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b-Glucanases have been utilized widely in industry to treat various carbohydrate-containing materials.
Recently, the Podospora anserina b-glucanase 131A (PaGluc131A) was identified and classified to a new
glycoside hydrolases GH131 family. It shows exo-b-1,3/exo-b-1,6 and endo-b-1,4 glucanase activities
with a broad substrate specificity for laminarin, curdlan, pachyman, lichenan, pustulan, and cellulosic
derivatives. Here we report the crystal structures of the PaGluc131A catalytic domain with or without
ligand (cellotriose) at 1.8 Å resolution. The cellotriose was clearly observed to occupy the +1 to +3 sub-
sites in substrate binding cleft. The broadened substrate binding groove may explain the diverse sub-
strate specificity. Based on our crystal structures, the GH131 family enzyme is likely to carry out the
hydrolysis through an inverting catalytic mechanism, in which E99 and E139 are supposed to serve as
the general base and general acid.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Lignocellulosic biomass is the most abundant source of energy
from plants which contains carbohydrate molecules with various
chemical linkages [1]. The hydrolysis of cellulose into monosaccha-
rides required three major cellulolytic enzymes: endoglucanase,
exoglucanase and b-glucosidase [2]. Podospora anserina has been
demonstrated to possess one of the largest fungal sets of candidate
enzymes (from CAZy website) for cellulose degradation [3], with
one of the largest numbers of carbohydrate-binding modules
(CBMs) among all of the fungal genomes [4].

In 2012, a new glycoside hydrolase (GH) was classified as
GH131 family from P. anserina (PaGluc131A) [5]. PaGluc131A is
composed of a catalytic domain at the N-terminal end, a carbohy-
drate-binding module family 1 (CBM1) domain at the C-terminal
end, and a linker that connects the two domains. Although the
function of CBM1 domain for GH131 members remains unclear,
the CBM1 domain is essential for the enzyme activity [5]. PaG-
luc131A has drawn much attentions because it is an unusual
hydrolase and can act on a broad range of b-glucan polysaccha-
rides, including laminarin, curdlan, pachyman, lichenan, pustulan,
and cellulosic derivatives. Furthermore, it was also proved as a
bi-functional enzyme possessing activities of exo-b-1,3/exo-b-1,6
and endo b-1,4 glucanase.

More recently, the crystal structure of the catalytic domain of
GH131 from a basidiomycete fungus Coprinopsis cinerea
(CcGH131A) was solved [6]. The structure of CcGH131A features
a b-jelly roll fold. Based on the CcGH131A structure, four critical
residues (R96, E98, E138 and H218) were predicted to play impor-
tant roles in catalysis. However, the proposed mechanism needs to
be further verified using complex structures containing real sub-
strate/product, instead of glycerol molecules. Here we solved the
crystal structures of the catalytic domain of Gluc131A from P. anse-
rina in apo-form and in complex with cellotriose at high resolution.
Our results clearly identified the substrate binding pocket of PaG-
luc131A, and revealed the detailed interaction networks between
the ligand and active site residues. The molecular mechanism of
the novel GH131 family is now clearly elucidated, with an invert-
ing mechanism proposed accordingly.

2. Materials and methods

2.1. Expression and purification of PaGluc131A-270

The gene encoding of catalytic domain (residues 1–270) of
Gluc131A (PaGluc131A-270) from P. anserina was synthesized
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Table 1
Summary of data processing and refinement statistics.

