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ABSTRACT: Two-dimensional proton nuclear magnetic resonance spectroscopy has been used to determine
the three-dimensional structure of the 62 amino acid C-terminal cellulose-binding domain (CBD) of the
endoglucanase Z (CBDEGZ), secreted byErwinia chrysanthemi. An experimental data set comprising
958 interproton nOe-derived restraints was used to calculate 23 structures. The calculated structures have
an average root-mean-square deviation between Cys4 and Cys61 of 0.91( 0.11 Å for backbone atoms
and 1.18( 0.12 Å for the heavy atoms. The CBDEGZ exhibits a skiboot shape based mainly on a triple
antiparallelâ-sheet perpendicular to a less-ordered summital loop. Three aromatic rings (Trp18, Trp43,
and Tyr44) are localized on one face of the protein and are exposed to the solvent in a conformation
compatible with a cellulose-binding site. Based on its original folding, we have been able to relate the
CBD sequence to those of several domains of unknown function occurring in several bacterial chitinases
as well as other proteins. This study also provides a structural basis for analyzing the secretion-related
information specific to the CBDEGZ.

Plant cell wall is mainly composed of pectin and cellulosic
substrates. Hence, plant pathogens make use of a battery
of depolymerizing enzymes, including pectinases and cel-
lulases. Erwinia chrysanthemiis a Gram negative bacterium
plant pathogen that secretes a wide array of such depoly-
merizing enzymes, the action of which eventually lead to
the so-called “soft-rot” disease(1). Remarkably, this set of
enzymes makes use of a single secretion machinery, hereafter
referred to as Out, to cross the bacterial cell envelope and
reach the plant cell wall polysaccharides. Hence, deciphering
the structural determinants of both their enzymatic activity
and their ability to use the Out machinery is a prerequisite
to controllingErwinia chrysanthemimediated virulence.

In our studies, we have used the cellulase EGZ as a model
to elucidate the molecular basis of the secretion and to
identify the structural information, allowing the Out secretion
machinery to recognize and specifically target proteins to
the cell exterior (2). EGZ has a modular architecture
consisting of an N-proximal catalytic domain, which permits
the hydrolysis of theâ-1,4-glycosidic bond present either in
small soluble substrates or in substituted cellulose, and is
linked, via a typical Ser/Thr-rich linker region, to a C-
proximal cellulose-binding domain (CBD),1 which allows the

binding to microcrystalline cellulose(3). Studies of modified
EGZ derivatives suggested that part of the secretion-related
information is contained in the CBD(2). Moreover, a series
of mutagenesis studies established that EGZ adopts high-
ordered structure prior to its secretion(4). In particular,
disulfide bond formation in the CBD was found to be a step
required for EGZ secretion(4). These observations prompted
us to initiate a detailed study of the CBDEGZ structure, in
order to elucidate the secretion mechanism(5).

Over 100 different CBD sequences have already been
identified, ranging in size from only 33 to over 170 amino
acid residues. Their role with respect to cellulase activity
is not well understood, and at least two hypotheses have been
put forward: (i) they may enhance enzyme activity simply
by concentrating the enzyme on the substrate surface; (ii)
they could be involved in the disruption of noncovalent
interaction between adjacent substrate molecules(6, 7).

CBDs can be grouped into distinctive families on the basis
of amino acid sequence similarities(8, 9). Family I contains
33-36 residue CBDs found only in fungal cellulases. The
three-dimensional structure of one member of this family,
CBDCBHI, derived from the cellobiohydrolase I ofTricho-
derma reesei, has been determined by NMR spectroscopy
(10). The secondary structure of CBDCBHI is organized into
a wedge-shaped irregularâ-sheet. One face of the molecule,
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dominated by three conserved tyrosine side chains, forms a
hydrophobic and planar surface that has been shown to be
involved in cellulose binding(11, 12). CBDs of bacterial
enzymes are substantially larger. The structures of three of
these have been reported so far. CBDCex, a 110-residue
member of family II CBDs derived from theâ-1,4-glycanase
Cex fromCellulomonas fimi, forms an elongated, 9-stranded
â-barrel (13). The substrate-binding site includes three
solvent-exposed tryptophans, together with other hydrophilic
residues, located on one edge of the barrel. CBDCip, a 155-
residue member of family III CBDS derived from the
cellulosomal scaffolding subunit ofClostridium thermocel-
lum, forms a 9-strandedâ-sandwich with a jelly roll topology
(14). One of the faces of theâ-sandwich is dominated by a
planar linear strip of conserved and surface-exposed aromatic
and polar side chain residues which are proposed to interact
with crystalline cellulose. CBDN1, a 152-residue member
of family IV CBDs derived from the CenC cellulase of
Cellulomonas fimi,is made of 10â-strands folded, like the
CBDCip, into 2 antiparallelâ-sheets with the topology of a
jelly-roll â-sandwich (15). In contrast to other CBD
structures, instead of having a “flat” binding surface, the
binding site of CBDN1 is a cleft containing a central strip of
hydrophobic residues that is flanked on both sides by polar
hydrogen-bonding groups. The presence of this cleft pro-
vides a structural explanation for the unique selectivity of
CBDN1 for amorphous cellulose and other soluble oligosac-
charides and the lack of binding to crystalline cellulose.

CBDEGZ exhibits original features, and it was classified
as an isolated and separated unit making family V on its
own. Indeed, it is intermediate in size between the type I
CBDCBHI (33 amino acids) and the type II CBDCex (106
amino acids). Moreover, it shows no sequence similarity
with known CBDs. This study provides an NMR-derived
structure for CBDEGZ which was found to adopt a different
fold compared with other CBDs. Stuctural analysis allows
us to point out residues potentially involved in cellulose
binding as well as in protein secretion. Finally, unexpected
relatedness with a series of modules thought to be chitin-
binding domains was established.

MATERIALS AND METHODS

Bacterial Strains and Media. E. colistrains used in this
study were TG1 [supE hsd D5 thi∆(lac-proAB)∆(srl-recA)-
306::Tn10(Tetr)] and BL21(DE3) [F-ompT hsdSB (rB-mB-)
dcm gal(DE3)].

The culture medium used was Luria Bertani (LB) (which
contains, per mL, 5 mg of bactotryptone/2.5 mg of yeast
extract/2.5 mg of NaCl, adjusted pH 7.2). The culture
medium used for the production of CBD was M9Cas (which
contains 0.5% glycerol and, per mL, 6 mg of Na2HPO4/1.254
mg of KH2PO4/1 mg of NH4Cl/0.5 mg of NaCl/0.24 mg of
MgSO4/0.01 mg of CaCl2/0.001 mg of thiamine/2 mg of
casamino acids). Ampicillin was added to 100µg/mL.

