (1). Chitin consists of multiple
N-acetyl-D-glucosamine (NAG)1 residues connected via
â-1,4-glycosidic linkages and is an important structural
element of fungal cell wall and arthropod exoskeletons. On
the basis of the mode of chitin hydrolysis, chitinases are

classified as random, endo-, and exo-chitinases (2) and based
on sequence criteria, chitinases belong to families 18 and
19 of glycosyl hydrolases (3). Mammalian chitinases were
only recently discovered. The first human chitinase with a
chitotriosidase activity was found to be specifically expressed
by phagocytes (4). A similar lung specific chitotriosidase
was also identified (5). More recently, an acidic mammalian
chitinase (AMCase) was identified. This protein appears to
be abundant in the gastrointestinal tract (6). These proteins
may contribute to the defense against invading pathogens.

Chitinase A (ChiA) fromSerratia marcescensbelongs to
glycosyl hydrolase family 18 (3). The enzyme consists of
three domains: an all-â-strand amino terminal domain similar
to fibronectin type III domain, a catalyticâ/R TIM-barrel
and a smallR+â-fold domain (7). It was proposed that a
long groove, located at the carboxy-terminal end of the
â-strands of the barrel, binds the substrate (3, 8). Multiple
alignment of family 18 of glycosyl hydrolases shows
conservation of [DN]-G-[LIVMF]-[DN]-[LIVMF]-[DN]-x-
E motif (residues 308-315 inS. marcescensChiA) (9). The
plant seed storage proteins, concanavalin B and narbonin,
are members of family 18 known to be devoid of catalytic
activity (10, 11). In concanavalin B, a Gln residue replaces
the conserved (E) of the above motif and, in narbonin a His
residue is found in place of the [DN] in the [DN]-x-E
segment (12). Very little is known about the mechanism of

† The present work was supported by the European Union (BIO-
TECH program contract no. BIO4-CT-960670 to C.E.V., A.B.O., and
K.P.) and the General Secretariat of Research and Technology of Greece
(PENED program contract no. 99ED-41 to K.P. and C.E.V.) EMBL/
DESY visits were supported by the European Union (program HPRI
to EMBL-Hamburg with contract no. HPRI-CT-1999-00017).

‡ The atomic coordinates and structure factors have been deposited
in the Protein Data Bank (www.rcsb.org) with the PDB codes 1EHN,
1EIB, and 1FFR for the complexes of mutants E315Q and D313A with
octa-N-acetyl-chitooctaose and the complex of Y390F with hexa-N-
acetyl-chitohexaose, respectively.

* Corresponding author: tel:+30-81-394353 fax:+30-81-394408,
e-mail: petratos@imbb.forth.gr. Other author contact information
(phone): Y. Papanikolau, G. Tavlas:+30-81-394352, G. Prag:+972-
2-6757400, C. E. Vorgias:+30-1-7274514, A. B. Oppenheim:+972-
2-6757309.

§ Foundation for Research and Technology-Hellas.
| The Hebrew University.
⊥ National and Kapodistrian University of Athens.
1 NAG, 2-N-acetyl-D-glucosamine; pNp-diNAG,p-nitrophenyl-â-D-

N, N′-diacetylchitobiose.

11338 Biochemistry2001,40, 11338-11343

10.1021/bi010505h CCC: $20.00 © 2001 American Chemical Society
Published on Web 08/31/2001



action of ChiA partly due to the absence of any oligo-NAG/
ChiA complex structure. It was proposed that Glu315 and
Asp391 participate in an acid-base catalysis (7). In contrast,
catalysis was recently proposed to take place via a “substrate
assisted” mechanism in which the acetamido O7 of the-1
NAG acts as a nucleophile (8, 13-16).

To elucidate the catalytic mechanism of ChiA, we carried
out high-resolution crystallographic analysis of the native
enzyme. We introduced a number of single point mutations
that allowed us to obtain cocrystals with the short forms of
substrate. The structures of the complexes of the ChiA
mutants E315Q and D313A with octa-N-acetyl-chitooctaose
(NAG)8 and those of D391A and Y390F with hexa-N-acetyl-
chitohexaose (NAG)6 provided new insight into the enzy-
matic mechanism of ChiA.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis.Site-specific mutations were
introduced by PCR. The full-length PCR products of wild
type and mutated genes were digested byEcoRI andHindIII
restriction endonucleases and cloned into these sites of the
pKK223-3 plasmid to give pGPchiA wild-type and mutant
clones. Transformation of the ligated DNA was performed
by electroporation intoE. coli XL2B competent cells. Mutant
clones were grown on LB plates supplemented with 50µg/
mL ampicillin, colloidal chitin, IPTG (isopropyl-â-D-thio-
galactopyranoside) and 5-bromo-4-chloro-3-indolyl-N-acetyl-
â-D-glucosamine (X-NAG) at 37°C. Mutant colonies were
recognized by their inability to degrade chitin and by the
slow conversion of X-NAG. Candidate clones were grown
overnight in LB containing 50µg/mL ampicillin and assayed
for chitinase expression by using the substrate pNp-diNAG
and by running crude protein extracts of each clone on SDS-
PAGE. Wild type and mutant clones were confirmed by
DNA sequencing.

