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ABSTRACT: The fungal pathogefolletotrichum lindemuthianureecretes an endo-chitin déacetylase
(CICDA) to modify exposed hyphal chitin during penetration and infection of plants. Although a significant
amount of biochemical data is available on fungal chitinNdaeetylases, no structural data exist. Here

we describe the 1.8 A crystal structure ofS#CDA product complex and the analysis of the reaction
mechanism using Hammett linear free energy relationships, subsite probing, and atomic absorption
spectroscopy studies. The structural data in combination with biochemical data rev€aCihat consists

of a single domain encompassing a mononuclear metalloenzyme which employs a conserved His-His-
Asp zinc-binding triad closely associated with the conserved catalytic base (aspartic acid) and acid (histidine)
to carry out acid/base catalysis. The data presented here indica@@ixA possesses a highly conserved
substrate-binding groove, with subtle alterations that influence substrate specificity and subsite affinity.
Strikingly, the structure also shows that the hexahistidine purification tag appears to form a tight interaction
with the active site groove. The enzyme requires occupancy of at least thetdlasubsites by (GIcNAg)

for activity and proceeds through a tetrahedral oxyanion intermediate.

Colletotrichum lindemuthianuns a plant fungal pathogen  suggest that exposed fungal chitin polymers are partially de-

found extensively in tropical and subtropical regio@®l- N-acetylated during infection and initial growth within the
letotrichumspecies are the causative agent of anthracnosehost 8). Chitosan, the dé&-acetylated product, is a poor
that affects economically important crop specigs Eur- substrate for chitinases, which require the presence of

thermore Colletotrichumsp. have recently been reported to N-acetyl moieties for recognition and catalys®.(Thus,
cause subcutaneous and systemic infections among immuconversion of chitin to chitosan during plant extracellular
nosuppressed patien®)(Colletotrichumsp. are facultative  colonization may protect pathogenic fungal hyphae from
biotrophs. Before the fungal hyphae can successfully pen-peing lysed by secreted plant chitinases. The enzyme
etrate and gain access to host tissue, the fungus has to firstesponsible for chitin modification is a developmentally
evade plant antimicrobial hydrolases such as chitinases andregulated, secreted, chitin deacetylase (CDXJ).(C. lin-
f-(1,3)glucanases(4). The chitinases degrade fungal chitin,  gemuthianunchitin deacetylaseQICDA) is a member of

an insoluble linear polymer gi-(1—4)-linkedN-acetylglu-  {he family 4 carbohydrate esterases (CE-4s) as defined by
cosamine (GIcNAc}. The breakdown products may act as ihe CAZY database [http://afmb.cnrs-mrs:fdazy/CAZY

elicitors of active defense responses within the pl&rtq). (12)], which include several members that share the primary
Studies of cell wall composition of invasive fungal hyphae ¢icture assigned as the “NodB homology domait?)(
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GIcNAc sugars of peptidoglycan. Consistent with tipgda Table 1: Crystallographic Data
strains are hypersensitive to exogenous lysozyme and exhibit

significantly less virulence within mouse modelksr( 18). chglgéngth &) vggglnc acetate
Chitin deacetylases (EC 3.5.1.41) have been characterized space group P2,2,2
from several sourcesMucor rouxii (19, 20), Aspergillus unit cell (A) a=71.28,0=55.02,c = 60.06
nidulans (21), Absidia coerulea(22), two strains ofC. L%S%?gggéﬁ/lgdergﬁ)ections 2“137-3%%30 (1.86-1.80)
lindemuthianun{23, 24), andSaccharomyces qa_nsme(ZS, no. of unique reflections 22257 (2181)
26). It has also been demonstrated tBatcereisiae CDA- redundancy 6.0 (6.1)
deficient strains show reduced ascospore wall rigidity and /ol 25.4(2.9)
increased susceptibility to lytic enzymex6). Recombinant completeness (%) 99.9 (100.0)
CICDA has previously been expressedBacherichia coli Q“ER?E 82;; (g'gig)
(27) and recently inPichia pastoris (28). CICDA is a no. of protein residues 506
representative member of the CE-4 family and shares a no. of water molecules 175
number of sequence motifs, covering several conserved no. of ligands Z#', 3 acetate, P@", CI-
histidine and aspartic acid residues (Figure 1B). It appears R'\gggdfgcz%'dea' geometry 0.021
from several kinetic studies that divalent cations may play a  angjes (deg) 1.722
role in catalysis12, 19, 28, 29). Previous studies have shown  B-factor RMSD (&)
that CICDA is an endo-chitin deacetylase with four signifi- bé}_\czkbone bonds 1.032
cant subsites;-2,—1, 0, and+1 (where 0 is the catalytic BOAY
. . . protein 28.0
site), and that subsites2 and O strongly recognize the ligands 442
N-acetyl groups on the GIcNAc sugars whereas subisite water 35.1

