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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 (CBdQ;), 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 @.91 A for backbone atoms

and 1.18+ 0.12 A for the heavy atoms. The CBE exhibits a skiboot shape based mainly on a triple
antiparallels-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 CBEsz

Plant cell wall is mainly composed of pectin and cellulosic binding to microcrystalline cellulog®). Studies of modified
substrates. Hence, plant pathogens make use of a batterfeGZ derivatives suggested that part of the secretion-related
of depolymerizing enzymes, including pectinases and cel- information is contained in the CB[2). Moreover, a series
lulases. Erwinia chrysanthemis a Gram negative bacterium of mutagenesis studies established that EGZ adopts high-
plant pathogen that secretes a wide array of such depoly-ordered structure prior to its secreti¢#). In particular,
merizing enzymes, the action of which eventually lead to disulfide bond formation in the CBD was found to be a step
the so-called “soft-rot” diseagd). Remarkably, this set of  required for EGZ secretiof@). These observations prompted
enzymes makes use of a single secretion machinery, hereafteus to initiate a detailed study of the CB& structure, in
referred to as Out, to cross the bacterial cell envelope andorder to elucidate the secretion mechani&n
reach the plant cell wall polysaccharides. Hence, deciphering Over 100 different CBD sequences have already been
the structural determinants of both their enzymatic activity identified, ranging in size from only 33 to over 170 amino
and their ability to use the Out machinery is a prerequisite acid residues. Their role with respect to cellulase activity
to controlling Erwinia chrysanthemmediated virulence. is not well understood, and at least two hypotheses have been

In our studies, we have used the cellulase EGZ as a modelput forward: (i) they may enhance enzyme activity simply
to elucidate the molecular basis of the secretion and to by concentrating the enzyme on the substrate surface; (i)
identify the structural information, allowing the Out secretion they could be involved in the disruption of noncovalent
machinery to recognize and specifically target proteins to interaction between adjacent substrate molec(8es).
the cell exterior(2). EGZ has a modular architecture CBDs can be grouped into distinctive families on the basis
consisting of an N-proximal catalytic domain, which permits Of amino acid sequence similariti¢® 9). Family | contains
the hydrolysis of thes-1,4-glycosidic bond present either in  33—36 residue CBDs found only in fungal cellulases. The
small soluble substrates or in substituted cellulose, and isthree-dimensional structure of one member of this family,
linked, via a typical Ser/Thr-rich linker region, to a C- CBDcgni, derived from the cellobiohydrolase | dfricho-

proximal cellulose-binding domain (CBD)which allows the ~ derma reesgihas been determined by NMR spectroscopy
(10). The secondary structure of CBEy, is organized into

a wedge-shaped irreguléssheet. One face of the molecule,
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dominated by three conserved tyrosine side chains, forms auntranslated region downstream oélZ. The pET22b
hydrophobic and planar surface that has been shown to bgNovagen), used as recipient, was linearized Kgd
involved in cellulose bindind11, 12) CBDs of bacterial restriction and made blunt-ended with T4 DNA polymerase
enzymes are substantially larger. The structures of three of(Amersham kit). The resulting pET22b vector was mixed
these have been reported so far. GBPDa 110-residue  with the 0.8 kbSmd—Smad restriction fragment (vector/insert
member of family || CBDs derived from th& 1,4-glycanase  ratio equal to 1/6 and a final DNA concentration of 4§/
Cex fromCellulomonas fimiforms an elongated, 9-stranded mL) in the presence of T4 DNA ligase for 16 h at 16.
pB-barrel (13). The substrate-binding site includes three The religation of the vector creates a n&sil restriction
solvent-exposed tryptophans, together with other hydrophilic site while the ligation with the insert creates two nisiwd

residues, located on one edge of the barrel. gBR 155- restriction sites. The DNA contained in the ligation mixture
residue member of family Il CBDS derived from the was first subjected to restriction tNsil. Plasmid DNA from
cellulosomal scaffolding subunit @lostridium thermocel- 24 TG1 transformed clones was analyzed\ayl restriction,

lum, forms a 9-strandefi-sandwich with a jelly roll topology ~ permitting the identification of 8 clones, the plasmid of which
(14). One of the faces of thé-sandwich is dominated by a  contained the insert. Plasmid DNA of the eight clones was
planar linear strip of conserved and surface-exposed aromatiqurified and used to transform competénicoli BL21(DE3)
and polar side chain residues which are proposed to interactcells. IPTG-induced cultures of 20 BL21(DE3) transformed
with crystalline cellulose. CBR, a 152-residue member clones were analyzed for their protein contents by Western
of family IV CBDs derived from the CenC cellulase of blot using an anti-EGZ18 antibod@, 5). One clone, which
Cellulomonas fimijs made of 1Q3-strands folded, like the  expresses a protein that was recognized by anti-EGZ18
CBDcj, into 2 antiparalle|3-sheets with the topology of a  antibody and had a apparent molecular mass of about 6500
jelly-roll  g-sandwich (15). In contrast to other CBD Da on SDS-PAGE, was selected and stored-&80 °C in
structures, instead of having a “flat” binding surface, the 20% glycerol and referred to as BL21(DE3)/pMIA2.
binding site of CBRR; is a cleft containing a central strip of Production and Purification of CBE;z A single colony
hydrophobic residues that is flanked on both sides by polar of BL21(DE3)/pMIA2 was inoculated into M9Cas medium
hydrogen-bonding groups. The presence of this cleft pro- (20 mL), supplemented with ampicillin (10@g/mL), and
vides a structural explanation for the unique selectivity of incubated overnight at 37C under agitation. A 20 mL
CBDx; for amorphous cellulose and other soluble oligosac- sample was then used to inoculate 700 mL of the same
charides and the lack of binding to crystalline cellulose.  medium h a 2 L toxin flask and incubated at 37C with
CBDeg; exhibits original features, and it was classified agitation. Bacterial growth was monitored by recording
as an isolated and separated unit making family V on its the ODyo At an ODsoo Of 2 (roughly 3 h after inocula-
own. Indeed, it is intermediate in size between the type | tion), IPTG was added to a final concentration of 0.2
CBDcgri (33 amino acids) and the type Il CBR (106 mM. Cultures were grown until the end of exponential
amino acids). Moreover, it shows no sequence similarity phase, which corresponds to an §¢of 3—3.5 and 4-5 h
with known CBDs. This study provides an NMR-derived of growth in the presence of IPTG. CBE; was purified
structure for CBRgsz which was found to adopt a different  from the culture supernatant in a three-step protocol as
fold compared with other CBDs. Stuctural analysis allows described5).
us to point out residues potentially involved in cellulose ~ NMR Sample PreparationElectrophoretically pure ly-
binding as well as in protein secretion. Finally, unexpected ophilized sample of CBRs;z was dissolved in 0.05 M
relatedness with a series of modules thought to be chitin- potassium phosphate buffer at pH 4.3 in 90%0H 0%