Determination of Kinetic Parameters.Enzymatic activity
was assayed by the increase in optical density of 405 nm, at
42 °C in reaction mixtures containing a constant concentra-
tion of pure enzyme in 100 mM phosphate buffer pH 6.8
and increasing concentration of pNp-diNAG from 1.0µM
to 2.5 mM. The initial rate of hydrolysis was determined
for each assay andKM and Kcat were calculated from an
average of three experiments by the Michaelis-Menten
equation using Prism 2.0 software (GraphsPad). The data
are shown in Table 1.

Enzyme Purification and Crystallization.We have im-
proved the overproduction and purification protocol of the
enzyme (manuscript submitted). This protocol has been
followed for the mutants. The mutant proteins were not

secreted to the growth medium, and they had to be extracted
from the periplasmic fraction of the bacterial cell-paste.
Crystals of the mutants were produced in hanging drops, over
a period of 3-4 days at 18°C. Drops of 6µL containing 4
µL of 0.5 mM (30 mg mL-1) protein and 2µL of reservoir
solution were equilibrated against 1 mL of reservoir solution
consisting of 0.75 M sodium citrate (pH 7.2) and 20% (v/v)
methanol. In the cocrystallization experiments, the substrates
(Sigma-Aldrich, Ltd.) were added to the drop to a final
concentration of 5 mM. All the crystallization experiments
were carried out under the same conditions and time scale.

Data Collection, Processing, and Structure Refinement.
The crystals were frozen by immersion into liquid N2, and
data collections were carried out at 100°K. All crystals
studied belong to the face-centered orthorhombic space group
C2221 and exhibited only minor variations in their unit cell
dimensions. All data collected were integrated and scaled
with the programsDENZO/SCALEPACK(17).

The refined structure of native ChiA at 1.55 Å resolution,
served as the starting point for the restrained refinement of
the complexes. TheCCP4 suite (18) of programs was
employed. The final models were built usingO (19) andARP
(20) and refined withREFMAC(21). Finally, the structures
were checked for integrity byPROCHECK (22). The
summary of the data collection, processing, and refinement
results is shown in Table 2. The figures were produced with
BOBSCRIPT(23) andGRASP(24) programs.

RESULTS

Construction of Chitinase A Mutant Proteins.To obtain
ChiA/oligo-NAG cocrystals, we constructed a number of
mutants that are defective in catalysis, by site-directed
mutagenesis. To test the importance of specific residues for
enzymatic activity, we determined the kinetic parameters of
the purified wild-type and mutant proteins. The mutations
D313A and E315Q caused about a 100-fold reduction inKcat.
Mutations Y390F and D391A were similarly inactive.
Qualitatively similar results were obtained with the substrate

Table 1: Kinetic Parameters of Wild-Type and Mutants of
Chitinase A

protein type Kcat (s-1)a KM (µM)a
relative
Kcat/KM

wild type 331( 6.20 52( 2 1.0000
D313A 1.6( 0.09 296( 5 0.0008
E315Q 4.9( 0.12 530( 9 0.0014
Y390F 1.4( 0.10 87( 2 0.0025
D391A 1.2( 0.11 260( 8 0.0007

a Kinetic assays were preformed with pNp-diNAG as described in
Materials and Methods. Results are average of three independent
experiments.

