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Structural Basis for Ligand Binding
and Processivity in Cellobiohydrolase Cel6A
from Humicola insolens

the bedrock of enzymatic routes to biomass conversion
(Mielenz, 2001), one of the major industrial goals of the
21st century.

Cellulose itself is a recalcitrant material whose half-
life has been estimated at over four million years
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talytic machinery enclosed within a tunnel whose loops3 Centre de Recherches sur les Macromolécules
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BP 53 events in what has been termed a “processive” reaction

(Davies and Henrissat, 1995; Rouvinen et al., 1990). Ad-38041 Grenoble cedex 9
France ditionally, the vast majority of cellulases are multidomain

enzymes in which the catalytic core domain is linked to
one or more carbohydrate binding domains (CBMs) that
further contribute to binding and catalysis on polymericSummary
substrates (Tomme et al., 1995). Indeed, recent evidence
suggests that fungal CBMs actually direct the enzymeThe enzymatic digestion of cellulose entails intimate

involvement of cellobiohydrolases, whose character- to a specific face (110) of the cellulose crystal (Lehtio
et al., 2003).istic active-center tunnel contributes to a processive

degradation of the polysaccharide. The cellobiohydro- In crystalline cellulose, each successive glucoside is
rotated by 180� along the chain axis relative to its neigh-lase Cel6A displays an active site within a tunnel

formed by two extended loops, which are known to bors (Figure 1), and, hence, a significant facet of pro-
cessive hydrolysis by cellobiohydrolases is that eachopen and close in response to ligand binding. Here

we present five structures of wild-type and mutant enzymatic subsite must not only be able to accommo-
date both faces of the pyranoside ring (Figure 2), butforms of Cel6A from Humicola insolens in complex

with nonhydrolyzable thio-oligosaccharides, at reso- also to tolerate the C6-hydroxymethyl substituents as
the polysaccharide chain slides through the substratelutions from 1.7–1.1 Å, dissecting the structural ac-

commodation of a processing substrate chain through binding tunnel. Furthermore, during such a processive
movement, only every second glycosidic bond is cor-the active center during hydrolysis. Movement of li-

gand is facilitated by extensive solvent-mediated in- rectly presented to the catalytic apparatus, explaining
why these enzymes processively liberate disaccharideteractions and through flexibility in the hydrophobic

surfaces provided by a sheath of tryptophan residues. products (Figure 2) (as revealed by the seminal structure
determination of the Trichoderma reesei Cel6A; Rouvi-
nen et al., 1990). Here we present a series of four thio-Introduction
oligosaccharide complexes of the cellobiohydrolase
Cel6A from Humicola insolens with wild-type and mutantCellulose, a simple polysaccharide of �-1,4-linked glu-
enzymes. The structures reveal how Cel6A may housecose, is the main component of the plant cell wall and,
up to eight sugar units in a �4 to �4 substrate bindingconsequently, the most abundant biopolymer. Natural
channel. Most significantly, the complexes have trappedrecycling of cellulose, at a rate of around 1011 tons per
Cel6A in an act of “virtual processivity,” such that com-year, is due to the action of a consortium of microbial
plexes in which the subsites see both sugar faces arehydrolases, including endoglucanases (EC 3.2.1.4) and
observed, as well as an intermediate between the twocellobiohydrolases (EC 3.2.1.91), the two enzyme
extremes. These structures illuminate the mechanismclasses believed to act on polymeric cellulose. Plant cell
by which a traversing polysaccharide chain is accommo-wall-degrading enzymes also find widespread industrial
dated within an enclosed tunnel during catalysis.use in the paper, textile, and detergent industries (Mietti-

nen-Oinonen and Suominen, 2002) and are increasingly
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Figure 1. The Structure of a Single Cellulose Chain

While �-1,4-linked glucose is the chemical repeating unit, the structural repeat is cellobiose, and, consequently, each glucoside is orientated
at 180� with respect to its neighbors, especially in crystalline forms (Gessler et al., 1994).

