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The structure of a glycoside hydrolase family 81

endo-f-1,3-glucanase

Endo-f-1,3-glucanases catalyze the hydrolysis of 8-1,3-glyco-
sidic linkages in glucans. They are also responsible for rather
diverse physiological functions such as carbon utilization, cell-
wall organization and pathogen defence. Glycoside hydrolase
(GH) family 81 mainly consists of 8-1,3-glucanases from fungi,
higher plants and bacteria. A novel GH family 81 g-1,3-
glucanase gene (RmLam81A) from Rhizomucor miehei was
expressed in FEscherichia coli. Purified RmLam8l1A was
crystallized and the structure was determined in two crystal
forms (form I-free and form II-Se) at 2.3 and 2.0 A resolution,
respectively. Here, the crystal structure of a member of GH
family 81 is reported for the first time. The structure of
RmLam81A is greatly different from all endo-$-1,3-glucanase
structures available in the Protein Data Bank. The overall
structure of the RmLam81A monomer consists of an N-
terminal B-sandwich domain, a C-terminal («/«r)s domain and
an additional domain between them. Glu553 and Glu557 are
proposed to serve as the proton donor and basic catalyst,
respectively, in a single-displacement mechanism. In addition,
Tyr386, Tyr482 and Ser554 possibly contribute to both the
position or the ionization state of the basic catalyst Glu557.
The first crystal structure of a GH family 81 member will be
helpful in the study of the GH family 81 proteins and endo-f-
1,3-glucanases.

1. Introduction

The fungal cell wall with a rigid structure can protect the cell
from osmotic pressure and other environmental stresses
during the different stages of the life cycle. In almost all fungi,
the central core of the cell wall is a branched $-1,3/1,6-glucan
that is linked to chitin via a B-1,4 linkage (Latgé, 2007).
Between 65 and 90% of the cell-wall glucan is found to be g-
1,3-glucan (Bowman & Free, 2006). B-1,3-Glucan is also the
main constituent of plant cell walls and a major structural and
storage polysaccharide in marine macroalgae (Fibriansah et
al., 2007). Glycoside hydrolases (EC 3.2.1.x) form a wide-
spread group of enzymes that hydrolyze the glycoside bond.
Based on its mechanism of action, $-1,3-glucanase is classified
as an endo-B-1,3-glucanase (laminarinase; EC 3.2.1.39) and an
exo-f-1,3-glucanase (EC 3.2.1.58). The endo-f-1,3-glucanase
cleaves within a glucan chain, releasing a mixture of oligo-
saccharides, while the exo-fB-1,3-glucanase releases glucose
residues from the nonreducing end (Martin-Cuadrado et al,
2008).

According to the classification of carbohydrate-active
enzymes (CAZy; http://www.cazy.org/; Cantarel et al., 2009),
endo-B-1,3-glucanases are grouped into six glycoside hydro-
lase (GH) families: 16, 17, 55, 64, 81 and 128 (Sakamoto et al.,
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2011). Three-dimensional structures of members of GH
families 16, 17, 55 and 64 have been solved, providing detailed
structure—activity information (Wojtkowiak et al., 2012). To
date, no structural information has been reported on members
of GH families 81 and 128.

So far, GH family 81 contains 175 members, which are
widely distributed in fungi, higher plants and bacteria (http://
www.cazy.org/GH81.html). All of the proteins share a
common region of around 650 amino acids. Some members of
this family have been characterized, such as Aspergillus
fumigatus EngA (Fontaine et al., 1997), Saccharomyces cere-
visiae Eng2 (Martin-Cuadrado et al., 2008), Thermobifida
fusca Lam81 (McGrath & Wilson, 2006) and Glycine max f-
glucan-binding protein (GBP) (Fliegmann et al., 2005). All
characterized GH family 81 proteins display endo-$-1,3-
glucanase activity. Laminari-oligosaccharide degradation by
GH family 81 endo-B-1,3-glucanase has revealed that the
active site of the enzymes recognized at least five glucose units.
"H NMR spectroscopic analysis has demonstrated that the
enzymes utilize an inverting hydrolytic mechanism (Flieg-
mann et al., 2005; McGrath & Wilson, 2006).

GH family 81 proteins show rather diverse physiological
roles. GBP from the plant G. max is essential for a functional
B-glucan receptor. It also shows p-1,3-glucanase activity
(Umemoto et al., 1997; Fliegmann et al., 2005). GH family 81
endo-B-1,3-glucanases from bacteria such as 7. fusca and
Bacillus halodurans play a role in plant biomass degradation
(van Bueren et al., 2005; McGrath & Wilson, 2006). Englp
from S. cerevisiae localizes to the daughter side of the septum
and is involved in cell separation (Baladrén et al., 2002).
However, Engl from S. pombe localizes in a symmetrical
fashion in a ring surrounding the primary septum during cell
separation to hydrolyze the cell-wall components of the
septum (Martin-Cuadrado et al., 2003). S. pombe Eng2 acts
together with a GH family 71 o-1,3-glucanase Agn2 in the last
step in the sexual cycle for endolysis of the ascus wall (del
Dedo et al., 2009).