Table 2: Diffraction Data Processing and Refinement Statistics

crystal E315Q+
(NAG)8

D313A+
(NAG)8

Y390F+
(NAG)6

X-ray sourcea BW7B BW7B BW7A
wavelength (Å) 0.8469 0.8469 1.0000
resolution limit (Å) 10.0-1.9 10.0-1.8 10.0-1.8
data redundancyb 4.1 (4.1) 3.7 (3.4) 3.6 (2.9)
completeness (%)b 99.0 (100.0) 97.7 (99.0) 93.7 (96.8)
〈I/σ(I)〉b 16.5 (5.9) 24.4 (7.7) 23.4 (6.2)
Rmerge(%)b 5.0 (24.2) 3.4 (14.7) 6.1 (18.0)
Rfactor/Rfree (%)c 17.3/21.7 17.8/21.7 18.4/22.9
no. of protein atoms 4190 4183 4168
no. of heteroatoms 113 113 99
no. of ordered waters 806 863 773
rms-deviations

bond length (Å) 0.012 0.012 0.012
bond angle (Å) 0.028 0.026 0.027

mean atomicB values
protein atoms (Å2) 22.6 21.8 23.5
substrate (Å2) 41.4 43.6 40.1

a BW7A and BW7B are EMBL/DESY synchrotron beam lines.b The
numbers in parentheses are statistics from the highest resolution shell
as reported bySCALEPACK. c Rfree is anRfactor calculated with a test
set of a random 5% of the diffraction data.Rmerge) ∑|I i - 〈I〉 |/∑〈I〉 ;
Rfactor )∑|Fo - Fc|/∑|Fo|; I is intensity,Fo, andFc are observed and
calculated structure factor amplitudes, respectively.
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4-methyl-umbelliferyl-diNAG. We further note that the
mutations D313A, E315Q, and D391A increaseKM. We also
generated the mutations D391E and D391N that resulted in
only a minor reduction of ChiA activity (data not shown).

Characterization of the Catalytic Site.The native ChiA
structure refined at 1.55 Å (manuscript submitted) revealed
among others the following striking feature. The side chain
of residue Asp313, which lies in the active site, adopts two
conformations as shown in Figure 1. In one conformation,
it interacts with the catalytic, proton donor residue Glu315.
In the other conformation, it interacts with the conserved
Asp311. The mutants E315Q and D313A enabled us to
obtain cocrystals with the intact (NAG)8. The refined
structures of the complexes E315Q+(NAG)8 and
D313A+(NAG)8 are essentially the same. In addition, the
structures of the mutants show no significant changes as
compared to the native refined enzyme. The overall structure
of the complex E315Q+(NAG)8 is shown in Figure 2a,b.
The substrate can be clearly seen firmly embedded within
the deep semi-closed tunnel (about 8-11 Å in width and
about 15 Å deep) of the enzyme. The structures of the
complexes show that a large number of amino acid residues
contribute to the binding of (NAG)8. Table 3 presents the
interactions between E315Q and the bound chito-oligosac-
charide. The enzyme recognizes at least the sugar residues
at subsites+2, +1, and-1 (25). The most significant of
the enzyme-substrate contacts are localized in this area.
Aromatic and charged residues mediate the contacts. Weaker
interactions extend from-2 to -6 subsites. Finally, a
number of interactions of-5 and-6 sugar residues are due
to the packing in the crystal lattice and do not reflect any
biological function. Close-up views of the subsites+2,
+1, and -1 for the complexes E315Q+(NAG)8 and
D313A+(NAG)8 are shown in Figure 3a and b, respectively.
The oligosaccharide bound to the active site is rotated and
bent at the cleavage region, i.e., at the sugar units at subsites
-1 and+1. Substrate distortion in glycosyl hydrolysis was
also previously suggested (26, 27). We find that the sugar
residue bound at subsite-1 adopts a “boat”1,4B conforma-
tion unlike the 4-sofa conformation reported for the structure
of chitobiase+(NAG)2 complex (28) and the modeled
structure of the ChiA complex with (NAG)6 (8). In the
complexes of D313A and E315Q, all the acetamido groups
are pointing away from their corresponding sugar rings and
assume an energetically favorable conformation. In particular,
the acetamido group of sugar residue at subsite-1, in the

complexes of D313A and E315Q is pointing toward residues
313 and 315 (Figure 3a,b). In the structure of
E315Q+(NAG)8 the acetamido group of-1 sugar can also
assume a second conformation with 30% occupancy that
directs toward Tyr390. In this conformation atom O7
(carbonyl oxygen) replaces the water molecule that is
H-bonded to the phenol hydroxyl of Tyr390. The latter
conformation of-1 acetamido group is not shown in Figure
3a for the sake of clarity. To allow for the major, energeti-

FIGURE 1: Refined structure of native chitinase A. Stereoview of
residues Asp311 to Glu315. The side chain of residue Asp313
clearly adopts two conformations of equal occupancy. The electron
density map shown is weighted 2Fo - Fc contoured at 1σ level.
Defocused representation of the stereoimages is used in all figures.