lases, reflecting their catalytic preference for soluble/ tion might destabilize the structure and generate poten-
tially misleading losses of activity. The structure of theamorphous and insoluble forms of cellulose, respec-

tively. As reflected in its name, the latter class of enzyme D405N mutant was therefore studied, both to dissect
the role of this residue in binding and catalysis and toreleases the disaccharide cellobiose as the predominant

reaction product. Glycosidic bond hydrolysis by both facilitate subsequent complex determination with par-
tially nonhydrolyzable substrate mimics (Figure 3).classes involves general acid/base chemistry, with the

catalytic environment dictating whether an enzyme The structure of the D405N mutant was determined
at 1.5 Å resolution. The final model consisting of residuesclass performs catalysis with inversion or retention of

anomeric configuration (Davies et al., 1997). Both en- 87–450 was refined to a crystallographic R value of 0.113
and a corresponding Rfree of 0.149 (Table 1). In the cata-doglucanases and cellobiohydrolases from glycoside

hydrolase family GH-6 (Coutinho and Henrissat, 1999; lytic center, the structure is isomorphous with native
Cel6A, with the only structural change being small rigid-Henrissat and Bairoch, 1996) perform catalysis with in-

version of anomeric configuration, generating the body movements (�0.5 Å) of some helices, with helices
�1 and �2 (residues 101–133) moving 1.3 Å. The rms�-anomer of cellobiose as the product (“e → a” enzymes

in the nomenclature proposed by Sinnott [1990]). In the deviation between the native and D405N structures is
0.58 Å for the 360 equivalent CA positions, but onlyclassical single displacement mechanism (Koshland,

1953), this requires the presence of two catalytic carbox- 0.37 Å if residues 100–133 are not taken into account
(calculated with LSQMAN [Kleywegt and Jones, 1994]).ylate groups: a proton donor to protonate the glycosidic

bond and, hence, promote departure of an otherwise These small changes may originate from differences in
crystal packing due to the incorporation of two addi-poor leaving group together with a catalytic base to

activate a hydrolytic water molecule for direct nucleo- tional residues at the N terminus, resulting from a change
in the expression construct. There are few structuralphilic attack at the anomeric center.

Glycoside hydrolase family 6 contains 59 (statistics consequences of this mutation within the close proxim-
ity of Asp405. The side chain of Lys399 rotates slightlyas of April 1, 2003) members, both endoglucanases and

cellobiohydrolases. There is general agreement as to the but still makes a similar water-mediated interaction with
Asn405 (Figure 4). The OD1 atom of Asn405 remains salt-identity of the catalytic acid from both crystallographic

(Koivula et al., 2002; Varrot et al., 1999a, 1999b; Zou et linked to Arg357 with slightly greater mobility for ND2,
reflected in a temperature factor of 14 Å2 compared toal., 1999) and elegant solution studies (Damude et al.,

1995; Wolfgang and Wilson, 1999). In the case of Cel6A a temperature factor of approximately 7 Å2 for OD1. We
conclude that decreases in activity, in this case 100- tofrom H. insolens, this residue is Asp226, which lies on the

loop between strand III and helix 5� of a distorted (�/�)7 300-fold, resulting from the mutation must have their
origins in catalytic efficiency and are not caused by localbarrel fold (Varrot et al., 1999b). The role and existence

of a catalytic base in this family has long been the cause structural unfolding. One clear role for Asp405 is in binding
of the 3-OH substituent in the �1 subsite, perhaps stabi-of much contention, with strong evidence pointing to

the residue equivalent to Asp405 (Damude et al., 1995), lizing an unusual 2,5B (boat) transition state for catalysis
(Zou et al., 1999; Varrot et al., 2002, 2003), and this, orbut equally convincing data arguing against such a role

for this residue and instead indicating a Grotthus depro- a possible contribution to base catalysis, is likely to be
the cause of reduced activity.tonation of water via a chain of solvent molecules (Koi-

vula et al., 2002; Varrot et al., 2003; Wolfgang and Wilson,
1999; Zou et al., 1999). In the case of the Humicola Productive Complexes: The Eight Subsites of Cel6A