binding domains was established. °H,O. The sample concentration was 0.8 mM, the maximum
achieved due to the low solubility of CBQ;. CBD
MATERIALS AND METHODS concentration was determined by UV spectroscopy, measur-
. . ) o o ing the Trp absorption at 285 nm.
Bacterial Strains and Media. E. cdditrains used in this NMR MeasurementsNMR spectra were recorded at 27

study were TG14upE hsd D5 thi\(lac-proAB)A(srl-recA) and 37°C on a Bruker AMX 600 spectrometer. Chemical
306::TrLO(Tet)] and BL21(DE3) [FempT hsdSB (rEmB") shifts were referenced relative to the water resonance fixed
dcm gal(DE3)]. at 4.75 and 4.65 ppm, for the two temperatures, respectively.
The culture medium used was Luria Bertani (LB) (which 14 2D spectra, DQF-COSY16), TOCSY/HOHAHA (17,
contains, per mL, 5 mg of bactotryptone/2.5 mg of yeast 18), and NOESY (19, 20) Spectra were recorded in the
extract/2.5 mg of NaCl, adjusted pH 7.2). The culture States-TPPImodg1). The water resonance was attenuated
medium used for the production of CBD was M9Cas (which py means of a coherent low-poweyB,/2r = 50 Hz)
contains 0.5% glycerol and, per mL, 6 mg of N®QJ/1.254  presaturation during the relaxation delay. For NOESY and
mg of KH,PO/1 mg of NH,CI/0.5 mg of NaCl/0.24 mg of ~ TOCSY experiments, this presaturation was further combined
MgSOy/0.01 mg of CaGl0.001 mg of thiamine/2 mg of  with a “jump and return” read puls€22). The isotropic
casamino acids). Ampicillin was added to 10/mL. mixing time was set to 70 ms and the nOe mixing time to
Construction of the pMIA2 PlasmidThe CBD-encoding 60 and 150 ms. Two-dimensional spectra were collected as
sequence was isolated as the 0.8%ha—Sma fragment 512 {;) and 2048 1) complex point time-domain matrices
present in a plasmid previously used as an intermediate inwith spectral widths of 7201 Hz,j and 8474 Hzt). To
the construction of plasmid pBSO8). This intermediate obtain a sufficient signal/noise ratio, 96 scans were used per
plasmid contains &ma restriction site, introduced by site- t; increment. They were transformed after zero-filling in
directed mutagenesis within the EGZ-coding ger&, at the R dimension, into 1024 and 1024 real points in the F
the junction between the linker region and the CBD in the and k. dimension frequency-domain spectra using FELIX
EGZ protein (3). The otherSma site lies within the software version 2.3 (Biosym Technologies/Molecular Simu-
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lation Inc., San Diego, CA). Amide proton exchange rates dielectric constan{25, 26) and reduced charges on the
in 2H,O were monitored over a half-day period by recording charged side chain®7, 24) During this stage, the weight
a series of one-dimensional spectra every 20 min at@7  of the experimental distance restraints was reduced to 25
immediately after dissolving CBR; in 2H,O/phosphate  kcal molt A=2. After equilibration, the temperature was
buffer. regulated using weak coupling to a thermal b&8). The
Interatomic Distance RestraintsInterproton distance  molecule was allowed to evolve at 750 K for 10 ps, and
restraints were derived from NOESY experiments acquired then slowly cooled to 300 K over a period of 5 ps, where
at 37 °C with 60 and 150 ms mixing times, in 90%,®&/ dynamics were continued for a further 12 ps. Finally the
10%°2H,0. A final set of 958 interproton distance restraints structure was minimized using a conjugate gradient algo-
was used for the structure determination. This data set wasrithm.
comprised of 360 meaningful intraresidue, 247 sequential,  structural Analysis. The functionFnoe = Knodij — If)2

74 short-range (X |i — j| = 4), and 277 long-rangei(— (rj > r})) has been used to create an experimental violation
jl > 4) restraints. The nOe-derived constraints Were fnction (v;) representing the sum of the energetic contribu-
estimated as strong, medlum',&or weak (with corresponding tjons from the violated experimental restraints. The root-
upper limits of 2.8, 3.8, or 5.0 A). Unresolved protons were mean_square deviation of the 23 best structures (with the
replaced by pseudoatoms, and an appropriate correction wagyyest \/; values) was calculated over the specified atoms
applled to the measureq distance. Nonstereospeuﬂcallyusmg the program INSIGHTII. After superposition of the
assigned but spectroscopically resolved protons were allowed, 5 kpone (N, € C) atoms from residues 4 to 61 of each
to float between the two prochiral positions during the fina| model for a minimum rmsd to the structure with the
simulated-annealing protocols (see below). lowest energy in the 23 final models, a geometric average
Structure Calculations.Structure calculations were per- a¢ computed to describe a “mean-structure” for which no
formed using DISCOVER (version 2.9.7, 1993) interfaced gnergy minimization was performed and which was used as
to the INSIGHT Il program (version 2.3.0, 1993) for 4 reference to describe the atomic rmsd. The solvent-
visualization and result analysis (Biosym Technologies Inc.). accessible surfaces were calculated in the absence of protons

The AMBERA4 force field(23) was used for all calculations using the united atom radii proposed by Cond@) and a
except for the simulated annealing (SA) protocols, in which \ater molecule radius of 1.4 A.

a simple quartic nonbond term was employed. All
dihedrals were forced ttrans except the one preceding
Proll, as there was strong evidence from the nOe data tha
this peptide bond was in thas conformation (see results).
The S/—Sy distance between Cys4 and Cys61 side chains
was constrained in the structure calculation. A three-stage
structure determination protocol was employ@d).