G3 = Cellotriose Se-Met (Peak) Native G3-soak

PDB code 4LE3 4LE4

Data collection
Space group P1 P1 P1
Wavelength (Å) 0.97919 1.00000 0.97622
Unit-cell parameters
a/b/c (Å) 55.2/62.5/79.4 54.8/62.2/79.2 54.6/61.9/79.0
a/b/c (o) 81.8/74.9/77.3 81.6/75.0/77.1 81.5/75.2/77.3
Resolution (Å) 25.0–1.93 25.0–1.80 25.0–1.80

(2.00–1.93) (1.86–1.80) (1.86–1.80)
Unique reflections 71890 (6995) 86955 (8620) 87110 (8638)
Redundancy 4.3 (3.7) 3.0 (3.1) 3.4 (3.3)
Completeness (%) 96.4 (93.3) 96.2 (95.4) 97.0 (95.9)
Average I/r(I) 16.5 (2.6) 19.6 (4.3) 17.9 (3.0)
Rmerge (%) 8.9 (36.9) 6.9 (29.7) 6.9 (29.7)
Refinement
No. of reflections 85623 (7873) 84769 (7674)
Rwork (95% of data) 0.176 (0.233) 0.178 (0.256)
Rfree (5% of data) 0.217 (0.279) 0.216 (0.304)
R.m.s.d. bonds (Å) 0.010 0.012
R.m.s.d. angles (o) 1.674 1.630
Dihedral angles (%)
Most favored 87.3 87.9
Allowed 12.5 11.9
Disallowed 0.2 0.2
Average B (Å2)/No. of non-H atoms
Protein 22.9/7707 19.7/7702
Water 39.8/1300 34.2/1126
Ligand 52.1/34

Values in parentheses are for the highest resolution shell.
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chemically and amplified by polymerase chain reaction (PCR) with
forward primer 50- GGTATTGAGGGTCGCGAAAACCTGTATTTTCAG
GGTGCGGGTGCGGGTGCGGGAACTATTTTGTGGGATGGAAGATTT-30

and reverse primer 50-AGAGGAGAGTTAGAGCCATTATTTTTCAAAC
TGCGGATGAGACCACGCAGACGCCGCCGCCAAACATTGAGAGTACCA
GTCGTTACC-30, and then cloned into the pET32 Xa/LIC vector. The
recombinant plasmids were transformed to E. coli BL21 (DE3) trxB
and the protein was induced with 0.5 mM isopropyl-thiogalacto-
pyranoside (IPTG) at 30 �C for 12 h.

Cell paste was harvested by centrifugation at 7000�g and resus-
pended in a lysis buffer containing 25 mM Tris–HCl, pH 7.5,
150 mM NaCl and 20 mM imidazole. Cell lysate was prepared with
a French Press Instrument (GuangZhou JuNeng Biology&Technol-
ogy Co., LTD), and then centrifuged at 17000�g to remove cell deb-
ris. The proteins were purified by FPLC using a Ni–NTA column. The
buffer and gradient for the Ni–NTA column were 25 mM Tris–HCl,
pH 7.5, 150 mM NaCl, and 20–250 mM imidazole. His-tagged PaG-
luc131A-270 was eluted at about 125 mM imidazole. The protein
solution was dialyzed against a buffer containing 25 mM Tris–
HCl, pH 7.5 and then purified by FPLC using DEAE column, the buf-
fer and gradient for the DEAE column were 25 mM Tris–HCl, pH
7.5, and 0–500 mM NaCl. The protein was eluted at about
250 mM NaCl. And the protein solution was dialyzed against an-
other buffer containing 25 mM Tris–HCl, pH 7.5, 150 mM NaCl
and then subjected to Tev protease digestion to remove the His
tag and thioredoxin fusion protein. The mixture was then passed
through Ni–NTA column again and the untagged PaGluc131A-
270 was eluted with non-imidazole-containing buffer. Selenome-
thionine (SeMet) protein was obtained by using a simple minimal
medium with some salts and L-SeMet [7]. The preparation proce-
dure of the SeMet-substituted protein was similar to that of the
wild-type protein.

