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Abstract

The crystal structure of the major endoglucanase from the thermophilic fungus Thermoascus aurantiacus was determined by

single isomorphous replacement at 1.12�AA resolution. The full sequence supports the classification of the protein in a subgroup of

glycoside hydrolase family 5 for which no structural data are available yet. The active site shows eight critical residues, strictly

conserved within family 5. In addition, aromatic residues that line the substrate-binding cleft and that are possibly involved in

substrate-binding are identified. A number of residues seem to be conserved among members of the subtype, including a disulphide

bridge between Cys212 and Cys249. � 2002 Elsevier Science (USA). All rights reserved.
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Cellulases (E.C. 3.2.1.4) are glycoside hydrolases that
cleave the internal b-1,4 linkages in cellulose, the most
abundant natural polymer in the biosphere. The poly-
mer is also present in paper, textile, and raw material for
processed foods, indicating the industrial importance of
cellulolytic enzymes [1,2].

Glycoside hydrolases have been classified into at least
87 different families [3]. Cellulases occur in at least 14 of
these, a number of which have been classified into dif-
ferent clans. The largest clan, clan GH-A, contains at
least 14 families and encompasses enzymes with many
different substrate specificities. Initially, families from
this clan were proposed to share a common ða=bÞ8
barrel fold, three conserved residues, and a retaining
cleavage mechanism [4,5]. In the three-dimensional
structures, it is observed that the three key residues are
an adjacent Asn–Glu pair at the end of b-strand 4 and a
Glu at the end of b-strand 7, and therefore the super-
family is also termed the 4/7 superfamily.

Within glycoside hydrolase family 5, which mainly
contains endo-1,4-glucanases, five different subtypes
(A1–A5) were initially proposed [6,7]. From one subtype

to another, the sequence identity is typically below 25%.
A number of enzymes which can be confidently assigned
to family 5 do not share enough sequence identity to be
classified with any of these 5 subtypes and were there-
fore proposed to form a distinct subtype A6 [8]. Fur-
thermore, b-mannanases and exo-1,3-glucanases also
occur in family 5 and were also proposed to form
distinct subtypes [9,10]. X-ray structures have been de-
termined for endoglucanases of subtypes A1 [11], A2
[12–14], A3 [15], A4 [16], two b-mannanases [9,17], and
an exo-1,3-glucanase [10]. In this study, we describe the
full sequence and tertiary structure of the 35 kDa ther-
mostable Thermoascus aurantiacus endoglucanase,
which can be grouped in a distinct subtype for which no
crystal structure has been described yet.

Materials and methods

Data collection and phasing. The endoglucanase from T. aurantiacus

was purified as described [18]. Crystallization and preparation of an

SmCl3 derivative of the T. aurantiacus endoglucanase were performed

as described [8]. Native data up to 1.12�AA resolution were measured in

a high-resolution and a low-resolution pass at beamline X11 of the

EMBL, Hamburg Outstation. Together with the derivative data, col-

lected up to 2.4�AA at the same beamline, phases were determined in
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essentially the same way as described [8], except that no second HgAc2

derivative was used. All data were processed using the programs

DENZO and SCALEPACK [19]. The concomitant SIR phases, ob-

tained with the CCP4 program MLPHARE [20], were density modified

and extended using DM [20]. The phases were improved further with

the program Arp-wArp [21], which, after choosing the correct hand of

the heavy atom configuration, resulted in autobuilding of 299 residues

in both molecules from the asymmetric unit. Further statistics are

shown in Table 1.

Sequencing. The sequence of the protein was determined by in-

terpretation of the electron density maps. Ambiguities, mainly in the

identity of Asp/Asn and Glu/Gln residues and of residues with dis-

ordered side chains, were solved by different methods. The full amino

acid sequence was determined by protein and peptide sequence

analysis as well as by gene sequencing. In the former case, Edman

degradation in combination with tandem mass spectrometry was

applied on peptides obtained by enzymatic cleavages using trypsin, N-

Asp endoproteinase, chymotrypsin, and pronase. Partial acid hydro-

lysis and chemical cleavages with CNBr in 50% formic acid were

performed after reduction and aminopropylation of the cysteine res-

idues. The sequence information for the protein fragment D108-F284

was completed using PCR techniques in combination with DNA se-

quencing.

Refinement. The structure was refined using SHELXL [22] and the

graphics program TURBO-FRODO [23]. The occupancies of side

chains with double conformations were refined. Side chains for which

no sufficient electron density was observed were omitted from the

model. After initial refinement rounds, anisotropic B-factors were in-

troduced and in the final stages hydrogen atoms were generated in the

riding positions (but not output in the resulting coordinates). Using a

cut-off of F0 > 4rðF0Þ, the structure was refined to a final R-factor of

10.93%, and an Rfree-factor, based upon 5% of the reflections, of

14.48%. Further refinement characteristics are summarized in Table 1.