(1) Determination of the Global Protein FoldThe 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 md\~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 RefinementA two-stage SA/rMD (StSlI)
refinement protocol was us€@d4). 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 RegyL TS
started from already folded structures. In this step, the
nominal temperature was held at 2000 K, and the nOe force Production, Purification, and Characterization of CBg.
constants were scaled up progressively to 50 kcal ffot2. Our previous studies made use of a vector, referred to as
Short-range distances which define the local conformation pMIAL, that exhibited several limitations among which were
were introduced before long-range distances. After the (i) poor yield of pure CBD (i.e., 0.25 mg/L culture) and (ii)
scaling period, the molecule was allowed to sample the aberrant location; i.e., a large proportion of the CBD
conformational space for 2 ps before slow-cooling to 100 K remained cell-bound, presumably as a nonprocessed form
over a period of 11 ps. After 2 ps of dynamics, the molecule (5). Therefore, we decided to construct a new expression
was subjected to energy minimization as described above.vector, referred to as pMIA2, as follows. First, the CBR
In the following restrained molecular dynamics (rMD) encoding nucleotide sequence was inserted in the pET22b
calculation (SlI), the use of a more complete force field leads plasmid, downstream to that encoding tm@vinia chrysan-
to a physically more viable structure. The effects of solvent themiPelB leader sequence under the control of the T7 phage
were simulated implicitly by the use of a distance-dependent RNA polymerase. Second, an additional Met (Metl) was

Electrostatic Calculations.The program Delphi, as imple-

ented in the Biosym package, was used to calculate the

urface charge distribution of CRBB,. The electrostatic
potential is calculated by solving the Poiss@oltzmann
equations using a finite difference meth(8D). 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 - was assumed for the solvent 2 A 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 6565
x 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 0.60.8 A. 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.
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Ficure 1: Amide/aliphatic region of a TOCSY spectrum of CBf at 0.8 mM acquired with an isotropic mixing time of 70 ms, ipCH
at 37°C and pH 4.8. The squared peaks designate the asstgieetH* correlation peaks of each amino acid spin system also observed

in the COSY spectra of CBf; at the same temperature. Assigned peaks that belong to the same spin system are related by a line. The
IHN—1H« 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 € 2@nassigned peaks mostly observed in the central amide region are due

to a contaminant molecule of unfolded CBE (see Results).

added at the N-terminus; this was done to avoid the suspectedHN47, 'H*47—1HN48, and'Hf47—'HN48 observed on the

steric hindrance between the enzyme involved in the disulfide

NOESY spectrum were used to identify the amide frequency

bond formation between Cys4 and Cys61, namely DsbA andand the complete spin system. A few spin systems (such as

Lep, the signal sequence leader peptid&se The pMIA2
expression vector allowed production of 10 mg of mature
CBDgg; per liter of culture. Moreover, the CB3; pro-
duced was fully exported to the cell exterior, and no cell-
bound CBRg;z precursor could be detected. By using the
previously published purification protocol, we obtained 1 mg
of pure CBQxg; per liter of culture. Albeit improved, this
rather low yield could be attributed to the fact that only 10%
of CBDggz could be eluted under nondenaturant conditions
from the cotton columns. Comparison of 1D NMR spectra
of the CBD:cz obtained was very similar to that previously
obtained (data not shown), indicating that the extra Met
residue located at the N-terminus of CB did not
significantly modify the structure of CBE.

Proton Resonance Assignmerfthe assignment strategy
is based ortH—!H correlation experiments as proposed by
Withrich (31). In DQF-COSY and TOCSY (Figure 1)
spectra at the two temperatures (27 and@Y, most of the

Tyrl0, Thr24, and lle32) 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 (Prol1, Pro23,
and Pro49) were also easily assigned in the aliphatic region
of the TOCSY spectra. The side-chain amide protons of
Asn and GIn were stereospecifically assigned by using the
relative intensity of their nOe correlation with either thé H

or the H of the side chain. Only the side-chain amide
protons of GIn22 were not found in the spectrum. None of
the prochiral side-chain protons were stereospecifically
assigned. Although the sample is made of electrophoretically
pure CBQR:cz its NMR spectrum reveals the presence of
contaminants (see Figure 1). This can be attributed to the
presence of unfolded CBL, Indeed, the contaminant
peaks in the TOCSY spectra can be related to €BBpin
systems (Asp3, Cys4, Asn6, and Asn62 are the most

spin systems expected were recognized with the exceptionobvious), their B chemical shifts correspond to random coil

of Ser47 which did not show any amide to aliphatic proton
transfers. For Ser47, the sequential nOe transfeét46—

values (7.58.5 ppm), and they are not present in the
NOESY experiments.
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FIGURE 2: Secondary structure determination of the GBP Summary of théJyn-nq values [estimated from the COSYO) J < 5 Hz;
(®) J > 7 Hz] and of the sequential and short-range nQe® (<i+4) observed in théH—IH 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.

80 p— b e e — I Table 1: Statistical Analysis of the E Il Conformational Ensemble
70 E (A) DISCOVER-AMBER Energetic Statistics
E Fbond 11.74+ 0.9%
*2 60 E Fangle 85.7+ 6.3
E 50 F Ftorsion 838:f: 4.5
? F Fout of plane 2.8+ 0.5
8 40 E Fh-bond —29.7+£ 2.7
© E FLennarcF.Jones —170.9+£ 7.(»
g FCTO TR RN | | N S | | - NI 10 S W | | Fcoutombic —775.6+ 18.68
£ F I : ‘ Frotal —789.9+ 29.9°
z 20 : i 16t 1! 1 T A TR (B) Experimental Statistics
10 F i i | [hE distance nOe violations
ity Yy P \ y Hi >0.10 A 9.00+ 2.6
o F y SER ¥ >0.20 A 0.47+ 0.8
>0.30 A 0.1
0 10 20 30 40 50 60 >0.40 A 0
) maximal violation (A) 0.325
_ Residus number _ violation energy
Ficure 3: Sequential distribution and range of the nOe distance
constraints used in the calculation of the GBR Black, intraresi- Froe 8.8+ 1.5
due constra_\ints; hatch_ed, sequential ni@d]; light gray, medium- Froe(viol-0.10A) 43+ 1.7
range nOei(< 4); white, long-range nOe. (C) Structural Statistiés
. . . . atoms
Sequential assignment was achieved using NOESY spectra backboné (1—62) 1.20+ 0.16
at the two temperatures. Except for Ser54 and the three all heavy (1-62) 1.454+ 0.15
prolines, all H exhibit an nOe correlation with the nesN backbone (4—61) 0.91+0.11
: f . all heavy (4-61) 1.18+0.12
(Figure 2). Most of these assignments (as well as the link backbong3-sheet 033+ 0.10

