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ABSTRACT. Numerous bacterial and fungal organisms have evolved elaborate sets of modular glycoside
hydrolases and similar enzymes aimed at the degradation of polymeric carbohydrates. Presently, on the
basis of sequence similarity catalytic modules of these enzymes have been classified into 90 families.
Representatives of a particular family display similar fold and catalytic mechanisms. However, within
families distinctions occur with regard to enzymatic properties and type of activity against carbohydrate
chains. Cellobiohydrolase CbhA fro@lostridium thermocellunis a large seven-modular enzyme with

a catalytic module belonging to family 9. In contrast to other representatives of that family possessing
only endo- and, in few cases, endo/exo-cellulase activities, CbhA is exclusively an exocellulase. The
crystal structures of the combination of the immunoglobulin-like module and the catalytic module of
CbhA (Ig-GH9_CbhA) and that of an inactive mutant Ig-GH9_CbhA(E795Q) in complex with cellotetraose
(CTT) are reported here. The detailed analysis of these structures reveals that, while key catalytic residues
and overall fold are conserved in this enzyme and those of other family 9 glycoside hydrolases, the active
site of GH9_CDbhA is blocked off after the2 subsite. This feature which is created by an extension and
altered conformation of a single loop region explains the inability of the active site of CbhA to accommodate

a long cellulose chain and to cut it internally. This altered loop region is responsible for the exocellulolytic
activity of the enzyme.

Due to its relative abundance as a key constituent of plantenzymes to cell walls5), while others modify substrate
cell walls, cellulose has enormous potential as a resourcesurfaces ), and finally dockerins mediate the integration
for renewable energy. The development of economically of the enzymes into multiprotein complexes, termed cellu-
feasible means of converting this raw material into a useful losomes T, 8). Functions of some “X” modules are yet to
fuel is the subject of considerable research efftjt One be established. The catalytic modules of glycoside hydrolases
promising approach is the utilization of a wide array of have been classified into 90 families based on sequence
naturally occurring hydrolytic enzymes that target the various similarity. Representatives of each family usually possess
polysaccharides present in plant cell walls. These enzymescommon fold and catalytic mechanism, and have highly
have evolved in numerous bacterial and fungal organismsconserved catalytic residues. Similarly, the carbohydrate-
that aim to exploit plant materials as a nutritional resource. binding modules have been classified into 32 families. The
Glycoside hydrolases constitute an extensive group, andclassification system of glycoside hydrolases and related
codons have been identified for more than 1800 proteins soenzymes as well as their binding modules is presently
far. They commonly possess modular architectures, beingavailable at the carbohydrate-active enzymes (CAZy) server
composed of one or more catalytic modul@sand a variety at URL: http://afmb.cnrs-mrs.frfcazy/CAZY/index.html.
of accessory modules. The accessory modules serve numerOver 170 members are included in glycoside hydrolases of
ous functions. Carbohydrate binding modules (CBMi)- family 9. Representatives of this family feature ado()e-
hance the association of the catalytic modules to insoluble barrel fold and are characterized by an inverting mechanism
carbohydrates3( 4), surface-layer-homology modules bind of catalysis with an aspartic acid acting as a catalytic

nucleophile and a glutamic acid residue serving as a catalytic
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type of activity. The two highly homologous cellobiohydro- Purification. Native 1g-GH9_CbhA and mutant E795Q were
lases fromClostridium thermocelluroellulosome, CelK and  purified as described previouslg)(by affinity chromatog-
CbhA, which display over 90% sequence identity between raphy using a Ni-nitrilotriacetic acid agarose column (Qiagen
their catalytic modules and originated as a result of a genelnc., Valencia, CA), and gel-exclusion chromatography with
duplication event11), are the only known exocellulases of a prepacked TSK-3000SW column (Toso-Haas, Montgom-
family 9 (4, 6). Endo- and exocellulases differ in the topology eryville, PA). The proteins were homogeneous as ascertained
of their active sites)2, 13) resulting in the internal (endo-) by sodium dodecyl sulfatepolyacrylamide gel electrophore-

or external (exo-) modes of carbohydrate chain cleavage. sis.