recognizes a glucosamine moie§0(-32). These studies aDetails of data collection and structure refinement. Values in
have suggested that chitin is only partially deacetylated in a parentheses are for the highest resolution shell. All data were included
specific manner that may prevent recognition by either in structure refinement.
chitinases or chitosanases. The first structure of a CE-4
family memberB. subtilisPdaA, was reported recentig3). PAGE. The pureCICDA protein was crystallized using
The protein adopts g8(a)s fold with a putative substrate-  sitting drop vapor diffusion by mixing L of protein
binding groove harboring the majority of the conserved solution (20 mg/mL in buffer) with the same volume of
residues. The data obtained from soaking studies provedmother liquor solution [30% (w/v) PEG 4000, 0.2 M
inconclusive as to possible metal/substrate-binding sites. Aammonium acetate, and 0.1 M sodium acetate, pH 4.6]. The
more recent structural study of the CE-4 memBgPgdA protein forms platelike crystals that grow at 2C within
(34) reveals that its catalytic domain shows the same 10 days. Crystals were soaked in mother liquor supplemented
conserved groove but also revealed a zinc ion coordinatedwith 10 mM ZnC} for 3 h, then cryoprotected in mother
by a conserved zinc-binding triad consisting of His-His-Asp. liquor containing 15% glycerol, and flash frozen in a nitrogen
These residues are highly conserved throughout the CE-4gas stream cooled to 100 K. Data were collected at beam
family. Mutagenesis studies in combination with kinetic data line ID14-1 at the European Synchrotron Radiation Facility
on metal-dependent activity showed tHPgdA uses a  in Grenoble. Data were integrated and scaled using the
metal-dependent mechanism involving acid/base catalysisprogram HKL2000 86). The CICDA structure was solved
similar to other zinc-dependent deacetylases34). Fur- by molecular replacement using MOLREB7) with the
thermore, the structures of two bacterial acetylxylan esterasesreviously solved®s@PgdA C-terminal catalytic core (residues
from Streptomyces didans (SICE4) andClostridium ther- 268-463) [Protein Data Bank code 2C134j] as a search
mocellum(CtCE4) have recently been described in conjunc- model. A single solution was found with &afactor of 0.559
tion with compelling biochemical data that implicates these and a correlation coefficient of 0.278. The resulting model
esterases as metal dependent with a preference for(@9). phases were then used for automated model building with
Here, we present the structure of a recombinant chitin de- WarpNtrace 88), which was able to build 211 out of 255
N-acetylase fromC. lindemuthianum(CICDA), the first residues. The resulting model was refined using CBS (
“fungal member of the CE-4 family” to be structurally and REFMAC #40); model building was carried out with O
determined, which retains the classical His-His-AspZn  (41) and Coot 42). After several rounds of refinement the
coordination observed previously. We use X-ray crystal- electron density maps indicated that two residues (125 and
lography, enzymology, subsite probing, inductively coupled 126) were different from the published sequenceGTDA
plasma mass spectrometry, atomic spectroscopy, and liganqUPS9 strain). It appeared that these residues followed the
modeling to define the structure and investigate the reactionsequence of th€ICDA ATCC strain, and they were refined
mechanism and substrate binding@ICDA. as GIn125 and Leul26. These residues are indicated in Figure
1B with stars and are both solvent exposed. Ligands were
MATERIALS AND METHODS only included when unambiguously defined by unbiasged
Crystallization, Structure Solution, and RefinemedReé- — |Fel, ¢caic maps. Ligand topologies and coordinates were
combinant C-terminal hexa-His-tagg€CDA protein was generated by PRODR&8), and the figures were made
cloned from C. lindemuthianumUPS9 strain (GenBank using PyMOL @4). Final data and refinement statistics are
accession number AY633657), expressed, and purified fromshown in Table 1.
P. pastorisas described previousl2®). The purified protein Ligand Docking.Computational docking of a GIcNAc
was stored at-80 °C in Tris-HCI (30 mM, pH 8.0) before  trimer with the central sugar forming the predicted oxyanion
being defrosted on ice. The purity was assessed by-SDS intermediate was performed with AutoDock 346). The
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CICDA structure was protonated using the HB2 module of accurate zinc concentrations in tB8CDA sample and the
WHAT IF (46), yielding a receptor with a protonated Asp49 control were determined using the method of standard-zinc
and a doubly protonated His206 in accordance with the additions. Calibration curves were constructed by linear
proposed reaction mechanism. Coordinates and topology ofregression.
the ligand were produced with PRODR&3]; the pyranose Synthesis. (A) 2-Acetamido-2-de@ap-glucopyranosyl-
rings were generated in“C; chair conformation. (1—4)-2-acetamido-2-deoxg-p-glucopyranosyl-(3-4)-2-
Enzymology.The C-terminal hexa-His-tagge@ICDA amino-2-deoxy3-p-glucopyranosyl-(1-4)-2-acetamido-2-
protein expressed ifP. pastoriswas assayed using the deoxyp-glucose GICNACGICNACGICNGICcNAC was synthe-
fluorogenic labeling method previously describe84)( sized viaCICDA-catalyzed regioselective monodeacetylation
Standard reactions consisted of 100 nM protein (dialyzed of chitotetraose. Chitotetraose (200 mg, 24ol) was
into doubly distilled HO), 50 mM Bis-Tris, pH 7, and 0.6  dissolved in HO (2.4 L) so that the final concentration was
mM (GIcNAc); in a total volume of 5QuL, incubated for 0.1 mM =K, value). The solution pH was adjusted to 8.5
10 min at 37°C. The production of free amine was followed by addition of NaOH, andCICDA was added to a final
by labeling with fluorescamine and quantified with a concentration of 2.Qtg mL™1. The solution was stirred at
glucosamine standard. All measurements were carried outroom temperature until full monodeacetylation was achieved
in triplicate. The fluorescence intensity data were analyzed as checked by ESI-MS. The reaction was then stopped by
by nonlinear regression analysis with GraHtY using the boiling for 5 min. The solvent was evaporated, and the
default equations for first-order reaction rates and Michaelis residue (170 mg, 90%) was dried under vacuum and used
Menten steady-state kinetics. directly in the next stepR = 0.13 (5:5:2.5:0.2 2-propanol/
Recombinant C-terminally hexa-His-tagg€tdCDA pro- EtOH/H,O/NH,OH). ESI-MS: calcd form/z [M + Na],
tein was also expressed and purified frencolias described  811.3; found, 811.5. The position of deacetylation was
previously 31). Initial rates of hydrolysis byCICDA were confirmed via ESI-MS analysis of th&N-acetylhexosamini-
determined at 30C with a continuous spectrophotometric dase hydrolysate of GIcCNACGICNACGIcNGIcNAc.
assay by following the rate of decrease in absorbance at 216 (B) 2-Acetamido-2-deox§-D-glucopyranosyl-(3-4)-2-ac-
nm as described previousIgl). N'-Halo-(GIcNAc), in 20 etamido-2-deoxy-p-glucopyranosyl-(3-4)-2-deoxy-2-fluo-
mM NaB,O;/HCI, pH 8.5, was preincubated for 10 min at roacetamidg3-p-glucopyranosyl-(3-4)-2-acetamido-2-deoxy-
30 °C, and reaction was initiated by the addition@CDA p-glucose Dicyclohexylcarbodiimide (9.3 mg, 46mol) in
such that the final concentrations in the assays were asdry pyridine (1 mL) was added slowly to a solution of
follows: 0.01-0.4 mMN'-fluoro-(GIcNAc) in the presence  GIcNAcGIcNAcGIcNGIcNAc (24 mg, 3@mol) and sodium
of 0.658 ug mL™! CICDA, 0.01-0.4 mM N'-chloro- fluoroacetate (4.2 mg, 42mol) in dry DMF (10 mL) under
(GIcNAC), in the presence of 0.863y mL~* CICDA, and N atmosphere at room temperature. The solution was stirred
0.01-0.4 mM N'-bromo-(GIcNAc) in the presence of 1.08  overnight, then the solvent was evaporated, and the residue
1g mL~! CICDA. The plots of initial rates versus substrate was purified by normal-phase HPLC (Waters chromatogra-
concentrations were hyperbolic, and the valueKgfand phy system; Millipore Co.). The sample was loaded onto an
Vimax Were determined by fitting the initial velocity curves HPLC column (2.15< 30.0 cm, TSK-GEL Amide-80; Tosoh
to the standard Michaelidvienten equation by nonlinear Co.), and the product was eluted with a linear gradient of
regression using the program GraFit. Tke values were 100% CHCN to 50% CHCN in water at a flow rate of 5
calculated using &ey;60f 351, 347, and 396 M cm™* for mL min~! (8.9 mg, 35%)R = 0.65 (5:5:2.5:0.2 2-propanol/
N'-fluoro-, N'-chloro-, and N'-bromo-(GIcNAc), respec- EtOH/H,O/NH,OH). *H NMR (400 MHz, D,O): ¢ 1.93-