Rhizomucor miehei CAUA432 is a strain of thermophilic
fungus thriving at an optimum temperature at 323 K (Katrolia
et al.,2012). In the present study, cDNA cloning, heterologous
expression, crystallization and two crystal structures of a
recombinant endo-$-1,3-glucanase (RmLam81A) from
R. miehei CAUA432 are described. Like other members of GH
family 81 proteins, RmLam81A exhibited B-1,3-glucanase
activity and was active towards linear p-1,3-glucans (lami-
narin) with an endohydrolytic mode of action. The crystal
structure of the enzyme is reported in two crystal forms,
thereby providing the first three-dimensional structural view
of a GH family 81 member.

2. Materials and methods
2.1. Cloning and expression

Recombinant DNA techniques as described by Sambrook
& Russell (2001) were employed to perform DNA manip-
ulations. The procedure described by Katrolia et al. (2012) was

used with modifications to clone the endo-B-1,3-glucanase
gene from R. miehei CAU432. Degenerate primers DP1 and
DP2 (Supplementary Table S1') were designed on the basis of
the conserved sequences (YNDHHYH and DGRDQE) of
fungal GH family 81 g-1,3-glucanases. The full-length cDNA
sequence of the B-1,3-glucanase was obtained by 5’ and 3’
RACE (rapid amplification of cDNA end) using a SMART
RACE cDNA Amplification Kit (Clontech). The p-1,3-
glucanase cDNA sequence (designated as RmLam81A) from
R. miehei CAU432 was deposited in the GenBank nucleotide
sequence database with accession No. KC847083.

To express RmLam81A, the coding region of the gene
without the signal peptide sequence was amplified by PCR
from the cDNA of R. miehei CAUA432 with primers
RmLam81F and RmLam81R. BamHI and Xhol sites (under-
lined) were added to the forward and reverse primers,
respectively (Supplementary Table S1). The PCR product was
cloned into the BamHI/Xhol site of pET28a (+) vector
(Novagen) and transformed into Escherichia coli BL21 for
protein expression.

2.2. Purification

The E. coli BL21 transformant was grown in LB (Luria-
Bertani) medium containing kanamycin (50 pg ml_l) and
incubated on a rotary shaker (200 rev min~", 310 K) until the
optical density ODgq reached about 0.6-0.8. IPTG (isopropyl
B-p-1-thiogalactopyranoside) was added to a final concentra-
tion of 1 mM to induce expression and the culture was grown
at 303 K for a further 16 h. 11 of E. coli culture was harvested
by centrifugation, suspended in column buffer A (20 mM Tris—
HCI pH 8.0, 500 mM NaCl, 20 mM imidazole) and disrupted
by sonication. The lysate was clarified by centrifugation at
10 000g for 10 min at 277 K and the clear supernatant was
applied onto an Ni-IDA column (1 x 5 cm; GE Life Sciences)
pre-equilibrated with buffer A. The column was washed with
buffer A followed by buffer B (20 mM Tris-HCl pH 8.0,
500 mM NaCl, 50 mM imidazole). The recombinant protein
was eluted with buffer C (20 mM Tris—HCI pH 8.0, 500 mM
NaCl, 200 mM imidazole). The purified pB-1,3-glucanase
(RmLam81A) was ultrafiltered, concentrated and buffer-
exchanged in 100 mM Tris-HCl pH 8.0 using a 10 kDa
molecular-weight cutoff ultrafiltration membrane. To remove
the His tag, RmLam81A (1 mgml™') was incubated with
B. subtilis proteases (0.01 mg ml™") in 100 mM Tris—-HCl pH
8.0 at 293 K overnight. The protein was further purified by gel
filtration on a Sephacryl S-100 HR column in buffer D (20 mM
Tris-HCI pH 8.0, 100 mM NaCl) and concentrated. Seleno-
methionine-derivatized RmLam81A was expressed using a
metabolic inhibition protocol and M9 medium supplemented
with 50 mg ml™" L-selenomethionine (Se) and purified using
the same protocol as described above.

! Supplementary material has been deposited in the TUCr electronic archive
(Reference: DZ5286). Services for accessing this material are described at the
back of the journal.
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Table 1

X-ray data-collection and refinement statistics.

Values in parentheses are for the outer shell.

Form I-free Form II-Se
Data-collection statistics
Radiation source KEK-NE3A SSRF-BL17U
Wavelength (A) 0.9794 0.9792
Space group P12,1 P2,2:2,

Unit-cell parameters (A, °)

Resolution range (A)
Total No. of reflections

a =8485 b=9163,

¢ =92.66, = 9871
50.0-2.30 (2.34-2.30)
303854

a=9495 b= 118.66,

¢ =139.15
50.0-2.00 (2.03-2.00)
1317400

Unique reflections 61059 106346
Multiplicity 5.0 (4.3) 12.4 (9.5)
Completeness (%) 95.3 (83.5) 99.9 (98.3)
Mean I/o(I) 23.4 (5.16) 42.8 (9.75)
Ruerge (%) 9.7 (37.2) 9.5 (31.3)
B factor from Wilson 222 18.1

plot (A %)