Recently, representatives of family 9 were subdivided into  Activity AssaysThe activity of CbhA was assayed in 50
themes A, B, C, and D on the basis of their modular mM sodium citrate buffer (pH 6.0), at 60C with p-nitro-
arrangement 8. Theme A incorporates plant enzymes phenyl(PNP)-cellobioside as a substrate. The activity was
consisting of only the catalytic module. Theme B combines monitored by measuring the release of PNP and expressed
enzymes containing a catalytic module and a C-terminal as micromoles of PNP released per minute per mg of
family 3c CBM (CBM3c). Glycoside hydrolases of theme enzyme. Concentrations of proteins were determined with a
C contain an N-terminal Ig-like module attached to a catalytic Coomassie Protein Assay reagent (Pierce, Rockford, IL).
module. Enzymes of theme D contain an N-terminal family ~ Crystallization. Crystals of the native 1g-GH9_CbhA
4 CBM (CBM4) in addition to the Ig-like module and a domains were obtained via modified microbatch crystalliza-
catalytic module. Some enzymes of subgroups B, C, and Dtion under oil at 273 K using kL drops @0). A setup
possess other accessory modules, but order of the aboveontained 0.%L of protein solution at 20 mg/mL in 25 mM
modules is characteristic for each theme. Crystal structuresTris-HCI buffer (pH 8.5) and 0.2 M NaCl, and 0&L
are currently available for four family 9 members: (a) the reservoir solution containing 20% PEG4000, 0.2 M (¢\H
combination of the catalytic module and the C-terminal SOy, 0.1 M Tris, pH 7.0.

CBM3c in the structures off. fusca Cel9A (15 and Crystals of the inactive E795Q mutant in complex with
Clostridium cellulolyticumCel9G (6) corresponding to  cellotetraose were obtained from the same setup with the
theme B; (b) the combination of an N-terminal Ig-like addition that the reservoir solution contained 1 mM cellotetra-
module and a catalytic module in the nonprocessive endo-ose and 0.1 M SrGl These slightly modified conditions
glucanase Cel9A (former CelD) fro@. thermocellun{17) resulted in crystals with hexagonBb, space group sym-
representing theme C; and (c) the nonprocessive endoglu-metry as opposed to the orthorhomP2;2,2; of the native
canase Cel9M frong. cellulolyticumcomposed of only the  crystal.
catalytic module and in this regard representative of theme Data Collection.Data sets for the native crystals, and the
A (18). Comparison of the intimate topologies of endo-, endo/ K,PtCl, derivative were collected on a Rigaku R-Axis IV
exo-, and exocellulases belonging to the same family mightimage plate detector on loop-mounteéd) and flash-frozen
give clues toward the understanding of evolutionary modi- (93 K) crystals using 5kW Cu & radiation generated by a
fications leading to the conversion of one type activity to Rigaku FRD system and focused with Rigaku Max Screen
another. Cellobiohydrolase CbhA, a representative of themeoptics. The data were indexed, integrated, and scaled using
D, is a multimodular enzyme comprising an N-terminal HKL 1.9.1 (22). The data for the mercury derivative of the
CBM4 (residues 46200), an Ig-like module (residues 210 native protein and the cellotetraose complex were collected
309), a catalytic module (residues 31815), X1; and XL on a Bruker SMART 6000 CCD detector using the same
modules (residues 82012 and 9141000, respectively),  generator and Rigaku Hi Res optics. In this case, the data
CBM3 (residues 10141151), and a dockerin module were processed with the Proteum software package. Details
(residues 11641230) (L9). In the present paper, we report of data collection and processing for all data sets are shown
the crystal structure of a module pair, the Ig-like module in Table 1.
and the family 9 catalytic module (GH9_CbhA), of CbhA Structure Solution and RefinemeRbr phasing Platinum
(Ig-GH9_CbhA) fromC. thermocellumOn the basis of the  and Mercury salt derivatives of the native enzyme crystals
structure of the inactive Ig-GH9_CbhA(E795Q) mutant in were generated. The derivative crystals were obtained by
complex with cellotetraose (CTT), a discussion is given of soaking native protein crystals for 3 days in reservoir
the key structural elements, that define its exoactivity. solutions containing 10 mM #tCL, and HgC}, respectively.
The heavy atom derivatives were analyzed using SOLVE
MATERIALS AND METHODS (23). The obtained MIRAS phases were directly channeled

