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Abstract The crystal structure of Thermoascus aurantiacus
endoglucanase (CelSA), a family 5 glycoside hydrolase, has
been determined to 1.62 A resolution by multiple isomorphous
replacement with anomalous scattering. It is the first report of a
structure in the subfamily to which CelSA belongs. CelSA con-
sists solely of a catalytic module with compact eight-fold B/
barrel architecture. The length of the tryptophan-rich substrate
binding groove suggests the presence of substrate binding sub-
sites —4 to +3. Structural comparison shows that two glycines
are completely conserved in the family, in addition to the two
catalytic glutamates and six other conserved residues previously
identified. Gly 44 in particular is part of a type IV C-terminal
helix capping motif, whose disruption is likely to affect the
position of an essential conserved arginine. One aromatic resi-
due (Trp 170 in Cel5A), not conserved in term of sequence, is
nonetheless spatially conserved in the substrate binding groove.
Its role might be to force the bend that occurs in the polysac-
charide chain on binding, thus favoring substrate distortion at
subsite —1. © 2002 Federation of European Biochemical So-
cieties. Published by Elsevier Science B.V. All rights reserved.

Key words: Glycoside hydrolase; Family 5; Subfamily;
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1. Introduction

Thermoascus aurantiacus, a moderately thermophilic fungus
[1], produces several plant cell wall degrading enzymes includ-
ing endoglucanases [2-4]. Endoglucanases hydrolyze internal
B-1,4-glycosidic bonds in mixed glucans, carboxymethylcellu-
lose (CMC) and in some cases cellulose. Here we report struc-
ture determination of a B-1,4-endoglucanase from this fungus,
which according to its abundance and characteristics [5] is
probably identical or similar to endocellulases identified by
others [2-4,6]. These enzymes all showed an apparent molec-
ular weight of approximately 32-34 kDa, high temperature
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Abbreviations: Cel5SA, Thermoascus —aurantiacus endoglucanase;
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stability and optimum (around 70°) and low optimum pH
(3-4.5).

N-terminal sequencing [7] demonstrated that 7. aurantiacus
endoglucanase belongs to glycoside hydrolase family 5 (GHS5)
[8] and thus it will be referred as CelSA in the text. The
retaining mechanism in family 5 has been extensively studied
by chemical modification, mutagenesis and X-ray crystallog-
raphy (three excellent examples are in [9-11]). GHS belongs to
glycoside hydrolase clan A (clan GH-A), also referred to as 4/
7 superfamily [12-13], a superfamily of glycoside hydrolases
with conserved overall structure and mechanism but divergent
substrate specificity.

GHS in itself is a highly divergent family in terms of se-
quence and function and thus has been divided in subfamilies,
which were originally defined as groups of sequences sharing
less than 25% sequence identity [14]. Five subfamilies were
originally identified. On the basis of the N-terminal sequence
we previously suggested [7] that Cel5A formed a new subfam-
ily 6 of GHS5 sequences, as no sequences in the original sub-
families description [14] were matched in a BLAST search.
This was due to an unfortunate oversight, as Wang et al. [9]
had subsequent to the first subfamily description identified
other members of subfamily 5 which did match our search.
Since others have since adopted our numbering (two manna-
nase subfamilies, 5-7 and 5-8, have been later classified [15])
we shall refer to this subfamily as subfamily 5-5/6 to avoid
further confusion. The subfamily including the Candida albi-
cans exoglucanase [16] is referred here as subfamily 5-9.

Structures have been published for all GHS subfamilies
known except 5-5/6 [15-23]. The structure of T. aurantiacus
Cel5A reported here fills in this gap in the structural knowl-
edge of GHS.

2. Materials and methods

2.1. Crystallization and data collection

Crystallization, data collection and processing has been described in
detail elsewhere [7]. The crystals belonged to space group P2;2;2,
with a=76.4 A, b=85.7 A, ¢=89.5 A and 2 molecules in the asym-
metric unit. Native data collected at room temperature extend to 1.62
A resolution (Table 1).