Resolution (A)
No. of reflections

Refinement and model statistics

50.0-2.30 (2.34-2.30)
59792

50.0-2.00 (2.03-2.00)
106200

Ryorct (%) 14.8 (18.1) 144 (17.1)
Rireet (%) 19.7 (22.4) 17.6 (23.3)
No. of residues 1440 1433
No. of water molecules 699 1363
R.m.s.d., bond lengths (A)  0.008 0.008
R.m.s.d., angles (°) 1.232 1.124
Mean B factor (A?)
Main chain/side chain 12.9/14.4 8.4/12.3
Ligands/ions 30.9 19.4
Solvent 143 17.6
MolProbity statistics
Ramachandran
Most favoured (%) 97.13 97.24
Allowed (%) 2.73 2.62
Outliers (%) 0.14 0.14
Rotamer outliers (%) 1.88 0.97
Clashscore (%) 8.56 5.15
PDB code 4k3a 4k35

T Ruerge = D pua O Hi(hkl) — (I(hKD))| /3" 3; I(hkl), where I(hkl) is the intensity of
observation i of reflection hkl and (I(hkl)) is the weighted average intensity for all
observations i of reflection Akl % Ruork = D i |[Fobs) = |Feucl|/D mit |Fopsl for
reflections in the working set, where F,,, and F_,. are the observed and calculated
structure factors, respectively. Ry is calculated analogously for a test set of reflections
that were randomly selected and excluded from the refinement.

2.3. Crystallization

Initial crystallization screening was performed manually
using the Crystal Screen and Crystal Screen 2 reagent kits
(Hampton Research) by vapour diffusion in sitting drops at
293K in 48-well plates. Each drop consisted of 1pl
20 mg ml™" protein solution and 1 ul crystallization cocktail
and was equilibrated against 100 pl reservoir solution.

Condition No. 17 of Crystal Screen [200 mM Li,SO,,
30% (w/v) PEG 4000, 100 mM Tris-HCI pH 8.5] was found to
give clustered needle-shaped crystals in one week. The
condition was further optimized by varying the precipitant,
salt, buffer, pH and additives. Further crystallization trials
yielded a cluster of plate-like crystals (form I-free) with
optimal dimensions of 0.5 x 0.2 x 0.02 mm that grew in
160 mM Li,SO,, 24%(w/v) PEG 4000, 80 mM Tris—-HCl pH
8.5, 6%(v/v) MPD (2-methyl-2,4-pentanediol) (Supplemen-
tary Fig. S1). Three plate-like crystals were directly flash-
cooled in liquid nitrogen for data collection. One crystal

diffracted to a resolution of 2.3 A. The crystals took more than
one month to grow and could not be reproduced. The other
form of crystals (form II-Se) appeared using the condition
24% (w/v) PEG 4000, 80 mM Tris—HCI pH 8.5, 6% (v/v) MPD.
The crystals appeared in 2-4 weeks with optimal dimensions
of 0.4 x 0.2 x 0.2mm (Supplementary Fig. S1). A single
crystal of the Se-derivatized B-1,3-glucanase (form II-Se)
picked up from a droplet in a 0.2 mm diameter mohair loop
was transferred into cryoprotectant solution [24% (w/v) PEG
4000, 80 mM Tris-HCI pH 8.5, 30%(v/v) MPD] for 5 min and
then placed directly into a liquid-nitrogen cryostream.

An X-ray diffraction data set was collected from a form
I-free crystal using synchrotron radiation on beamline NE3A
of the Photon Factory, High Energy Accelerator Research
Organization (KEK), Tsukuba, Japan. Single-wavelength
anomalous dispersion (SAD) data for the form II-Se crystals
were collected on beamline BL-17U at the Shanghai
Synchrotron Research Facility (SSRF), People’s Republic of
China. All diffraction data were indexed, integrated and
scaled using the program HKL-2000 (Otwinowski & Minor,
1997).

The RmLam81A form I-free crystal had a monoclinic lattice
(space group P12,1), with unit-cell parameters a = 84.85,
b = 91.63, ¢ = 92.66 A. There were two molecules per asym-
metric unit, with a corresponding Matthews coefficient (Vy,)
of 223 A*Da™! and a solvent content of 44.9%. As no
homologous structure of any member of GH family 81 had
previously been determined, experimental phasing was
necessary. To this end, Se-derivatized RmLam8l1A was
prepared. The form II-Se crystal diffracted to 2.0 A resolution
and belonged to the orthorhombic space group P2,2,2;, with
unit-cell parameters a = 94.54, b = 118.66, ¢ = 139.15 A.

