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Abstract: Cell signaling and other biological activities of
chitooligosaccharides (COSs) seem to be dependent not only
on the degree of polymerization, but markedly on the specific
de-N-acetylation pattern. Chitin de-N-acetylases (CDAs) cata-
lyze the hydrolysis of the acetamido group in GIcNAc residues
of chitin, chitosan, and COS. A major challenge is to under-
stand how CDA s specifically define the distribution of GIcNAc
and GlcNH, moieties in the oligomeric chain. We report the
crystal structure of the Vibrio cholerae CDA in four relevant
states of its catalytic cycle. The two enzyme complexes with
chitobiose and chitotriose represent the first 3D structures of
a CDA with its natural substrates in a productive mode for
catalysis, thereby unraveling an induced-fit mechanism with
a significant conformational change of a loop closing the active
site. We propose that the deacetylation pattern exhibited by
different CDAs is governed by critical loops that shape and
differentially block accessible subsites in the binding cleft of
CE4 enzymes.

Chitin, the linear polysaccharide of 3-(1-4)-linked N-acetyl-
glucosamine (GIcNAc) units, represents the second most
abundant natural polymer on earth after cellulose.!! Chitin
processing, mainly in the form of depolymerization and de-N-
acetylation reactions, generates a series of derivatives includ-
ing chitosan and chitooligosaccharides (COSs), which play
remarkable roles in nature.>! COSs are particularly apparent
in molecular recognition events, including the modulation of
cell signaling and morphogenesis, the immune response, and
host—pathogen interactions. One of the most striking exam-
ples that highlight the importance of COSs is represented by
the Nod factors, key signal molecules produced by rhizobia
that initiate the development of root nodules in leguminous
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host plants.®” Most of the biological activities associated with
COSs seem to be largely dependent on the degree of
polymerization and the specific de-N-acetylation pattern,
which define the charge density and the distribution of
GIcNAc and GIcNH, moieties in chitosan and COS.®*!

Chitin de-N-acetylases (CDAs) catalyze the hydrolysis of
the acetamido group in N-acetylglucosaminyl residues of
chitin, chitosan, and COSs.>'“!I CDAs belong to family 4 of
carbohydrate esterases, which also comprises acetylxylan
esterases and peptidoglycan deacetylases (CE4)." CDAs are
found to be widely distributed in fungi, not only as intra-
cellular (periplasmic) CDAs involved in fungal cell wall
formation, sporulation, and in the catabolism of COSs, but
also as extracellular enzymes to modify the -cell-wall
chitin.'%3 Plant fungal pathogens such as Colletotrichum
lindemuthianum secrete CDAs during infection and initial
growth phase in the host, which partially deacetylate the
exposed fungal cell-wall chitin polymers, thus preventing the
action of host plant chitinases that trigger the plant defense
system.’! More recently, a similar strategy has also been
suggested for human pathogenic fungi.™ CDAs are also
found in some insects,”” and in marine bacteria of the
Vibrionaceae family, widely distributed in oceans and mainly
responsible for recycling nitrogen present in chitinous
debris.' CDAs are current targets for the design of
antifungal and antibacterials in biofilm formation, and for
biotechnological production of partially deacetylated COSs
with applications in medicine and plant protection.[!*!1:17]