bet\Neen _S_er54 and TrpS5) were confirmed by =T 2Values are in kcamol™. P F,oeis calculated using a force constant
connectivities. Among the. th.ree prOIme.S of the C@D of 25 kcatmol-A-2, ¢ rmsd vaTqu are the average pairwise rmsd for
sequence, only Prol1 exhibitgia conformation as indicated  the residues and atoms specified, relative to the geometric average of
by a strong*H*—H* nOe correlation between Tyrl0 and the corresponding ensemble; these values are given ftNAC®, and
Prol11(31). C atoms were used for the superpositich8-Sheet is defined by
Table S1 of the supporting information (see supporting residues 2627, 31-34, 37-41, 44-45, and 5560.
information available) describes the overall assignment of
CBDeggz proton resonances. Some amide of proton transfer efficiency in the region of Figure 1. Several
resonances were found outside their usual chemical shiftsegments showing sequential nOes and estimikgd
range (32, 33): the amide protons of Gly20, Gly21, and compatible with an extendegtstrand conformation could
Gly50 are below 7 ppm, whereas thd* of Ser31 and Ser54  be identified. No helical region can be detected. All amide
resonate respectively at 6.4 and 2.2 ppm. protons are exchanged in less than 20 min (data not shown),
Secondary Structure Pattern RecognitioRigure 2 sum- so only long distance nOes involving backbdh® andtH®
marizes the structural information contained in the sequential protons could formally define the limits of each different
resonance assignment. A qualitative estimation of the f-strand. At least threg@-strands, GIn30 to Tyr340¢),
3Jun—Ho coupling constants was obtained from considering Asn37 to Ala4l f,), and Trp55 to Ser605¢), can be
the *HN—1H* COSY cross-peak shapes and the TOCSY identified from the NMR data summarized in Figure 2.
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Ficure 4: Structural analysis of the 23 best structures obtained after the rMD stage. (A and B) Mean batkimohge dihedral values
of the E_Il ensembles. (C) Positional rmsd values calculated with respect to the geometric mean structure of the corresponding E 1l ensemble.
(D andE) Standard deviation gf and angles compared to the mean value.

FIGURE5: (A) Superimposition of the final ensemble of 23 structures calculated forggBDhe coordinates were superimposed using the
C, C, and N atoms from residues 287, 30-34, 3741, 44-45, and 55-60. (B) MOLSCRIPT representatiqdl) of the closest CBBsz
structure to the geometric average of the E Il ensemble showing the secondary structure motifs.

These segments are connected by long-rahge-H% and violation energy £60 kcal mot?). The energetic and
IH%—HN, nOes indicative of an antiparallgtsheet. geometric statistics of the resulting ensemble, referred to as
Tertiary Structure DeterminationAn initial set of 770 E_ll, are given in Table 1 and Figure 4. Among these
distance constraints was used for the 62-residue proteinstructures, the backbone was well-defined with an average

structure determination. During the structure determination, rmsd of 0.8 A for the backbone C,*Cand N atoms when
additional constraints were assigned, giving a final set of superimposed on the mean structure (1.2 A for all heavy
958 distance constraints. The sequential distribution of atoms). No violation greater than 0.35 A was observed in
NOESY-derived distances according to their range is shown E_II. Figure 5A shows the superposition of the 23 backbone-
in Figure 3. The ensemble of 6 structures calculated with accepted structures of the E Il ensemble.

the final constraint set provided starting conformations for  Overall Fold. The CBD:oz presents folding in “L” shape
the final SA/rMD calculation giving 30 structures. Of this or “skiboot” shape. It consists of a well-defined part (the
ensemble, seven were eliminated on the basis of experimentabase of L) comprising several consecutive turns (residues
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— NN IS YDy and Trp55 are stacked over the Pro49 ring, with dihedral

angles between the mean plane of Pro49 and the aromatic

60 “ee 5 ] side-chain planes of Tyr34 and Trp55 0’38 8 and 10 +

5 3 < ] 3, respectively, with distances between the centroids of the
LIV side chains of 5.38 0.20 A and 4.6t 0.11 A, respectively.
0 1 _— < ] These residues, with Tyrl0 and Tyr39, form a bucket-like
. hydrophobic core closed at the bottom by lle32 and contain-
30 28 . ing Pro49 (Figure 7). The hydrophobic core also includes
7o, . . the Proll which is stacked over the Tyrl0 ring (dihedral
8 angle, 36.3 + 8.8; mean centroid side-chain distance, 4.16
: + 0.17 A) and the Trp13 side chain. All these residues are
/e 8 characterized by a low solvent accessibility and a very well-
_ 1 ] defined conformation. These residues populate onlyyane
7 i andy, conformation, whose dihedral angles are defined at
0 10 20 30 40 50 60 less than 15standard deviation.
The three remaining aromatic residues Trpl8, Trp43, and
, . _ Tyrd4 are located on the same side of the GBDand are
FIGURE 6: Matrix representation of the hydrogen-bonding networks . . . .
present in the E II%nsembIe. The num{)ersgrefer to thgl discussionexmsed to solvent (Figure 7). The side chain of the first

of the hydrogen-bonding network identified in the text. Only the esidue (Trp18) which is at the apex of the large loop is
hydrogen bonds occurring in more than 25% of the E 1l ensemble loosely defined. On the other hand, the two other aromatic

are shown. The donor residue appears alongxtheis and the  rings, Trp43 and Tyr44, appear to be well-defined, populating
acceptor residue along tlyeaxis. Analysis of the hydrogen bonds only one y; conformer (47 + 9.7 and —160° + 5.7

was done using the INSIGHTII routines using as criteria: (i) a . o
distance less than 2.5 A between the hydrogen of the donor groupreSpeCt'Vely) ang;, conformer (61" + 4.7 and 106 +

and the heavy acceptor atom; (i) an angle formed by the heavy 6.6, respectively). In the case of Tyr44, this is probably due
acceptor atom, the donor hydrogen, and the heavy donor atomto a stacking interaction between the aromatic rings of Tyr44