Early work on cellobiohydrolase function, both usingcellulolytic system, mutation of this putative base to
alanine or asparagine led to an inactive endoglucanase modified fluorescent ligands and analyzing the amount

of reducing sugar released during hydrolysis, revealedCel6B (M.S., unpublished data), consistent with the mu-
tagenesis work of Damude and colleagues (Damude et the potential for loop conformational changes to allow

internal endo catalytic attack (Ståhlberg et al., 1993;al., 1995). Confusingly, however, the D405N and D405A
mutants of the cellobiohydrolase Cel6A retained ap- Amano et al., 1996; Boisset et al., 1998). One such ligand,

a fluoresceinylthioureido-derivatized tetrasaccharide,proximately 0.5%–1% activity (lecture by M.S. to the
2001 Carbohydrate Bioengineering Meeting, Stockholm; was synthesized in partially S-linked form for crystallo-

graphic studies. The crystal structure of the non-Varrot et al., 2002). Asp405 is involved in an intimate ion
pair with an arginine residue, and mutations at this posi- hydrolyzable thio-oligosaccharide form of this ligand
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Figure 2. Catalysis and Processivity by Family 6 Cellobiohydrolases

After catalysis and disaccharide release, the nonreducing end of the cellulose chain must slide through the active-center tunnel via various
“intermediate” and nonproductive binding modes until reoccupying subsites �2 and �1, with the glycosidic oxygen correctly presented to
the catalytic acid.

(hereafter “Fluo”) (Figure 3) with wild-type Cel6A was covalently linked to either ligand, although there is poor
density for a single molecule of fluorescein, displaceddetermined at 1.75 Å resolution (Table 1). Initial differ-

ence electron density maps revealed two molecules of approximately 4 Å away from the �4 subsite. We pre-
sume that the ligand must have decayed during pro-the thio-tetrasaccharide occupying the �4 to �2 and �1

to �4 subsites and, thus, revealed two new subsites for longed incubation, and the fluoresceinyl moiety mi-
grated. The overall structure, reflecting the productiveCel6A, �3 and �4 (Figure 5, top). In contrast to a number

of complexes with other thio-oligosaccharides, this binding mode of Cel6A in which the catalytic acid is
hydrogen bonded to the glycosidic oxygen at the activecompound does not span the active center, perhaps

reflecting the steric barrier (initially) posed by the fluo- site (Figure 2), is almost identical to that observed for
the previously reported glucose-cellotetraose complexresceinylthioureido moiety. However, there is no evi-

dence that the fluoresceinylthioureido moiety remains (Varrot et al., 1999b) (C� rmsd of 0.25 Å). The sugar units
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Figure 3. Thio-Oligosaccharide Ligands Used in This Study

from both molecules and both structures superpose well It is now increasingly clear that the substrate-enclosing
loops display breathing and conformational change inin all subsites, apart from the apparent �4 subsite,

where there are very few interactions with the protein response to ligand binding (for example Varrot et al.,
1999b, 2002; Zou et al., 1999; Koivula et al., 2002) thatand the glucose moiety is free to undergo slight move-

ments. A key feature of this complex is that the ligand may occasionally facilitate internal, or endo, cleavage
(Henrissat, 1998). Here we additionally show that thereoccupies the �3 and �4 subsites, with a rotation of

125� around the CA-CB bond of Tyr104, opening up the is no absolute steric barrier in the �2 subsite. Such
observations explain many of the inconsistencies of the�3 subsite.

The demonstration that there is no insurmountable early published work in this field suggesting that cellobi-
ohydrolases showed facets of both exo and endo hydro-steric barrier at the nonreducing extremity of the sub-

strate binding cavity is significant. Early work had as- lysis. It remains unclear, however, whether occasional
internal cleavage by cellobiohydrolases plays any signif-sumed that cellobiohydrolases were exo (chain-end

specific) enzymes, in which single glucan chains enter icant role in the degradation of cellulose in a biological
context.and thread into the tunnel from one end only, with spe-

cific chain-end recognition occurring in the �2 subsite. An overlap with the distorted Cel6A-isofagomine and