tively. 195 (m, 9 H, 3 G;CONH), 3.35-3.83 (m, 24 H,

Electrospray lonization Mass Spectrometry (ESI-MESI- H2,2,2'2" 333" 3"4/4/4'4"585'5"6,6,6'6"), 471
MS was performed, and the spectra were recorded as4.85 (dm, 2 H,Jyr = 48 Hz, CHF), 4.48 (d,J = 8.3 Hz,
described previously3(). H143,1',1",1"), 5.08 (d,J = 1.9 Hz, HXx) ppm. **F NMR

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). (188.3 MHz, BO): 6 —152.01 (dm,Jyr = 49 Hz) ppm.
A sample of CICDA was extensively dialyzed against *°C NMR (75 MHz, D;O): ¢ 22.11, 22.38 (3CH3;CONH);
deionized water and then shown to be catalytically active. 54.01, 55.35, 55.85, 56.45 (C22,2"); 60.19, 60.51, 60.60,
The protein concentration was determined using the Micro 60.87 (C6,66",6"); 69.51, 70.05, 70.31, 72.17, 72.41, 72.72,
BCA protein assay reagent kit with BSA standards (Pierce, 73.77, 74.80, 74.89, 76.23, 79.15, 79.28, 79.50, 79.58
Rockford, IL). TheCICDA sample and a control sample (C3,3,3',3", C4,4,4'.4", C5,8,5"'5"); 80.02 (CHF);
(deionized water from the dialysis solution) were then 90.71, 94.98, 101.10, 101.45, 101.74 (C1,1,1'""); 170.72
analyzed by ICP-MS for the presence of divalent metal ions. (NHCOCH,F); 174.75, 174.93, 175.07 (3 NEDCHs) ppm.
ICP-MS was performed at the Pacific Centre for Isotopic HR-ESI-MS: calcd form/z [M + Na]*, 871.3084; found,
and Geochemical Research (PCIGR) at the University of 871.3091.
British Columbia (UBC). The accurate zinc concentrations  (C) 2-Acetamido-2-deox§-p-glucopyranosyl-(1-4)-2-
in the CICDA sample and the control were determined using acetamido-2-deoxy-p-glucopyranosyl-(+-4)-2-chloroac-
the method of standard-zinc additions. Calibration curves etamido-2-deoxy-bp-glucopyranosyl-(3-4)-2-acetamido-2-
were constructed by linear regression. deoxyp-glucose Chloroacetic anhydride (0.26 g, 1.52 mmol)
Graphite Furnace Atomic Absorption Spectroscopy (GF- was added slowly over a period of 10 h to a solution of
AAS).The sameCICDA sample and the control which were  GIcNAcGIcNAcGIcNGIcNAc (24 mg, 3Q«mol) and EtN
analyzed by ICP-MS (above) were also analyzed by GF- (10 uL, 72 umol) in dry MeOH (25 mL) under a N
AAS for the presence of atomic zindnax = 213.9 nm). atmosphere at room temperature. The solution was stirred
GF-AAS was also performed at the PCIGR at UBC. The for an additional 24 h, then the solvent was evaporated, and
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the residue was purified by normal-phase HPLC as describedThe solvent-exposed active site cleft of the protein is formed

