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Structure and function of Humicola insolens family 6 cellulases:
structure of the endoglucanase, Cel6B, at 1.6 A resolution
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Cellulases are traditionally classified as either endoglucanases or
cellobiohydrolases on the basis of their respective catalytic
activities on crystalline cellulose, which is generally hydrolysed
more efficiently only by the cellobiohydrolases. On the basis
of the Trichoderma reesei cellobiohydrolase II structure, it
was proposed that the active-site tunnel of cellobiohydrolases
permitted the processive hydrolysis of cellulose, whereas the
corresponding endoglucanases would display open active-site
clefts [Rouvinen, Bergfors, Teeri, Knowles and Jones (1990)
Science 249, 380-386]. Glycoside hydrolase family 6 contains
both cellobiohydrolases and endoglucanases. The structure of the
catalytic core of the family 6 endoglucanase Cel6B from Humicola
insolens has been solved by molecular replacement with the
known T. reesei cellobiohydrolase II as the search model.

Strangely, at the sequence level, this enzyme exhibits the highest
sequence similarity to family 6 cellobiohydrolases and displays
just one of the loop deletions traditionally associated with
endoglucanases in this family. However, this enzyme shows no
activity on crystalline substrates but a high activity on soluble
substrates, which is typical of an endoglucanase. The three-
dimensional structure reveals that the deletion of just a single
loop of the active site, coupled with the resultant conformational
change in a second ‘cellobiohydrolase-specific’ loop, peels open
the active-site tunnel to reveal a substrate-binding groove.

Key words: cellobiohydrolase, cellulose, glycoside hydrolase,
X-ray structure.

INTRODUCTION

Cellulases, the enzymes hydrolysing the f-1,4 linkages in cellu-
lose, are traditionally classified into two groups: endoglucanases
(EC 3.2.1.4) and cellobiohydrolases (EC 3.2.1.91). This different-
iation, although frequently made on the basis of the enzymes’
respective activity on artificial substrates is taken to reflect the
different catalytic efficiencies of the two groups of enzymes in
hydrolysing crystalline cellulose. Crystalline cellulose is broken
down much more efficiently by the cellobiohydrolases than by
the majority of endoglucanases. The first three-dimensional
structure for a cellulase was reported in 1990 with the deter-
mination of the structure of cellobiohydrolase II from Tricho-
derma reesei [1], which provided many of the essential founda-
tions of cellulase action. It was shown that cellobiohydrolases
enclose their active sites within a tunnel to facilitate the processive
hydrolysis of crystalline substrates, and it was predicted that
endoglucanases would display deletion and truncation of the
tunnel loops to generate a more open substrate-binding cleft.
These seminal predictions were later borne out by the solution of
the Thermomanospora fusca family 6 endoglucanase E2, which
was indeed related to the family 6 cellobiohydrolase through the
deletion of, or reduction in, a number of surface loops [2].
Further verification of this basic principle came from the structure
determinations of the cellobiohydrolases and endoglucanases
from glycoside hydrolase family 7 [3-6]. The family 7 enzymes
again reveal that the cellobiohydrolases enclose their catalytic
machinery in a tunnel, whereas the corresponding endoglucanase
displays an open substrate-binding cleft.

The open substrate-binding cleft of endoglucanases, together
with the enclosed tunnel of cellobiohydrolases, provides an

elegant explanation for the activity of cellobiohydrolases on
crystalline materials (reviewed in [7-9]). The enclosed active site
of the cellobiohydrolases permits the hydrolysis of crystalline
substrates by trapping a cellulose chain in a tunnel and thus
preventing it from reannealing, non-productively, to the cellulose
crystal [10,11]. The low activity of cellobiohydrolases on sub-
strates such as carboxymethylcellulose (CMC), is attributed to
the fact that the enclosed tunnel precludes entry of a substrate
with bulky substitutions.