linked to the hydrogen greater than £35 and His25 as we observe a dihedral angle 6f4® between
the ring planes and a ring centroid distance of 3.8.20
4-14) and an antiparallg-sheet (residues 2%60). The A The two Trp43 and Tyr44 rings are coplanar with a
upper part of L is formed by a less-ordered loop (residues gihedral angle between the two aromatic planes 6f£#3t
15-25) connected to the base by a small antiparghisheet.  and a ring centroid distance of 94 0.27 A. The average
The structure is maintained by a disulfide bridge between gjistance between the aromatic ring of Tyr44 and the six-
the two extremities of the peptide. The CBJ is mainly membered ring of Trp43 is 10.36 0.22 A.
composed off-strands ang- or y-turns whose localizations Hydrogens Bonds: TurnsAs the CBLQ:sz exhibits no
are listed in Table 3, no helix structures are pl’esent in the helices and 0n|y SOO/ﬁ_Sr]eet, a |arge number of turns is
molecule. The positions of the secondary structure elementsgpserved (Table 3, Figure 5). The regionZ-adopts two
of the protein are indicated on Figure 5B. different major conformations. The first conformation (11
Secondary Structure Element3he principal structural Structures) can be assigned to a typlﬁ-t“rn. A second
motif of the CBD:c is the f-sheet composed of the three jrregular turn conformation is observed for 12 structures.
B-strands g1 antiparallel tg32, 52 antiparallel tg33) (Figure The region 813 consists of a double turn with residues
5B). Itis observed in all the structures of the E 1l ensemble, val9 to Asn12 forming a type VI&-turn and residues Pro11
and the hydrogen bonds which stabilize it can be identified to Trp13 an inverse-turn. As usual in the type Vj-turn
in Figure 6 by two lines perpendicular to the diagonal. The with a Pro residue at thet+2 position, the peptide bond
fBs strand appears to be irregular at one end, forming a classichetween residues at positions1 (Tyr10) andi+2 (Pro11)
bulge from residues 58 to 54). A hydrogen bond jscis (35, 36) Hydrogen bonds are observed between Asn12
between Leu38 Mand Gly59 CO is observed in all_E Il HN and Val9 CO as well as between Trp18 &hd the Pro11
structures. In the same way, a G1T bulge can be localizedCO group in all 23 structures. The first turn is always further
at the beginning of thg8; strand from residues Gly29 to  stabilized by a H-bond between the side chain,HAsN8
GIn30 as we observe a hydrogen bond between GIy29 H and the Asn12 CO group.

Acceptor
N

20

Donor

and Ala41 CO in all E Il structures (Table 2). The large loop which extends from residues 15 to 26 is
A second shorf-sheet can be identified between-227 one of the most disordered parts of the GBPstructure
(B4) and 44-45 (35) with canonicakp, y values. with local rmsd values on the backbone of 6 A. However,

Side-Chain ConformationThe side-chain conformations  a type | turn can be defined between Trp18 and Gly21 for
are well-defined in most of the residues. Thirty residues 17 structures.
adopt the samg, rotamer in more than 80% of the structures, A type Il S-turn is localized from Glu27 to Gly30 in all
and 22 populate a single rotamer in all structures. These23 structures with a hydrogen bond between Gly30aldd
side chains correspond mainly to amino acids located in the Glu27 CO, and is further stabilized by a H-bond between
p-sheets or in the turns. Only 10 residues out of 49 show athe side-chain Nkof Asn26 and the GIn30 CO group in 22
mixture of the 3 possiblg; rotamers; most of these residues of the 23 structures.
correspond to the poorly-defined 554 region and the N- Residues 4144, which end the3,-strand, form in 19
and C-terminus. structures a type I\3-turn with no CQ—HN,3 hydrogen

Of the eight aromatic side chains of the protein, five bond. The Trp4®, v values (-139.8; —72.5’) correspond
(Tyrl10, Trpl3, Tyr34, Tyr39, and Trp55) are localized in however only to the “additional allowed” region of the
the same volume surrounding Pro49. In particular, Tyr34 Ramachandran plot.
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Table 2: Bulges Present in the CBR

residué dir1® Yit1 iv2 Yit2 &x Px typet
[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

aThe nomenclature given refers (84). ® Mean and standard deviation.

FIGURE 7: Stereoscopic view of the closest CED structure to the geometric average of the E Il 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 CB& and Their Occurrence in the E Il Ensemble of Structure

residue i+1° Yit1 Pit2 Yiva typet H-bond
Cys4Ala7 —48+ 11¢ —31+9 —60+7 —28+12 (ot 4-7(11)
Val9—Asn12 —46+ 3° 134+ 2 —94+3 32+5 Vla(ﬁags"’“’) 9-12(23)
Trpl8-Gly21 —40+ 5 —60+ 3 —87+11 8+9 I(ao) 18-21(14)
Glu27-GIn30 —44 + 5¢ 126+ 3 83+4 —11+5 1(By) 27-30(23)
Alad1-Tyr44 —89+ 39 —35+2 —140+5 —72+4 1IV(oty) -
Val48—Ser51 —49+ 4" 125+ 9 90+ 18 —19+ 22 (By) 48-51(17)
Prol+Trpl3 —75+1° 65+ 3 — — inversey 11-13(23)
Lys35-Asn37 70+ 3 —42+6 - - classicy 35-37(15)
Gly50—Asp52 —77+£1 65+ 10 — — inversey 50—-52(15)

aThe nomenclature given refers (49), and a new nomenclature based on Ramachandran v@Qess given in parenthese8Occurrence
frequency of a hydrogen bond between ;G@d NH-; within the 23 model ensemble is given in parentheS&tean and standard deviation.
d Calculation for a major conformation found in 11 structureSalculation over the 23 structurd<Calculation for a major conformation found in
17 structures? Calculation for a major conformation found in 19 structufeSalculation for a major conformation found in 17 structutéSalculation
for a major conformation found in 15 structuré€alculation for a major conformation found in 15 structures.

The region from residue 48 to residue 54 is not well- interacts with the beginning of the2 strand (3) and turn
ordered. A type I3-turn can, however, be recognized from 48-51 with the beginning of thg3 strand (4). The large
Val48 to Ser51 with a H-bond between the Val48 CO and fS-sheet and the smalB-sheet are linked together by
the H' of Ser51 in 17 structures over the E |l ensemble. In interactions betweeff3 and$5 (5) and turns 2730 and
15 out of these 17 structures, this turn is followed by an 41—-44 (6). Asn26, which is completely buried in the
inversey-turn from Gly50 to Asp52 stabilized by a hydrogen structure, links the first strand of the £26 loop to the32
bond between the MHof Asp52 and the CO of Gly50. strand by two H-bonds with its NHside chain (7). The

Hydrogens Bonds: Long-Range Stabilization between two strands of the 1426 loop are connected inf&bulge-
Secondary StructuresThe two-dimensional plot in Figure  like conformation between 15 and 225 (8). The long-

6 summarizes hydrogen bonds found in more than 7 out of range hydrogen bonds are listed in Table 4.