Construction of the pMIA2 Plasmid.The CBD-encoding
sequence was isolated as the 0.8 kbSmaI-SmaI fragment
present in a plasmid previously used as an intermediate in
the construction of plasmid pBSD8(3). This intermediate
plasmid contains aSmaI restriction site, introduced by site-
directed mutagenesis within the EGZ-coding genecelZ, at
the junction between the linker region and the CBD in the
EGZ protein (3). The other SmaI site lies within the

untranslated region downstream ofcelZ. The pET22b
(Novagen), used as recipient, was linearized byNcoI
restriction and made blunt-ended with T4 DNA polymerase
(Amersham kit). The resulting pET22b vector was mixed
with the 0.8 kbSmaI-SmaI restriction fragment (vector/insert
ratio equal to 1/6 and a final DNA concentration of 10µg/
mL) in the presence of T4 DNA ligase for 16 h at 16°C.
The religation of the vector creates a newNsiI restriction
site while the ligation with the insert creates two newNcoI
restriction sites. The DNA contained in the ligation mixture
was first subjected to restriction byNsiI. Plasmid DNA from
24 TG1 transformed clones was analyzed byNcoI restriction,
permitting the identification of 8 clones, the plasmid of which
contained the insert. Plasmid DNA of the eight clones was
purified and used to transform competentE. coli BL21(DE3)
cells. IPTG-induced cultures of 20 BL21(DE3) transformed
clones were analyzed for their protein contents by Western
blot using an anti-EGZ18 antibody(3, 5). One clone, which
expresses a protein that was recognized by anti-EGZ18
antibody and had a apparent molecular mass of about 6500
Da on SDS-PAGE, was selected and stored at-80 °C in
20% glycerol and referred to as BL21(DE3)/pMIA2.

Production and Purification of CBDEGZ. A single colony
of BL21(DE3)/pMIA2 was inoculated into M9Cas medium
(20 mL), supplemented with ampicillin (100µg/mL), and
incubated overnight at 37°C under agitation. A 20 mL
sample was then used to inoculate 700 mL of the same
medium in a 2 L toxin flask and incubated at 37°C with
agitation. Bacterial growth was monitored by recording
the OD600. At an OD600 of 2 (roughly 3 h after inocula-
tion), IPTG was added to a final concentration of 0.2
mM. Cultures were grown until the end of exponential
phase, which corresponds to an OD600 of 3-3.5 and 4-5 h
of growth in the presence of IPTG. CBDEGZ was purified
from the culture supernatant in a three-step protocol as
described(5).

NMR Sample Preparation.Electrophoretically pure ly-
ophilized sample of CBDEGZ was dissolved in 0.05 M
potassium phosphate buffer at pH 4.3 in 90% H2O/10%
2H2O. The sample concentration was 0.8 mM, the maximum
achieved due to the low solubility of CBDEGZ. CBD
concentration was determined by UV spectroscopy, measur-
ing the Trp absorption at 285 nm.

NMR Measurements.NMR spectra were recorded at 27
and 37°C on a Bruker AMX 600 spectrometer. Chemical
shifts were referenced relative to the water resonance fixed
at 4.75 and 4.65 ppm, for the two temperatures, respectively.
1H 2D spectra, DQF-COSY(16), TOCSY/HOHAHA (17,
18), and NOESY(19, 20) Spectra were recorded in the
States-TPPI mode(21). The water resonance was attenuated
by means of a coherent low-power (γB2/2π ) 50 Hz)
presaturation during the relaxation delay. For NOESY and
TOCSY experiments, this presaturation was further combined
with a “jump and return” read pulse(22). The isotropic
mixing time was set to 70 ms and the nOe mixing time to
60 and 150 ms. Two-dimensional spectra were collected as
512 (t1) and 2048 (t2) complex point time-domain matrices
with spectral widths of 7201 Hz (t1) and 8474 Hz (t2). To
obtain a sufficient signal/noise ratio, 96 scans were used per
t1 increment. They were transformed after zero-filling in
the F1 dimension, into 1024 and 1024 real points in the F1

and F2 dimension frequency-domain spectra using FELIX
software version 2.3 (Biosym Technologies/Molecular Simu-
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lation Inc., San Diego, CA). Amide proton exchange rates
in 2H2O were monitored over a half-day period by recording
a series of one-dimensional spectra every 20 min at 37°C
immediately after dissolving CBDEGZ in 2H2O/phosphate
buffer.

Interatomic Distance Restraints.Interproton distance
restraints were derived from NOESY experiments acquired
at 37 °C with 60 and 150 ms mixing times, in 90% H2O/
10%2H2O. A final set of 958 interproton distance restraints
was used for the structure determination. This data set was
comprised of 360 meaningful intraresidue, 247 sequential,
74 short-range (1< |i - j| e 4), and 277 long-range (|i -
j| > 4) restraints. The nOe-derived constraints were
estimated as strong, medium, or weak (with corresponding
upper limits of 2.8, 3.8, or 5.0 Å). Unresolved protons were
replaced by pseudoatoms, and an appropriate correction was
applied to the measured distance. Nonstereospecifically
assigned but spectroscopically resolved protons were allowed
to float between the two prochiral positions during the
simulated-annealing protocols (see below).

Structure Calculations.Structure calculations were per-
formed using DISCOVER (version 2.9.7, 1993) interfaced
to the INSIGHT II program (version 2.3.0, 1993) for
visualization and result analysis (Biosym Technologies Inc.).
The AMBER4 force field(23) was used for all calculations
except for the simulated annealing (SA) protocols, in which
a simple quartic nonbond term was employed. Allω
dihedrals were forced totrans except the one preceding
Pro11, as there was strong evidence from the nOe data that
this peptide bond was in thecis conformation (see results).
The Sγ-Sγ distance between Cys4 and Cys61 side chains
was constrained in the structure calculation. A three-stage
structure determination protocol was employed(24).

(1) Determination of the Global Protein Fold.The global
fold of the protein was determined using a 60 ps SA protocol
starting from randomized initial coordinates containing 10
ps of slow cooling to 100 K. The exploratory period was
calculated at a nominal temperature of 1000 K. Experimental
data were scaled to a maximum of 50 kcal mol-1 Å-2 during
the first 30 ps. The molecule was minimized in the complete
AMBER force field. This protocol was employed twice, in
the very beginning with an initial set of distance constraints,
and once the final list of experimental constraints had been
obtained after the iterative structure refinement.

(2) Structure Refinement.A two-stage SA/rMD (SI-SII)
refinement protocol was used(24). During the SA calcula-
tion (SI), the local conformational space available from the
experimental data was investigated. This calculation still
allowed a large sampling of the conformational space, but
was less time-consuming than the global fold protocol as it
started from already folded structures. In this step, the
nominal temperature was held at 2000 K, and the nOe force
constants were scaled up progressively to 50 kcal mol-1 Å-2.
Short-range distances which define the local conformation
were introduced before long-range distances. After the
scaling period, the molecule was allowed to sample the
conformational space for 2 ps before slow-cooling to 100 K
over a period of 11 ps. After 2 ps of dynamics, the molecule
was subjected to energy minimization as described above.
In the following restrained molecular dynamics (rMD)
calculation (SII), the use of a more complete force field leads
to a physically more viable structure. The effects of solvent
were simulated implicitly by the use of a distance-dependent

dielectric constant(25, 26) and reduced charges on the
charged side chains(27, 24). During this stage, the weight
of the experimental distance restraints was reduced to 25
kcal mol-1 Å-2. After equilibration, the temperature was
regulated using weak coupling to a thermal bath(28). The
molecule was allowed to evolve at 750 K for 10 ps, and
then slowly cooled to 300 K over a period of 5 ps, where
dynamics were continued for a further 12 ps. Finally the
structure was minimized using a conjugate gradient algo-
rithm.