Table 1. Data and Structure Quality Statistics for the Humicola insolens Cellobiohydrolase Cel6A Mutants and Complex Structures

wt Fluo D405N D405N IG4 D405N SDP5 D416A SDP5

Data Quality

Resolution of data (outer shell) (Å) 40–1.75 (1.81–1.75) 20–1.50 (1.55–1.50) 50–1.70 (1.76–1.70) 20–1.10 (1.13–1.1) 30–1.30a (1.35–1.30)
Rmerge (outer shell) 0.041 (0.128) 0.070 (0.358) 0.055 (0.157) 0.053 (0.242) 0.068 (0.287)
Mean I/�I (outer shell) 17.3 (6) 17.2 (3.4) 17.0 (5.8) 23.7 (5.6) 16.7 (3)
Completeness (outer shell) (%) 97.5 (91.3) 99.5 (95) 93.9 (88.7) 95 (91.5) 90 (50.2)
Multiplicity (outer shell) 2.2 (2.0) 3.7 (3.5) 2.9 (2.7) 4.3 (4.3) 3.6 (1.6)

Structure Quality

Rcryst (%) 13.5 11.3 12.7 10.5 14.6
Rfree (%) 17.2 14.9 16.8 12.4 17.5
Rms deviation 1–2 bonds (Å) 0.017 0.015 0.014 0.017 0.018
Rms angle deviation (�) 1.62 1.70 1.65 1.9 1.76
Ramachandran outliersb 8 7 6 8 7
Protein Data Bank code 1ocb 1oc6 1oc5 1oc7 1ocj

a Poor data completeness in the outer resolution shell reflects data from the corners of a square detector. The 1.4 Å shell data are 90%
complete.
b Calculated with the Uppsala Ramachandran server (see Kleywegt and Jones, 1996).
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of a third class of complex, whose sugar units are lo-
cated halfway between the two extremes described
above/below. The 1.3 Å structure of D416A-SDP5 (Table
1) is very similar to that of the native wild-type enzyme
(rmsd of 0.35 Å for 360 equivalent CA positions) but
again shows small movements of some secondary
structural elements. There is a rigid-body movement of
�0.7 Å for the �1 and �2 helices and the C-terminal loop
(397–435), with up to 1.3 Å for the C� of Thr411. The �VI-

�VII loop (363–375) is displaced approximately 0.9 Å for
Gly369. In the N-terminal loop, there is the movement of
1 Å from Ala184 CA. All these movements optimize the
new interactions between the protein and the substrate.
The five glucosyl moieties of the ligand are well defined
in density in classical 4C1 chair conformation. The bind-
ing mode of SDP5 here reveals, in terms of sugar posi-
tion, the start of a processive event, with the pyranosides
intermediate between the position observed in produc-
tive complexes and the “processed” mode described
below: the sugars lie between subsites. The complex

Figure 4. Electron Density for the Asn405-Arg357 Ion Pair at the Cata- occupies the �2.5 to �2.5 subsites, although only
lytic Center of the Cel6A D405N Mutant subsites �0.5 to 2.5 are shown in the figure, for clarity
Electron density is a maximum likelihood/�A (Read, 1986)-weighted (Figure 5, middle). Refined with an occupancy of 1.0,
2Fobs � Fcalc synthesis at 0.5 electrons/Å3. the resultant temperature factors are 13.7, 16.7, 19.8,

12.8, and 14.3 Å2. In this intermediate binding mode,
most of the interactions are similar to those in the pro-