above (12 mg, 46%)R: = 0.66 (5:5:2.5:0.2 2-propanol/
EtOH/H,O/NH,OH). 'H NMR (400 MHz, D,O): ¢ 2.06-
2.08 (m, 9 H, 3 Gi;CONH), 3.48-3.95 (m, 24 H,
H2,2,2'.2"3,3,3',3",44,4'4"555'5",6,6,6'6"), 421
4.22 (m, 2 H, CHCI), 4.60 (d,J = 8.3 Hz, H}5,1',1",1"""),
5.21 (d,J = 1.8 Hz, HX) ppm.*C NMR (75 MHz, D:0):

0 22.19, 22.42 (H3CONH); 42.54 (CHCI); 53.99, 55.33,
55.89, 56.49 (C2,2",2""); 60.25, 60.49, 60.59, 60.85
(C6,6,6',6"); 69.50, 70.02, 70.28, 72.19, 72.45, 72.73,

from the C-terminal ends gf-strands 2, 4, 5, 7, and 8 of
the @la)s barrel and includes the five distinct sequence
motifs conserved in CE-4 family members (MFMTS5 in
Figures 1B and 2)34). The most notable difference in the
architecture of the catalytic groove compared to other family
members is the presence of an extended loop between strand
A3 and helixa2 supporting a solvent-exposed Trp79 that
protrudes into the catalytic cleft (Figures 1B and 2A). The
CICDA structure also reveals two intramolecular disulfide

73.75, 74.82, 74.88, 76.22, 79.13, 79.25, 79.51, 79.60 bonds that may add stability to this secreted protein but are

(C3,3,3'.3",C4,4,4' 4", C5,8,5"5"); 90.75, 95.12, 101.04,
101.55, 101.77 (C1,1",1"); 170.58 (NHCOCHLCI), 174.77,
174.92, 175.05 (3 NBOCHs) ppm. HR-ESI-MS: calcd for
m/z[M + NaJ*, 887.2788; found, 887.2800.

(D) 2-Acetamido-2-deoxg-p-glucopyranosyl-(-4)-2-
acetamido-2-deoxg-p-glucopyranosyl-(3+-4)-2-bromoac-
etamido-2-deoxy-p-glucopyranosyl-(3-4)-2-acetamido-2-
deoxyp-glucose Bromoacetic anhydride (0.20 g, 0.77 mmol)
was added slowly over a period of 24 h to a solution of
GIcNACGIcNACGIcNGIcNAc (30 mg, 3&mol) and EtN
(20 uL, 72 umol) in dry MeOH (15 mL) under a N

absent from the homologous bacteisPgdA andBsPdaA

that deacetylate peptidoglycan within the bacterial cell wall.
Sequence alignment suggests that one disulfide (Cys38-
Cys237), tethering the N-terminal and C-terminal ends of
the structure, is also conserved in the fungal chitin deacety-
lase fromM. rouxii (Figure 1). Further, the tethering of the
N- and C-terminal ends in this fashion appears to be common
from extensive sequence alignments (not shown) in other
CE-4 family members. Although many of the cysteines do
not align directly with theCICDA sequence, the recently
solved structure ofSICE-4 reveals a disulfide linkage

atmosphere at room temperature. The solution was stirredtethering the N- and C-terminal ends in this fashion (Figure
for an additional 48 h, then the solvent was evaporated, and1B) (35). The other disulfide (Cys148-Cys152) (Figure 1)
the residue was purified by normal-phase HPLC as describedappears to compensate for the difference in length between

above (16 mg, 46%)R = 0.67 (5:5:2.5:0.2 2-propanol/
EtOH/H,O/NH,OH). 'H NMR (400 MHz, D,O): ¢ 1.86—
1.89 (m, 9 H, 3 GI:CONH), 3.26-3.76 (m, 24 H,
H2,2,2'2"33,3'3"444'4"555'5"6,6,6'6"),3.7—
3.78 (m, 2 H, CHBr), 4.40 (d,J = 8.3 Hz, H33,1',1",1"""),
5.01 (d,J = 2.0 Hz, Hlr) ppm.**C NMR (75 MHz, D;0):

0 21.90, 22.13 (H;CONH); 27.94 (CHBr); 53.72, 55.04,
55.60, 56.23 (C2/2",2"); 60.02, 60.26, 60.34, 60.57
(C6,68,6",6"); 69.16, 69.74, 69.97, 71.97, 72.16, 72.39,

the a4 helix of CICDA and the three residue shor@&iPgdA
equivalent, by pinning back the loop containing MT3 to the
elongateda4 helix. This places the loop and hence MT3
into a conformation similar to that S@PgdA, forming one

of the sides of the active site groove (Figure 2A). MT4 forms
the other side of the active site groove. ComparesiegdA,

it contains two significant substitutions overhanging the
catalytic cleft, a lysine (Lys171) and a tyrosine (Tyrl73)
replacing a leucine and a solvent-exposed tryptophan,

73.46, 74.52, 74.59, 74.82, 75.92, 78.39, 78.88, 79.01, 79.23respectively (Figure 2A).