Structural Analysis.The functionFnOe ) knOe(rij - rij
u)2

(rij > rij
u) has been used to create an experimental violation

function (Vi) representing the sum of the energetic contribu-
tions from the violated experimental restraints. The root-
mean-square deviation of the 23 best structures (with the
lowest Vi values) was calculated over the specified atoms
using the program INSIGHTII. After superposition of the
backbone (N, CR, C) atoms from residues 4 to 61 of each
final model for a minimum rmsd to the structure with the
lowest energy in the 23 final models, a geometric average
was computed to describe a “mean-structure” for which no
energy minimization was performed and which was used as
a reference to describe the atomic rmsd. The solvent-
accessible surfaces were calculated in the absence of protons
using the united atom radii proposed by Conolly(29) and a
water molecule radius of 1.4 Å.

Electrostatic Calculations.The program Delphi, as imple-
mented in the Biosym package, was used to calculate the
surface charge distribution of CBDEGZ. The electrostatic
potential is calculated by solving the Poisson-Boltzmann
equations using a finite difference method(30). Dielectric
constants of 80 and 4 were used for the solvent and the
protein interior, respectively, and an ionic strength of 0.145
M‚L-1 was assumed for the solvent.A 2 Å Stern layer was
used to define the exclusion region between the protein and
the solvent. The full charge set was used as in the AMBER4
force field (23). The protein was mapped onto a 65× 65
× 65 point matrix, and each point was assigned a charge
and dielectric value. These grids were used as bases for
subsequent focusing calculations, giving a final resolution
of approximately 0.6-0.8 Å. The charged exterior of the
molecules was visualized by projecting the electrostatic
values onto a Connolly solvent accessibility surface. In order
to take into account the motional averaging of side chain
orientations, the electrostatic surface has been calculated for
a series of the 12 first NMR structures of CBD and the
average grid value used to represent the effective encounter
surface of the molecule.

RESULTS

Production, Purification, and Characterization of CBDEGZ.
Our previous studies made use of a vector, referred to as
pMIA1, that exhibited several limitations among which were
(i) poor yield of pure CBD (i.e., 0.25 mg/L culture) and (ii)
aberrant location; i.e., a large proportion of the CBD
remained cell-bound, presumably as a nonprocessed form
(5). Therefore, we decided to construct a new expression
vector, referred to as pMIA2, as follows. First, the CBDEGZ-
encoding nucleotide sequence was inserted in the pET22b
plasmid, downstream to that encoding theErwinia chrysan-
themiPelB leader sequence under the control of the T7 phage
RNA polymerase. Second, an additional Met (Met1) was
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added at the N-terminus; this was done to avoid the suspected
steric hindrance between the enzyme involved in the disulfide
bond formation between Cys4 and Cys61, namely DsbA and
Lep, the signal sequence leader peptidase(5). The pMIA2
expression vector allowed production of 10 mg of mature
CBDEGZ per liter of culture. Moreover, the CBDEGZ pro-
duced was fully exported to the cell exterior, and no cell-
bound CBDEGZ precursor could be detected. By using the
previously published purification protocol, we obtained 1 mg
of pure CBDEGZ per liter of culture. Albeit improved, this
rather low yield could be attributed to the fact that only 10%
of CBDEGZ could be eluted under nondenaturant conditions
from the cotton columns. Comparison of 1D NMR spectra
of the CBDEGZ obtained was very similar to that previously
obtained (data not shown), indicating that the extra Met
residue located at the N-terminus of CBDEGZ did not
significantly modify the structure of CBDEGZ.

Proton Resonance Assignment.The assignment strategy
is based on1H-1H correlation experiments as proposed by
Wüthrich (31). In DQF-COSY and TOCSY (Figure 1)
spectra at the two temperatures (27 and 37°C), most of the
spin systems expected were recognized with the exception
of Ser47 which did not show any amide to aliphatic proton
transfers. For Ser47, the sequential nOe transfers1HR46-

1HN47, 1HR47-1HN48, and1Hâ47-1HN48 observed on the
NOESY spectrum were used to identify the amide frequency
and the complete spin system. A few spin systems (such as
Tyr10, Thr24, and Ile32) that deviate from standard patterns
for lack of transfer from the amide proton to the side chain
were identified in the aliphatic region of the TOCSY spectra,
and their amide proton was assigned using nOe connectivity.
Proton resonances of the three proline residues (Pro11, Pro23,
and Pro49) were also easily assigned in the aliphatic region
of the TOCSY spectra. The side-chain amide protons of
Asn and Gln were stereospecifically assigned by using the
relative intensity of their nOe correlation with either the Hâ

or the Hγ of the side chain. Only the side-chain amide
protons of Gln22 were not found in the spectrum. None of
the prochiral side-chain protons were stereospecifically
assigned. Although the sample is made of electrophoretically
pure CBDEGZ, its NMR spectrum reveals the presence of
contaminants (see Figure 1). This can be attributed to the
presence of unfolded CBDEGZ. Indeed, the contaminant
peaks in the TOCSY spectra can be related to CBDEGZ spin
systems (Asp3, Cys4, Asn6, and Asn62 are the most
obvious), their HN chemical shifts correspond to random coil
values (7.5-8.5 ppm), and they are not present in the
NOESY experiments.

FIGURE 1: Amide/aliphatic region of a TOCSY spectrum of CBDEGZ at 0.8 mM acquired with an isotropic mixing time of 70 ms, in H2O
at 37°C and pH 4.8. The squared peaks designate the assigned1HN-1HR correlation peaks of each amino acid spin system also observed
in the COSY spectra of CBDEGZ at the same temperature. Assigned peaks that belong to the same spin system are related by a line. The
1HN-1HR correlation peaks of Asp3, Lys16, Asp42, Thr45, and Thr56 are buried under the water resonance at this temperature; they have
been detected in a COSY and TOCSY spectrum recorded at 27°C. Unassigned peaks mostly observed in the central amide region are due
to a contaminant molecule of unfolded CBDEGZ (see Results).
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Sequential assignment was achieved using NOESY spectra
at the two temperatures. Except for Ser54 and the three
prolines, all HR exhibit an nOe correlation with the next1HN

(Figure 2). Most of these assignments (as well as the link
between Ser54 and Trp55) were confirmed by1HN-1HN

connectivities. Among the three prolines of the CBDEGZ

sequence, only Pro11 exhibits acisconformation as indicated
by a strong1HR-1HR nOe correlation between Tyr10 and
Pro11(31).