wild-type IG4 complexes reveals that the protein-ligand ductive mode and are not described further.
interactions of the �2 to �4 subsites of the “productive”
mode are similar to that described previously (Varrot et
al., 1999b, 2002, 2003) (Figures 6 and 7). The salient Nonproductive, or Processed, Binding Mode
feature of these interactions is that, in addition to stack- The D405N mutant with greatly reduced activity was
ing of the pyranoside rings with tryptophan residues in used as a template with which to obtain complexes with
the �4, �2, �1, and �2 subsites, there are approxi- two thio-oligosaccharides (IG4) and (SDP5) (Figure 3).
mately 15 direct hydrogen bonds between protein and The IG4-D405N complex structure was solved at 1.7 Å
ligand, with a similar number mediated by solvent. In the and refined to a crystallographic R value of 0.127 and
newly revealed �3 subsite, the O-2 hydroxyl is directly a corresponding Rfree of 0.168 (Table 1), with the four
hydrogen bonded to Glu403 OE1 and interacts with the pyranosides from the �1 to �4 subsites displaying tem-
main chain nitrogen of Trp137 through a water molecule. perature factors of 11.9 Å2, 12.8 Å2, 12.2 Å2, and 15.3 Å2,
The O-3 hydroxyl is hydrogen bonded directly to the respectively. It is significant that, while wild-type enzyme
hydroxyl of the displaced fluoresceinyl ring and via sol- complexes with IG4 revealed active-center-spanning
vent to Glu403 OE2 and Glu108 OE1. The O-6 hydroxyl complexes occupying the �2 to �2 subsites, with dis-
makes a direct hydrogen bond to both Asp139 OD2 and torted 2SO-conformed glucosyl moieties in the �1 sub-
His140 NE. In the �4 subsite, The O-2 hydroxyl makes site (Zou et al., 1999; Varrot et al., 2002), the D405N
water-mediated interactions with Glu108 OE2 and the complex with this ligand instead binds only in the �1
main chain oxygen of Gly432. The O-3 and O-2 hydroxyls to �4 subsites. The reasons are unclear but may reflect
are hydrogen bonded via solvent to Gln433 OE1. The O-6 local changes in the electrostatics of the active-center
hydroxyl makes a direct hydrogen bond to Arg140 NH2. and substrate binding tunnel upon mutation. The SDP5-

D405N complex structure was solved at 1.1 Å resolution
(Table 1). The ligand was refined with an estimated occu-Processivity Commences: the D416A-SDP5 Complex

The controversies surrounding the identity of the puta- pancy of 0.7 and consequent B factors of 14.3 Å2, 12.5 Å2,
13.6 Å2, 14.8 Å2, and 20.7 Å2 for the �1 to �4 subsites,tive catalytic base of family GH-6 enzymes, particularly

the discrepancies between mutant kinetics of cellobio- respectively (Figure 5, bottom). As with all structures
described in this paper, sugar rings were observed inhydrolases and related endoglucanases, led us to spec-

ulate whether phenotypic differences could be rescued undistorted 4C1 chair conformation.
The backbone structures for the D405N-IG4 andby other appropriately positioned carboxylates (Varrot

et al., 2002). One candidate in a position to rescue poten- D405N-SDP5 structures are essentially identical to the
unliganded D405N structure described above, with rmstial catalytic base mutants is Asp416, located on the

C-terminal loop of cellobiohydrolases, which is absent deviations of 0.14 Å and 0.10 Å for the 364 equivalent
CA positions. Difference Fo � Fc maps reveal, withoutin the endoglucanases from this family. Gross structural

deletions of the C-terminal loop of Cel6A, such as resi- ambiguity, electron density for the IG4 and SDP5 sub-
strate molecules spanning the �1 to �4 and �1 to �4dues 407–417, produce a totally inactive enzyme, but

the D416A mutant retains approximately 10% of wild- subsites, respectively. The two thio-oligosaccharides
are bound in a nonproductive mode (Figure 2), such thattype activity (M.S., unpublished data). The D416A mu-

tant does, however, facilitate the serendipitous trapping each glucosyl moiety is found flipped by 180� around
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Figure 5. Crystallographic Observation of Virtual Processivity

(Top) Productive binding (see Figure 2); the catalytic acid is appropriately placed for protonation of the glycosidic oxygen between the �1
and �1 subsites, with attack by water from below (wild-type Cel6A with Fluo ligand).
(Middle) Processivity commences. The ligand is located in an “intermediate” position between subsites (the –0.5 to �2.5 subsites only from
the Cel6A D416N complex with DP5)
(Bottom) Nonproductive, or processed, binding. Each subsite sees the opposite face of the ligand because of the 180� rotation between each
adjacent sugar unit (Cel6A D405N complex with IG4).
The maps are maximum likelihood/�A-weighted 2Fobs � Fcalc syntheses contoured at 0.39, 0.56, and 0.52 eÅ�3, respectively.