FIGURE 2: Substrate complex with inactive chitinase A mutant
E315Q. (a) Octa-N-acetyl-chitooctaose (NAG)8 bound to the long
semiclosed tunnel of the enzyme. The substrate is rotated and bent
in the vicinity of the scissile bond (subsites-1, +1). Sugar residue
at -1 assumes a “boat” conformation. (b) Stereoview of the
uncleaved (NAG)8 (shown in red) on the enzyme’s CR tracing
(shown in green).

Table 3: Interactions between Chitinase A Mutant E315Q and
Bound Substrate (NAG)8

protein residues
subsites for

sugar residuesa

W275, K369, D391, F396, Y418 +2
W275, Q315, F316, M388, D391, R446b +1
Y163, W275, D313, Q315, A362, M388,

Y390b, D391, Y444, R446, W539
-1

W275, T276, E473, W539, E540 -2
W167, T276, E473 -3
R172 -4
N70c, Y170 -5
Y170, F232, K237b -6
a Nomenclature for sugar subsites as in ref25. Residue at+2 is the

reducing end of the oligosaccharide. Interactions involve at least one
atom of each amino acid residue at a distancee 3.6 Å from an atom
of the corresponding sugar ring.b The interactions are mediated also
by water molecules.c N70 belongs to a symmetry related (x, 1-y, -z)
ChiA molecule in the crystal lattice.
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cally favorable conformation of-1 acetamido group, Asp313
is directed toward Asp311. In D313A, the absence of the
side chain leads to a similar result. Gln315 (Figure 3a)
assumes two conformations. The flexibility of this residue
in the mutant protein may have no relevance to the catalytic
activity. In the complex D313A+(NAG)8, we also observe
a water molecule H-bonded to phenol hydroxyl of Tyr390
and the ring oxygen O5 of sugar residue at subsite-1 (Figure
3b). In our structures, the reducing-end sugar residue at
subsite+2 marks the end of the bound substrate. Moreover,
while the chito-oligosaccharides used for the cocrystalliza-
tions are in equilibrium between theR andâ configurations
of the reducing-end anomeric carbon, only theâ stereoisomer
is observed in the analyzed structures.

The Importance of Tyrosine 390.We aligned the structures
of the ChiA complex with allosamidin (manuscript submit-
ted) and the corresponding hevamine complex (13, 29) based
on the allosamidin coordinates. Moreover, we aligned the
structures of the complexes E315Q+(NAG)8 and chito-
biase+(NAG)2 (28) based on the coordinates of the-1 and
+1 sugar residues. The structural alignments revealed the
conservation of one tyrosine residue in all three enzymes.
The conserved tyrosine was also identified in the known
structures of endo-â-N-acetylglucosaminidases F1 (30) and
H (31). Sequence alignment of family 18 chitinases
shows that this tyrosine residue (Tyr390 in ChiA) is
highly conserved. We find that Tyr390 binds one water
molecule observed in the structures E315Q+(NAG)8 and
D313A+(NAG)8. To investigate the role of Tyr390 and the
significance of the water molecule bound to it, we designed
the mutant Y390F. The structure of the latter mutant
cocrystallized with (NAG)6 provided additional information
for the catalyzed reaction. In the electron density map, we
identified a partially cleaved glycosidic bond between sugar
residues-1 and +1. The distance between C1(-1) and
O4(+1) is 1.97 Å (C-O bond length is 1.39 Å, estimated
standard error for bond lengths is 0.19 Å). In the complex
of this mutant, the water molecule is absent and a disaccha-
ride is clearly bound at subsites+1 and+2 (Figure 3c) with
an average value of atomic temperature factor (B) 32.3 Å2.
We also located, though with higher thermal parameters (43.3
Å2), the remaining of the substrate bound at subsites-1 to
-5. The additional observed sugar residue modeled at-5
subsite is due to the presence of a certain amount of (NAG)7

in the purchased (NAG)6. In this structure, carbonyl oxygen
O7 of the-1 acetamido group lies 1.8 Å from atom O5 and
2.6 Å from anomeric carbon C1 of the-1 pyranose ring.
The distance to the anomeric carbon C1 does not support
potential formation of an oxazoline intermediate as it was
initially proposed (8). Moreover, atom O7 comes close to
the-1 sugar ring because of the lack of phenol hydroxyl in
the mutant Y390F.