The stereochemistry of the model was checked with PROCHECK [24].

A Ramachandran plot shows that Asn60 is in a disallowed region of

the plot in both molecules from the asymmetric unit, although the

residue fits very well in the electron density. All other residues are in

the most favoured and additionally allowed regions. Coordinates with

PDB entry code 1H1N will be available upon publication.

Results and discussion

Sequence

Fig. 1 shows the full sequence of the endoglucanase
protein. This 305 residue enzyme displays a large degree
of sequence identity with an endoglucanase of Talar-
omyces emersonii (70.5%), Aspergillus kawachii (69.6%),
and Aspergillus niger (69.3%). A BLAST search showed
that significant sequence identity is present for at least
20 different sequences, including the endoglucanase II
from Trichoderma reesei (25.8%) at the lower end of the
list. Although they can be confidently assigned to gly-
coside hydrolase family 5, some of these sequences were

Table 1

Data collection, phasing, and refinement statistics

Data collection statistics Native SmCl3

Wavelength (�AA) 0.81 0.81

Resolution (�AA) 15–1.12 (1.14–1.12) 20–2.40 (2.44–2.40)

Space group P212121 P212121

Unit cell parameters (�AA) a¼ 75.77 b¼ 84.70 c¼ 89.10 a¼ 75.86 b¼ 85.05 89.39

I=rðIÞ 34.29 (2.57) 43.79 (31.0)

Rmerge (%) 8.6 (43.8) 5.2 (9.3)

Completeness (%) 98.9 (97.6) 98.4 (97.8)

No. of reflections

Total 2,988,510 292,244

Unique 232,102 23,281

Phasing

Rcullis: acentrics/centrics 0.71/0.61

Phasing power: acentrics/centrics 1.57/1.30

FOM: before/after density modification 0.3707/0.4978

Refinement

Resolution (�AA) 15–1.12

R=Rfree without cut-off (%) 13.27/17.10

R=Rfree with F0 > 4rðF0Þ cut-off (%) 10.93/14.48

rmsd Bond lengths (�AA) 0.015

rmsd Angles (�AA) 0.030

# Atoms

Protein 4736

Solvent 976

Average B factor (�AA
2
)

Main chain 12.76

Side chain 14.63

Solvent 33.22

Ramachandran plot

Most favoured regions (%) 90.2

Additional allowed (%) 9.4

Values in parentheses indicate the highest resolution shell in the data collection section.
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Fig. 1. Sequence alignment of the T. aurantiacus endoglucanase protein sequence and a selected subset of 5 endoglucanase sequences, showing

significant sequence identity. T_aur: T. aurantiacus major endoglucanase; T_eme: T. emersonii endoglucanase; A_kaw: A. kawachii endoglucanase C;

A_nig:Aspergillus niger endoglucanase B precursor; X_axo: Xanthomonas axonopodis pv. citri str. 306 cellulase; T_ree: T. reesei endoglucanase II

precursor. The secondary structure elements are for the T. aurantiacus crystal structure. Residues conserved between the six sequences are high-

lighted. Residues conserved between all 20 sequences analysed are indicated with an asterisk (*). The figure was generated with ESPript [26].
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reported not to be assignable to any of the five originally
recognized subtypes and proposed to form a distinct
subtype [8].

General fold

Two molecules are present in the asymmetric unit of
the endoglucanase. Both chains (A and B) can be su-
perposed with an RMS deviation of 0.221�AA for the Ca

atoms of residues 2–305. The N-terminal residue of
molecule B was not visible in the electron density maps,
probably due to disordering. All the following discus-
sion is for molecule A from the asymmetric unit.

The general fold of the molecule can be described as a
ðb=aÞ8 barrel, typical for the 4/7 superfamily (Fig. 2A).
An acidic cleft is visible at the C-terminal end of the b-
barrel. Helix a5 of the barrel has only one true a-helical
twist. The N- and C-termini are close to each other, with
6.64�AA between the corresponding Ca atoms. In contrast
to a lot of other family 5 structures, there are no distinct
extra-barrel features, except for a small two-stranded b-
sheet at the C-terminal end of b-strand 3 from the
barrel. This differs from the situation in a subtype A3
endoglucanase from Clostridium thermocellum where an
extra a-helical subdomain is present at the C-terminal
end of the barrel [15]. In the structure of a subtype A-4
enzyme, an N-terminal a-helix is present [16], whereas in
the three subtype A-2 structures, an extra two-stranded
b-sheet contacts the N-terminal end of the ðb=aÞ8 barrel
[12–14].