Elegant verification of the role of the tunnel-enclosing loops
has been provided by the site-directed deletion of one of the
surface loops of the Cellulomonas fimi cellobiohydrolase A [12].
Deletion of the ‘C-terminus-proximal’ loop of this enzyme was
performed to try to mimic the properties of an endoglucanase.
This indeed resulted in an enzyme whose activity on soluble
substrates, such as CMC, was increased, but it also revealed an
increase in the specific fluidity of the substrate during the course
of enzyme action, indicative of enhanced internal (endo) cleavage.
Thus, whereas many of the properties of cellobiohydrolases, and
their role in the synergistic hydrolysis of crystalline cellulose,
might remain controversial, it is clear that their active-site tunnel
confers unique properties.

Cel6B (the enzyme nomenclature is described in [13]) from
Humicola insolens displays a much higher sequence similarity to
cellobiohydrolases than to the endoglucanases. Here we present
the three-dimensional structure of this enzyme solved by X-ray
crystallography at a resolution of 1.6 A. The structure does
indeed reveal an open substrate-binding cleft. The accessible
groove results from the deletion of a single ‘cellobiohydrolase-
specific’ surface loop and by the peeling open of a second (“N-
terminal’) loop whose direct equivalent in cellobiohydrolase II

Abbreviations used: Cel6B, a family 6 endoglucanase; CMC, carboxymethylcellulose.
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contributes to tunnel enclosure. Comparison of the H. insolens
Cel6B structure with the equivalent Cel6A structures reveals a
spectrum of potential loop conformations for this class of enzyme.

MATERIALS AND METHODS
Purification and characterization of Cel6B

The gene for H. insolens Cel6B was first identified and isolated by
using a novel expression cloning system in the Saccharomyces
cerevisiae system [14]. The cDNA for the gene encoding H.
insolens Cel6B was cloned into an expression plasmid between
the fungal amylase promoter and the amyloglucosidase termi-
nator from A. niger. A catalytic core construct was made by
the insertion of a stop codon after the catalytic core domain. This
was transformed into an Aspergillus oryzae expression system,
essentially as described previously [15]. After fermentation, the
protein was purified by anion-exchange chromatography at
pH 8.0 in 20 mM Tris/HCI buffer and eluted with a 0-0.5 M
NaCl gradient. The Cel6B core was eluted as a single peak
with an apparent molecular mass of 38 kDa, as judged by
SDS/PAGE.

Crystallization and data collection

The H. insolens Cel6B catalytic core domain was desalted and
concentrated to 40 mg/ml in distilled water. The protein was
crystallized by the hanging-drop method with 259, (w/v) poly-
(ethylene glycol) 4000 as a precipitant and the addition of 0.2 M
Li,SO, buffered with 0.1 M Tris/HCI, pH 8.5. Similar crystals
also grew with monomethylether poly(ethylene glycol) 5000 as
precipitant and with 0.1 M sodium acetate buffer, pH 8.5.
Crystals were mounted in a rayon fibre loops and placed in a
boiling nitrogen stream at 120 K. A cryoprotectant solution was
made that consisted of 289, (w/v) poly(ethylene glycol) 4000,
0.2 M Li,SO, and 0.1 M Tris/HCI, pH 8.5, with the inclusion of
glycerol to a final concentration of 259, (v/v). Data were
collected with a MAR Research image plate system together with
a copper rotating anode and using long, focusing, mirror optics
(Yale/Molecular Structure Corporation). Data were processed
and reduced with the DENZO/SCALEPACK programs [16].
All further calculations used the CCP4 suite of programs unless
otherwise stated.

Structure solution and refinement

The structure was solved by molecular replacement by using the
AMoRe [17,18]. The T. reesei CBH II coordinates (Y169F
mutant, PDB code 1CB2) were used as a search model with data
from 15 to 4 A resolution and an outer radius of Patterson
integration of 25 A. Initial electron density maps were averaged
with RAVE [19] and the model was built into the averaged
map with program O [20]; 59, of the reflections were then set
aside for cross-validation analysis [21], and were used to monitor
various refinement strategies such as geometric and temperature-
factor restraint values and the insertion of solvent water and as
the basis for the maximum likelihood refinement by using the
REFMAC program [22]. Because all observed data from 15 A
resolution were employed in the refinement, a low-resolution
bulk solvent correction was applied. Water molecules were added
in an automated manner with ARP [23] and verified by manual
inspection. Coordinates and observed structure-factor ampli-
tudes for the protein structure described in this paper have been
deposited with the Protein Databank [24].
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RESULTS AND DISCUSSION