Table S1 of the supporting information (see supporting
information available) describes the overall assignment of
CBDEGZ proton resonances. Some amide or HR proton
resonances were found outside their usual chemical shift
range (32, 33): the amide protons of Gly20, Gly21, and
Gly50 are below 7 ppm, whereas the1HR of Ser31 and Ser54
resonate respectively at 6.4 and 2.2 ppm.

Secondary Structure Pattern Recognition.Figure 2 sum-
marizes the structural information contained in the sequential
resonance assignment. A qualitative estimation of the
3JHN-HR coupling constants was obtained from considering
the 1HN-1HR COSY cross-peak shapes and the TOCSY

transfer efficiency in the region of Figure 1. Several
segments showing sequential nOes and estimated3JHN-HR

compatible with an extendedâ-strand conformation could
be identified. No helical region can be detected. All amide
protons are exchanged in less than 20 min (data not shown),
so only long distance nOes involving backbone1HN and1HR

protons could formally define the limits of each different
â-strand. At least threeâ-strands, Gln30 to Tyr34 (â1),
Asn37 to Ala41 (â2), and Trp55 to Ser60 (â3), can be
identified from the NMR data summarized in Figure 2.

FIGURE 2: Secondary structure determination of the CBDEGZ. Summary of the3JHN-HR values [estimated from the COSY: (O) J < 5 Hz;
(b) J > 7 Hz] and of the sequential and short-range nOes (i to <i+4) observed in the1H-1H NOESY spectra. The nOes have been
categorized as strong, medium, and weak, which is reflected by bar height. Hatched bars indicate regions in extended conformations.

FIGURE 3: Sequential distribution and range of the nOe distance
constraints used in the calculation of the CBDEGZ. Black, intraresi-
due constraints; hatched, sequential nOe (i+1); light gray, medium-
range nOe (i e 4); white, long-range nOe.

Table 1: Statistical Analysis of the E II Conformational Ensemble

(A) DISCOVER-AMBER Energetic Statistics
Fbond 11.7( 0.95a

Fangle 85.7( 6.3a

Ftorsion 83.8( 4.5a

Fout of plane 2.8( 0.5a

FH-bond -29.7( 2.0a

FLennard-Jones -170.9( 7.0a

Fcoulombic -775.6( 18.6a

Ftotal -789.9( 29.9a

(B) Experimental Statistics
distance nOe violations

>0.10 Å 9.00( 2.6
>0.20 Å 0.47( 0.8
>0.30 Å 0.1
>0.40 Å 0

maximal violation (Å) 0.325
violation energyb

FnOe 8.8( 1.5a

FnOe(viol>0.10Å) 4.3( 1.7a

(C) Structural Statisticsc

atoms
backboned (1-62) 1.20( 0.16
all heavy (1-62) 1.45( 0.15
backboned (4-61) 0.91( 0.11
all heavy (4-61) 1.18( 0.12
backboneâ-sheete 0.33( 0.10

a Values are in kcal‚mol-1. b FnOeis calculated using a force constant
of 25 kcal‚mol-1‚Å-2. c rmsd values are the average pairwise rmsd for
the residues and atoms specified, relative to the geometric average of
the corresponding ensemble; these values are given in Å.d N, CR, and
C atoms were used for the superpositions.e â-Sheet is defined by
residues 26-27, 31-34, 37-41, 44-45, and 55-60.
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These segments are connected by long-range1HR
i-1HR

j and
1HR

i-1HN
j nOes indicative of an antiparallelâ-sheet.

Tertiary Structure Determination.An initial set of 770
distance constraints was used for the 62-residue protein
structure determination. During the structure determination,
additional constraints were assigned, giving a final set of
958 distance constraints. The sequential distribution of
NOESY-derived distances according to their range is shown
in Figure 3. The ensemble of 6 structures calculated with
the final constraint set provided starting conformations for
the final SA/rMD calculation giving 30 structures. Of this
ensemble, seven were eliminated on the basis of experimental

violation energy (>60 kcal mol-1). The energetic and
geometric statistics of the resulting ensemble, referred to as
E II, are given in Table 1 and Figure 4. Among these
structures, the backbone was well-defined with an average
rmsd of 0.8 Å for the backbone C, CR, and N atoms when
superimposed on the mean structure (1.2 Å for all heavy
atoms). No violation greater than 0.35 Å was observed in
E II. Figure 5A shows the superposition of the 23 backbone-
accepted structures of the E II ensemble.

OVerall Fold. The CBDEGZ presents folding in “L” shape
or “skiboot” shape. It consists of a well-defined part (the
base of L) comprising several consecutive turns (residues

FIGURE 4: Structural analysis of the 23 best structures obtained after the rMD stage. (A and B) Mean backboneφ andψ dihedral values
of the E II ensembles. (C) Positional rmsd values calculated with respect to the geometric mean structure of the corresponding E II ensemble.
(D and E) Standard deviation ofφ andψ angles compared to the mean value.

FIGURE 5: (A) Superimposition of the final ensemble of 23 structures calculated for CBDEGZ. The coordinates were superimposed using the
C, CR, and N atoms from residues 26-27, 30-34, 37-41, 44-45, and 55-60. (B) MOLSCRIPT representation(51)of the closest CBDEGZ
structure to the geometric average of the E II ensemble showing the secondary structure motifs.
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4-14) and an antiparallelâ-sheet (residues 29-60). The
upper part of L is formed by a less-ordered loop (residues
15-25) connected to the base by a small antiparallelâ-sheet.
The structure is maintained by a disulfide bridge between
the two extremities of the peptide. The CBDEGZ is mainly
composed ofâ-strands andâ- or γ-turns whose localizations
are listed in Table 3; no helix structures are present in the
molecule. The positions of the secondary structure elements
of the protein are indicated on Figure 5B.

Secondary Structure Elements.The principal structural
motif of the CBDEGZ is theâ-sheet composed of the three
â-strands (â1 antiparallel toâ2, â2 antiparallel toâ3) (Figure
5B). It is observed in all the structures of the E II ensemble,
and the hydrogen bonds which stabilize it can be identified
in Figure 6 by two lines perpendicular to the diagonal. The
â3 strand appears to be irregular at one end, forming a classic
bulge from residues 58 to 59(34). A hydrogen bond
between Leu38 HN and Gly59 CO is observed in all E II
structures. In the same way, a G1T bulge can be localized
at the beginning of theâ1 strand from residues Gly29 to
Gln30 as we observe a hydrogen bond between Gly29 HN

and Ala41 CO in all E II structures (Table 2).
A second shortâ-sheet can be identified between 26-27

(â4) and 44-45 (â5) with canonicalφ, ψ values.
Side-Chain Conformation.The side-chain conformations

are well-defined in most of the residues. Thirty residues
adopt the sameø1 rotamer in more than 80% of the structures,
and 22 populate a single rotamer in all structures. These
side chains correspond mainly to amino acids located in the
â-sheets or in the turns. Only 10 residues out of 49 show a
mixture of the 3 possibleø1 rotamers; most of these residues
correspond to the poorly-defined 51-54 region and the N-
and C-terminus.