2.4. Structure determination and refinement

The RmLam81A structure was determined to 2.0 A reso-
lution by anomalous signal (Se-SAD) phasing techniques
using the form II-Se crystal. For phasing experiments,
phenix.hyss (Adams et al., 2010) was used for determining the
selenium substructures, phenix.phaser (McCoy et al., 2007) was
used for phasing, phenix.resolve (Terwilliger & Berendzen,
1999) was used for density modification and phenix.autobuild
was used for automatic model building (Adams et al, 2010).
The experimentally phased electron-density map was of high
quality, enabling 98% of the amino-acid sequence to be
automatically traced using phenix.autobuild. The structure was
completed with alternating rounds of manual model building
with Coot (Emsley & Cowtan, 2004) and refinement with
phenix.refine (Adams et al., 2010). The RmLam81A form II-Se
crystals contained two protein molecules, one MPD molecule
and four Tris molecules in the asymmetric unit (Supplemen-
tary Fig. S2). The polypeptide chain of molecule A is visible
from residues 6 to 724, with the N-terminal histidine tag, the
first five residues and the C-terminal 47 residues not being
visible in electron density. In molecule B a further seven
disordered residues (Thr96-Asp103) could not be modelled
because of poor electron density. The structure quality was
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ScEng2 ESNNTVQP[K|E[FI|G . NK\S[EJIL FENK IPHAIT[YFG . . MEP|Q|Y|IHMPHA|TPITI T|. SASSWVRTPNF[VKEEWEEKMQP . . . . I|I[DQ[V|NDGRIK|G|I|I M|L{N M[A L{L{D[P K
TfLam81A ADG.DAFP[]|G|YSH . . DIYVIEMVWSIDGGMHRIIWWDG . . TPEELY N YL} TAGSLYLGHDPEHAAAMHQSLVTR . . . . .|L{GRIQ[PQVYR|D|I[HWAH QA L{S|D|P D
GnGbp KEGGTLY E[K|E[F T/O E N R\YMIEGVIL WISN KR T GIL/W F A PAEWKIE|CRIL GO LILBJL AP I SEAIFSNVDF[VKELVEWTLPALD . . RE|GG|V|G E GRIKIGIFV Y|AIL ElG V[Y[DIN E
ol? al8
RUEAREIE D I e o e e e e e S e ey
700 710 720 730 740 750 760 7709

RmLam81A E[R|]YPALRKVQ.MDDGQTRSYSLYLTATRPHFFRR. . ... ... .. SLLAALARHGS[TRRPS[|PS SGDDDKHEDGFLLRFRRLNPFNLKHRIY

AfEngA A|SWNFF|TQPN.FDYS WIDGGA|SRTWY|LAYARGEFIID. . .. vt vt it ee e e

ScEng2 FlS|YDFF|SQPD . FNRN FLDNGQISLTWSILAYSG.AFS . . . v v vt et e e e eee e e

TfLam81A ARLAAFERAQWQSYEPESGSSKAHTYQWLSTLAEFGTVDTSVTADTPHYAVFRDGDRRTYVRIFNPTGQPLTVTIFSDGTTLTVPPGQLATG. .

GnGbp SRLOKIRNMLEKGFEDGG « v v v o et e et e e e e e et e NSLTNLIUWWIHSRSDE . « « v oottt ettt e e e e

Figure 1

Structural sequence alignments of GH family 81 proteins. Residues forming the secondary structures are highlighted above the sequences of
RmLam81A. Domain A, domain B and domain C are shown in yellow, red and green, respectively. The 3;¢-helices are indicated by the character 1. The
identical residues are shown in white with a red background and conservative changes are shown in red with a white background. The catalytic residues
are marked by empty (proton donor) and filled (basic catalyst) stars. The sequences of R. miehei GH family 81 f-1,3-glucanase (RmLam81A),
A. fumigatus EngA (AfEngA; AAF13033), S. cerevisiae Eng2 (ScEng2; AAB82378), T. fusca YX Lam81A (TfLam81A, AAZ56163) and G. max Gbp
(GmGbp; BAA11407) were aligned by ClustalW2 (Larkin er al., 2007) and the figure was produced with ESPript (Gouet et al., 2003) with manual
modifications.
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assessed by MolProbity (Chen et al., 2010). The final model
has a crystallographic Ry of 14.4% and an Ry, of 17.6%.
The average atomic B factor for the molecules is 9.7 A2,

For the form I-free structure, molecular replacement was
used with the form II-Se crystal structure. phenix.automr and
phenix.autobuild were utilized for molecular replacement and
model rebuilding (Adams er al, 2010). The structure was
determined at 2.3 A resolution. The RmLam81A form I-free
crystals belonged to space group P12,1 and contained two
protein molecules and two sulfate ions in the asymmetric unit
(Supplementary Fig. S2). The final model has a crystallo-
graphic Ryo of 14.8% and an Rg.. of 19.7%. The average
atomic B factor for the molecule is 13.9 A% The structure of
RmLam81A was compared with all available protein struc-
tures using the DALI server (Holm & Rosenstrom, 2010).
Structural superpositions were calculated using LSOQMAN

Domain A <

N—

Domain C <

Domain A

Figure 2

Domain B

(Kleywegt, 1999). The solvent-accessible surface area was
calculated using AREAIMOL in the CCP4 program suite,
with a probe radius of 1.4 A (Winn ez al., 2011). Analysis of the
protein-ligand interactions was performed using the
LIGPLOT program (Wallace et al., 1995). Molecular and
electron-density illustrations were prepared in PyMOL (v.1.3;
Schrodinger LLC). The data-collection and refinement
statistics of the final refined molecule geometry are listed in
Table 1.

2.5. PDB accession code

The atomic coordinates and structure factors for the crystal
structures of RmLam81A and its Se derivative have been
deposited in the Protein Data Bank (PDB) under accession
codes 4k3a and 4k35, respectively (http://www.pdb.org).