Cel6B from H. insolens hydrolyses soluble and amorphous
substrates such as CMC and phosphoric-acid-swollen cellulose
with great efficiency, leading to its classification as an endo-
glucanase [25,26]. It displays extremely high activity towards
soluble cellodextrins such as reduced cellohexaose, with a k_,, of
86 s7! compared with only 4 s for the corresponding cellobio-
hydrolase, Cel6A, from this family. This enhanced catalytic
activity towards soluble substrates is typical of endoglucanases
in comparison with their cellobiohydrolase counterparts [25,26].
It might reflect both the problem of product departure from
enclosed-tunnel active sites and the preferential use of binding
energy for crystalline cellulose degradation (as opposed to
hydrolysis) by the cellobiohydrolases [27,28]. Surprisingly, the
sequence of Cel6B is most similar to family 6 cellobiohydrolases
(Figure 1). Only one of the active-site-enclosing loops, the ‘C-
terminal proximal loop’, is truncated. This loop corresponds to
the loop artificially deleted by Meinke et al. [12] in their
engineering of the Cel6A from C. fimi. Sequence database
searches reveal that no other family 6 enzymes possess this single
deletion of the C-terminal loop. However, there are sequences
that closely resemble cellobiohydrolase II sequences, which
possess the C-terminal tunnel loop, but lack elements of the N-
terminal loop, examples being CelA from Neocallimastix
patriciarum [29] and the Orpinomyces enzymes CelA and CelC
[30]. These three additional enzymes, like Cel6B, show significant
activity on CMC in contrast with the true cellobiohydrolases
from this family.

Structure of Cel6B

Crystals of Cel6B are in space group P2,2,2 with cell dimensions
a=10993 A, b=10445A, c=53.79A and a = f =y =90°.
There are 2 molecules of Cel6B in the asymmetric unit with a

3

Cel6B (Hi} ----- GNPFSGRTLLVNSDYSSKLDOTRQAFLSRGDOTNAAKVKYVQEKVGTFYWIS-NI
Cel6A (Hi) ~=---NGNPFEGVQLWANNYYRSEVHTLATPQITDP- - -ALRAAASAVAEVPSFOWLDRNV
Cel6a (Tr) TATYSGNDFVGVTDPWANAYYASEVSSLATIPSLTG AMATAAAAVAKVPSTMWLD-TL

57

Cel6B (Hi) FLLRDIDVAIQNARAAKARGENP -~ IVGLVLYNLPDRDCSAGESSGELKLSONGLNRYKN
Cel6A (Hi) TVDTLLVQTLSEIREANQAGANPQYAAQIVVYDLPDRDCAAAASNGEWATANNGVNNYK -
Cel6A (Tr) DKTPLMEQTLADIRTANKNGGN - - YAGQFVVFDLPDRDCAALASNGEY STADGGVAKYK -
¥
115 139
CEL6B (H1i) EYVNPFAQKLKAASDVQFAVILEPDAIGNMVTGT - SAFCRNARGPQOEATGYATISQLQAS
Cel6A (Hi}) AYINRIREILISFSDVRTILVIEPDSLANMVTNMNVPKCSGAASTYRELTIYALKQLDLP
Cel6A (Tr) NYIDTIRQIVVEYSDIRTLLVIEPDSLANLVTNLGTPKCANAQSAYLECINYAVTQLNLP
174
Cel6B (Hi) HIHLYLDVANGGWLGWADKLEPTAQEVATILQKAGNNAKIRGFSSNVSNYNPYSTSNPEP
Cel6A (Hi) HVAMYMDAGHAGWLGWPANIQPAAELFAKIYEDAGKPRAVRGLATNVANYNAWSVSSPPP
Cel6A (Tr} NVAMYLDAGHAGWLGWPANQDPAAQLFANVYRNASSPRALRGLATNVANYNGWNITSPPS
234
Cel6B (Hi) YTSGSPSPDESRYATNIANAMRQRGLE -TQF I TDQSRVALS-GARSEWGQWCNVNPAGFG
Cel6A (Hi) YTSPNPNYDEKHYIEAFRPLLEARGFP-AQFIVDQGRSGKQPTGOKEWGHWCNAIGTGFG
Cel6A (Tr) YTQGNAVYNEKLY IHATGPLLANHGWSNAFF ITDQGRSGKQPTCQQOWGDWCNVIGTGFG
292 316
CEL6B (Hi) QPFTTNTNNPNVDAIVWVKPGGESDGQ -~~~ = r - =~ CGMG~~--GAPAAGMWFDAYAQ
Cel6A (Hi) MRPTANTGHQYVDAFVWVKPGGECDGT SDTTAARY DYHCGLEDALKPAPEAGQWFNEYFT
Cel6A (Tr) IRPSANTGDSLLDSFVWVKPGGECDGTSDSSAPRFDSHCALPDALQPAPQAGAWFQAYFY
337
CEL6B (Hi) MLTQONAHDEIA
Cel6A (H1) QLLRNANPPF-
CEL6A (Tr) QLLTNANPSFL
Figure 1 Sequence alignment of Cel6B from Humicola insolens (Hi) with