2.2. Structure determination

Four heavy atom derivatives were used in structure determination
by multiple isomorphous replacement with anomalous scattering (MI-
RAS). MIRAS phases were calculated in SHARP (version 1.3.4, [24]).
Experimental conditions, data collection and phasing statistics are
summarized in Table 1.
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Table 1
Summary of data collection and phasing statistics
Native? Native? SmCl; HgAc, UO>Ac, K,PtCly
(CuKo) (Photon Factory)
Maximum resolution (A) 2.35 1.62 2.7 33 2.7 3.2
Completeness (%) 91.3 81.6 71.7 91.5 88.3 82.7
Multiplicity 4.5 5.3 43 3.1 2.6 29
Ryym 0.077 0.056 0.096 0.097 0.126 0.075
Soak conditions - - 10 mM, 2.5 h 75 mM, 20 h 10 mM, 3 days 10 mM, 7 days
No. sites - - 2 4 2 4
Reunis (acentric) - - 0.83 0.72 0.88 0.86
Reunis (centric) - - 0.82 0.71 0.83 0.83
Reyis (anom.) - - 0.86 0.97 0.98 0.98
Phasing power (acentric) - - 1.43 2.15 1.29 1.46
Phasing power (centric) - - 1.25 1.78 1.08 1.21

2The native data set used during structure refinement consisted of the synchrotron data set where missing low resolution data had been ‘refilled’
with reflections from the in-house data, as described in [7]. The final data set had 88.5% overall completeness (99.2% overall completeness be-

tween 35.3 and 5.1 A).

An initial model was constructed in O [25] based on maps calcu-
lated after cycles of density modification including two-fold averaging
in DM [26], and was greatly improved using ARP [27]. However
progress was initially hampered by lack of complete sequence infor-
mation (sequence was only available for 35 N-terminal residues). Re-
cently sequence information has became available [28] and allowed
full refinement of the model in CNS [29]. All reflections were used
for refinement except for 10% of total, which were reserved for cal-
culation of R-free (crystallographic R-factor for the test set, where
R-factor is the crystallographic R-factor for the working set).

Non-crystallographic symmetry (NCS) restraints were used in all
but the last few cycles of refinement and were progressively relaxed
as refinement progressed. The two molecules in the asymmetric unit
are very similar. NCS related water molecules were identified with the
program WATNCS [30] and were also NCS restrained initially. The
final model contains 304 residues per molecule in the asymmetric unit,
with one N-terminal residue not visible in the electron density map.
Fourteen side chains in molecule A and 18 side chains in molecule B
were modeled in double conformations. 389 water molecules were
present in the final model (including 129X2 NCS related waters).
The model has very good geometry with an overall PROCHECK
[31] G-factor of 0.28, bond length root men square deviation (rmsd)
of 0.005 A and bond angle rmsd of 1.25°. 90.4% of all residues were in
the most favored regions of the Ramachandran plot. Asn 60 lies in the
disallowed region of the Ramachandran plot, but its conformation is
confirmed by good quality electron density. The final R-factor was
15.9% with an R-free of 17.7%. Coordinates and structure factors
have been deposited in the PDB with code 1GZJ.

3. Results and discussion

3.1. Overall structure

Cel5A is one of the most compact family 5 enzymes for
which structure is available. First of all, unlike many GHS5
enzymes, Cel5A consists only of the catalytic domain. Sec-
ondly, unlike many GHS enzymes, which have long excur-
sions in the P/o-loops, the eight-fold B/a-barrel in Cel5A is
very regular and compact with short loops. The structure has
only few extra elements of secondary structure compared to
the canonical eight-fold B/a-barrel, a short two stranded anti-
parallel B-sheet in B/o-loop 3 and three one-turn helices (Figs.
la and 2).

A search against representative structures in FSSP [32] us-
ing DALI [33] showed that GHS subfamilies 4, 3, 1, 2, 7 and 8
(in this order) are the closest structural neighbors of CelSA
with 15-20% sequence identity over 240-280 residues structur-
ally aligned. The rmsd for Ca positions calculated by DALI
between CelSA and subfamily 4 Clostridium cellulolyticum
CelCCA was 2.7 A over 280 aligned residues. The exo-gluca-
nase structure in subfamily 9 [16] is a more distant relative,

with only 11% sequence identity. The rmsds for Co positions
with members of GH5 were all between 2.7 and 3.0 A. The
following, lower score hits include members of the 4/7 super-
family (clan GH-A) [12-13] and B-amylases [34], with rmsds
of 2.9-3.7 A. B-amylases are not usually considered to be part
of the conventional 4/7 superfamily because of their inverting
mechanism, but are actually more structurally similar to
CelSA than some of the members of the 4/7 superfamily, as
has been previously observed in comparisons with members of
GH10, GH5-1, and GH2 [12,17,35].

Cel5A has three cis-peptides per monomer, between Leu2l
and Pro 22, Trp 273 and Ala 274, Pro 288 and Asp 289. The
cis-peptide involving Trp 273 is conserved in family 5 and
some other members of the 4/7 superfamily [17,36] and is
thought to be important in positioning the Trp side chain,
which is important in substrate binding. A disulfide bridge
in Cel5A between Cys 212 and Cys 249 is not conserved in
the rest of the family.