23 E_lI structures. Apart from the hydrogen bonds occurring  Correlated Dihedral Angle ChangesSome local confor-

in the 3-sheets and the turns, we observe several long-rangemational subfamilies can be observed in the E 1l ensemble
hydrogen bond motifs probably important for the stabilization from the cross-correlation of backbone dihedral variances
of the 3D structure of the protein. As noted above, the shown in Figure 8. These correlations in no way imply the
principal secondary motif of the structure is an antiparallel presence of dynamic processes, rather of two minima in the
f-sheet, and most of the recognized long-range interactionsconformational space fulfilling equally well the NMR data.
connect the different parts of the molecule to this motif: the A correlated change of,, and thei, corresponds to
14—26 loop which supports Trp18 is maintained above the different possible orientations of the 222 loop above the
largef-sheet by two interactions between this sheet and turnslarge-sheet (1). Similar correlations can be found between
9—12 and 2730 (1); the C-terminal end is linked to the ¢.g/143 (2), corresponding to a second orientation of the
turn connecting thesl and 32 strands (2); turn 4144 Trp43 CO away from the Ala28 ' and ¢43/¢ss (3),
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Table 4: Long-Range Hydrogen Bonds and Their Occurrence in thee&BD

donor group acceptor group N/23 function

10 HN 33 (@] 23 interaction gf-sheet 1/turn 912 (1p
14 HN 26 OoD1 12 stabilization of 1426 loop (7)

15 HN 25 o) 17 bulge [15] [2425] (8)

24 HN 15 (0] 19 bulge [15] [2425] (8)

25 HN 15 (0] 17 bulge [15] [2425] (8)

26 HD21 31 O 11 interaction ¢gf-sheet 1/loop 1426 (7)
26 HN 45 (0] 23 stabilization g8-sheet 2

28 HN 43 O 19 interaction of turn 4444/turn 2730 (6)
29 HN 41 0 23 bulge [41] [2930] (1)

31 HG 40 0OG1 8 stabilization gf-sheet 1

32 HN 39 (0] 23 stabilization g8-sheet 1

33 HN 8 O 23 interaction gf-sheet 1/turn 912 (1)
34 HN 37 (0] 20 stabilization g$-sheet 1

38 HN 59 (0] 23 bulge [38] [5859]

39 HN 32 (0] 23 stabilization gf-sheet 1

40 HN 56 (0] 23 stabilization gf-sheet 1

41 HN 30 o 21 bulge [41] [2930]

42 HD21 54 (0] 15 interaction gf-sheet 1/turn 4144 (3)
42 HD22 56 0oG1 17 interaction gksheet 1/turn 4144 (3)
42 HN 54 O 16 interaction gf-sheet 1/turn 4144 (3)
44 HH 25 ND1 7 stabilization gf-sheet 2

44 OH 25 ND1 6 stabilization gf-sheet 2

45 HG1 55 NE1 9 interaction ¢gf-sheet 13-sheet 2 (5)
45 HN 26 (6] 21 stabilization gf-sheet 2

55 HE1 47 oG 8 interaction ¢gf-sheet 1/turn 4851 (4)
55 HE1 a7 (6] 17 interaction ¢f-sheet 1/turn 4851 (4)
56 HN 40 (@] 23 stabilization gf-sheet 1

58 HN 38 (0] 23 bulge [38] [5859]

59 HN 38 (0] 13 bulge [38] [5859]

60 HG 37 OoD1 8 interaction gi-sheet 1/C-terminus (2)
61 HN 36 O 19 interaction gf-sheet 1/C-terminus (2)

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

— NN Yy properties, the relative insolubility, and the low net charge
I LI I I LI S (—3), the CBDO:sz presents a rather neutral surface. Charged
r .. . surfaces are apparent in only two regions of the protein: a
- 3 5 high negative charge density due to the side chain of Glu27,
- 1 located between Trpl8 and Tyr44 in the putative cellulose-
a0 L 24 y M binding face, and a negative charge density near the disulfide
r 1 bond, linked to the presence of Asp3. No high positive
30 [ y 7 charge density region can be recognized in the mean
electrostatic surface.

60

50

20 [ Y ]
- 7 DISCUSSION

Residue number
s

C _ In this study, the structure of CBigz has been determined

- by 2D NMR and restrained molecular dynamics. The

structure of CBIRgz presents an architecture in a “ski-boot”

or “L” shape mainly composed of a well-defingtisheet
Residue number supporting a poorly ordered large loop. This folding appears

Ficure 8: Covariances of) andy angles throughout the E Il {5 he original, and interrogation with available structure

ensemble. Only values with; > 0.75 are shown. The numbers . 1,164y software revealed no significant similarity present

refer to the discussion of correlated dihedral changes identified in . .
the text. g in the Brookhaven protein database.

NMR Validation of CBRgz Structure. Due to the rela-
corresponding to a second orientation of the Ser54 CO grouptively low quantity of pure protein that can be produced and
and the breaking of the two hydrogen bonds between thedue to the poor solubility of CBEsz in solution, the set of
Ser54 CO and the Asn42Mand the side-chain NH The NMR-derived restraints is fairly limited, and only nOe-
¢so variation, which reorients the Asp5Ntbward the Gly49 derived distances restraints are used in the calculation
CO, is accompanied by a large correlated differencgsaf process. Examination of our structures with the program
¢s3, 54, andyps; (4). This locates the Ser52VHat less than PROCHECK-NMR(37) indicates a rather low percentage
2 A from the Val48 CO, and, in this case, segment-82 of residues in the allowed region (62%) and additional
forms an irregular double turn stabilized by two hydrogen allowed region (31%) of the Ramachandran plot. Neverthe-
bonds (Val48 CG-Ser50 H' and Gly49 CG-Ser51 H'). less, the validity of the calculated structures is corroborated

Electrostatic Surfaceln Figure 9, the mean electrostatic by good agreement between qualitative NMR information
surface calculated over the first 12 structures of the E Il and the calculated structure. Unusual chemical shifts
family is shown. As expected from the cellulose-binding observed for Gly20, Gly21, Pro49, Gly50, Ser31, and Ser54

0 N N N Y N S |

0 10 20 30 40 50 60
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Ficure 9: Electrostatic potential map of the CB&. Middle: Orientation shown in Figure 5. The CBD has been rotated B§ about

the z-axis with respect to Figure 5. Right: Putative cellulose-binding side. The CBD has been rotaté@°tgbout 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 ret@@dbg

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-é®#T are scaled, between white, cyan, and blue and between white, yellow, and
red, respectively.

can be explained by the aromatic ring current effect. For CBDEGZ
example, the upfield shift of Gly20 and Gly21 amide proton 5
resonances may be due to their position above the Trpl8
aromatic ring and Ser5#H* is located above the aromatic
ring of Trp43. Upfield shift of Gly50'HN and downfield
shift of Ser31H* 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 const&dn.1q« and3Juans 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 maif-sheet defines a fairly rigid
region of the protein, the loop SertAsn26 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-
structureds-sheet region of the protein. Hence, the limited
rotation of the Tyrl0 aromatic ring, which is in the middle
of this double turn structure, stacked in between Prol1l and
Trpl3, shows how much this region of the protein is
constrained. At the other extremity, the well-defined type FIGURE 10: CBDcgw and CBRQisz placed above the cello-