To investigate the role of Asp391, we cocrystallized
D391A with (NAG)6. The analysis of the structure of the
complex reveals that the substrate is actually cleaved during
the cocrystallization step (data not shown). The disaccharide
product of ChiA exhibits preferential binding at sites+1 and
+2. The same was observed earlier (8) in the complex of
native ChiA crystals soaked with (NAG)4.

FIGURE 3: Active site region of chitinase A mutants. (a) Stereoview
of the oligosaccharide bound at subsites+2, +1, and-1 of the
E315Q mutant. Gln315 assumes two conformations. The second
possible conformation for-1 acetamido toward Tyr390 is not
shown for the sake of clarity. (b) Stereoview of the oligosaccharide
bound at subsites+2, +1, and-1 of the D313A mutant. In panels
a and b, the 2-acetamido group of-1 sugar points away from the
pyranose ring. In both structures, one water molecule (wat) is
H-bonded to both phenyl hydroxyl of Tyr390 and NH of 2-aceta-
mido group of-1 sugar residue. (c) Stereoview of the oligosac-
charide bound at subsites+2, +1, and-1 of the Y390F mutant.
In this complex, there is no water bound to the NH group of-1
sugar residue. In this structure, the glycosidic bond between-1
and+1 sugar residues is cleaved, but hydrolysis is not completed.
In all mutants, the-1 sugar residue adopts a “boat”1,4B conforma-
tion. The aromatic residues Phe396, Trp275, and Trp539 recognize
mainly the+2, +1, and-1 sugar residues, respectively. Residue
Asp391 interacts with all three sugar units. Tyr418 is proposed to
be the “docking” residue for the reducing end of the oligosaccharide.
The electron density maps shown are weighted 2Fo - Fc contoured
at 1σ level.
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DISCUSSION

The structures of the complexes E315Q and D313A with
substrate reveal only one ordered water molecule in the active
site that is H-bonded to the phenol hydroxyl of Tyr390 and
the NH group of the 2-N-acetyl of the-1 sugar moiety. As
the access of water molecules from the bulk solvent area to
the occupied catalytic site is stereochemically hindered, we
conclude that this water molecule is there because it
participates in the reaction. The observed double conforma-
tion of Asp313 of the refined native ChiA structure in
conjunction with the two distinct orientations observed for
the 2-N-acetyl group of the-1 sugar, provide the following
proposed mechanism for one cycle of hydrolysis by chitinase
A.

Binding of Substrate, Protonation and CleaVage of the
Glycosidic Bond.According to our crystallographic data, we
propose that in the substrate free enzyme Glu315 is proto-
nated due to its proximity to Asp313. In the enzyme-
substrate complex, the acetamido group of the-1 sugar lies
away from the aldohexose ring, as can be seen in the case
of D313A and E315Q complexes (Scheme 1a) and assumes
an energetically favorable conformation. To allow for the
latter conformation of the acetamido group, the side chain
of Asp313 points toward Asp311. Upon binding, the enzyme
imposes to the-1 sugar the following conformational
change. The stable “chair” conformation4C1 becomes “boat”
1,4B, thus raising the free energy of the substrate by
approximately 8 kcal/mol (32). This conformational change
participates in the bending and rotating of the bound
oligosaccharide. At this stage, one water molecule is H-
bonded to both the phenol hydroxyl of Tyr390 and the NH
of the acetamido group of the-1 sugar.

Subsequently, the protonatedγ-carboxylic group of Glu315
donates its proton to oxygen O4 of+1 sugar residue, thus
cleaving the glycosidic C1(-1)-O4(+1) bond. The proto-
nation and reversible cleavage of the glycosidic linkage
induces the following: (i) rotation of Asp313 side-chain
toward Glu315 and (ii) rotation of the-1 acetamido group
around its C2-N2 bond toward Tyr390. The rotation of the
acetamido group results in translocation of the water
molecule that was originally bound to Tyr390, to the opposite
side of the sugar ring and close to Glu315 (Scheme 1b). The
chemical entities that stabilize the positive charge developed
on atoms C1 and O5 of-1 sugar are the deprotonated
γ-carboxylate of Glu315, the water that is H-bonded to
Tyr390 and-1 acetamido group, the Sδ sulfur of Met388
and the O7 atom of-1 acetamido group. Following the
cleavage, the sugar residue at subsite-1 shifts away from
the residue at subsite+1. At this stage, the water molecule
is poised to the anomeric C1 carbon of-1 sugar from the
same side as the departed oxygen O4 of the+1 sugar. The
close proximity of Asp313 and Glu315 forces the follow-
ing: (a) uptake of a proton from the water by theγ-car-
boxylate of Glu315 and (b) uptake of the remaining
hydroxide anion by the C1 carbon of-1 sugar. This step
completes a hydrolytic cycle of the enzyme.