(C3,3.3',3",C4,4,4" 4", C555' 5"); 90.75, 95.12, 101.04,
101.55, 101.77 (C1,1",1"); 170.44 (NHCOCH,BY), 174.47,
174.61, 174.75 (3 NBOCHs) ppm. HR-ESI-MS: calcd for
m'z[M + NaJ*, 931.2284; found, 931.2261.

RESULTS
CICDA Structure and Acte Site Groee. The chitin

The Actve Site Shows a Consexd Metal-Binding Triad.
The catalytic groove is similar to that 8fPgdA andSICE4
(35) with the catalytic subsite being generated by a zinc-
binding triad consisting of two histidines (His104, His108)
from motif 2 and an aspartic acid (Asp50) from motif 1.
This His-His-Asp metal-binding triad is conserved throughout
the CE-4 family, with the exception dBsPdaA and the

deacetylase was crystallized, synchrotron diffraction data recently characterized xylan ester@€E4 35), which only
were collected to 1.8 A, and the structure was solved by have two metal coordinating residues. TRECDA electron

molecular replacement using the recently publisBgegdA
C-terminal domain (residues 26863) structure as a search
model @4), followed by refinement to a finaR-factor of
0.172 Rree= 0.215, Table 1). ThEICDA structure reveals

a compact single catalytic domain similar to the deformed
(Bla)s fold adopted by other CE-4 family members (Figure
1A). Superposition on th&pPgdA structure 34) yields an
RMSD of 1.35 A on 179 equivalencedoCatoms (Figure
1A). Nevertheless, there are significant topological differ-
ences betwee@ICDA, the C-terminal domain oBPgdA,
and BsPdaA (Figure 1A). TheCICDA N/C-termini are on
the same side of the barrel, while 8°PgdA andBsPdaA

density map reveals a large peak 3@ difference map),
presumed to be zinc, coordinated by the metal-binding triad.
The structure also contains a well-ordered acetate iow (7.5
peak in the difference map) in a position similar to that
observed in th&gPgdA—acetate complex (Figure 2B). Thus,
the zinc ion is coordinated in an octahedral fashion by two
histidines, an aspartic acid, a water molecule, and a bidentate
interaction with the acetate molecule. One of the acetate
oxygens interacts with Asp49 (MT1), which in turn is
tethered by a buried Argl42 (MT3). The same oxygen is
also within 3.35 A of His206 (MT5) that interacts with
Aspl72 (MT4) (Figure 2A). The backbone nitrogen from

the N/C-termini are located at opposite ends. The first strand Tyr145 (MT3) forms a hydrogen bond with the other acetate

of CICDA (1) and equivalenBsPdaA (52) is topologically
equivalent to the final strand of the barrel$gPgdA (317,
Figure 1A). Indeed, so far all of the structurally defined

oxygen. These residues are conserved not only at the
sequence level (Figure 1B) but also at the structural level
with equivalentS@PgdA residues (Figure 2B). Motif 5 also

members of the CE-4 family adopt a degree of “secondary contains a conserved leucine (Leu204) that in combination

structure swapping” from the canonical CE{#/()s fold.

with a nonconserved leucine (Leul46) from MT3 forms a
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Ficure 1: (A) CICDA structure. Ribbon drawing of the structures@CDA, C-terminal domain oS@PgdA (residues 268463) (PDB

entry 2clg), andsPdaA (PDB entry 1w17), alongside topological representations as constructed with TofI3yatglices are colored

red and strands blue, except for helices and strands which do not fit the can@/nidald. Secondary structure elements ICDA are

named as indicated in the sequence alignment in panel B, and the two disulfide bonds are colored yellow. (B) Sequence alignment of CE-4
family members. The sequences of four representative family 4 carbohydrate esterases are shown: CDA_CQliridBimuthianum

chitin deacetylase; CDA_MUCROQ\. rouxii chitin deacetylase; PGDA_SPNES, pneumonia®gdA; CE4_STRLIV,S. lividansxylan

esterase. The five CE-4 motifs (M¥5, yellow), the metal ligands (cyan), the catalytic residues (magenta), and the cystines (green) are
indicated. The black stars indicate the amino acid changes fror@.tiedemuthianumMJPS9 strain sequence. The sequences are aligned

on the basis of the respective experimental structures, with the exception of CDA_COLLIN for which no structure is available. Sequence
manipulation was carried out using Aline 1.0 (Charlie Bond, personal comunication).
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Ficure 2: Details of theCICDA active site. Close up of the active sites of the natNéDA structure in complex with acetate product

(panel A,CICDA_Ac), SgPgdA in complex with acetate (panel B@PgdA_Ac) (acetate and PEG molecules shown as sticks with green
carbons), and a docked GlcNAcomplex [panel CCICDA_GIcNAc; (docked)]. Ribbon diagrams of the active sites are shown, with
conserved side chains shown as sticks with magenta carbons. The experimentally observed acetate is shown as sticks with yellow carbons.
GIcNAcs is shown as green sticks with subsites labeted 0, and+1. The five CE-4 sequence motifs (M¥5) are shown in yellow.