Catalytic
cleft

Structure of R. miehei GH family 81 p-1,3-glucanase (RmLam81A). (a) Ribbon representation and protein surface of RmLam81A. Domain A is
coloured yellow, domain B red and domain C green. (b) Three-dimensional structure of RmLam81A domain A, domain B and domain C. The a-helical
segments and SB-strands are shown in blue and yellow, respectively. Catalytic residues (Glu553 and Glu557) are shown in stick representation. All figures
were produced using PyMOL v.1.3 (http://www.pymol.org; Schrodinger LLC).
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3. Results and discussion

3.1. Sequence analysis

Based on the conserved amino-acid sequences of fungal
B-1,3-glucanase genes of GH family 81, a 341 bp fragment was
amplified with degenerate primers LamDF and LamDR using
genomic DNA from R. miehei CAU432 as the template. The 5’
and 3’ flanking regions of the fragment which were approxi-
mately 1663 and 846 bp, respectively, were then assembled
with the core fragment to generate a 2489 bp cDNA sequence
containing a putative full-length open reading frame (ORF) of
2391 bp (Supplementary Fig. S3). The translated protein
contains 796 amino-acid residues. The nucleotide and deduced
amino-acid sequences of the full-length cDNA and flanking
region of the §-1,3-glucanase gene (RmLam81A) are shown in
Fig. 1. Comparison of the cDNA with the genomic sequence
indicated the existence of six introns in the coding region.

The N-terminal region (1-25) is predicted to be a signal
peptide using the SignalP3.0 software (Bendtsen et al., 2004).
The mature protein contains 771 amino-acid residues with a
predicted molecular mass of 87 kDa and a theoretical pI of 5.3.
Like other fungal GH family 81 8-1,3-glucanases, RmLam81A
contains a signal peptide suggesting that it is an extracellular
protein.

According to the homology search by PSI-BLAST
(Altschul et al., 1997), the deduced amino-acid sequence of
RmLam81A shows 60% identity (68% coverage) to a hypo-
thetical protein from the zygomycota Rhizopus delemar
(accession No. EIE78560). However, RmLam81A shows a
relatively low degree (approximately 30%) of similarity to
other fungal B-1,3-glucanases such as A. fumigatus EngA

(AfEngA; 30% identity and 92% coverage; AAF13033;
Fontaine et al., 1997) and S. cerevisiae Eng2 (ScEng2; 27%
identity and 92% coverage; AAB82378; Martin-Cuadrado et
al., 2008). The overall identity between RmlLam81A and
bacterial or plant proteins is also very low. The identity
between RmLam81A and T. fusca Lam81 (7fLam81A; a
bacterial protein; AAZ56163; McGrath & Wilson, 2006) and
G. max B-glucan-elicitor receptor (GmGbp; a plant protein;
BAA11407; Umemoto et al, 1997) is only 20% (90%
coverage) and 24% (88% coverage), respectively (Fig. 1).

3.2. Overall structures

The overall structure of RmLam81A is presented in Fig. 2.
The RmLam81A monomer has approximate dimensions of
563 x 63.7 x 94.0 A. The accessible surface area of the
monomer to solvent is about 24 600 A2. The root-mean-square
deviations (r.m.s.d.s) between two chains are 042 A for
RmLam81A form I-free crystal and 0.38 A for RmLam81A
form II-Se crystal over 710 and 709 matching C* positions,
respectively. Moreover, a comparison of the two chain struc-
tures of form I-free and form II-Se gives r.m.s.d.s ranging from
0.56 to 0.73 A over 704-709 C* atoms. The r.m.s.d. values
indicate that the protein molecules between the two crystal
forms are divergent. However, both crystal forms maintain the
same secondary-structure elements and topologies. The
highest atomic deviations are observed in the loop regions
(Supplementary Fig. S4), especially for loops pB3-p4
(Leu71-Pro78), B5-P6 (Ser92-Gly105) and $13-p14 (Glul87-
Thr197). The conformational changes of loop pB3-p4
(Leu71-Pro78) correlate with sulfate ion binding. The changes
of loop B5-B6 (Ser92-Gly105)
and loop p13-B14 (Glul87-
Thr197) may be involved
in crystal-packing interactions.
The topology structure of
RmLam81A is shown in Fig. 3.
Each monomer of RmLam81A
consists of 18 «-helices, 32
B-strands and ten 3jy-helices,
comprising an N-terminal g-
sandwich domain (domain A

Figure 3
Topology of RmLam81A. B-Sheets are represented by arrows and o-helices are shown as cylinders
surrounded by black boxes. The RmLam81A monomer is coloured according to the domains, with domain
A depicted in yellow, domain B in red and domain C in green. This figure was drawn with Top Draw (Bond,
2003).

residues 1-250), a C-terminal
(¢/a)¢ domain (domain C resi-
dues 344-724) and an additional
domain (domain B residues 251-
343) between them (Fig. 2). There
are two antiparallel g1-826-827,
B30-B31-B32-B6—B5 cross-overs
between domain A and domain
C. Both domain A and domain C
form the ‘core’ of RmLam81A
which contributes to the active
site and substrate-binding surface
(Fig. 2).