The deacetylation pattern exhibited by CDAs and related
CE4 enzymes active on COSs is diverse, some being specific
for a single position (e.g. Rhizobium NodB!" and V. chol-
erael), others showing multiple attack (e.g. C. lindemuthia-
num CDAP*?) A major challenge is to understand how
these enzymes define the distribution of GlcNAc and GlcNH,
moieties in the oligomeric chain. To advance on the compre-
hension of the molecular mechanism that governs CDA
substrate binding and specificity we performed detailed
structural and biochemical analysis of the chitin de-N-
acetylase VcCDA from the human pathogen V. cholerae,
which de-N-acetylates the penultimate GIcNAc moiety from
the nonreducing end of short-length COSs!"” and is part of
a complex chitin degradation pathway.""**! To this end,
VcCDA was expressed in E. coli as the full-length protein
without the signal peptide (first 26 amino acids) and with
a Strep-tag at the C-terminus. The recombinant enzyme
purified as the monomeric form in solution was active on
(GleNAc),_, 4 substrates, with an optimum pH value between
8 and 9 (see Figure S3 in the Supporting Information).
Kinetics with chitobiose (n =2) showed cooperative behavior,
with a Hill index & =1.92. The larger COSs (n =3,4) showed
Michaelis-Menten kinetics, with 8 and 24-fold lower k.,
values than chitobiose (Figure 1a). The disaccharide DP2
proved to be the best substrate, in agreement with previous
reports on VcCDA.!"

The crystal structures of VcCDA in three relevant states
of its catalytic cycle, including the ligand-free and complexed
forms with GIcNAc (DP1) and (GlcNAc), (DP2), were
determined (see Table S1 in the Supporting Information).
VcCDA is organized in three distinct domains: the N-terminal
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Figure 1. a) VcCDA kinetics with (GlcNAc), (n=2-4) substrates in

50 mm phosphate buffer at pH 8.5, 300 mm NaCl, 37°C. Kinetic
parameters: (GIcNACc),, k., =4.38+£0.08 s7', Kyy=0.69 +£0.02 mm,
h=1.92; (GlcNAc);, ke, =0.5840.02 57", Ky =0.4040.03 mwm;
(GlcNAC),, ky=0.18£0.01 57", K, =0.72+0.08 mm. b) Relative activ-
ity with different metal cations. After treatment with ethylenediamine-
tetraacetic acid (EDTA) the protein was incubated with 1 mm metal
cation (as the MCl, salt), and the activity was determined with 2 mm
chitobiose as substrate.

catalytic domain (residues 27-334) corresponds to a carbohy-
drate esterase domain (CDA), whereas the second and third
domains (residues 338-431) consist of two consecutive
carbohydrate-binding modules (CBMs; Figure 2a). VcCDA
crystallized as a homodimer with an extensive interphase
corresponding to 14-24 % of the entire surface area of each
monomer, and with all CDA and CBM domains participating
in dimerization contacts (see the Supporting Information for
details).

The carbohydrate esterase domain of VcCDA adopts a
(B/a); topology, as observed in other members of the CE4
family.”*>! The central core comprises seven parallel [3-
strands that form a greatly distorted p-barrel surrounded by
a-helices (Figure 2). A series of loops decorate the [3-barrel
and build the majority of the deeply buried carbohydrate-
binding pocket, comprising residues 71-79 (loop 1; L1), 97—
131 (loop 2; L2), 182-206 (loop 3; L3), 234-249 (loop 4; L4),
261-288 (loop 5; LS), and 300-306 (loop 6; L6) (Figure 2b).
Three of these loops are stabilized by intramolecular disulfide
bridges, including Cys106-Cys118 (loop 2), Cys185-Cys200
(loop 3), and Cys264-Cys281 (loop 5). VcCDA is a metal-
loenzyme in which a divalent metal cation coordinates with
His97, His101 (loop 2), and Asp40, a catalytic triad highly
conserved among members of the CE4 family and other
esterases/hydrolases.”®?”! Most of the CE4 enzymes charac-
terized to date use predominantly Co*" and Zn*" ions as
divalent metal cofactors in vitro.?**?! As depicted in Fig-
ure 1b, kinetic studies indicate that VcCDA prefers Zn*" for
maximal activity invitro, with all the crystal structures
reported here showing a Zn”>" ion in the active site.