Site-Directed Mutagenesi&lutamic acid in position 795  into RESOLVE @4). The initial 3.2 A map and partial
of 19-GH9_CbhA was selectively mutated to glutamine backbone trace created by RESOLVE were of excellent
residue using the following oligonucleotide primers:- 5 quality, exhibiting clear protein/solvent boundaries and
CCAGTTAACAGTTATCTGGTTGGTTGACCATGAGTC- recognizable features of secondary structure. The density
3 and B-GACTCATGGTCAACCAACCAGATAACTG- modified map allowed fitting of almost the entire backbone
TTAACTGG-3. Plasmid pET-21bf) containing the DNA and most of the side chains in the molecular modeling
fragment encoding 1g-GH9_CbhA served as a template. PCRprograms OZ5) and XTALVIEW (26). After several rounds
with mutagenesis primers was carried out using the Quick- of phase combination using SIGMAA27) and model
Change Site-Directed Mutagenesis kit (Stratagene Cloningbuilding, the remaining residues and side chains could be
Systems, La Jolla, CA). The PCR product was used to fitinto the electron density map. The model was refined using
transform BL21(DE3)pLys competent cells (Stratagene). the simulated annealing (SA) protocol of CNZB) followed
Plasmid DNA was isolated and sequenced to confirm the by manual adjustment of the model using SA omit maps.
mutation. The structure of the complex was obtained via Molecular
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Table 1: Data Collection and Refinement Statistics

CbhA_Gh9 CbhA_Gh9(E795Q):CTT Pt derivative Hg derivative
resolution [A] 69-2.1 54-2.4 68-3.2 70-2.4
space group P212:12; P6; P21212; P212:2;
cell [A] a=74.55 a=b=108.567 a=74.42 a=74.73
b=75.76 c=119.219 b=75.67 b=75.99
c=137.50 c=137.67 c=138.19
completeness [%] (last shell) 91.6(2-18.1:65.9) 97.5(2.512.4:95.8) 93.6(3.363.2:93.1) 87.5(2.622.4:70.6)
redundancy 2.8(1.8) 3.8(2.8) 4.8(4.6) 3.89(3.1)
loy 11.8(3.1) 8.53(1.58) 17.2(13.1) 10.2(4.8)
Rsym [%6] 8.1(24.8) 6.4(23.6) 8.3(11.1) 9.3(16.3)
no. of water molecules 862 390
R[%] 14.7 21.0
Riree [%0] 18.5 27.5
rms bonds [A] 0.008 0.009286
rms angles [deg] 1.381 1.85779

Replacement using CNS. The refinement statistics for the electron density could be observed for the entire backbone
two models are given in Table 1. Water molecules were structure ranging from residues 208 to 816, with the only
added to both structures using ARP/WAREB)(in combina- exception being a gap between amino acids 600 and 602. In
tion with REFMAC 26). the complex structure this gap of disordered residues is more
In the native enzyme structure density for a bicyclic pronounced ranging from residues 599 to 604. This is likely
molecule, possibly a detergent molecule that might have beenthe result of the lower quality of the data obtained for the
present in one of the used reagents, appeared on the producttomplex crystals as apparent from the statistics in Table 1.
binding side of the active site after addition of the water  Crystal Structure of the Free Enzynide overall structure
molecules. The identity of this molecule is still under of the Ig-GH9_CbhA closely mirrors that of three enzyme
investigation and the structure will be updated and submitted structures that have been reported previously for family 9
to the Protein Data Bank as soon as the issue has beemlycoside hydrolases (Figure 1a). The catalytic module
resolved. consists of the characteristia/()e-barrel with the N-terminal
The model quality was assessed with PROCHEQ8).( site of the inner helices forming the active site cleft. The
In both structures, all nonglycine residues resided either in much smaller Ig-like module consists of the two-layered
the most favorable or in the allowed regions of the Rama- g-sheets that form the anticipat@esandwich structure also
chandran plot and their overall geometry was better than theobserved forC. thermocellumCel9A (17). The overall
average when compared to structures solved at the sams&tructures of the catalytic modules of CbhA and Cel9A are
resolution. very similar with an RMSD 1.944 A for the backbone of
The structures of Ig-GH9_CbhA and 1g-GH9_CbhA- 444 (out of 610) overlapping residues. Another conserved
(E795Q):CTT were submitted to the Protein Data Bank structural feature is two calcium-binding sites, which cor-
(PDB) (30) (PDB codes 1UT9 and 1RQ5, respectively). respond to sites A and B in the Cel9A structure. The residues
forming the third calcium-binding site in Cel9A are not
RESULTS AND DISCUSSION conserved in the GH9_CbhA and no enhanced electron