Of the eight aromatic side chains of the protein, five
(Tyr10, Trp13, Tyr34, Tyr39, and Trp55) are localized in
the same volume surrounding Pro49. In particular, Tyr34

and Trp55 are stacked over the Pro49 ring, with dihedral
angles between the mean plane of Pro49 and the aromatic
side-chain planes of Tyr34 and Trp55 of 30° ( 8 and 10° (
3, respectively, with distances between the centroids of the
side chains of 5.38( 0.20 Å and 4.0( 0.11 Å, respectively.
These residues, with Tyr10 and Tyr39, form a bucket-like
hydrophobic core closed at the bottom by Ile32 and contain-
ing Pro49 (Figure 7). The hydrophobic core also includes
the Pro11 which is stacked over the Tyr10 ring (dihedral
angle, 36.3° ( 8.8; mean centroid side-chain distance, 4.16
( 0.17 Å) and the Trp13 side chain. All these residues are
characterized by a low solvent accessibility and a very well-
defined conformation. These residues populate only oneø1

andø2 conformation, whose dihedral angles are defined at
less than 15° standard deviation.

The three remaining aromatic residues Trp18, Trp43, and
Tyr44 are located on the same side of the CBDEGZ and are
exposed to solvent (Figure 7). The side chain of the first
residue (Trp18) which is at the apex of the large loop is
loosely defined. On the other hand, the two other aromatic
rings, Trp43 and Tyr44, appear to be well-defined, populating
only one ø1 conformer (47° ( 9.7 and -160° ( 5.7,
respectively) andø2 conformer (-61° ( 4.7 and 106° (
6.6, respectively). In the case of Tyr44, this is probably due
to a stacking interaction between the aromatic rings of Tyr44
and His25 as we observe a dihedral angle of 18° ( 9 between
the ring planes and a ring centroid distance of 3.8( 0.20
Å. The two Trp43 and Tyr44 rings are coplanar with a
dihedral angle between the two aromatic planes of 19° ( 4
and a ring centroid distance of 9.4( 0.27 Å. The average
distance between the aromatic ring of Tyr44 and the six-
membered ring of Trp43 is 10.36( 0.22 Å.

Hydrogens Bonds: Turns.As the CBDEGZ exhibits no
helices and only 30%â-sheet, a large number of turns is
observed (Table 3, Figure 5). The region 4-7 adopts two
different major conformations. The first conformation (11
structures) can be assigned to a type Iâ-turn. A second
irregular turn conformation is observed for 12 structures.

The region 8-13 consists of a double turn with residues
Val9 to Asn12 forming a type VIaâ-turn and residues Pro11
to Trp13 an inverseγ-turn. As usual in the type VIâ-turn
with a Pro residue at thei+2 position, the peptide bond
between residues at positionsi+1 (Tyr10) andi+2 (Pro11)
is cis (35, 36). Hydrogen bonds are observed between Asn12
HN and Val9 CO as well as between Trp13 HN and the Pro11
CO group in all 23 structures. The first turn is always further
stabilized by a H-bond between the side chain NH2 of Asn8
and the Asn12 CO group.

The large loop which extends from residues 15 to 26 is
one of the most disordered parts of the CBDEGZ structure
with local rmsd values on the backbone of 6 Å. However,
a type I turn can be defined between Trp18 and Gly21 for
17 structures.

A type II â-turn is localized from Glu27 to Gly30 in all
23 structures with a hydrogen bond between Gly30 HN and
Glu27 CO, and is further stabilized by a H-bond between
the side-chain NH2 of Asn26 and the Gln30 CO group in 22
of the 23 structures.

Residues 41-44, which end theâ2-strand, form in 19
structures a type IVâ-turn with no COi-HN

i+3 hydrogen
bond. The Trp43φ, ψ values (-139.8°; -72.5°) correspond
however only to the “additional allowed” region of the
Ramachandran plot.

FIGURE 6: Matrix representation of the hydrogen-bonding networks
present in the E II ensemble. The numbers refer to the discussion
of the hydrogen-bonding network identified in the text. Only the
hydrogen bonds occurring in more than 25% of the E II ensemble
are shown. The donor residue appears along thex-axis and the
acceptor residue along they-axis. Analysis of the hydrogen bonds
was done using the INSIGHTII routines using as criteria: (i) a
distance less than 2.5 Å between the hydrogen of the donor group
and the heavy acceptor atom; (ii) an angle formed by the heavy
acceptor atom, the donor hydrogen, and the heavy donor atom
linked to the hydrogen greater than 135°.
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The region from residue 48 to residue 54 is not well-
ordered. A type IIâ-turn can, however, be recognized from
Val48 to Ser51 with a H-bond between the Val48 CO and
the HN of Ser51 in 17 structures over the E II ensemble. In
15 out of these 17 structures, this turn is followed by an
inverseγ-turn from Gly50 to Asp52 stabilized by a hydrogen
bond between the HN of Asp52 and the CO of Gly50.

Hydrogens Bonds: Long-Range Stabilization between
Secondary Structures.The two-dimensional plot in Figure
6 summarizes hydrogen bonds found in more than 7 out of
23 E II structures. Apart from the hydrogen bonds occurring
in theâ-sheets and the turns, we observe several long-range
hydrogen bond motifs probably important for the stabilization
of the 3D structure of the protein. As noted above, the
principal secondary motif of the structure is an antiparallel
â-sheet, and most of the recognized long-range interactions
connect the different parts of the molecule to this motif: the
14-26 loop which supports Trp18 is maintained above the
largeâ-sheet by two interactions between this sheet and turns
9-12 and 27-30 (1); the C-terminal end is linked to the
turn connecting theâ1 and â2 strands (2); turn 41-44

interacts with the beginning of theâ2 strand (3) and turn
48-51 with the beginning of theâ3 strand (4). The large
â-sheet and the smallâ-sheet are linked together by
interactions betweenâ3 andâ5 (5) and turns 27-30 and
41-44 (6). Asn26, which is completely buried in the
structure, links the first strand of the 14-26 loop to theâ2
strand by two H-bonds with its NH2 side chain (7). The
two strands of the 14-26 loop are connected in aâ-bulge-
like conformation between 15 and 24-25 (8). The long-
range hydrogen bonds are listed in Table 4.

Correlated Dihedral Angle Changes.Some local confor-
mational subfamilies can be observed in the E II ensemble
from the cross-correlation of backbone dihedral variances
shown in Figure 8. These correlations in no way imply the
presence of dynamic processes, rather of two minima in the
conformational space fulfilling equally well the NMR data.
A correlated change ofφ22 and the ψ14 corresponds to
different possible orientations of the 14-22 loop above the
largeâ-sheet (1). Similar correlations can be found between
φ28/ψ43 (2), corresponding to a second orientation of the
Trp43 CO away from the Ala28 HN, and φ43/φ55 (3),

Table 2: Bulges Present in the CBDEGZ

residuea φi+1
b ψi+1 φi+2 ψi+2 φx ψx typea

[24-25] [15] -144( 9 -13 ( 11 178( 5 166( 5 -117( 33 126( 76 classic
[29-30] [41] 83( 4 -11 ( 5 -81 ( 4 133( 10 -84 ( 6 146( 4 G1T
[58-59] [38] -116( 8 -9 ( 8 159( 16 -160( 11 -98 ( 7 126( 4 classic

a The nomenclature given refers to(34). b Mean and standard deviation.