To uncover the structural features of VcCDA associated
with the DP2 substrate we have produced an enzymatically
inactive mutant in which Asp39 was replaced by a Ser residue.
This residue is located in the “TFDD” motif, which is highly
conserved among the CE4 family of enzymes, and its catalytic
function has been proved by structural and mutational
analysis (e.g. S. pneumoniae peptidoglycan deacetylase
PgdA®)). The crystal structure of the VcCDApsos-DP2
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Figure 2. VcCDA overall fold. a) Schematic representation showing the
overall structure of the VeCDA homodimer. One monomer is repre-
sented in orange, while the different domains are colored in the other
monomer; the esterase domain is shown in red and yellow, while the
CBMs are colored blue and green. b) Topology diagram of a VcCDA
monomer. The upper part shows the esterase domain, with loops 1 to
6 labeled. The lower part corresponds to the CBM1 and CBM2, shown
in blue and green, respectively. c) A close-up view of the conforma-
tional changes observed in L3 and L4 between the apo enzyme (blue)
and VeCDAp;45-DP2 complex (yellow). Most significant is the structural
variability of L4, which is involved in the modulation of the entrance
and release of substrates.

(VcCDApsgs is denoted mVcCDA hereafter) complex was
determined in two different crystal forms (named mVcCDA-
DP21 and mVcCDA-DP22) at 2.1 A resolution (see Table S1
in the Supporting Information). Two molecules of DP2 were
unambiguously identified in the difference electron density
maps of the mVcCDA-DP22 dimer, whereas only one
molecule of DP2 was found in the mVcCDA-DP21 complex.
DP2 binds to a deeply buried pocket in subsites —1 and 0,
mostly formed by aromatic residues including Trp67, His68,
His97 (catalytic triad; L2), His101 (catalytic triad, L2), His124
(L2), Trp194 (L3), Tyrl69, Trp229, Trp238 (L4), His295, and
Phe297, all localized in the globular core of the enzyme
(Figures 2 and 3). Importantly, the reaction center is clearly
visible and assembled, and presumably represents the
Michaelis complex. Specifically, the carboxylate group of
Asp40 and the imidazol rings of His97 and Hisl01 are
involved in Zn*' coordination, which is also coordinated to
the O7 atom of the N-acetyl group and O3 hydroxy group of
the GIcNAc ring. A water molecule completes the distorted
octahedral coordination to the divalent metal cation. Upon
activation, this water molecule is proposed to be the
nucleophile responsible for removal of the N-acetyl group.

Angew. Chem. 2014, 126, 7002 —7007
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Figure 3. VcCDA substrate binding specificity and catalytic mechanism.
a) Closed views of the catalytic center of apo, (GlcNAc),-, GIcNAc-,
and acetate-bound forms of the enzyme. b) Acid/base catalytic mech-
anism in VcCDA involving an oxoanion intermediate stabilized by

a metal cation.

Binding of the disaccharide induces significant conforma-
tional changes in the protein, as revealed by structural
comparison of the three independent crystallographic mono-
mers, in which DP2 occupies the active site, with the free
VcCDA monomer (Figure 2c and Figure 3a). First, the
binding of DP2 to VcCDA results in a major rearrangement
of loop 4 towards the active site, from an “open” to a “closed”
conformation (r.m.s.d. ca. 4.05 A; Figure 2¢). This structural
rearrangement substantially reduces the volume of the bind-
ing cleft from about 3597 to 2789 A>. As a consequence,
Trp238 stacks against the reducing end GIcNAc moiety,
thereby generating a competent DP2 binding site. Secondly,
the nitrogen atom Nz of the side chain amine of Lys192 (L3)
forms a new hydrogen bond with the main chain of Thr121
(L2), thus allowing the Trp194 located in the same loop (L3)
to close the active site. In addition, GIn125 swings its side
chain into the catalytic site, thereby positioning its amide
group in close contact with O5 and O6 of the sugar (Fig-
ure 3a). Molecular dynamics simulations showed that
removal of DP2 from the structure results in the spontaneous
opening of loop 4 at the early stages of the simulations
(r.m.s.d. with respect to the “open” crystallographic confor-
mation ca. 2.2 A; see the Supporting Information for details).