Water molecules (red spheres) are also shown. Unbigggd- |Fc|, ¢cac maps are shown in blue. Hydrogen bonds are shown in dashed
magenta linesGICDA Tyr145 andSgPgdA Tyr367 backbone nitrogen atoms are not shown) and-figand interactions as dashed cyan

lines.

hydrophobic patch that appears to accommodate the acetate Intermolecular Interactions of the Histidine Tag with the

methyl group. This is not dissimilar to the corresponding Active Site During refinement, it became apparent that there
pocket of SgPgdA, which utilizes a tryptophan from the was a significant amount of uninterpreted electron density
N-terminal end of MT4 to occupy a similar position to that in the catalytic groove of the protein. This density was
of Leul46 (Figure 2A,B). resolved to be the C-terminal hexahistidine purification tag.



9422 Biochemistry, Vol. 45, No. 31, 2006

Table 2: Steady-State Kinetic Parameters@GCDA Expressed in
E. coli, Assayed Using Direct Continuous Spectrophotomeric
Assay? and CICDA Expressed irP. pastoris Assayed Using
Fluorogenic Labeling Methddwith Respect to (GIcNAg).4 and
N'-Halo-(GIcNAc), Substrates

Keal Km
substrate Km (MM) Keat(S™1) (mM~1-s7h)
(GIcNAC)? 18+ 2 11+2 0.6+ 0.2
(GIcNAC)s? 0.66+ 0.05 1.53+ 0.041 2.3+ 0.8
(GIcNACc)z? 43+0.1 6t1 14+ 04
(GIcNACc)2 0.125+ 0.007 7+2 56+ 13
N'-bromo-(GIcNAc)? 0.102+ 0.004 31+ 3 3044+ 32
N'-chloro-(GIcNAc)® 0.18+ 0.03 47+ 5 2614+ 52
N'-fluoro-(GlcNAc)?  0.14+ 0.02 68+ 6 4864+ 82

a Direct continuous spectrophotomeric assayluorogenic labeling
method.

Blair et al.

rection, this method rendered a zinc content of 0.7 zinc atom
per CICDA molecule. Hence, the presence of a tightly
enzyme-bound zinc ion is confirmed by two independent
analytical methods in agreement with the structural observa-
tions. This zinc ion must be so tightly bound to the enzyme
active site that it does not equilibrate with solution, hence
the lack of CICDA inhibition by EDTA.

CICDA Catalysis Proceeds through a Tetrahedral Oxya-
nion Intermediate.Previous structural and mutagenesis
studies have suggested that CE-4 esterases use a general acid/
base catalytic mechanism involving an activated water
molecule, much like that observed for other zinc-dependent
hydrolases and probably involving a tetrahedral oxyanion
intermediate 34). To study the precise nature of the reaction
intermediate, we have investigated the hydrolysibl'efialo-
(GIcNACc), derivatives.CICDA-catalyzed hydrolysis of the

Strikingly, this appeared to be an intermolecular interaction, N'-haloacetamido groups &'-halo-(GIcNAc), derivatives

with the C-terminus of one molecule extending into the active (fluoro, chloro, bromo) in the assay buffer at 3D and pH

site of one of the symmetry-related molecules. The hexa- 8.5 was studied under steady-state conditions by continuous
histidine tag appears to make several interactions; themonitoring of the decrease ify16 Over time. Initial rates
carboxyl oxygen from the C-terminal His254 is in hydrogen- for all of these substrate analogues followed Michaelis

bonding distance of His20642 at 2.5 A and the water

molecule closest to the Zhat 2.6 A. Tyr145 stacks with
His251, Asp110 hydrogen bonds with His25&\at 2.9 A,

Menten kinetics, and the average values of the observed
kinetic parameter&ca, Km, and ke./Km) were determined
(Table 2). TheK, values for all three compounds were

and several water-mediated hydrogen bonds can also be seeisimilar to that of (GIcNAc), suggesting that the haloacetyl

To confirm that the His-tagged recombin&iCDA protein

expressed ifP. pastorisused for crystallization is active, a

group can fit in the active site without any significant steric
hindrance (assuminig, approximatexs). However, thek.a

fluorescence-based assay was used to verify the activity withvalues increased with the increasing electron-withdrawing

(GIcNAC); revealing thatCICDA initial velocity measure-

ability of the halogen substituent. ESI-MS analysis within

ments with increasing substrate concentration fitted Michae- the steady-state time scale confirmed that the only product

lis—Menten kinetics. Thé&,, was determined to be 0.66
0.05 mM with ak. of 1.53 & 0.04 s (Table 2). These

was (GIcNAcGIcNAcGIcNGIcNAc), indicating that the
kinetic parameters solely represent hydrolysis at e

values are in keeping with the results previously reported position (Figure 3E), as previously found with the (GIcCNACc)

for CICDA expressed ift. coli and assayed using a direct,

continuous spectrophotometric assag)(that gave &, of
4.34 0.1 mM and & 0f 6 &= 1 s7* for (GIcNACc); (Table
2).