3.2. The active site and substrate binding groove

The catalytic residues of Cel5A are easily identified by ho-
mology to the other GHS structures as Glu 133 (acid-base)
and Glu 240 (nucleophile) and are shown in Fig. la. Although
the pH of crystallization is far from the acidic pH optimum of
Cel5A, and despite the absence of substrate, the active site
appears to be in an active conformation, at least with respect
to the position of the two catalytic glutamates, unlike for
example in the subfamily 3 Clostridium thermocellum CelC [36].

The substrate binding groove of CelSA is shallow and long.
Using as reference the complex of Acidothermus cellulolyticus
complex with cellotetraose [17] the existence of substrate bind-
ing subsites —4 to +3 can be postulated. This is in good
agreement with the reported endo mode of action on CMC,
and the preference for central linkages in reduced cellulodex-
trins up to DP 6 [2,5]. A large number of aromatic residues
line the groove (Fig. 1b), including tryptophans 278, 279, 273,
170 and 174 going from the non-reducing to the reducing end
of the substrate.

3.3. Comparison between the eight subfamilies in family 5

As well as the catalytic residues, the other six established
conserved residues in GHS5 [9,17] are also present in Cel5A:
Asn 132, Arg 49, His 93, His 198, Tyr 200 and Trp 273, as
shown in Fig. lc and in the structure based sequence align-
ment in Fig. 2.
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Fig. 1. Views of molecule A in the Cel5A structure. a: Overall view of the Po-barrel with the two catalytic glutamates in ball and stick repre-
sentation. 3o helices are shown in blue. b: View of the molecular surface with aromatic residues in color (Trp in red, Tyr in green and Phe in
blue). Putative substrate binding subsites are marked. c: Conserved active site residues in GH5 shown in red (catalytic glutamates), green (aro-
matics) and blue (polar). The spatially conserved aromatic residues corresponding to Trp 170 are also shown for representatives of the other
GHS5 subfamilies: A. cellulolyticus endocellulase El in subfamily 1 [17]; Bacillus agaradherens endoglucanase in subfamily 2 [18]; C. thermocel-
lum CelC in subfamily 3 [21]; C. cellulolyticun CelCCA in subfamily 4 [22]; T. fusca mannanase in subfamily 7 [15]; 7. reesei mannanase in
subfamily 8 [23]; C. albicans exoglucanase in subfamily 9 [16]. Cellotetraose bound to endocellulase El is shown for reference in yellow [17].
d: The C-terminal type IV capping motif involving Gly 44, conserved in GHS. This figure was made using the programs Molscript [51], Ras-

ter3D [52] and GRASP [53].

The structure based alignment shows that the subfamily 8
Trichoderma reesei f-mannanase [23] lacks the histidine at the
end of beta strand 3 (His 93 in Cel5A) which is conserved in
all the other structures, and the conserved acidic/polar residue
two residues before (Asp 91 in Cel5SA) which is present in the
other structures. His 93 is therefore not essential for activity,
consistent with its role in substrate binding to the sugar moi-
ety O3 at subsite —1 (for example in [11,16,17,36]) and not in
catalysis. This is further supported by the finding that a Phe
substitution of the equivalent histidine in the Erwinia chrisan-
themi cellulase [10] results in an enzyme with significant resid-
ual catalytic activity. Loss of a hydrogen bond with the sub-
strate at the —1 subsite might explain the binding of
mannobiose and mannotriose at the +1/+2 subsites in the
T. reesei f-mannanase [23] as opposed to the minus end of
the substrate binding groove, as preferentially seen for the
Thermomonospora fusca f-mannanase structure [15].

The alignment identifies two completely conserved glycines
in GHS5, Gly 8 and Gly 44. Gly 8 is found in the middle of
barrel strand 1, and the reason for its conservation is not
clear. Gly 44 is part of a type IV or Schellman C-terminal
capping motif [37] (Fig. 1d) which is conserved in the GH5
structures. This motif involves a hydrophobic interaction be-
tween the third last residue of the alpha helix (C3) and the
second residue (C”) after the the Ccap residue, with a glycine
in position C’. Gly 44 is also highly conserved in GHS5 en-
zymes for which only the sequence is available. Structurally,

Gly 44 is at a tight of-loop preceding strand 2 in the barrel.
Strand 2 bears one of the absolutely conserved residues in
GHS5 (Arg 49 in Cel5SA), which has a proposed role in stabi-
lizing the negative charge on the nucleophile. This arginine is
also conserved in the 4/7 superfamily, except in family 10 and
family 26 [17,38] where residues from other loops (a histidine
from strand 6 and an arginine from strand 4) take over its
function. Substitution of Gly 44 in GHS5 is likely to disrupt
the capping motif and with it the positioning of the conserved
arginine. Thus it seems to have been disfavored by evolution.