the chain axis compared with the orientation observed in et al., 2000]) or, as described above, may reflect changes
in the electrostatic environment after mutation of Asp405the glucose-cellotetraose complex (Varrot et al., 1999b),

the wild-type with IG4 (Zou et al., 1999; Varrot et al., to Asn. Either way, such complexes mimic the pro-
cessed glucan chain exactly halfway through its cata-2002), and the complex with the Fluo ligand described

above. These observations could be serendipitous, re- lytic cycle. The unusually positioned sugars are accom-
modated by the reorientation of the catalytic acid Asp226flecting slight changes in the thio-oligosaccharide bond

lengths and angles (similar effects have been observed and the tryptophan residues involved in stacking inter-
actions and through the harnessing of solvent-mediatedwith a family 48 processive endoglucanase [Parsiegla
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Figure 6. Overlay of Various Productive
Complexes of H. insolens Cel6A

The structures shown are the wild-type
Cel6A-Fluo complex (blue; this work), the
Cel6A-isofagomine complex (green; Varrot et
al., 2003), and the active-center-spanning
wild-type Cel6A-IG4 complex (red; Varrot et
al., 2002).

hydrogen bonds, described further below. Both com- ing modes, in which the aromatic plane tilts approxi-
mately 5� to accommodate a sliding ligand. More sub-plexes show similar interactions with the protein in

the �1 to �4 subsites. stantial changes upon binding are observed for Trp371

in the �1 subsite. Its position is shifted both as a result of
the rigid-body movement of the �VI��VII loop describedVirtual Processivity Revealed by Crystallography:
previously and through orientational changes in the in-Flexible Tryptophans and Solvent-Mediated
termediate and productive binding modes through rota-Interactions Contribute to the Accommodation
tion around the CA-CB bond of 2� and –5� and the CB-of a Processing Ligand
CG bond of –4� and –10�, respectively. Together theyIn contrast to the productive mode, the vast majority of
result in 0.4 Å–1.0 Å changes in position depending uponthe hydrogen-bonding interactions between the protein
the state of ligation. So, in addition to well-defined rolesand the ligand in the one-subsite-displaced nonproduc-
for these residues in the twisting of the substrate andtive binding modes are mediated by water. In the �1
subsequent destabilization of the intramolecular hydro-to �4 subsites, where direct comparison is possible, the
gen bonds (Varrot et al., 1999b; Zou et al., 1999), thenonproductive complex shows just four direct hydrogen
indole moieties of these residues provide a flexible andbonds to protein compared with eight for the productive
hydrophobic sheath through which the substrate maymode, and this is reflected in a concomitant increase
penetrate during catalysis (Figure 7).in solvent-mediated interactions for the nonproductive