substrate 1). The rates of nucleophilic attack on the
carbonyl carbon of amides/esters are known to increase with
electron withdrawal in the acyl portiod). This is due to

the increase of negative charge along the reaction coordinate

CICDA Tightly Binds Zinc.Previous experiments on from the neutral substrate to the negatively charged tetra-
SPgdA 34) and xylan esterases3¥) have shown that hedral intermediate. Hence, electron withdrawal in the acyl
activity of these CE-4 esterases is dependent on the presencportion stabilizes the intermediate relative to the ground state,
of a divalent cation, preferably cobalt or zinc. Strikingly, thereby decreasing the activation energy. Therefore, a plot
however, the recombinar@ICDA proteins from bothP. of log(rate constant) versus substituent constepshould
pastorisandE. coliwere not inhibited by the metal chelator be linear with a positive slopep) based on the Hammett
ethylenediaminetetraacetic acid (EDTA), nor was there any linear free energy correlation (Figure 3C,2§9( 50). The
significant increase in catalytic activity in the presence of magnitude of the slopep) is an indication of the extent of
either of the divalent cations €q Zn?*, CcP*, CUt, Ni?t, charge development in the transition state. A linear relation-
Fet, Mn?t, Mg?t, or C&" (data not shown). We therefore ship was observed (Figure 3F) by plotting lkg{ versus
attempted to directly detect the presence of a tightly bound the Taft substituent constants,) for H, Br, Cl, and F 51,
divalent cation in the recombinant protein. Inductively 52). The values ofy, are defined in terms of thekq values
coupled plasma mass spectrometric (ICP-MS) analysis of the corresponding substituted acetic acids. The presence
showed a higher level of elemental zinc in DA sample of a correlation with a positive slope shows that there is a
(dialyzed in deionized water) relative to the control (deion- substituent inductive effect i@ICDA-catalyzed hydrolyses
ized water). The accurate zinc concentrations inGHeDA of the substituted acetamido groups, indicating the presence
sample and the control were then determined by ICP-MS of an oxyanion intermediate. The oxyanion intermediate must
analysis using the method of standard-zinc additions. After have a tetrahedral structure in a displacement mechanism.
correction for the background zinc concentration in the The value of the slopeo(= 1.7 & 0.3) indicates significant
control, the zinc content €ICDA was calculated to be 0.8 negative charge development at the transition state. This
zinc atom perCICDA molecule. We also determined the supports the previously proposed CE-4 esterase reaction
accurate zinc concentrations in the sati€DA sample and mechanism 34).
the control by another independent method, namely, graphite A Predicted (GIcNAg) Complex Suggests Exposed/
furnace atomic absorption spectroscopy (GF-AAS), using the +1 N-Acetyl Groupsln the absence of €ICDA substrate
method of standard-zinc additions. After background cor- complex, computational docking was carried out using
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Ficure 3: CICDA-catalyzed deacetylation @NPSGIcNAc: (A) ESI mass spectrum showing the substrate and the prptNREGIcN

with a mass difference of 42.0 (GBO minus H); both peaks represent [MNa]" species; (B) schematic representation of the productive
binding mode opNP3GIcNAc to CICDA. A model for understanding substituent effects in amide hydrolysis: (C) schematic representation
of the stabilization of an oxyanion tetrahedral intermediate relative to the ground-state amide by electron withdrawal in the acyl portion;
(D) Hammett linear free energy equation.is the substituent constant anpdis the reaction constant. Hammett linear free energy
correlation: (E) schematic representation of the productive binding moletudlo-(GIcNAc), to CICDA,; (F) plot of logkea) versus Taft
substituent constante) for CICDA-catalyzed hydrolyses of substitutdttacetamido groups df'-halo-(GIcNAc), substrates. The line
shown is the linear fit of the experimental da®)(The slope £) is 1.7+ 0.3.

AutoDock @5) to place the proposed oxyanion intermediate within the exposed groove. The acetyl group of the GIcNAc

of (GIcNAc); in the catalytic groove. A representative docked occupying the—1 position makes no interactions with the
complex is shown in Figure 2C. The centrally positioned protein, which is in keeping with the findings of Hekmat et
GIcNACc carrying the oxyanion intermediate is proximal to al. (31). Interestingly, there is a solvent-exposed tryptophan
the zinc, occupying the 0 subsite. Its O3 hydroxyl is seen to (Trp79) positioned on a nonconserved extended loop that
interact with the zinc ion and one of the metal ligands may interact with the proposee?2 subsite binding sugar
(Asp50). The pyranose ring makes hydrophobic interactions (Figures 1B and 2). The GIcNAc occupying thd subsite

with the adjacent aromatic ring of Tyrl73 (MT4). The is within hydrogen-bonding distance of Lys171 and the
terminal GIcNAc residues occupy thel and+1 subsites hydroxyl of Tyr173. The GIcNAc acetyl group is positioned
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in a similar conformation to that of the 1 subsite sugar,
pointing out of the catalytic groove. The tetrahedral inter-
mediate is coordinated to the zinc, with the two oxygens
and the methyl group similarly positioned to the equivalent
atoms in the experimentally determined acetate complex
(maximum shift of equivalent atoms is 1.2 A, Figure 2C).
One of the oxygens interacts directly with the zinc ion and
the backbone nitrogen of Tyrl45, while the other oxygen
interacts with the proposed catalytic base Asp49. This
arrangement is proposed to be the “oxyanion hole” that
stabilizes the developing negative charge on the carbonyl
oxygen atom during formation of the tetrahedral intermediate.
The nitrogen of the tetrahedral intermediate is within 3.7 A
of the His206 N2 atom that is presumed to be protonated

Blair et al.

by CICDA supports the importance of hydrophobic interac-
tions at subsitet1.