the two family 6 cellobiohydrolases of known three-dimensional structure,
Cel6A and CBH Il from H. insolens and T. reesei (Tr) respectively

The ‘catalytic’ acid, Asp-139, is indicated with a double dagger and one candidate proposed
as the catalytic base, Asp-316, is indicated with an asterisk. Numbering for H. insolens Cel6B
refers to the mature protein.



Structure of Humicola family 6 endoglucanase Cel6B 203

Table 1 Refinement and structure quality statistics for native Humicola
insolens Cel6B structure

Rrege = Zn Zilhai — < b > 17ZpZi < by > (where 1y is the intensity for a given

reflection with indices hkl). Abbreviation: r.m.s., root-mean-square.

(a) Data quality

Resolution of data (outer shell) (/f\) 15-1.60
(1.66—1.60)

Rrerqe (OUtET shell) 0.065 (0.317)
Mean /o / (outer shell) 30.4 (8.0
Completeness (outer shell) (%) 99 (98)
Multiplicity (outer shell) 3.7 (4.0)
(b) Refinement

No. of protein atoms/molecule (residues 3—347) 2641

No. of protein molecules in asymmetric unit 2

No. of solvent water molecules 901
Resolution used in refinement (A) 15-1.60
RCIVSI 018

free 024
R.m.s. deviation, 1—2 bonds (/3) 0.017
R.m.s. deviation, 1-3 angles (i\) 0.035
R.m.s. deviation, chiral volumes (2\3) 0.150
Average main-chain B (/‘_’\z> (A/B) 20/20
Average side-chain B (2\2) (A/B) 24/23
Average solvent B (A?) 35
Non-crystallographic deviation (main-chain) 019
Main-chain AB, bonded atoms (A?) 43

packing density of 2.03 A%*/Da, corresponding to a solvent
content of 399, [31]. X-ray datato 1.6 A are 999, complete with
an R,,,. of 0.065, a mean //o/ of 17 and a mean multiplicity of
3.7 observations per reflection (Table 1). Structure solution by
molecular replacement, using the known 7. reesei CBH 11
coordinates as the search model [1], revealed two significant
solutions, as expected. The final model structure contains 2
molecules of Cel6B (residues 3-347), each of 2641 non-hydrogen
atoms and a total of 901 solvent water molecules. It has a
crystallographic R of 0.18, with a corresponding R,,, of 0.24 for
observed data between 15 and 1.62 A resolution. This model has
deviations from stereochemical target values of 0.017 and 0.034 A
(corresponding to approx. 1.1°), for 1-2 and 1-3 bonds re-
spectively (Table 1). With the exception of Ala-182, discussed
below, all the non-glycine residues have conformational angles
(¢, ¥) in permitted regions of the Ramachandran plot [32], with
none of them in the ‘generously allowed’ or ‘disallowed’ regions
as defined by PROCHECK [33]. Met-329 is, unusually, present
oxidized in both molecules in the asymmetric unit. The proton
donor, Asp-139, is present in the left-handed turn region of the
Ramachandran plot with ¢ = 64.2°, ¢ = 1.9°.