2.2. Crystallization, data collection, structure determination and
refinement

Prior to crystallization, the purified PaGluc131A-270 and SeMet
protein were concentrated to 25 mg/ml in 25 mM Tris–HCl,
150 mM NaCl, pH 7.5 buffer. The wild-type PaGluc131A-270 pro-
tein was first crystallized by using the PEG/LiCl screen kit (Hamp-
ton Research) and sitting-drop vapor diffusion method. The D4
reservoir solution contained 0.1 M HEPES, pH 7.0, 1 M LiCl and
30% w/v PEG6000. Better crystals were obtained at 0.1 M HEPES,
pH 7.0, 0.7 M LiCl and 33% PEG6000. The SeMet protein crystal
was obtained in 0.1 M HEPES, pH 7.0, 0.5 M LiCl and 32%
PEG6000. All crystals were prepared at room temperature and
reached suitable size for data collection in 7 days. The cellotri-
ose-bound crystal was obtained by soaking the native crystal with
mother liquor containing 10 mM cellotriose for 3 h.

The X-ray diffraction datasets from the SeMet, apo-form and the
complex (PaGluc131A-270-cellotriose) crystals were collected at
1.80 to 1.93 Å resolution at beam line BL13B1 and BL13C1 of the
National Synchrotron Radiation Research Center (NSRRC, Hsinchu,
Taiwan). There is no need for preparing the crystal cryoprotecant,
because the PEG6000 concentration is high enough to be cryopro-
tectant during data collection. All of these datasets were processed
using the program HKL2000 [8]. The crystals belong to the space
group P1 and there are four molecules in an asymmetric unit. Prior
to use in structural refinements, 5% randomly selected reflections
were set aside for calculating Rfree as a monitor [9]. The initial
phase information was derived from single-wavelength anomalous
diffraction (SAD) method. The Se sites were first found by SHLEXD
[10] and then refined by SOLVE [11]. Subsequently, the initial
phase was significantly enhanced by OASIS-aided SAD phasing
and phase-improvement process [12]. The final initial model con-
taining 969 residues with side-chains was built by RESOLVE [11]
and ARP/wARP [13]. The following native data set was refined at
1.8 Å resolution using CNS [14] and Coot [15] programs. The com-
plex structure (PaGluc131A-270-cellotriose) was determined by
molecular replacement (MR) method with PHASER [16] by using
the refined apo-structure as a search model. The 2Fo�Fc difference
Fourier map showed clear electron densities for most amino acid
residues. Subsequent refinements by incorporating water mole-
cules and ligands were according to 1.0 map level by using CNS
[14] and Coot [15]. Data collection and refinement statistics of
these crystals are summarized in Table 1. All figures were prepared
by using PyMOL (http://pymol.sourceforge.net/).
2.3. PDB accession numbers

The atomic coordinates and structure factors of the PaG-
luc131A-270 in apo-form and in complex with cellotriose have
been deposited in the RCSB Protein data bank, with the accession
code 4LE3 and 4LE4, respectively.
3. Results and discussion

3.1. Overall structures

Single-wavelength anomalous diffraction (SAD) data of SeMet
crystal was collected to solve the PaGluc131A-270 structure be-
cause at that time no GH131 structure was available for structure
determination otherwise. Most recently, a catalytic domain struc-
ture of C. cinerea GH131A (PDB code: 3W9A) was determined.
The catalytic domain protein sequence identity is 52% compared
to PaGluc131A-270 (whole protein sequence identity is 43%) [6].

There are four molecules in an asymmetric unit of the PaG-
luc131A-270 crystal. A PDBePISA [17] analysis demonstrated that
both apo- and ligand-bound forms are monomeric enzyme, be-
cause it lacks significant surface contacts or interactions with the
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other monomers. All monomers seen in the crystals are continuous
from the N- to C-terminus (residues 19–267 for A chain; 19–263
for B chain; 19–260 for C chain; 19–265 for D chain), except for
the last few C-terminal residues being missing. These four PaG-
luc131A-270 apo structures are very similar and the root-mean-
square derivations (RMSD) of all Ca-atoms are 0.16 Å to 0.22 Å.
Among the four monomers in the complex crystal, only one mono-
mer was found to contain a cellotriose density. By comparing the
apo and complex structures, there is no significant conformational
changes (RMSD is 0.082 Å for 225 Ca-atoms). However, the puta-
tive catalytic residue E139 has its side chain oriented differently
upon cellotriose binding (Figure S1).