The C. thermocelluntellobiohydrolase CbhA consists of ~density could be observed in the position corresponding to
all together seven modules. An N-terminal family 4 carbo- that calcium ion in Cel9A. This observation is of some
hydrate binding module (CBM) is followed by an immuno- interest, since this site stab_lllzes the active cpnformatlon of
globulin-like (Ig-like) module of unknown function, the large ~ C€I9A (33), but apparently is not necessary in CbhA. The
family 9 catalytic module (GH9_CbhA), %land XL other. two calmum—b_mdmg sites seem to be cruqal for the
modules (previously considered as fibronectin type 3-like Proteins structural integrity as their removal with EGTA
modules), a family 3 CBM, and a dockerin modutkg) res_ults in decreas_ed thermo.stablllty of C¢I933)( The
The XL and XL modules were recently shown to aid re_5|dues mvolve_d in the calcium coordination are r_narked
substrate hydrolysis by loosening the surface of insoluble With @ blue star in the structure-based sequence alignment
cellulose 6). CbhA displays typical exocellulytic activity ~©f the four representative enzyme structures (Figure 3).
as it does not decrease viscosity of a carboxymethyl cellulose The RMSD between the structures Gf thermocellum
solution and produces almost exclusively cellobiose from Cel9A andC. cellulolyticumCel9G is about 0.9 A. Therefore,
acid-swollen cellulose, Avicel, and filter papet, 31). The only Cel9A has been included into the subsequent compara-
crystallized construct reported here consists of the catalytictive analysis.
module GH9 in conjunction with the N-terminal Ig-like Substrate Binding and Catalytically Important Residues.
module. Although the two modules have relatively indepen- The active site cleft is located at the N-terminal site of the
dent folds, it has been demonstrated that the deletion of theinner helices of thed/a)e-barrel structure. The structure of
entire @2) or even half (Kataeva, unpublished) of the Ig- the inactive E795Q mutant in complex with cellotetraose
like module leads to a complete loss of enzymatic activity. clearly shows that the cleft is just long enough to accom-

The structure of the native module pair Ig-GH9 CbhA modate four subsites{2 to +2) for glucose binding. The
without bound carbohydrate substrate and the E795Q mutantelectron density for the cellotetraose moiety was very well
in complex with cellotetraose were solved at a resolution of defined for the glucose units bound in subsitesand+1;

2.1 and 2.4 A, respectively. In the free enzyme structure however, the density in sites1 and—2 was, albeit visible,
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Ficure 2: (a) Schematic drawing of the hydrophilic and hydro-
phobic protein ligand interactions in the GH9_CbhA:CTT complex
generated by LIGPLOT4{). Particularly striking are the many
aromatic residues that line the active site. GIn795 is the mutated
residue, which would be a glutamate in the native structure. (b)
Arrangement of the catalytic residues in the active site with respect
to CTT. Also shown is the catalytic water molecule (W11) that is
positioned to carry out the nucleophilic attack.