Alanine-182 is a forbidden region of the Ramachandran plot
(Figure 2), with conformational torsion angles of ¢ = 56.8°, ¢ =
—123.9°. In the related family 6 structures, and almost all family
6 sequences, this residue is glycine and hence its importance
might have been overlooked. The main-chain amide nitrogen of
Ala-182 makes a 2.8 A hydrogen bond to the carboxylate
OD1 of Asp-180. Asp-180 is the residue implicated in the
modulation of the pK, of the acid, Asp-139 [34], by virtue of a
solvent-mediated hydrogen bond with the OD1 atom of the
catalytic acid, Asp-139. In the H. insolens Cel6A oligosaccharide
complex, the acid OD2 atom makes a 2.5 A hydrogen bond to the
‘glycosidic’ oxygen of the substrate [35]. Hence the energetically
unfavoured main-chain geometry of Ala-182 functions to orient-

ate Asp-180 and the catalytic acid Asp-139 in appropriate
positions for catalysis.

Cel6B displays the distorted /a-barrel (Figure 3a), as observed
in the previous family 6 structure determinations: the 7. reesei
CBH 11 [1], the T. fusca endoglucanase E2 [2] and the H. insolens
Cel6A [35,36]. Cel6B is structurally most similar to the two
cellobiohydrolases, a feature that was exploited in the molecular
replacement structure determination. Pairwise comparison of
Cel6B with each of the other structures by using LSQMAN [37]
gives an overlap, for equivalent Co atoms, 0f01.25 A with Cel6A
from H. insolens (313 equivalent atoms), 1.34 A with CBH II from
T. reesei (321 equivalent atoms) and 1.47 A (only 223 equivalent
atoms) for comparison with the endoglucanase E2 from 7. fusca.
Again, these results confirm the close structural similarity of
Cel6B to the cellobiohydrolases from family 6.

Comparison with cellobiohydrolase Il

The differences between Cel6B and Cel6A native structures take
place principally in the surface loops (Figure 3b). This is in
contrast with the endoglucanase E2 from T. fusca, whose o-
helices also show a different orientation from that of the family
6 cellobiohydrolases. As described previously, the main feature
of Cel6B is the deletion of the C-terminal active-site loop and the
peeling open of the N-terminal loop, resulting in an open sub-
strate-binding cleft (Figure 4). The open N-terminal loop
(residues 86106 in Cel6B) is well conserved throughout family 6
in terms of sequence. Several residues, such as Tyr-86, Arg-91,
Asp-92, Cys-93, Ser-98 and Gly-101, are invariant. Further-
more, Asp-92 and Ser-98 are known to interact with oligo-
saccharide in a complex of H. insolens Cel6A [35]. In the Cel6A
complex, a closure of the two active-site loops was observed on
substrate binding. It is now clear that these loops are flexible and
it seems likely that, if the invariant residues have the same role in
different members of this family, the N-terminal loop of Cel6B
must also close on substrate binding. This would permit the
conserved serine residue, Ser-98, to interact with the substrate in
the —1 and/or +1 subsites [38] as observed in other family 6
structures [35,39]. Conformational flexibility in the N-terminal
loop of family 6 enzymes is characterized by a change in the N,
Ca,, C,, N,,, dihedral angle (residues 99-100 in Cel6B). For the
most closed conformation, the ligand complex of Cel6A, a value
of +141.7° is observed, which decreases to + 10 and —4° in the
native Cel6A and Cel6B structures respectively. Cel6B displays a
glutamic residue at position 97, corresponding to an alanine
residue in Cel6A. On a loop closure, analogous to that seen with
the cellobiohydrolase, this glutamate might interact with the
substrate in the —1 and +1 subsites. Other endoglucanases
possess a histidine residue at this position. Interestingly, all
cellobiohydrolases have an alanine residue in place of this
histidine. It is possible that alanine in this position helps to
avoid steric clashes with the extended C-terminal loop of the
cellobiohydrolases.