Inspection of the members of the 4/7 superfamily repre-
sented in FSSP [32] supports this role for the conserved cap-
ping motif containing Gly 44, as the presence of the motif is
correlated with conservation of Arg 49. The type IV C-termi-
nal capping motif is conserved in those representative mem-
bers which have the conserved Arg: family 1 Thermosphaera
aggregans B-glycosidase [39] (a similar motif, but with an Asn
in place of a Gly is found in myrosinase from the same family
[40]), family 2 human B-glucuronidase [41], and family 17
barley glucanases [42]. However, the capping motif is not
conserved in members lacking the conserved Arg, family 10
T. aurantiacus xylanase [43] or family 26 Pseudomonas cellu-
losa mannanase [38] (which however has a Gly at the end of
the corresponding helix as part of a a type VIa capping mo-
tif).

Several other glycines throughout the GH5 sequences are
semi-conserved in the structure based sequence alignment. In
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Fig. 2. Structure based alignment of the GH5 subfamilies (Cel5A and the representatives in Fig. 1c). The structure based alignment was output
by STRUPRO [54] and displayed in Indonesia (Madsen, D., http://xray.bmc.uu.se/dennis/manual/). Elements of secondary structures outside
the Po-barrel are shown in gray. The conserved active site residues in GHS are color coded as in Fig. lc, while the conserved glycine are
shaded in yellow. The spatially conserved aromatic residues at subsites +1/+2 are typed in red. Other semi-conserved residues are shaded in

gray.

«—

one other case a semi-conserved glycine (Gly 233) is in the
of-loop preceding strand 7, which bears the loop containing
the catalytic nucleophile. This Gly is also present in family 1
T. aggregans B-glycosidase and family 26 P. cellulosa manna-
nase. A negatively charged residue (or Asn in the 7. fusca
mannanase) at the end of strand 4 (Asp 129 in Cel5A) is
also conserved in GHS and serves to orient the conserved
Arg 49.

3.4. A spatially conserved aromatic residue on the plus side of
the substrate binding groove

Although all the enzymes in GH5 have many aromatic
residues in their substrate binding grooves, only Tyr 200
and Trp 273 at the —2/—1 subsites are strictly conserved on
the basis of both sequence and structure. A structure based
comparison shows however that one other aromatic residue at
subsites +1/42 (using the A. cellulolyticus endoglucanase as
reference) is spatially conserved in GHS5 (Fig. 1c¢) although
it maybe contributed by different loops in the different sub-
families (Fig. 2). In Cel5A this residue is Trp 170 and is con-
tributed by the 5th Bo-loop. Chemical modification of the
corresponding Trp residue in 7. reesei endoglucanase 111, an
enzyme in the same subfamily as Cel5SA, decreased the kc,i/ K
to approximately half its original value [44].

The plane of the ring lies approximately in the same orien-
tation in all subfamilies, and parallel to the monosaccharide
ring at subsite +1/+2 where experimental complexes are avail-
able [17,23,45-46]. In a view of catalysis where the extended
substrate binds in a native-like conformation, but then gets
bent with distortion of the sugar moiety at subsite —1 so that
the glycosidic bond to be cleaved is in an axial conformation
[46-48], the role of this residue could be precisely to impose
the bend in the polysaccharide chain.

Both mannan and cellulose have ribbon-like structures in
which the monosaccharide rings are oriented at 180° with
respect to each other [49,50], therefore it is reasonable that
in both B-1,4-endoglucanases and B-mannanases the plane of
this conserved aromatic residue is in a similar orientation. In
the P. cellulosa family 26 mannanase Trp 217 is also in a
similar orientation. Substitution of this residue with Ala
caused a four-fold decrease in k¢ with carob galactomannan
as a substrate [38], suggesting that the catalytic process is
affected, and not just substrate binding. This residue is not
spatially conserved in the other representative structures in the
4/7 superfamily examined [39-43].

The aromatic residue is however conserved in the subfamily
GH5-9 exo-B-1,3-glucanase, expected to bind to a substrate
with quite different conformation. Cutfield and coworkers [16]
have pointed out that in this enzyme the spatially conserved
aromatic (Phe 144), which in this enzyme is shifted more
towards the +1 subsite, is involved in a ‘clamp’ formed by
two antiparallel phenylalanines and suggest again a role in
forcing substrate distortion from an equatorial to an axial
scissile bond. Thus a similar spatial orientation of this aro-
matic side chain can be exploited in enzymes with different
specificities.
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