FIGURE 7: Stereoscopic view of the closest CBDEGZ structure to the geometric average of the E II ensemble with side-chain residues that
are implicated either in the hydrophobic core of the protein or in the binding to cellulose. The disulfide bond between Cys4 and Cys61 is
also presented.

Table 3: Turns Present in the CBDEGZ and Their Occurrence in the E II Ensemble of Structure

residue φi+1
c ψi+1 φi+2 ψi+2 typea H-bondb

Cys4-Ala7 -48 ( 11d -31 ( 9 -60 ( 7 -28 ( 12 I(RR) 4-7(11)
Val9-Asn12 -46 ( 3e 134( 2 -94 ( 3 32( 5 VIa(âRR

cis-Pro) 9-12(23)
Trp18-Gly21 -40 ( 5f -60 ( 3 -87 ( 11 8( 9 I(RR) 18-21(14)
Glu27-Gln30 -44 ( 5e 126( 3 83( 4 -11 ( 5 II(âγ) 27-30(23)
Ala41-Tyr44 -89 ( 3g -35 ( 2 -140( 5 -72 ( 4 IV(Rγ) -
Val48-Ser51 -49 ( 4h 125( 9 90( 18 -19 ( 22 II(âγ) 48-51(17)
Pro11-Trp13 -75 ( 1e 65 ( 3 - - inverseγ 11-13(23)
Lys35-Asn37 70( 3i -42 ( 6 - - classicγ 35-37(15)
Gly50-Asp52 -77 ( 1j 65 ( 10 - - inverseγ 50-52(15)

a The nomenclature given refers to(49), and a new nomenclature based on Ramachandran values(50) is given in parentheses.b Occurrence
frequency of a hydrogen bond between COi and NHi-3 within the 23 model ensemble is given in parentheses.c Mean and standard deviation.
d Calculation for a major conformation found in 11 structures.e Calculation over the 23 structures.f Calculation for a major conformation found in
17 structures.g Calculation for a major conformation found in 19 structures.h Calculation for a major conformation found in 17 structures.i Calculation
for a major conformation found in 15 structures.j Calculation for a major conformation found in 15 structures.
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corresponding to a second orientation of the Ser54 CO group
and the breaking of the two hydrogen bonds between the
Ser54 CO and the Asn42 HN and the side-chain NH2. The
φ50 variation, which reorients the Asp51 HN toward the Gly49
CO, is accompanied by a large correlated difference ofφ52,
φ53, φ54, andψ51 (4). This locates the Ser52 HN at less than
2 Å from the Val48 CO, and, in this case, segment 48-52
forms an irregular double turn stabilized by two hydrogen
bonds (Val48 CO-Ser50 HN and Gly49 CO-Ser51 HN).

Electrostatic Surface.In Figure 9, the mean electrostatic
surface calculated over the first 12 structures of the E II
family is shown. As expected from the cellulose-binding

properties, the relative insolubility, and the low net charge
(-3), the CBDEGZ presents a rather neutral surface. Charged
surfaces are apparent in only two regions of the protein: a
high negative charge density due to the side chain of Glu27,
located between Trp18 and Tyr44 in the putative cellulose-
binding face, and a negative charge density near the disulfide
bond, linked to the presence of Asp3. No high positive
charge density region can be recognized in the mean
electrostatic surface.

DISCUSSION

In this study, the structure of CBDEGZ has been determined
by 2D NMR and restrained molecular dynamics. The
structure of CBDEGZ presents an architecture in a “ski-boot”
or “L” shape mainly composed of a well-definedâ-sheet
supporting a poorly ordered large loop. This folding appears
to be original, and interrogation with available structure
homology software revealed no significant similarity present
in the Brookhaven protein database.

NMR Validation of CBDEGZ Structure. Due to the rela-
tively low quantity of pure protein that can be produced and
due to the poor solubility of CBDEGZ in solution, the set of
NMR-derived restraints is fairly limited, and only nOe-
derived distances restraints are used in the calculation
process. Examination of our structures with the program
PROCHECK-NMR(37) indicates a rather low percentage
of residues in the allowed region (62%) and additional
allowed region (31%) of the Ramachandran plot. Neverthe-
less, the validity of the calculated structures is corroborated
by good agreement between qualitative NMR information
and the calculated structure. Unusual chemical shifts
observed for Gly20, Gly21, Pro49, Gly50, Ser31, and Ser54

Table 4: Long-Range Hydrogen Bonds and Their Occurrence in the CBDEGZ

donor group acceptor group N/23 function

10 HN 33 O 23 interaction ofâ-sheet 1/turn 9-12 (1)a

14 HN 26 OD1 12 stabilization of 14-26 loop (7)
15 HN 25 O 17 bulge [15] [24-25] (8)
24 HN 15 O 19 bulge [15] [24-25] (8)
25 HN 15 O 17 bulge [15] [24-25] (8)
26 HD21 31 O 11 interaction ofâ-sheet 1/loop 14-26 (7)
26 HN 45 O 23 stabilization ofâ-sheet 2
28 HN 43 O 19 interaction of turn 41-44/turn 27-30 (6)
29 HN 41 O 23 bulge [41] [29-30] (1)
31 HG 40 OG1 8 stabilization ofâ-sheet 1
32 HN 39 O 23 stabilization ofâ-sheet 1
33 HN 8 O 23 interaction ofâ-sheet 1/turn 9-12 (1)
34 HN 37 O 20 stabilization ofâ-sheet 1
38 HN 59 O 23 bulge [38] [58-59]
39 HN 32 O 23 stabilization ofâ-sheet 1
40 HN 56 O 23 stabilization ofâ-sheet 1
41 HN 30 O 21 bulge [41] [29-30]
42 HD21 54 O 15 interaction ofâ-sheet 1/turn 41-44 (3)
42 HD22 56 OG1 17 interaction ofâ-sheet 1/turn 41-44 (3)
42 HN 54 O 16 interaction ofâ-sheet 1/turn 41-44 (3)
44 HH 25 ND1 7 stabilization ofâ-sheet 2
44 OH 25 ND1 6 stabilization ofâ-sheet 2
45 HG1 55 NE1 9 interaction ofâ-sheet 1/â-sheet 2 (5)
45 HN 26 O 21 stabilization ofâ-sheet 2
55 HE1 47 OG 8 interaction ofâ-sheet 1/turn 48-51 (4)
55 HE1 47 O 17 interaction ofâ-sheet 1/turn 48-51 (4)
56 HN 40 O 23 stabilization ofâ-sheet 1
58 HN 38 O 23 bulge [38] [58-59]
59 HN 38 O 13 bulge [38] [58-59]
60 HG 37 OD1 8 interaction ofâ-sheet 1/C-terminus (2)
61 HN 36 O 19 interaction ofâ-sheet 1/C-terminus (2)

a Numbers in parentheses refer to the hydrogen-bonding network identified in the text.