The enzyme contains two cysteine residues (Cys212
and Cys249), implicated in a disulphide bridge. The
bond connects the loop between strand b6 and helix a6

with helix a7. These two cysteine residues appear to be
conserved among the 20 sequences analysed (Fig. 1) and
may therefore be a feature characteristic of this subtype.

Superposition with other family 5 endoglucanases

Structural similarity searches against the Protein
Data Bank using the DALI server at http://www2.e-
bi.ac.uk/dali/ [25] revealed that the highest structural
similarity is with the subtype A4 endoglucanase from
Clostridium cellulolyticum. A corresponding structure-
based superposition with members of subtypes A1–A4 is
shown in Fig. 3. All numbering that follows is for the
T. aurantiacus endoglucanase.

Eight different residues are completely conserved
among the glycoside hydrolase family 5. These include
the catalytic proton donor Glu133 and the neighbouring
residue Asn132, lying at the C-terminal end of b4, and
the nucleophile Glu240 lying at the end of b7. In the
different structures, a cis peptide bond occurs after
Trp273, a residue implicated in substrate-binding. Fur-
ther conserved residues include His198 and Tyr200
which interact with the nucleophile Glu240, His93 which

contacts the sugar residue in subsite-1 [29], and Arg49
which forms hydrogen bonds with other strictly con-
served residues (Asn132, His198, and Glu240). These
eight strictly conserved residues are also spatially con-
served in the T. aurantiacus endoglucanase. For the
subtype A3 enzyme from C. thermocellum, it was ob-
served that an induced fit occurs upon substrate-bind-
ing, including a repositioning of the proton donor
Glu133 [29]. In this case, as well as in the other family 5
structures, the proton donor already has the same con-
formation as in the substrate-bound form.

Fig. 2. (A) General fold of the T. aurantiacus major endoglucanase,

showing secondary structure elements. The upper a-helix corresponds

with a1. The two catalytic residues, present at the C-terminal ends of b-
strands 4 and 7, are shown in ball-and-stick representation. (B) Aro-

matic residues, possibly involved in the binding of substrate. Residues

in the loop between b6 and a6 are also shown. Hydrogen bonds are not

shown for clarity. The cellobiose shown in ball-and-stick is for the

superposed subtype A3 endoglucanase from C. thermocellum occupy-

ing subsites )1 (bottom) and )2 (top). The figure was generated using

MOLSCRIPT [27] and Raster3D [28].
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Other conserved residues and substrate-binding

Besides the eight strictly conserved residues, a num-
ber of other residues seem to be conserved among the 20
sequences that were analysed (Fig. 1). These include the
two cysteine residues implicated in a disulphide bond.
The exact role of all the other residues is not always
clear, but some seem to be important for the general
stabilization of the barrel structure. Phe128 and Ile153,
for example, occur in a hydrophobic pocket near the N-
terminal end of the barrel, while Arg154 forms a salt
link with the highly conserved Asp188. In the other
family 5 structures, these residues are also highly, but
not strictly, conserved.

Of greater importance may be the loop containing
Gly207, which is positioned near the substrate-binding
site, between b6 and a6 (Fig. 2B). In a superposition with
the substrate-bound form of the C. thermocellum endo-
glucanase C, it can be seen that this loop is very close to
the substrate. An extensive hydrogen bonding pattern is
present, including five hydrogen bonds with the side
chain of the highly conserved Asp202. In only one of the
20 sequences analysed, this residue is an Asn. Moreover,
the loop contains Cys212, implicated in the disulphide
bridge. These interactions may be important for the
proper positioning of the loop residues along the sub-
strate-binding cleft.

Aromatic residues can stack against the hydrophobic
faces of b-D-glucose. Analysis of the substrate-binding
region by superposition with substrate-bound forms of
family 5 endoglucanases suggests a number of residues
that may be involved in this stacking (Fig. 2B). In
subsite )1, Trp273 is strictly conserved among all family
5 members and was shown to interact with substrate.
Phe16 is positioned well to stack against substrate in

subsite )2, while Trp278 can stack in subsite )3. In
subsites +1 and +3, Trp170 and Trp174 may fulfill these
roles, while in subsite +2 no stacking residue can be
proposed. In further support of this hypothesis, residues
at positions 170 and 278 are always aromatic in all 20
sequences analysed, while the residue at position 16 is a
Phe in 19 of the sequences. Complexes with substrate or
inhibitor are, however, needed to unambiguously con-
firm this.
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