The overall structure of PaGluc131A-270 in complex with cello-
triose is shown in Fig. 1A. The structure adopts a jelly-roll fold,
which includes nine outer b strands (A1-A9) and six inner b strands
(B1-B6) (Fig. 1B). The b-sheets A and B are packed against each
other and linked by interconnecting loops. The active-site cleft is
formed by inner b-sheet B and its associated loops (Fig. 1C). In
comparison with the other jelly-roll fold proteins (GH7, GH11,
GH12, and GH16), the b-sheet B is less bent and the overall length
is shorter, so that the active site region forms a shallow and wide
cleft [18]. Because the PaGluc131A was the first enzyme classified
into GH131 family, many hypothetic proteins based on the se-
quence homology have also been identified. Recently, the crystal
structure of the N-terminal domain of GH131 protein from C. cine-
rea was solved. The catalytic domain of PaGluc131A shares a se-
quence identity of 52% with that of CcGH131A, and the putative
Fig. 1. Overall structure of PaGluc131A-270 in complex with cellotriose. (A) Stereo-vie
structural elements and loops are spectrum-colored from N-terminus (blue color) to C-te
surface view of PaGluc131A-270 structure. The CTR molecule is shown as yellow sticks. (D
red, respectively. Subsites are numbered. (For interpretation of color in Fig. 1 the reader
active-site residues are highly conserved (Figure S2). The RMSD be-
tween PaGluc131A-270 and CcGH131A is 1.2 Å for 235 Ca atoms,
with major difference lying in the connecting loops (Figure S3).
All of the b-strands of PaGluc131A-270 are shorter than those of
CcGH131A, and one additional b-strand in the inner sheet B was
observed in CcGH131A.

3.2. The substrate-binding site

There is only one cellotriose (CTR) observed in one of the four
polypeptide chains in an asymmetric unit but the electron density
is very clear (Fig. 1D). The CTR was found to occupy subsites +1 to
+3. The detailed interactions between PaGluc131A-270 and CTR
are depicted in Fig. 2A. One carboxyl oxygen atom of E139 made
an H-bond of 2.9 Å to the O4 atom of +1 sugar. The other carboxyl
oxygen atom of E139 formed two hydrogen bonds with the O3
atom of +1 sugar at 2.7 Å, and with the side chain NE2 of H224
at 3.3 Å. The ND1 atom of H224 also formed an H-bond with
E99. Therefore, H224 probably is stabilized in a protonated form.
E99 is also hydrogen bonded to R97, which in turn stabilizes the
O3 atom of +1 sugar by a hydrogen bond and mediates a water
molecule to interact with the O4 atom of +1 sugar. I52 and W90
provide nonpolar interactions to the sugar ring. W41 provides
stacking force with the +3 sugar and Y51 formed one hydrogen
bond of 3.4 Å with the O4 of +2 sugar. Previous kinetic studies
showed that PaGluc131A can hydrolyze both b-(1,3)/(1,6) and
barely b-(1,4) linked substrates [5]. Based on our complex
w of complex structure of PaGluc131A-270 with cellotriose (CTR). The secondary
rminus (red). (B) The topology is depicted as a schematic diagram. (C) Electrostatic
) The 2Fo-Fc maps of CTR are contoured at 1 and 1.5 r level and colored in gray and
is referred to the web version of this article.)
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structure, the protein surface model revealed that the active site
possesses a shallower and wider substrate-binding shape which
might be able to accommodate various kind of polysaccharides
(Fig. 1C). In addition, fewer interactions between the ligand and ac-
tive site residues of PaGluc131A-270 were observed comparing to
other glucanases with narrow substrate specificity, which gener-
ally is a result of more interactions between enzyme and ligand.