Domain A of RmLamS81A
consists of a core of two eight-
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stranded antiparallel S-sheets with orders 52—83-p4-87-12—
B18-p17-14 and B8-L9-L10-B11-F19-p16-L15-P13 packed
on top of one another. According to the structural classifica-
tion of proteins (SCOP; http://scop.berkeley.edu), this S-
sandwich is grouped into the supersandwich superfamily,
which contains 18 strands in two sheets (Murzin ef al., 1995). A
structure-homologue search using the DALI server showed
that domain A was best aligned with the S-sandwich of the GH
family 57 4-a-glucanotransferase (TLGT) of Thermococcus
litoralis (Z-score 11.0; PDB entry 1k1w; Imamura et al., 2003)
and the GH family 2 S-galactosidase (KL-B-Gal) from Kluy-
veromyces lactis (Z-score 10.6; PDB entry 30b8; Pereira-
Rodriguez et al., 2012). TLGT is composed of two domains: an
N-terminal domain (domain I), which contains a (8/«);-barrel
fold, and a C-terminal domain (domain II), which has a
twisted S-sandwich fold (Imamura et al., 2003). The KL-B-Gal
subunit folds into five domains, only one (domain 3, TIM-
barrel domain) of which has an assigned catalytic function
(Pereira-Rodriguez et al., 2012). Although the overall
topology of the proteins is similar, the domains of
RmLam81A, TLGT and KL-B-Gal differ markedly in overall
atomic positions.

Domain C of RmLam81A is comprised of a core of (a/ar)s-
barrel topology consisting of a double barrel of «-helices with
the C-terminus of the outer helix leading into the N-terminus
of an inner helix. According to the structural classification of
proteins (SCOP), this (a/or)s-barrel, which is common in
glycosyl hydrolases, polysaccharide lyases and terpenoid
cylases/protein prenyltransferases, is grouped into the six-
hairpin enzyme superfamily (Murzin et al., 1995). A structure-
homologue search using the DALI server shows that domain
C shares the highest structural similarity to the GH family 88
Bacillus sp. GL1 glycosaminoglycan (PDB entry 1vdS; Z-score
15.8; Itoh et al., 2004) and the GH family 8 xylanase of
Pseudoalteromonas haloplanktis (PDB entry 1hl14; Z-score
15.2; Van Petegem et al., 2003). Both these proteins show the
same (o/a)s-barrel fold found in the six-hairpin enzyme
superfamily of the SCOP database.

Domain B of RmLam81A belongs to a short decoration
linking domain A and domain C, which is located on the
reverse side of RmLam81A. It contains two twisted anti-
parallel S-strands ($20-821-825 and B22-824-23) and two
a-helices (Fig. 2b). On the surface of the RmLam81A struc-
ture there is a prominent cleft which is about 10 A deep, 10 A

Figure 4
Cartoon representation of 8-1,3-glucanases from other GH families: (¢) GH family 16 (green; PDB entry 3azx; Jeng et al., 2011), (b) GH family 17 (cyan;
PDB entry 3ur7; Wojtkowiak er al., 2012), (c¢) GH family 55 (purple; PDB entry 3eqn; Ishida et al., 2009) and (d) GH family 64 -1,3-glucanase (blue;
PDB entry 3gd0; Wu et al., 2009). The bottom panel shows the superposition of RmLam81A (yellow) and other glucanases. The structures were
superimposed using the SSM algorithm in Coot (Emsley & Cowtan, 2004). All figures were produced using PyMOL v.1.3 (http://www.pymol.org;
Schrodinger LLC).
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wide and 70 A long extending from domain C to domain A
(Fig. 2a). The putative catalytic residues Glu553 and Glu557
sit in the middle of the cleft. The extended binding cleft is long
enough to accommodate more than ten S-D-glucopyranosyl
units. Long substrate-binding clefts with ends open at both
sides have also been observed in many endoglucanases
(Kitago et al., 2007; Jeng et al., 2011; Wojtkowiak et al., 2013).

Although endo--1,3-glucanases from different GH families
act on similar substrates, they have evolutionarily distinct folds
(Fig. 4). GH family 16 endo-$-1,3-glucanases from bacteria
have a classical sandwich-like B-jelly-roll fold composed of
two antiparallel pS-sheets packed against each other
(Fibriansah et al., 2007; Jeng et al., 2011), whereas GH family
17 endo-B-1,3-glucanases from plants adopt an (o/f)g
TIM-barrel fold (Wojtkowiak et al., 2012, 2013). GH family 55
endo-$-1,3-glucanases from fungi contain two domains with a
right-handed parallel B-helix fold forming a ribcage-like
overall architecture (Ishida et al., 2009). GH family 64 endo-f-
1,3-glucanases from bacteria consist of a barrel domain and a
mixed (o/f) domain forming a two-domain crescent archi-
tecture (Wu et al., 2009). The structure of RmLam81A was
different from all endo-$-1,3-glucanase structures available in
the PDB. A structural similarity search using the DALI server
revealed that RmLam81A has no homology with the struc-
tures of B-1,3-glucanases from other GH families (a DALI
Z-score of <2). In RmLam81A, domain A without catalytic
function adopts a B-sandwich fold and reveals different
protein folds as observed in the GH 16 family enzymes. In the
CAZY enzymes, GH families 8, 15, 37, 48, 63, 65, 88, 105, 125
and 126 also display this («/a)¢-barrel motif (Cantarel et al.,
2009). The catalytic centre of these enzymes is located on one
side of the barrel, such as in the GH family 8 xylanase of
P. haloplanktis (Van Petegem et al., 2003) and GH family 15
Trichoderma reesei glucoamylase (PDB entry 2vn4; Bott et al.,
2008). GH families 8, 88, 105 and 125 consist of a single (a/a)s-
barrel domain (Van Petegem et al, 2003; Itoh et al., 2004;
Zhang et al., 2005; Gregg et al., 2011). However, GH families
48 and 63 have a more complex structure. The GH family 48
CelF of Clostridium cellulolyticum has an (o/a)g-barrel with
long loops on the N-terminal side of the inner helices (a DALI
Z-score of 9.8 compared with RmLam81A domain C), which
form a tunnel, and an open cleft region covering one side of
the barrel (PDB entry 1f9d; Parsiegla et al., 1998). The GH
family 63 a-glucosidase (Ygjk) of E. coli is composed of a
super-B-sandwich N-domain (a DALI Z-score of 7.9 compared
with RmLam81A domain A) and an (a/a)s-barrel A domain
(a DALI Z-score of 12.8 compared with the RmLam81A
domain C; PDB entry 3d3i; Kurakata et al., 2008). However,
the overall structure of RmLam81A compared with Ygjk
shows a DALI Z-score of 9.4.