Products of Hydrolysis.In the case of tri- or tetrasaccha-
rides, the sugar residues at subsites-1 and-2 are released
from the active site (Scheme 1c). This is observed in the
structure of native ChiA complex with (NAG)4 (8). In the
case of a pentasaccharide, the trisaccharide moiety bound at

subsites-1, -2, and-3 slides forward in the active site
and releases the di-saccharide bound at subsites+1 and+2.
In the case of longer substrates, catalysis occurs until the

Scheme 1: Proposed Mechanism of Catalysis by Chitinase
Aa

a (a) A trisaccharide is shown bound to subsites+2, +1, and-1.
The-1 sugar unit assumes a “boat” conformation, and the 2-N-acetyl
group (shown in blue) is pointing toward residues Asp313 (shown in
green) and Glu315. Glu315 is protonated and poised to cleave the
glycosidic linkage between-1 and +1 sugar residues. One water
molecule (shown in red) is H-bonded to the phenol hydroxyl of Tyr390
and to the NH of the 2-N-acetyl group. The proposed “Michaelis
complex” is based on the combination of the solved structures of
E315Q+(NAG)8 and D313A+(NAG)8. (b) The approach of acidic
residue Asp313 toward Glu315 forces the acetamido group of-1 sugar
to rotate around its C2-N2 bond, thus displacing the water molecule
into the vicinity of Glu315. The partially cleaved intermediate of the
trisaccharide is shown. A proton from the water molecule will be taken
up by theγ-COO- of Glu315 and the remaining hydroxide ion will be
taken up by the anomeric C1 atom of-1 sugar residue. The proposed
reaction intermediate is based on the solved structure of Y390F+(NAG)6.
(c) Hydrolysis is completed. The monosaccharide departs from subsite
-1, and the disaccharide remains bound at the enzyme subsites+1,
+2. The proposed enzyme-product complex is based on the solved
structures of D391A+(NAG)6 and native ChiA crystals soaked with
(NAG)4 (8).
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“minimal” substrate (tri- or tetrasaccharide) is hydrolyzed.
This is observed in the structure of D391A+(NAG)6. ChiA
is known to act via a retaining mechanism (33). This implies
that theâ configuration of the anomeric carbon is retained
after hydrolysis. Our refined structures show that only theâ
stereoisomer is observed from a mixture of bothR and â
isomers at the reducing end of the sugars. These results in
combination with the observed semiclosed tunnel shape of
the active site (Figure 2a) strongly suggest a processive
character of hydrolysis by ChiA. The proposed mechanism
is in accordance with the potent ChiA inhibition (Ki ) 100
nM) by allosamidin (34). The natural inhibitor binds strongly
to the enzyme subsites-1 to-3 (manuscript submitted) thus
preventing the entrance of substrate into the proper place of
the active site for hydrolysis to occur.

The earlier proposed catalytic mechanism that invoked
substrate assistance (8) imposes that the carbonyl oxygen
of the -1 acetamido moiety has to form a covalent bond
to the corresponding anomeric carbon C1. We cannot
observe an oxazoline ring intermediate. In the structure of
Y390F+(NAG)6 that simulates an intermediate of the reac-
tion, the acetamido group of-1 sugar comes close to O5
atom in a way that could allow a modified “substrate
assisted” reaction, although there are several chemical entities
as mentioned above that can serve as nucleophile of this
general acid-base catalysis. Moreover, according to the
earlier mechanism the protonated+1 sugar residue is
proposed to leave the active site. This is observed in the
case of hevamine where only subsites-1 to-4 are occupied
by (NAG)4. In ChiA, the protonated+1 sugar residue leaves
the active site last. This is observed in all ChiA complexes.

On the basis of the above-described structures, ChiA could
be mainly an exo-chitinase and in particular, a chitobiosidase
that cleaves (NAG)2 units from the reducing end of chitin.
These findings fit with the recent structural observation that
chitinase B fromS. marcescensis a chitotriosidase (35) that
cleaves chitotriose units from the nonreducing end of chitin.
The two enzymes along with chitobiase and chitinase C (36),
from the same organism may act synergistically to degrade
chitin more efficiently.
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