Asp-92 is conserved structurally with its equivalent in the two
cellobiohydrolase structures [1,35,36]. It is believed to have a
minor role in catalysis, because its deletion decreased activity to
209, of the wild-type enzyme in Cel6A from 7. reesei [1]. A role
in the modulation of the pK, of the acid Asp-139 has been
proposed in which Asp-92 would assist in elevating the pK, of the
acid Asp-139. The equivalent of Asp-92, Asp-79 in the endo-
glucanase E2 of T. fusca, is at 5 A from the position observed in
all other family 6 structures. However, it is relevant that in the
structure of E2 the conformation of the N-terminal active-site
loop is stabilized by the presence of a sulphate. Wilson and
colleagues have speculated that this conformation might not be

© 2000 Biochemical Society
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Psi (degrees)

Figure 2 Conformational outliers in Cel6B

Ramachandran plot for Cel6B (calculated with PROCHECK [33]) (upper panel); electron density for Ala-182 (lower panel). The map shown is @ maximum-likelihood weighted 2F,
are the observed and calculated structure factor amplitudes respectively) synthesis at 0.44 electron/A® and is in divergent (‘wall-eyed’) stereo.

£ and £,

obs calc

representative of the true conformation owing to the hydrogen
bond between the main-chain nitrogen of Asp-79 to the sulphate
[2].

Small conformation changes have been observed in the active-
site residues. The acid Asp-139 has the conformation previously
observed in the T. fusca E2 and the H. insolens Cel6A structures.
We believe that, for the protonation step, this conformation is
likely to be the catalytically relevant conformation, because in
complex structures it forms a hydrogen bond to the glycosidic
oxygen. In the T. reesei CBH 11 structures the catalytic acid does
not form a hydrogen bond to the interglycosidic atom and
therefore seems to be inappropriately positioned for its pro-
tonation role: a conformational change of substrate or enzyme
seems to be necessary for catalysis [1,39].

Apart from the catalytic acid, for which evidence is clear,
identification of the additional catalytic apparatus in family 6
enzymes remains a matter of some debate. The role, identity, and
even the existence of a classical Bronsted base in the family
6 enzyme mechanism remain controversial [34,35,39—41]. This
problem is exacerbated by the potential for contaminating wild-
type enzyme in kinetics determinations, by the scope for buffer-
assisted catalysis, by the fact that both removal of the base and

© 2000 Biochemical Society

obs Fca\c (where

depletion of structural integrity would result in an enzyme that
was completely inactive. Furthermore, this family contains
numerous additional carboxylate functions that could ‘rescue’ a
base mutant to some extent.

Damude et al. [34,40] have proposed candidates for acid and
base on the basis of an elegant kinetic analysis of a series of
active-site variants of the family 6 endoglucanse CenA from C.

fimi. This enzyme showed a bell-shaped pH profile indicative

of both acid and base contributions to catalysis. They con-
cluded that Asp-252, corresponding to Asp-139 in H. insolens
Cel6B, was the catalytic acid and Asp-392, corresponding to
Asp-316, was the base. The catalytic acid assignment was in
agreement with proposals based on various three-dimensional
structure determinations, both available at that time [1,2] and
determined later [35,36]. More recent structural [39] and kinetic
[41] work has cast doubt on these proposals. All we can say as a
result of the Cel6B structure is that the residue proposed in
some previous studies, Asp-316 [2,34], displays a conformation
similar to that in all other family 6 enzymes in which it is salt-
linked to the conserved Arg-269. When compared with the
T. reesei Cel6A complexes recently determined [39], it is clear
that Asp-316 in Cel6B is unlikely to be correctly positioned to
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Figure 3  Structure of Cel6B

Upper panel: topology; catalytic aspartates mentioned in the text are indicated in ball-and-stick representation. Lower panel: c-carbon trace with the structure of Cel6A overlaid in faint lines.
This Figure, in divergent (‘wall-eyed’) stereo, was drawn with MOLSCRIPT [43].