FIGURE 1: (&) Molscript 89) cartoon drawing of Ig-GH9_CbhA:  chair conformation, the glucose unit in thel subsite is

CTT complex. The rainbow coloring starts at the N-terminus, giving ; . PR ; ;
the all3-sheet Ig-like module a dark blue taint. A stick presentation clearly distorted. This observation is consistent with a recent

of the CTT ligand is visible at the heart of the/¢)e-barrel in the report of the 0.94 A structure of endoglucanase Cel),(
larger catalytic module. The two calcium(ll) ions are displayed as Where the glucose unit in thel site assumed a distorted
dark spheres. (b) Shown is th&2-Fc composite omit map of  boat conformation that seemed to facilitate oxicarbenium ion
the ligand region contoured at:laround a stick model of CTT.  formation and subsequent substrate cleavage. The conforma-
This figure was generated with PyMOU(Q. tion modeled for this glucose unit in GH9_CbhA allows
placing of the following unit into its density at the2 site
considerably weaker (Figure 1b). The weaker binding on the but the electron density at thel is too weak to be certain
product site is consistent with the required release of the of the molecules conformation there. Figure 2a shows a
cleaved cellobiose prior to initiation of another round of schematic representation of the intermolecular contacts
catalysis. While the glucose units in subsiteg, +1, and between protein and substrate. The abundance of aromatic
—2 all fit their respective electron density in the common residues, which stabilize the carbohydrate moiety through
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Ficure 3: ESPript 42) structure-based sequence alignment of the catalytic modules of four family 9 glycoside hydrolases for which
structures have been determined. Respectively, above and below the alignment the secondary structures of the closely related GH9_CbhA
and Cel9D are shown. The catalytically important residues are highlighted yellow; residues involved in calcium binding in GH9_CbhA are
marked with a blue star and the loop regions responsible for the exo activity of GH9_CbhA are highlighted turquoise. Abbreviations:
GH9_CbhA,C. thermocellunCbhA; Cel9M,C. cellulolyticumCel9M; Cel9A,T. fuscaCel9A; Cel9D,C. thermocelluntCel9A (former

CelD).

stacking interactions, is a common feature of carbohydrate bond to the+1 glucose unit seems to be also important as
binding proteins. Residues Y555, W616, W678, and H737 it is conserved throughout.

are strictly conserved among the four structures of family 9  The three catalytically important residues are D383, D386,
enzymes, while W791 and W800 are homologous in the otherand E795. While E795 is believed to stabilize the transition
proteins. Residue R739 that forms a short 2.3 A hydrogen state, D383 and D386 are thought to deprotonate the water



1168 Biochemistry, Vol. 43, No. 5, 2004 Schubot et al.

molecule that carries out the nucleophilic attack on the C1
carbon of the targeted glucose unit. In fact, in the complex
structure of GH9_CbhA water molecule 11 is in a good
position to carry out such an attack as it is hydrogen-bonded
to D383 and D386, located within 3.2 A of the target C1
atom of the glucose unit in subsitel and at an angle of
almost 180 to the cleaved C1O1 bond (Figure 2b).

Structural Basis for the Exocellulase Adty of GH9_CbhA.
The structural elements discussed to this point are well
conserved among the family 9 glycoside hydrolases. Even
the bound substrates overlap quite well from substgo
—2, when the different available complex structures are
superimposed. Merely the number of subsites is variable.
Cel9A from T. fusca for instance, has additional subsites
—3 and —4, which results in cellotetraose being the main
cleavage product of this enzym@.(However, these features
do not account for the observed purely exocellulolytic activity
of GH9_CbhA. Figure 4 shows a comparative view of the
surface topologies for the active site clefts of GH9_CbhA
and of three other enzymes for which structures are available.
It immediately becomes apparent that the cleft in GH9_CbhA
is considerably narrower and even forms a tunnel upon
substrate binding. Responsible for this tunnel formation is a
conformational shift of the loop region constituted by
residues 540 to 560, which allows S547 to form a hydrogen
bond with the O3 atom in the-2 subsite and thus “close”
the active site. This loop region is present in all four enzymes
but extended by about four residues in GH9_CbhA. This
observation might be suggestive for this enzyme’s mode of
action as tunnel formation was proposed to be a hallmark of
processive cellulased ).