The crystal structure of wild-type VcCDA in complex with
GlcNAc (VcCDA-NAG) was also obtained at 1.95 A reso-
lution (Figure 3a; see also Table S1 in the Supporting
Information). Structural comparison revealed that the
GIcNAc sugar in the VcCDA-NAG structure superimposes
very well with the nonreducing end GlcNAc located in subsite
—1 in the mVcCDA-DP2 complex. There is no evidence of
structural rearrangements being required to bind this partic-
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ular GIcNAc unit. Subsite 0 contains a well-ordered acetate
group, which is available in the mother liquor solutions and in
one of the products of the de-N-acetylation reaction. It is
located in the equivalent position of the acetate group of
GlcNAc in subsite 0 that is observed in the mVcCDA-DP2
complex, with both acetate oxygen atoms coordinating to the
Zn*" ion. Therefore, rearrangement of loop 4 is only triggered
by the presence of a GIcNAc residue in subsite 0, as observed
in the DP2 complex, thereby resulting in a productive
conformation for catalysis.

CEA4 esterases are proposed to operate by metal-assisted
general acid/base catalysis.**?” To date, the crystal structure
of the peptidoglycan deacetylase PdaA from B. subtilis
(BsPdaA) in complex with GlcNAc represented the only
known structure of a CE4 family member solved in the
presence of a sugar molecule.”>!l Critical residues in the
reaction center are preserved in VcCDA/BsPdaA, strongly
supporting a common catalytic mechanism. However, the
BsPdaA complex displays a GlcNAc ligand instead of
MurNAc, as it will be in the true peptidoglycan substrate of
this enzyme, bound in a nonproductive conformation.” Thus,
the mVcCDA-DP2 structure represents the first relevant,
likely functional, crystal structure of any de-N-acetylase in
complex with substrate. Our structural data based on a com-
petent enzyme-substrate complex allow us to delineate the
two-step catalytic itinerary in VcCDA, and by extension, to
CE4 esterases (Figure 3b). First, a metal-bound water mol-
ecule is activated by the general base residue (Asp39) to form
a tetrahedral oxyanion intermediate. The negative charge
developed at the carbonyl oxygen atom is stabilized not only
by metal coordination but also by the main chain nitrogen
atom of Tyr169. Secondly, the nitrogen group of the inter-
mediate is protonated by the general acid residue (His295) to
assist C—N bond breaking with the generation of a free amine
in the de-N-acetylated product and release of acetate.

The seven unique enzymes with their reported de-N-
acetylation of N-acetylgluco-oligosaccharides are listed in
Figure 4b Structural conservation is very high within the core
(see Figure S7 in the Supporting Information). Nonetheless,
there are marked differences in the loops surrounding the
active site both in terms of structure and primary sequence
(Figure 4b and see Figure S8 in the Supporting Information).
Loop 4 is the one with the highest variability, whereas loops 2,
3, and 6 are very similar in all the structures, except for
VcCDA. Loops1 and 5 are only different in CICDA and
VcCDA. Based on these features, we propose a “subsite-
capping model” to rationalize the specific deacetylation
pattern of each CDA. According to this model, these loops
cap the edges of the substrate-binding cavity, thereby defining
which GIcNAc unit of the oligosaccharide is placed at the
catalytic site. Loops 1, 2, and 6 block the nonreducing end
(negative subsites), whereas loops 3, 4, and 5 block the
reducing end (positive subsites). As observed in the
mVcCDA-DP2 structure, chitobiose fits in the two-subsite
cavity (subsites —1 and 0) defined by these loops. However,
the constraints imposed by loops 4 and 5 on the reducing end
(Figure 4d, middle) suggest that dynamics of these loops are
required to create new positive subsites, thus allowing the
enzyme to bind longer oligosaccharides (known to be

www.angewandte.de

Chemie

7005


http://www.angewandte.de

Angewandte

7006

(-3Y-2Y-1Y 0Y+1 V+2V+3\
»” 2 h ' |

Zuschriften
b)
LOOP2 | LOOP3
RmNodB
1 Rhizobium meliloti
“ VcCDA w
Vibrio cholerae A
N\

eooe| o EY LS
CICDA w
Colletotrichum lindemuthianum
EcPgaB W » r9
Escherichia coli Q '\ T