C-terminal loop C-terminal loop

N-terminal loop \l N-terminal loop

Figure 4 Active-centre loops of the family 6 H. insolens cellulases Cel6B (red), Cel6A-native (blue) [36] and the Cel6A glucose/cellotetraose complex (yellow)
[35]

Glucose/cellotetraose in the Cel6A complex are shown for reference. The Figure is in divergent (‘wall-eyed’) stereo.

© 2000 Biochemical Society
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Figure 5 The six subsites of the family 6 H. insolens cellulases Cel6B (green), Cel6A-native (blue) [36] and the Cel6A glucose/cellotetraose complex (yellow)

[39]

The Figure is in divergent (‘wall-eyed’) stereo.

act as base. A small conformational rearrangement of the —1
subsite sugar ring would first be necessary if Asp-316 were to act
as base. Such a conformational change in the substrate cannot be
ruled out. In the 7. reesei Cel6A the acid is inappropriately
positioned for protonation, as described above, yet if it were
modelled as observed in the Cel6B and E2 structures it would
make a steric clash with the —1 subsite pyranoside; small
conformational readjustments are therefore likely.

Significant side-chain conformational changes along the
substrate-binding cleft are observed for the four tryptophan
residues involved in substrate stacking interactions in comparison
with the Cel6A complex: Trp-52 in the —2 subsite, Trp-282 in
+1, Trp-186 in +2 and Trp-189 in +4 (Figure 5). In T. reesei
Cel6A, Trp-272 was proposed to form the base of the +4 subsite,
whereitis additionally implicated in the degradation of crystalline
cellulose [42]. The proposal that this residue binds to sugars in
the +4 subsite was confirmed by the structure determination of
an oligosaccharide complex of the H. insolens Cel6A [35]. Cel6B
possesses this residue, Trp-189, but shows insignificant activity
on crystalline cellulose, indicating that the residue must have a
different role in Cel6B. It is possible that the conformation and
environment of this residue in Cel6A have evolved to aid both the
degradation of crystalline materials and the processive movement
of cellulose chains along the substrate-binding cleft. Most of
the other residues involved in substrate bonding are well con-
served in family 6: Lys-310, Glu-314, Arg-91 and Ser-98 in the
—2 subsite, Asp-316 and Tyr-86 in —1, and Asp-139, Asp-92
and Asn-225 in + 1. Cel6B contains at least six kinetically sig-
nificant subsites [25,26], and in the structure we would estimate
that there is space for seven subsites from —3 to +4. There is less
steric constraint in the —3 subsite than is observed in the
cellobiohydrolase Cel6A structure, as would be expected. Despite

© 2000 Biochemical Society

the fact that Cel6B shows extensive structural similarity to
cellobiohydrolases, there is no evidence to suggest a more
processive action by this endocellulase. Cel6B is unable to digest
crystalline cellulose [25,26] and there is no evidence that cellobiose
is the predominant reaction product. It seems that, as with Cel45
[25,26], the flexible loops generate a powerful endocellulase with
high activity on amorphous but insoluble substrates. The only
hint that Cel6B might be more processive comes from the ratio
of the activities towards CMC and phosphoric-acid-swollen
cellulose. Cel6B shows a slightly lower ratio than Cel45, indi-
cating either that it might be more processive or that it might find
the substituents of CMC more of a hindrance.

Endoglucanase Cel6B from H. insolens provides the first
example of an endoglucanase related to its cellobiohydrolase
counterparts by reduction in just a single surface loop. It is a
naturally occurring version of the cellobiohydrolase mutant
constructed by Meinke et al. [12]. The enzyme presents much
greater sequence and structural similarities to the cellobio-
hydrolases from family 6 than to the endoglucanases. A fully
open active-site cleft is further achieved though the peeling open
of the N-terminal active-site loop. This N-terminal loop, however,
contains a number of invariant residues known to interact with
substrate in other family 6 structures, such as the H. insolens and
T. reesei Cel6A enzymes [35,39]. This strongly suggests that
conformational change is also likely in Cel6B so as to provide the
optimal substrate-binding environment. Further work to probe
the role of base catalysis in this family is being devised.

We thank Lene Odgaard Kanstrup and Torben Frandsen for preparation of the Cel6B
core enzyme purified by ion-exchange chromatography. This work was funded in part
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