DISCUSSION

The mechanistic studies presented here combined with the
structural data show th&lICDA is a zinc-dependent mono-
nuclear metalloenzyme. The crystal structure reveals the
previously characterized zinc-binding motif (His-His-Asp)
first elucidated in the structure of the Gram-positive bacterial
peptidoglycan deacetylasgPgdA (B4) and conserved in
CE-4 family members with few exceptions. Two “charge
relay” side chain pairs are observed, consisting of the
catalytic base (Asp49) tethered by a conserved Argl42 and

by the concealed and conserved Asp172 and could thereford€ catalytic acid (His206) tethered by a conserved Asp172,

act as an acid, protonating the nitrogen in the reaction
intermediate, which generates a good leaving group. This

hypothesis is generated by the degree of conservation of ke))_|

catalytic residues betwee@ICDA and S@PgdA (Figure
2A,B) for which mutagenic analysis has been carried out on
equivalent residues i8PgdA and found to be essential for
activity (34). From the structural studies, the in silico data,
and the reaction mechanism proposedSgegdA, it can be
proposed thaCICDA de-N-acetylates chitin/chito-oligosac-
charides by tightly binding a water molecule to the catalytic
zinc. The catalytic base Asp49 abstracts a proton from the
water molecule, generating a nucleophile to attack the

substrate carbonyl carbon. This produces a tetrahedral

oxyanion intermediate, the charge of which is stabilized by
the metal and the backbone nitrogen of Tyr145. THg p

tuned His206 then protonates the reaction intermediate on
the nitrogen as it breaks down, generating a free amine and
also the acetate product, as seen in the crystal structure

(Figure 2A).

Hydrophobic Interactions Are Important for Binding of
the +1 Sugar. Previously, Hekmat et al. proposed that
CICDA has four specific sugar-binding subsites2( —1,

0, and+1), where subsite 0 represents the site of catalysis.
They also found that subsitel makes the largest contribu-
tion to the overall binding free energy change, although it
does not seem to interact with or recognize tacetyl
group of the substrate3y). Interestingly, the structure of

the docked complex reveals the presence of a solvent-

exposed tyrosine (Tyrl73, structurally equivalent to Trp392
in the S@PgdA structure, Figure 2A,B) that appears to stack
with the +1 sugar. To probe the contribution of such
hydrophobic stacking interactions at this subsite, 4-nitro-
phenyl 2-acetamido-2-deox3p-glucose PNPSGICNAC)
was tested as a substrate @ICDA (Figure 3B). Although

no CICDA-catalyzed hydrolysis of GIcNAc was observed
at concentrations up to 100 mM, 15 mpiPSGIcNAc was
deacetylated slowly at 38C and pH 8.5 in the presence of
1.17uM CICDA over a time period of days as detected by
ESI-MS (Figure 3A). The reaction was therefore more than
2 orders of magnitude slower than that measured with
(GIcNACc), occupying the same subsites 0 ahdl. Kinetic

which perform acid/base catalysis using a water molecule
as the nucleophile tightly associated to the zinc cofactor.
ammett linear free energy correlations usindpaloaceta-
mido substrate analogues demonstrated the presence of an
oxyanion tetrahedral intermediate and significant negative
charge development at the transition state. This charge would
be stabilized by the oxyanion hole generated by the backbone
nitrogen of Tyrl45 and the zinc as revealed in G@IEDA
crystal structure. It was previously proposed by Hekmat et
al. that there are four significant sugar-binding subsites in
the active cleft (-2, —1, 0, and+1) that interact with the
GIcNAc moieties from the nonreducing to the reducing end
of the substrate. The subsites that make the largest contribu-
tion to substrate-binding free energy change-afeand—+1

(312). Probing of subsitet-1 using pNP3GIcNAc revealed
that the enzyme was still able to slowly 8kacetylate the
GIcNAc component, suggesting that the stacking interactions
of the phenyl ring with a conserved aromatic amino acid
side chain are sufficient to at least partially mimic the
reducing end GIcNAc sugar interaction with subsite. The
presence of the acetamidbl-acetyl) group at subsite-1

may not be required, but in the docking studies undertaken
this subsite has the only weakly positively charged patch in
a predominantly negatively charged catalytic groove, gener-
ated primarily by Lys171, which might prevent a Ne-
acetylated sugar from binding in this subsite. This factor may
contribute to the hypothesis that only every second GIcNAc
sugar in the substrate is déacetylated. This might allow

for resistance not only to chitinases, which require the
presence of thé-acetyl group to facilitate recognition of
chitin, but also to chitosanases, which recognize and
hydrolyze chitosan, the dd-acetylated form of chitin. It may
also present a chitosan-rich matrix with a partial positive
charge that might aid interactions with the cell membrane.
HenceCICDA may be an important virulence factor far.
lindemuthianumcamouflaging it from host glycosidases as

it penetrates and colonizes host tissue. Future studies will
be directed toward identification and development of inhibi-
tors of CE-4 esterases to allow the study of their in vivo
functions in fungal pathogens.
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