3.3. Proposed catalytic mechanism

Because the CTR in the complex structure was observed in +1 to
+3 sites, it was hard to define the anomeric atom. Compared with
the three glycerol molecules in the CcGH131A structure, the +1 su-
gar of CTR was near Gol-C (Fig. 2B). Based on the complex structure
of PaGluc131A-270 with CTR, the four highly conserved GH131A
residues, R97, E99, E139, and H224 are located in the active site.
To better understand the detailed catalytic mechanism, a cellotet-
raose (CTT) was modeled into PaGluc131A structure in the �1 to
+3 subsites (Figure S4). From the previous CcGH131A structure, a
catalytic dyad of E98 and H218 (corresponding to E99 and H224
in PaGluc131A-270) was proposed [19,20]. It represents an unu-
Fig. 2. Detail interaction in the active site. (A) The interaction of PaGluc131A-270 with bo
site residues are colored in green stick. The hydrogen bonds are shown in black dash lin
with CTR and CcGH131A with three glycerols. The residues in the active sites from PaG
glycerols are colored in yellow and pink, respectively. (For interpretation of color in Fig
sual catalytic machinery in which H218 acts as a catalytic residue
and E98 activates the histidine during catalysis. The catalytic dyad
acts as both acid and base in a retaining enzyme but as an acid in
the inverting enzyme. However, the dyad E99-H224 in PaG-
luc131A-270 (corresponding to E98-H218 in CcGH131A) is not
properly positioned for catalysis.

From our structure, the E139 side chain which makes hydrogen
bonds to both O3 and O4 atoms of the +1 sugar of CTT is most likely
to act as the general acid. It is in a good position for proton donor.
The close vicinity to both O3 and O4 explains the dual specificity in
cleaving b-1,3 and b-1,4 bonds. The adjacent H224 can relay its
proton and keep E139 in a protonated state. Regarding the general
base, E99 on the opposite side of E139 seems to be the best candi-
date. The distance between the carboxylate oxygen atoms of E99
and E139 is �9 Å, suggesting that PaGluc131A-270 is an inverting
enzyme. Because of its relative position and distance to the C1
atom of �1 sugar of CTT (>4 Å; Figure S4), E99 can effectively
deprotonate a water molecule and direct it toward the anomeric
carbon for nucleophilic attack. In addition, the adjacent positively
charged R97 can keep E99 in a deprotonated state. These observa-
tions suggest that the GH131 enzymes might adopt an inverting
und CTR. CTR is shown in yellow stick and labeled from +1 to +3 subsites. The active-
es. (B) Stereo-view of the superimposed active-site residues of the PaGluc131A-270
luc131A-270 and CcGH131A are colored in green and cyan, and the CTR and three
. 2 the reader is referred to the web version of this article.)



Fig. 3. Proposed catalytic mechanism of PaGluc31A-270. The reaction of an inverting enzyme is depicted in a schematic diagram. The two glucose residues correspond to
those bound to the �1 and +1 subsites. Here E99 acts as general base and E139 acts as general acid.
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mechanism [21], with E99 acting as the general base and E139 as
the general acid. (see Figs. 1 and 2)

In conclusion, our complex structure provides more evidence to
clarify the mechanism of GH131A family. The inverting reaction
mechanism is proposed in Fig. 3. E99 is the general base to activate
a water to attack the C1 atom of the �1 sugar ring. E139 serves as
the general acid to facilitate the glycosidic bond cleavage and the
leaving of +1 sugar. In our crystal, the E139 side chain directly
interacts with the O3 and O4 atoms, but not O6. Overall, this study
gives detailed interactions at the active site of a GH131 family en-
zyme in complex with a carbohydrate.
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