FIGURE 8: Covariances ofφ and ψ angles throughout the E II
ensemble. Only values withci,j > 0.75 are shown. The numbers
refer to the discussion of correlated dihedral changes identified in
the text.
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can be explained by the aromatic ring current effect. For
example, the upfield shift of Gly20 and Gly21 amide proton
resonances may be due to their position above the Trp18
aromatic ring and Ser541HR is located above the aromatic
ring of Trp43. Upfield shift of Gly501HN and downfield
shift of Ser31 1HR could be related to their position
respectively above and coplanar to the Trp55 aromatic ring.
In the same way, the dispersed chemical shift values of the
Pro49 protons (see Table 1 of the supporting information)
correlate with its central position in the middle of the
hydrophobic core that is mainly composed of aromatic side
chains. Several coupling constant3JHN-HR and3JHRHâ values
that have been estimated from NMR spectra (see Figure 2)
are consistent with the dihedral angle values extracted from
the structures although none were used in the calculation
process.

Disordered Regions.Although the hydrophobic core
embedded within the mainâ-sheet defines a fairly rigid
region of the protein, the loop Ser15-Asn26 is less ordered,
possibly due to the presence of two consecutive glycine
residues (Gly20 and Gly21). On one extremity of the loop,
the Asn8-Trp13 overall region, which adopts a double turn
conformation, constitutes the first rigid anchor on the well-
structuredâ-sheet region of the protein. Hence, the limited
rotation of the Tyr10 aromatic ring, which is in the middle
of this double turn structure, stacked in between Pro11 and
Trp13, shows how much this region of the protein is
constrained. At the other extremity, the well-defined type
II â-turn localized from Glu27 to Gln30 also constitutes the
second rigid anchoring of the loop. These two extremities
are linked together via hydrogen bonding with the buried
Asn26 residue. We could thus argue that the lack of
structural information along the large loop (Ser15-Asn26)
reflects an intrinsic mobility of this region of the protein in
solution. This idea is also supported by the presented
sequence alignment (see Figure 11) with several chitinase
domains, where this region of CBDEGZ is not conserved at
all and appears as an extension of the more conserved region
that folds into the rigid part of the molecule. As discussed
below, this region of the molecule is a part of the putative
cellulose-binding site of CBDEGZ, and its mobility may be
important for its cellulose-binding ability.

CBDEGZ Stability. Previous studies suggested that the
Cys4-Cys61 disulfide bond is not required for the CBDEGZ

stability (4), suggesting a major contribution of hydrophobic
interactions. We indeed observe a hydrophobic core com-
posed of seven well-defined aliphatic and aromatic side

FIGURE 9: Electrostatic potential map of the CBDEGZ. Middle: Orientation shown in Figure 5. The CBD has been rotated by-25° about
thez-axis with respect to Figure 5. Right: Putative cellulose-binding side. The CBD has been rotated by+90° about they-axis with respect
to the middle view; the red area corresponds to the Glu27 side chain. Left: Disulfide bond side. The CBD has been rotated by-90° and
30° about they-axis and thex-axis, respectively, with respect to the middle view; the orange area corresponds to the Asp3 side chain.
Potential values between 0 and 3 kT and between 0 and-3 kT are scaled, between white, cyan, and blue and between white, yellow, and
red, respectively.

FIGURE 10: CBDCBHI and CBDEGZ placed above the cello-
oligosaccharide with aromatic rings stacked on top of sugar rings.
The distance between three glucose moieties of 10.3 Å has been
proposed from X-ray crystallography data and corresponds to the
b-unit cell of cellulose(43). Only the heavy atoms (N, CR, O) of
residues Tyr5, Gln7, Asn29, Tyr31, Tyr32, and Gln34 of the
CBDCBHI cellulose-binding site and of residues Asp17, Trp18,
Glu27, Trp43, and Tyr44 of the putative cellulose-binding site of
CBDEGZ are shown for clarity. Aromatic side chains are shown in
light gray, polar, or charged side chains are shown in dark gray
and cello-oligosaccharides are shown in black.
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chains buried in the center of the molecule (see Figure 7). It
is likely that these residues participate in the stability of the
protein as most of the ring centroid distances and aromatic
side-chain dihedral angles are in the range described for
aromatic-aromatic interactions(38). Hydrophobicity is not
only a property of the inside of the CBDEGZ structure. The
accessible surface is unusually hydrophobic; the surface area
of the mean structure of the ensemble is comprised of 69%
nonpolar residues, 26% polar, and 5% charged, as calculated
with the program Vadar(39, 40). This feature certainly
accounts for the observed low solubility of the protein, but
can also be related to its known low stability due to a fragile
balance between buried and exposed hydrophobicity. We
have observed unfolding of the CBD in either mild acidic
conditions (pH< 4) or moderate temperature (t > 50 °C),
and even completely buried amide protons probably involved
in hydrogen bonds are exchanged within 30 min.

EVidence of a Cellulose-Binding Site.Face-to-face stack-
ing of aromatic rings of amino acids with sugar rings has
been observed in cases of protein/sugar interaction(41).
Aromatic tyrosine or tryptophan rings of the cellulose-
binding site of CBDs are thought to stack directly against
the pyranose rings of cellulose, providing a hydrophobic
driving force for the binding(12, 14, 42). CBDEGZ structure
presents three exposed and aligned aromatic side chains:
Trp18, Trp43, and Tyr44 (Figures 7 and 10) on the same
face. The distance between the aromatic centroids of Trp43
and Tyr44 (10.4( 0.27 Å) matches the distance between
three glucose moieties in the cellulose structure (Figure 10)
(43), a situation which is reminiscent of those of the Tyr31
and Tyr32 cellulose-binding residues of CBDCBHI (12). The
spatial position of the third aromatic ring (Trp18) at the apex
of the large loop is poorly defined, and the distance between
the two aromatic ring centroids of Tyr44 and Trp18 varies

from 13.7 to 17.3 Å in the ensemble. In the structure where
the three aromatic rings are almost coplanar, the distance
between Tyr44 and Trp18 rings is about 15 Å. Thus, the
total length of the CBDEGZ putative cellulose-binding site
formed by these three aromatic side chains would then cover
five or six glucose moieties (Figure 10). It is important to
stress that the relative orientation (parallel or antiparallel)
of the aromatic planar strip of CBD versus the cellulose chain
presented in Figure 8 simply reflects the complementarity
between the periodicity of the aromatic rings of the binding
face and the periodicity of the glucose moieties in the
cellulose structure. Binding to natural cellulose is certainly
much more complex considering the variety of cellulose
super-structures (crystal irregularity and various type of
cellulose crystal) in its natural plant cell-wall environment
(for review, see44). In this context, one could argue that
the supplementary degree of freedom of the CBDEGZ cel-
lulose-binding site due to the intrinsic flexibility of one
(Trp18) of its putative binding residues is an advantage that
might allow binding to a wider range of cellulose substrates.