In previous research, the biochemical activity of endo--1,3-
glucanase from A. fumigatus (AfEngll) has been described.
Although the minimum substrate cleaved was laminari-
tetraose, laminaritetraose was degraded very poorly,
suggesting that the natural substrate has at least five glucose
residues (Fontaine et al., 1997). Similar results were also
observed in SpEngl, SpEng2, ScEng2 and GmGBP (Flieg-

mann et al., 2005; Martin-Cuadrado et al., 2008). Besides,
AfEngll was more efficient in catalyzing the hydrolysis of
longer oligosaccharides. The K, values of AfEngll were
similar (around 0.3 mg ml~") for all reduced soluble substrates
with different sizes such as reduced pentasaccharides, hexa-
saccharides, octasaccharides and oligosaccharides; the V.«
values increased with the size of the substrate. The velocity of
the catalytic reaction increased with the number of B-1,3-
glycosidic bonds in the substrate, since the size of the soluble
substrate did not modify the affinity of the enzyme (Fontaine
et al., 1997). This finding is possibly explained by the structural
evidence of RmLam81A, which has a long cleft on the surface.

3.3. Tris, MPD and sulfate ion sites

There are two Tris binding sites found in the form II-Se
crystal structure (Fig. Sa and Supplementary Fig. S5a). The
first Tris is present in the vicinity of catalytic residues Glu553
(proton donor) and Glu557 (basic catalyst). This Tris molecule
made a network of six hydrogen bonds with the three residues
Asp475, His479 and Glu557 and three water molecules. In
addition, it formed two hydrogen bonds to Glu553 mediated
by water molecules. The second Tris molecule made a network
of five hydrogen bonds to the two residues Asp98, Glu634 and
two water molecules (Fig. 5b and Supplementary Fig. S5b). In
the form II-Se crystal structure, a clear electron density
corresponding to an MPD molecule was present between the
protein molecules. The MPD molecule makes only one
hydrogen bond to a water molecule (Fig. 5S¢ and Supplemen-
tary Fig. S5¢). There is a sulfate ion (SO3 ™) binding site found
in the form I-free crystal structure. The sulfate ion is coordi-
nated to seven atoms: four backbone N atoms (Tyr74, Gly75,
Gly76 and Asn77) which belong to a small loop B3-p4
(Leu71-Pro78), the N1 atom of Argll6é and two water
molecules. Superposition of the form I-free and form II-Se
crystal structures showed a high atomic deviation in the loop
regions (Fig. 5d and Supplementary Fig. S5d). There was no
electron density of Tris or MPD molecules found in the form
I-free crystal structure.

Ligands serve to stabilize the protein, thereby reducing its
propensity to unfold, aggregate or succumb to proteolysis, and
have been used to increase the success rate of protein stability,
crystallization and structure determination (Vedadi et al.,
2006). The Tris molecule as a competitive inhibitor has often
been observed in the structures of some enzymes (Bott et al.,
2008; Tsai et al., 2011). Structure analysis showed that the Tris
molecule may work as an inhibitor and bind in the active
centre (Fig. 5a). MPD was imported during the crystallization
and cooling. A high concentration of MPD existed in the
crystal and cryoprotectant solutions. It was not surprising that
the form II-Se crystals grow in nearly the same conditions as
the form I-free crystals, except for the presence of Li,SO,, as a
sulfate ion was bound tightly to the RmLam81A structure.

3.4. The catalytic cleft and the active site

Amino-acid sequence alignments of GH family 81 members
revealed that 37 residues were strictly conserved (Fig. 1).
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Among them, Tyr386, Lys390, Phe468, Asp475, His479,
Tyrd82, Glu553, Ser554, Glu557, Pro643, 11e639 and Try677
were located in the substrate-binding cleft (Fig. 6a). Along the
catalytic cleft there are a number of aromatic residues (Figs. 6¢
and 6d; Phe387, Phe468, Tyr628, Phe629 and Trp677) that are
conserved (Fig. 1; Tyr628 and Phe629 can be replaced by other
aromatic residues) in GH family 81 glucanases and may be
involved in stacking interactions with the rings of the glucosyl
residues of the substrate.