A well-documented feature of family 6 cellulases ismode. Similar effects are observed in subsite �1, where
that the catalytic acid Asp226 has been observed in twoproductive complexes normally make three direct H
different, but well-defined, orientations, which has oftenbonds (Varrot et al., 2002, 2003) compared with just one
been taken to represent different protonation states forin the nonproductive mode. These effects, coupled to
this residue and its immediate neighbors (Koivula et al.,the hydrophobic platforms afforded by tryptophan resi-
2002; Rouvinen et al., 1990; Varrot et al., 1999a, 2002;dues all along the substrate tunnel, small rigid-body
Zou et al., 1999). In only one of these orientations doesmovements of secondary-structural elements, and flexi-
this residue hydrogen bond to the O4 atom of the �1bility in the position of the catalytic proton donor, Asp226,
sugar corresponding to the glycosidic oxygen of a Mi-allows Cel6A to slide a ligand through the catalytic chan-
chaelis complex. In the second orientation this residuenel without need for liberation of the polysaccharide
is swung out away from the interglycosidic linkage intochain.
a position that may not allow protonation, bringing intoAromatic residues, in particular, tryptophan residues,
question direct structural interpretation of resultantare often implicated in carbohydrate-protein interac-
complexes (Rouvinen et al., 1990; Varrot et al., 1999b,tions (Vyas, 1991). In Cel6A, tryptophan residues, invari-
2002; Zou et al., 1999). The complexes presented hereant in family GH-6 cellobiohydrolases, align with the
suggest that this movement may not simply representglucose moieties in �2, �1, �2, and �4 subsites. The
ambient pH but may also play an integral role in thetryptophan residue in the �2 subsite, Trp137, is particu-
accommodation of the chain as it is processed throughlarly important for catalysis. It interacts with the � face
the active center during catalysis; this residue swingsof the glucose ring, and this subsite consequently has
out of the way in the nonproductive and intermediatethe highest affinity for glucose (Rouvinen et al., 1990;
complexes to avoid steric clashes with the (misplaced)Varrot et al., 1999b). Mutations in Trichoderma enzyme
O-6 hydroxyl in the �1 subsite (Figures 6 and 7).demonstrate that tight and specific binding in the –2

subsite is required for activity (Ruohonen et al., 1993).
Here we have demonstrated that Trp137, in addition to Biological Significance

The enzymatic degradation of the polysaccharide cellu-tryptophan residues in the �1, �2, and �4 subsites,
all display the ability to interact with either face of the lose remains one of the key reactions in maintenance

of the biosphere. It is catalyzed by a troop of enzymesglucosyl moiety to allow the polysaccharide chain to
process down the active cavity (Figure 6). Trp277 forms whose key cellulolytic players are the endoglucanases,

active on soluble single glucan chains, and the cellobio-the base of the �4 subsite, implicated in the degradation
of crystalline cellulose (Koivula et al., 1998); it displays hydrolases, which may digest the crystalline insoluble

substrate. Dissection of the catalytic mechanism ofsubtle changes, such that the aromatic plane aligns with
the sugar ring in the productive and nonproductive bind- bond cleavage performed by these enzymes is becom-
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Figure 7. Overlays of the Three Binding Modes Observed for H. insolens Cel6A

(A) Top view showing the wild-type native structure (1BVW.pdb) (purple) as a reference. Productive binding, D416A-IG4 complex (green) and
wild-type Fluo complex (yellow); intermediate binding, D416A-SDP5 complex (blue); nonproductive binding, D405N-SDP5 complex (red).
(B) Side view also showing the positions of the substrate channel tryptophan residues and the catalytic acid Asp226. Both figures are presented
in divergent (wall-eyed) stereo.

Experimental Proceduresing increasingly well understood. The action of these
enzymes on polymeric insoluble substrates, however,

Mutagenesis and Protein Productionremains a challenging and poorly understood area of
Purifications of the wild-type enzyme and D416A mutant have been

biochemistry. Unfortunately, it is this action on real poly- described previously (Varrot et al., 1999a, 2002). For the D405N
meric substrates that is at the heart of environmentally, mutant, the mutational changes required to construct the Cel6A

catalytic domain truncation together with the D405N substitutionindeed legislatively demanded, routes to enzymatic bio-
were introduced into the Humicola insolens Cel6A gene by the in-mass conversion. One particular aspect, the means by
verted PCR method (Imai et al., 1991). The DNA sequence encodingwhich cellobiohydrolases obtain, maintain, and process
the N-terminal cellulose binding domain and linker region was firsta single glucan chain from the crystalline solid is central
deleted from the Cel6A gene with the two phosphorylated oligonu-

to both the fundamental understanding of these en- cleotide primers 5�-TACAACGGCAACCCCTTCGAGG and 5�-GGG
zymes and their application for cost-effective conver- AGCGGCGAGAGC. A BamHI-XbaI DNA fragment carrying the Cel6A