It is noticeable that among the four CBD structures
currently available, the three that bind crystalline cellulose
(CBDCBHI, CBDCex, and CBDCip) show a planar cellulose-
binding surface composed of a strip of three aromatic side-
chain residues with one of their ring faces fully exposed to
the solvent. Thus, beyond the apparent differences exist a
series of properties that appear to be conserved throughout
all CBDs. In this context, it might be interesting to note
that recent studies on CBDCBHI, involving site-directed
mutagenesis and MD simulations, also support the involve-
ment of invariant polar residues (Gln7, Asn29, and Gln34)
in the binding of this family I CBD onto cellulose(45, 46).
As shown in Figure 10, the putative cellulose-binding site
of CBDEGZ also contains the exposed Asp17 side chain

FIGURE 11: Sequential alignment of the CBDEGZ and several domains of chitinases, endoglucanases, and unknown proteins of bacterial
origin. GUN1A and GUN1B, C-terminal domains a and b ofBacillus sp.strain N-4 endoglucanase A(52); GUN2, C-terminal domain of
Bacillus sp.strain N-4 endoglucanase B(52); ORF1 to ORF4,Aeromonas sp.open reading frames coding for chitinase-like proteins(53);
CHIII, chitin-binding domain ofAeromonas sp.chitinase II(54); JANLIV, chitin-binding domain ofJanthinobacterium liVidum chitinase
(55); GRISEU, chitin-binding domain ofStreptomyces griseuschitinase(48); FURNIS, N-terminal domain ofVibrio furnissiichitodextrinase
(56); YHEB1 to YHEB5, first to fifth repeat domains ofE. coli hypothetical 97 kDa protein (SwissProt Accession No. P13656); HARVE,
internal subdomain ofVibrio harVeyi chitinase A (GenBank Accession No. U71214); LICHE, C-terminal domain ofBacillus licheniformis
TP chitinase (GenBank Accession No. U81496); AERCAV1 and AERCAV2, first and second subdomains ofAeromonas caViae chitinase
A (57); ALTSO, C-terminal domain ofAlteromonas sp.strain O-7 chitinase A(58); SERMA, C-terminal domain ofSerratia marcescens
chitinase B(59). The numbers at the left and right signify first and last residue positions in the protein sequence. The positions of the
â-sheets of CBDEGZ are squared. The residues of the CBDEGZ hydrophobic core which are conserved in the alignment are in light gray. The
two solvent-exposed aromatic residues in CBDEGZ which are conserved in the alignment are in dark gray. The consensus sequence corresponds
to a 80% consensus in the alignment. t, turn-like residue; h, hydrophobic; s, small; p, polar; a, aromatic.
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located in between Trp18 and Tyr44 aromatic rings and the
Glu27 side chain located on one side of the aromatic planar
strip. Two potential roles have been proposed for the polar
residues present on the cellulose-binding face(14): (i) to
stabilize the appropriate orientation of the cellulose-binding
residues, mainly through the formation of a hydrogen bond;
(ii) to establish hydrogen-bonding interactions with oxygen
atoms and/or hydroxyl groups of glucose moieties of the
cellulose microcrystal. In the latter case, these residues not
only contribute to the overall affinity of the CBDs for the
substrate, but also may account for the cellulose-disrupting
properties, which have been proposed for CBDs, by desta-
bilizing the hydrogen-bonded structure of cellulose(7, 8).
Accordingly, in the CBDEGZ, the position of Asp17 suggests
a role of stabilization of the Tyr44 aromatic ring orientation,
or a direct interaction with cellulose by forming a hydrogen
bond with polar oxygen and hydroxyl groups of glucose
moieties. The location of the Glu27 side chain, lateral to
the aromatic ring of Tyr44, is consistent with its putative
role in the formation of a hydrogen bond with cellulose. Site-
directed mutagenesis studies are in progress in an attempt
to define the role, if any, of Asp17, Trp18, Glu27, Trp43,
and Tyr44.

Occurrence of CBD-like Domains in Chitinases.As
mentioned in the introduction, the CBDEGZ sequence exhibits
no similarity with any known CBD, and, as a consequence,
constitutes a new family. In fact, previous primary sequence
comparisons had revealed local resemblance between resi-
dues 29-61 of the CBDEGZ and bacterial chitinases which
could hardly be taken as biologically meaningful in the
absence of additional information about those matching
regions. The availability of the 3D structure of the CBDEGZ

allowed us to reconsider those alignments. First, we realized
that a region covering residues 29-61 corresponded to the
â-sheet core of the CBDEGZ. Using this region alone as a
query, we have found additional chitinase regions as well
as regions from endoglucanases and of an ORF of unknown
function in E. coli. Analysis using the CLUSTAL W
package(47) allowed us after editing the 15-24 loop to
obtain a consensus sequence shared by 22 other sequences
(Figure 11). It should be noted that a previous study revealed
similarity between a subset of the sequences used here and
chitin-binding domains ofBacillus circulanschitinases A
and D (48). Surprisingly, our derived consensus does not
allow us to includeB. circulans chitin-binding domain
sequences in this family sinceB. circulansdoes not exhibit
the highly conserved stWWst motif likely to be essential for
CBD-cellulose interactions. All the residues forming the
hydrophobic core in CBDEGZ appeared to be either conserved
or replaced by a similar residue in all other enzymes. The
conserved region corresponds for the CBD to the two
â-sheets. Most interestingly, in several chitinases, this
consensus appears to be part of the regions proposed to bind
chitin; they are about 50-60 residues long, include 2 Cys
residues, 1 at each extremity, and are bracketed by long Pro/
Thr-rich regions. Clearly, these features are reminiscent of
the CBDEGZ. It is hence highly tempting to propose that
these regions form individual functional domains, structurally
related to the CBDEGZ. This supports the possibility that
CBDEGZ and some chitin-binding domains might form a new
family of functional and structural related protein modules.
Presumably, this family does not include the chitin-binding
domains ofBacillus circulanschitinases. Biochemical and

mutagenesis experiments are currently under way to test this
prediction.

Secretion Motif. Our long-term goal is to identify
structural information that specifically targets EGZ to the
cell exterior through the Out machinery. Mutagenesis
studies showed that each of the EGZ functional domains
(CD, linker, CBD) is required for EGZ secretion(4). This
implies that the secretion motif is probably composed of
several submotifs interacting either directly with one or
several proteins of the Out machinery or together to form
a unique secretion motif. In any case, a likely possibility is
that the secretion motif(s) is (are) surface-exposed. The
surface of CBDEGZ is mainly composed of hydrophobic
residues except in two regions: one in the putative cellulose-
binding site, and the other around Asp3 (Figure 9). That
this latter negative charge could be instrumental in establish-
ing contacts with the Out proteins is an attractive hypoth-
esis. Ongoing site-directed mutagenesis will allow us to test
this proposition also.
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