_ ; ; oligosaccharide with aromatic rings stacked on top of sugar rings.
Il B-tum localized from Glu27 to GIn30 also constitutes the The distance between three glucose moieties of 10.3 A has been

second rigid anchoring of the loop. These two extremities pronosed from X-ray crystallography data and corresponds to the
are linked together via hydrogen bonding with the buried b-unit cell of cellulosg43). Only the heavy atoms (N,°CO) of
Asn26 residue. We could thus argue that the lack of residues Tyr5, GIn7, Asn29, Tyr3l, Tyr32, and GIn34 of the
structural information along the large loop (Seri&sn26) CBDcgwi cellulose-binding site and of residues Aspl7, Trpl8,

S o . . S Glu27, Trp43, and Tyr44 of the putative cellulose-binding site of
reflects an intrinsic mobility of this region of the proteinin - ~g5"" " r"Ghoun for clarity. Aromatic side chains are shown in

solution. This idea is also supported by the presented|ight gray, polar, or charged side chains are shown in dark gray
sequence alignment (see Figure 11) with several chitinaseand cello-oligosaccharides are shown in black.

domains, where this region of CBB; is not conserved at

all and appears as an extension of the more conserved region CBDggz Stability. Previous studies suggested that the
that folds into the rigid part of the molecule. As discussed Cys4—Cys61 disulfide bond is not required for the CEBf2
below, this region of the molecule is a part of the putative stability (4), suggesting a major contribution of hydrophobic
cellulose-binding site of CBEsz, and its mobility may be  interactions. We indeed observe a hydrophobic core com-
important for its cellulose-binding ability. posed of seven well-defined aliphatic and aromatic side
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GUN1A 353 DPGEYPAWDPN---~--~~ QIYTN-EIVYHNGOLWQAK QN-QEPGANQYG-~--~--= PWEPLG 401
GUN1B 421 DPGEYPAWDPT-----~~ QIYTN-EIVYHNGQLWQAK! ON-QEP-GYPYG-------- PWEPLN 488
GUN2 364 DPGDYPAWDPN---~--~ TIYTD-EIVYHNGQLWQAK ON-QEP-GYPYG-------~ PWEPLN 409
ORF1 118 GSCTAPVWSSS------~ TAYNGGWQVSYNGHTYTAKW-WTQG- -VP-SSSTG-~--- DGSPWNDVGVCS 172
ORF2 135 ASRTAAAWSAG------~ TAYNGGTQVSYNGRNYTAKI 0G-NVP-SSSTG----- EGQPWASNGPCSG 190
ORF3 117 GNCGGAWSSG------~ TAYNGGAQVSYNGHLYTAK QG-NVP-SSSTG----- DGOPWTDSGICGG 171
ORF4 136 GVRCAVLLPAWNTG-----=-- TAYNGGVQVSYNGHTYTAKI 0OG-NIP-SSSTG----- DGOPWTDNGVCG 194
CHIII 390 TCAATWSSS----~--~ TAYNGGATVAYNGHNYQAKW-WTQG-NVP-SSSTG- -~~~ DGQPWADLGVC 443
JANLIV 149 TCALAWAAG------~ TAYSAGATVSYAGTNYRANY -WTQG-DNP- STSSG- - ~-GATGKPWTSQEICST 205
GRISEU 30 ATCATAWSSS------~- SVYTNGGTVSYNGRNYTAKY-WTQN-ERPG-—-------= TSDVWADKGACGT 80
FURNIS 32 VDCSALAEWQSD-~-~--~ TIYTGGDQVQYNGSAYQANY-WTON-NDPE-QFSG----~ DYQVWKLLDACT 87
YHEB1 25 MEAWNNQ--~-~-~~ QGGNK-YQVIFDGKIYENA SSTNCPGKAKAN- - - -DATNPWRLKRTATAAEISQFGNTLSCE 91
YHEB2 129 VVAWNKQ--~~--~ QGGQT-WYVVFNGAVYKNAW-WVASSNCPGDAKSN- - - -DASNPWRYVRAATATEISETSNPQSCT 194
YHEB3 225 DNYAVVAWKGQ----~-~ EGSST-WYVIYNGGIYKNAW-WVGAANCPGDAKEN- - - -DASNPWRYVRAATATEISQYGNPGSCS 295
YHEB4 333 NDYSLOAWSGQ------~ EGSEI-YHVIFNGNVYKNAW-WVGSKDCPRGTSAE- - - -NSNNPWRLERTATAAELSQYGNPTTCE 403
YHEBS 454 KYEPAKAWSAS------~ TVYVKGDRVVVDGQAYEAL QS -DNPALVANQNATGSNSRPWK PLGKAQSYSNEELNNAPQFNPETLYASD 537
HARVE 507 GSNCAAAWDAN- - - - - - ~TVYVEGDQVSHDGATWVAGW~YTRG- EEPGTTG- -~~~ ~~= EWGVWKKASDSSCG 562
LICHE 547 ACSYDEWKET- -NAYTGGERVAFNGKVYEAKW-WTKGDRRINPVN- ~GAYGGWSEAANNRKSNG 604
AERCAV1 764 DPDAANHPAWSAG- ~TVYNTNDKVSHKQLVWOAKY -WTQGN-EPS--- - ~RTADQWKLVSQVOQL 815
AERCAV2 816 VQLGWDAG- VVYNGGDVTSHNGRKWKAQ KGD-EPG--~---==-~ KAAVIWVDQGAASCN 865
ALTSO 778 VTIKDGAEYPTWDRS- TVYVGGDRVIHNSNVFEAKW-WIQG-EEPG---—===-=— TADVWKAVTN 820
SERMA 449 LPIMTAPAYVPG------~ TTYAQGALVSYQGYVWQTKWGYITS - -APG--~—-—-—--~- SDSAWLKVGRLA 499
CBD 1 ADCANANVYPNWVSKDWAGGQPTHNHAQOSTVYKANLYTANH-FTAS --VPG---------~ SDSSITQVGSEN 61
consensus = ....... th.sWsst....... pshst...V.asGp.apstW Wsts.p.Ps.......... EStSWE. .t v it i i e

Ficure 11: Sequential alignment of the CBE; and several domains of chitinases, endoglucanases, and unknown proteins of bacterial
origin. GUN1A and GUN1B, C-terminal domains a and bBzcillus sp.strain N-4 endoglucanase (62); GUN2, C-terminal domain of
Bacillus sp.strain N-4 endoglucanase (B2); ORF1 to ORF4Aeromonas sppen reading frames coding for chitinase-like protéb®);

CHIII, chitin-binding domain ofAeromonas spchitinase 11(54); JANLIV, chitin-binding domain ofJanthinobacterium lidum chitinase