catalytic domain region fused directly to its own secretion signalsion of waste biomass. Here we show, through a series
peptide was subcloned into an Escherichia coli-Aspergillus shuttleof five high-resolution structures of the H. insolens cello-
expression vector, which served as the template plasmid for anotherbiohydrolase Cel6A, how a glucan chain may process
inverted PCR step to incorporate the D405N mutation (GAC → AAC)through the substrate binding cleft from its productive
with the two phosphorylated oligonucleotide primers 5�-GTGAGTG

binding mode, reflected in appropriately positioned pro- CAACGGTACCAGCGACACG (Asn codon underlined) and 5�-CGC
tonation and solvation apparatus, through positionally CGGGCTTGACCCAGACG. All introduced changes were confirmed

by DNA sequencing. For the expression of D405N mutant protein,intermediate and nonproductive binding modes, in
the resulting mutant plasmid, in which transcription of the truncatedwhich each subsite sees the wrong face of the sugar.
and D405N-mutated Cel6A gene was now controlled by a fungalSuch movement is presumably driven by the strength
�-amylase promoter and glucoamylase terminator (Christensen etof the –2 subsite of Cel6A, which allows numerous pro-
al., 1988), was cotransformed with an acetamidase selection plas-

cessive catalytic events without dissociation of the en- mid (pTOC202) into Aspergillus oryzae JaL228 as described pre-
zyme from the polymer. While the productive binding viously (Kelly and Hynes, 1985). All DNA manipulations were per-

formed by established procedures as described (Sambrook et al.,mode is characterized by hydrogen bonding comple-
1989).mentarity between ligand and protein, sliding of the

chain involves disruption of this network, which is in-
Protein Crystallizationstead replaced by a complex mesh of solvent-mediated
Crystals were obtained by the hanging drop vapor diffusion method.interactions. The use of a hydrophobic sheath of trypto-
Crystals of the native Cel6A D405N mutant grew over a period ofphan residues, many of which accommodate small posi-
3–7 days from a solution containing 100 mM HEPES (pH 7.0) as

tional changes during ligand binding, mirrors their ob- buffer, 200 mM calcium acetate, and 18% PEG 8000 as precipitant.
servation in carbohydrate binding domain complexes They belong to space group P212121, with approximate cell dimen-
(see for example Boraston et al., 2002; Charnock et al., sions of a � 57.5 Å, b � 60.2 Å, and c � 97.2 Å. The complex of

D405N with SDP5 or IG4 involved 1 hr incubation of protein with a2002; Xie et al., 2001), in both cases contributing to
1 mM excess of the compound of interest prior to cocrystallization.necessarily fluid binding of a polysaccharide ligand.
Crystals with methyl-4,4II,4III,4IV-tetrathio-�-cellopentoside (SDP5;Structural observation of a series of ligand complexes
synthesis described in Schou et al. [1993]) were obtained from arepresenting the extremes and intermediates of a trav-
solution containing 100 mM sodium acetate (pH 4.6), 100 mM mag-

ersing oligosaccharide ligand contributes to the emerg- nesium acetate, 5% DMF, and 21% monomethylether PEG 5000.
ing picture of how an enzyme works on these recalci- Crystals with methyl 4II-thio-�-cellotetraoside (IG4; synthesis de-

scribed in Reverbel-Leroy et al. [1998]) were obtained from a solutiontrant, but significant, substrates.
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Ståhlberg, J., Johansson, G., and Pettersson, G. (1993). Trichoderma

dran revisited. Structure 4, 1395–1400.
reesei has no true exo-cellulase: all intact and truncated cellulases

Koivula, A., Kinnari, T., Harjunpaa, V., Ruohonen, L., Teleman, A., produce new reducing end groups on cellulose. Biochim. Biophys.
Drakenberg, T., Rouvinen, J., Jones, T.A., and Teeri, T.T. (1998). Acta 1157, 107–113.
Tryptophan 272: an essential determinant of crystalline cellulose

Tomme, P., Warren, R.A., and Gilkes, N.R. (1995). Cellulose hydroly-
degradation by Trichoderma reesei cellobiohydrolase Cel6A. FEBS

sis by bacteria and fungi. Adv. Microb. Physiol. 37, 1–81.
Lett. 429, 341–346.
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