The key structural element, however, that distinguishes
GH9_CbhA as an exocellulase is the abrupt blockage of the
active site cleft after the-2 subsite. This blockage creates
a steep slope on the product site of the cleft as opposed thd
more gradual incline in the active sites of the other enzymes
with endo activity that permits exit of a bound cellulose
chain. Responsible for the formation of this steep slope in
GH9_CbhA is a loop region consisting of residues 590
620. This loop, while present, is about 10 residues shorter
in the other enzymes resulting in a different conformation
and an open active site. In GH9_CbhA amino acids-605
611 constitute the residues that actually block the active site A o .
exit. Residue E606, forming a 2.8 A hydrogen bond (0 atom T fiscateion, O, calulolyteumealod G thammosohmecion,
04 of the carbohydrate bound at the site, is involved in and C. thermocellumGH9_CbhA, respectively. The positions of
substrate binding. This is a further indication that this subsite the CTT ligand and the two distinctive loop regions from
is intended for binding of a@erminal glucose unit. The GH9_CbhA are superimposed in all structures to emphasize the

. . - . - absence of these structural elements in the other enzymes and
conformation of the described loop region is stabilized pigniignt the distinct active site topology of the exocellulase. (E)

through interactions with yet another loop formed by residues ciose-up view of the binding cleft in GH9_CbhA. This figure was
660-680 that is extended and conformationally distinct in generated with Molscript and PyMOL.

GH9_CbhA. That loop length plays a role in accounting for

endo or exo activity of an enzyme has been consideredoccurs for family 6 enzymes is quite different from what is
previously for other enzyme families. In cellobiohydrolase observed for GH9_CbhA. A case much closer to that of
Il a family 6 exof-(1—4)-glucanase fronT. reeseideletion GH9_CbhA was reported for Exg, a family 5 egefl,3)-

of surface loops converted the active site tunnel of the native glucanase 37). In this family of enzymes, which is not
enzyme into a groove and led to increased endo activity of related to family 9 enzymes, the active site groove is located
the enzyme3d5). It can be noted that in CelA and CelC from at the heart of af/a)s-barrel. In Exg the groove’s exit is
Orpinomycesstrain PC-2 belonging to family 6 glycoside blocked by a combination of loops and helical regions that
hydrolases and function both as exo/endo enzymes, theare absent in the structurally homologous endoglucanase
surface loops seem to be shortened or missing. This mayCelC from C.thermocellum(38). Although these structural
explain that these enzymes have both activitgs}. Clearly, differences are more dramatic than in the case of GH9_CbhA,
the loop mechanism by which the exo/endo conversion they underline the universal principle by which the exo/endo
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Ficure 5: Surface plot showing those intermodular hydrogen-
bonding interactions that are strictly conserved between GH9_CbhA
andC. thermocelluntCel9A. The close proximity of Y676 to the
highly conserved W678 sitting in the active site suggests the
importance of the D264Y676 interactions.

activities can be modulated through modification in loop
regions.

Importance of the Ig-Like ModulélThe N-terminal im-
munoglobin-like module, which is made up gfasandwich,
represents another interesting aspect of the structure of CbhA.
While its function is still unknown, studies of truncation
mutants have revealed that the presence of this 100-residue
module is required for enzymatic activitgZ, and Kataeva,
unpublished observations). This is not surprising considering
the extensive interface that exists between these two modules
of the enzyme. This interface is maintained through a large
number of hydrophobic and hydrophilic interactions, involv-
ing 41 residues from both domain7j. Of the other four
enzymes, only Cel9A fronC. thermocellunpossesses an
equivalent module of virtually identical structurg?j. The
sequence identity between GH9 CbhA and the catalytic
module of Cel9A is about 20%, with a higher concentration
of conserved residues at the module interface of Ig-
GH9_CbhA. This finding seems to lend support to the
hypothesis that the function of Ig-like module might lie in
the structural stabilization of the catalytic module. Only three
of 10 intermodule hydrogen bonds in Ig-GH9_CbhA are
strictly conserved in Cel9A. As depicted in Figure 5 residues
D262 and D264 form two of these bonds with G661 and
Y676, respectively. The latter bond is particularly interesting
since it stabilizes the position of the highly conserved W678,
which in turn directly interacts with the substrate near the
cleavage site at the 1 position, suggesting that its presence
is essential for the integrity of the active site.
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