3

SpPGdA 2
Streptococcus pneumoniae A
2016 v l
BsPdaA {1
Bacillus subtilis
o @Ue0| W \
SlAxeA
Streptomyces lividans < ‘
2Cco \ \’ />

s

Figure 4. a) Loops surrounding the active site in Vibrio cholerae CDA. b) CE4 enzymes active on N-acetylglucosaminyl-oligosaccharides and their
deacetylation pattern, comparing the loop geometries, labeled 1 to 6 as in (a). @ GlcNAc; o GlcNH,; m MurNAc; 0 MurNH,. c) Superposition of
the active site loops in VcCDA in the apo form (blue), and complexes with DP2 (yellow) and DP3 (red). Only the chitobiose (DP2) substrate is
shown. d) Identification of the binding subsites in VeCDA. Top: the crystal structure of VeCDA with acetate. Middle: the crystal structure of VcCDA
in complex with chitobiose (DP2). Bottom: the crystal structure of VcCDA in complex with chitotriose (DP3). The metal cation is represented as

a cyan sphere in subsite 0. Substrates are represented by thick lines.

substrates, Figure 1). To test this hypothesis, we have solved
the crystal structure of mVcCDA in complex with a longer
oligosaccharide chitotriose (DP3) at 2.2 A resolution (see
Table S1 in the Supporting Information). The GIcNAc
located in the subsite —1 of DP3 fits very well in the cavity
defined by loops 1, 2, and 6. Strikingly, loops 3, 4, and 5 adopt
a different conformation to that observed in the unliganded
and DP2 complex, thereby generating the new subsite + 1
(Figure 4d). Specifically, loop 4 rearranges in a semiclosed
conformation (Figure 4c), with the lateral chain of Trp238
stacking with the glycosyl residue at position + 1, and lateral
chains of some residues in loops 3 and 5 are displaced. Trp194
(loop 3), Trp229 (loop 4), Pro271 (loop 5), and Leu293 define
the newly created hydrophobic binding pocket, which stabil-
izes the sugar ring. The lateral chains of Asp232 (loop 4) and
Ser274 (loop 5) form two strong hydrogen bonds with O6 and
Ol of this sugar moiety, respectively. The experimental
mVcCDA-DP3 complex support the notion that dynamics
of loops 3, 4, and 5 are necessary to accommodate longer
COSs in VcCDA. The subsite-capping model may also apply
to other CDAs with specific deacetylation patterns, such as
CICDA (see the Supporting Information).

The crystal structures presented herein represent relevant
states of VcCDA during its catalytic cycle, supporting a metal-
dependent acid/base catalytic mechanism, with the substrate
directly participating in metal coordination. VcCDA in its
unliganded form displays the subsite —1 basically preassem-
bled and ready to accept the DP2 substrate. In contrast,
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subsite 0 seems to be disassembled, with loop 4 in an open,
nonproductive conformation. The binding of DP2 triggers
a conformational change by closing loop 4 and generating
a functionally active subsite 0. Binding of a longer oligosac-
charide DP3, induces new conformational arrangements in
loops 3, 4, and 5, and the opening of the subsite +1. We
propose a “subsite-capping model” in which specific loops
and their dynamics modulate substrate specificity and define
the deacetylation pattern of CE4 enzymes. Altogether, the
data reported herein might provide the bases for the rational
design of CDA enzymes aimed at the biotechnological
production of COSs with novel de-N-acetylation patterns
for industrial and medical applications.
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