(55); GRISEU, chitin-binding domain dtreptomyces grisewhitinase(48); FURNIS, N-terminal domain o¥ibrio furnissii chitodextrinase

(56); YHEBL1 to YHEBS5, first to fifth repeat domains d&. coli hypothetical 97 kDa protein (SwissProt Accession No. P13656); HARVE,
internal subdomain o¥ibrio harveyi chitinase A (GenBank Accession No. U71214); LICHE, C-terminal domaaafillus licheniformis

TP chitinase (GenBank Accession No. U81496); AERCAV1 and AERCAV?2, first and second subdomAgrewionas caae chitinase

A (57); ALTSO, C-terminal domain oAlteromonas spstrain O-7 chitinase A58); SERMA, C-terminal domain oSerratia 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
[-sheets of CBRgz are squared. The residues of the GBphydrophobic core which are conserved in the alignment are in light gray. The
two solvent-exposed aromatic residues in GBPwhich 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.

chains buried in the center of the molecule (see Figure 7). It from 13.7 to 17.3 A in the ensemble. In the structure where
is likely that these residues participate in the stability of the the three aromatic rings are almost coplanar, the distance
protein as most of the ring centroid distances and aromatic between Tyr44 and Trp18 rings is about 15 A. Thus, the
side-chain dihedral angles are in the range described fortotal length of the CBRBs; putative cellulose-binding site
aromatic-aromatic interactiong38). Hydrophobicity is not formed by these three aromatic side chains would then cover
only a property of the inside of the CRB; structure. The  five or six glucose moieties (Figure 10). It is important to
accessible surface is unusually hydrophobic; the surface areastress that the relative orientation (parallel or antiparallel)
of the mean structure of the ensemble is comprised of 69% of the aromatic planar strip of CBD versus the cellulose chain
nonpolar residues, 26% polar, and 5% charged, as calculategbresented in Figure 8 simply reflects the complementarity
with the program Vada(39, 40) This feature certainly = between the periodicity of the aromatic rings of the binding
accounts for the observed low solubility of the protein, but face and the periodicity of the glucose moieties in the
can also be related to its known low stability due to a fragile cellulose structure. Binding to natural cellulose is certainly
balance between buried and exposed hydrophobicity. Wemuch more complex considering the variety of cellulose
have observed unfolding of the CBD in either mild acidic super-structures (crystal irregularity and various type of

conditions (pH< 4) or moderate temperatureX 50 °C), cellulose crystal) in its natural plant cell-wall environment
and even completely buried amide protons probably involved (for review, see44). In this context, one could argue that
in hydrogen bonds are exchanged within 30 min. the supplementary degree of freedom of the G8Dcel-

Evidence of a Cellulose-Binding Sitd=ace-to-face stack-  lulose-binding site due to the intrinsic flexibility of one
ing of aromatic rings of amino acids with sugar rings has (Trpl8) of its putative binding residues is an advantage that
been observed in cases of protein/sugar interaci). might allow binding to a wider range of cellulose substrates.
Aromatic tyrosine or tryptophan rings of the cellulose- It is noticeable that among the four CBD structures
binding site of CBDs are thought to stack directly against currently available, the three that bind crystalline cellulose
the pyranose rings of cellulose, providing a hydrophobic (CBDcgni, CBDcex, and CBL:jp) show a planar cellulose-
driving force for the binding12, 14, 42) CBDegg; Structure binding surface composed of a strip of three aromatic side-
presents three exposed and aligned aromatic side chainschain residues with one of their ring faces fully exposed to
Trpl8, Trp43, and Tyr44 (Figures 7 and 10) on the same the solvent. Thus, beyond the apparent differences exist a
face. The distance between the aromatic centroids of Trp43series of properties that appear to be conserved throughout
and Tyr44 (10.4+ 0.27 A) matches the distance between all CBDs. In this context, it might be interesting to note
three glucose moieties in the cellulose structure (Figure 10)that recent studies on CRBRBy, involving site-directed
(43), a situation which is reminiscent of those of the Tyr31 mutagenesis and MD simulations, also support the involve-
and Tyr32 cellulose-binding residues of CBdp, (12). The ment of invariant polar residues (GIn7, Asn29, and GIn34)
spatial position of the third aromatic ring (Trp18) at the apex in the binding of this family | CBD onto cellulosgl5, 46)
of the large loop is poorly defined, and the distance betweenAs shown in Figure 10, the putative cellulose-binding site
the two aromatic ring centroids of Tyr44 and Trpl8 varies of CBDggz also contains the exposed Aspl7 side chain
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located in between Trpl8 and Tyr44 aromatic rings and the mutagenesis experiments are currently under way to test this
Glu27 side chain located on one side of the aromatic planarprediction.
strip. Two potential roles have been proposed for the polar Secretion Motif. Our long-term goal is to identify
residues present on the cellulose-binding féb#):. (i) to structural information that specifically targets EGZ to the
stabilize the appropriate orientation of the cellulose-binding cell exterior through the Out machinery. Mutagenesis
residues, mainly through the formation of a hydrogen bond; studies showed that each of the EGZ functional domains
(ii) to establish hydrogen-bonding interactions with oxygen (CD, linker, CBD) is required for EGZ secretidd). This
atoms and/or hydroxyl groups of glucose moieties of the implies that the secretion motif is probably composed of
cellulose microcrystal. In the latter case, these residues notseveral submotifs interacting either directly with one or
only contribute to the overall affinity of the CBDs for the several proteins of the Out machinery or together to form
substrate, but also may account for the cellulose-disrupting a unique secretion motif. In any case, a likely possibility is
properties, which have been proposed for CBDs, by desta-that the secretion motif(s) is (are) surface-exposed. The
bilizing the hydrogen-bonded structure of celluld3e 8). surface of CBRgz is mainly composed of hydrophobic
Accordingly, in the CBRgy, the position of Asp17 suggests residues except in two regions: one in the putative cellulose-
a role of stabilization of the Tyr44 aromatic ring orientation, binding site, and the other around Asp3 (Figure 9). That
or a direct interaction with cellulose by forming a hydrogen this latter negative charge could be instrumental in establish-
bond with polar oxygen and hydroxyl groups of glucose ing contacts with the Out proteins is an attractive hypoth-
moieties. The location of the Glu27 side chain, lateral to esis. Ongoing site-directed mutagenesis will allow us to test
the aromatic ring of Tyr44, is consistent with its putative this proposition also.
role in the formation of a hydrogen bond with cellulose. Site-
directed mutagenesis studies are in progress in an attempACKNOWLEDGMENT
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