Usually, hydrolysis of glycoside bonds takes place via a
general acid catalysis mechanism which requires two acidic
residues. In inverting glycosidases, the two carboxyl groups
serve as a proton donor and nucleophile (basic catalyst),
respectively (Zechel & Withers, 1999; Wu et al., 2009). The
RmLam81A substrate-binding cleft only has three conserved

acidic residues, including two Glu residues (Glu553 and
Glu557) and one Asp residue (Asp475). According to a
previously reported study, Asp526 in ScEng2 (at the same
position as Asp475 in RmLam81A) is not critical in hydrolysis
of the glycoside bonds (Martin-Cuadrado et al., 2008). Thus,
Glu553 and Glu557 might be catalytic residues. During the
glycosylation reaction, carboxyl groups that serve as proton
donors must initially be protonated, whereas carboxyl groups
that function as base catalysts (nucleophiles) must be nega-
tively charged (Zechel & Withers, 1999). The enzyme struc-
tures have evolved in part to modulate the physicochemical
properties of those amino acids, giving them distinct pK,
values (Joshi et al., 2001). In the RmLam81A structure, Glu553
did not form any hydrogen bonds to other amino acids and
was located in a relatively hydrophobic environment, while

Figure 5
Stereoview of the interactions between the RmLam81A form II-Se protein with (@) the primary Tris molecule (Tris1), (b) the second Tris molecule
(Tris2), (c) the MPD molecule and (d) the form I-free protein with sulfate ion. RmLam81A form I-free structure is coloured purple and the form II-Se
structure is coloured blue. The side chains and backbone atoms of protein residues involved in ligand binding are shown in ball-and-stick representation.
Water molecules are depicted as spheres and hydrogen-bond interactions are shown as dotted lines. All figures were produced using PyMOL v.1.3 (http://
www.pymol.org; Schrodinger LLC).
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Glu557 formed hydrogen bonds to Tyr386 and Tyr482, which
are highly conserved in all GH family 81 members (Fig. 6b).
The polar environment of Glu557 is supposed to maintain the
ionization state. Therefore, Glu553 and Glu557 are likely to
serve as a proton donor and a basic catalyst, respectively. In
addition to the catalytic residues, Ser554 plays an important
role in stabilizing the position of Glu557 by making a
hydrogen bond to the backbone N atom, which is highly
conserved in all GH family 81 members.

Furthermore, hydrolysis of the glycosidic bond can occur
with one of two possible stereochemical outcomes: inversion

Figure 6

or retention of anomeric configuration (Zechel & Withers,
1999). The two carboxyl groups in inverting glycosidases serve
as a proton donor and a basic catalyst and are suitably placed,
on average 10.5 A apart, to allow the substrate and a water
molecule to bind between them. By contrast, the carboxyl
groups in retaining glycosidases are only 5.5 A apart (Zechel
& Withers, 1999). The distance between the two catalytic
amino acids (Glu553 and Glu557; from C° to C° in
RmLam81A is 8.7 A. Therefore, the hydrolytic catalysis of
RmLam81A might be based on the inversion mechanism. This
structural evidence agrees with the results from the 'H NMR

@

Representation of the active site and substrate-binding cleft. (a) Highly conserved residues in the active site. The RmLam81A structure (grey)
complexed with Tris (purple), depicting the highly conserved residues in GH family 81: Tyr386, Lys390, Phe468, Asp475, His479, Tyrd82, Glu553, Ser554,
Glu557, Pro643, Ile639 and Trp677. (b) Close-up of the active site showing the catalytic site residues and the conserved hydrogen bonding between them.
(c) A number of conserved aromatic residues, Phe387, Phe468, Tyr628, Phe629 and Trp677, along the catalytic cleft. (d) Surface representation of the
RmMan5B catalytic gorge, with the conserved aromatic residues shown in ball-and-stick mode. All figures were produced using PyMOL v.1.3 (http://
www.pymol.org; Schrédinger LLC).

2036 zhouetal. - Glycoside hydrolase family 81 endo-g-1,3-glucanase Acta Cryst. (2013). D69, 2027-2038



research papers

spectrum during the hydrolysis of laminarin by soybean GBP
(Fliegmann et al., 2005) and T. fusca Lam81A (McGrath &
Wilson, 2006).

4. Conclusions

The crystal structure of the endo-$-1,3-glucanase as a member
of GH family 81 from the thermophilic fungus R. miehei was
determined in two different crystal forms (form I-free and
form II-Se) to resolutions of 2.3 and 2.0 A, respectively. The
enzyme has three distinct domains: domain A (residues 1-
250), domain B (residues 251-343) and domain C (residues
344-724). Domain A has a core of two eight-stranded anti-
parallel B-sheets. Domain C is comprised of an («/o)s-barrel.
Domain A and domain C form the ‘core’ of the enzyme.
Domain A compacts with domain C and forms a long binding
cleft. The cleft is long enough to accommodate more than ten
B-D-glucopyranosyl units. Domain B, which is conserved in all
GH family 81 members, exists on the reverse side of
RmLam81A and is likely to stabilize the whole structure. A
Tris molecule is likely to act as an inhibitor and binds in the
active site, thus stabilizing the structure. On the basis of
previous studies, we can deduce that Glu553 and Glu557 might
be a proton donor and a basic catalyst, respectively. In addi-
tion, Tyr386, Tyr482 and Ser554 contribute to both the posi-
tion or ionization state of these critical residues. The distance
between the two catalytic residues (Glu553 and Glu557) is
8.7 A. The structural evidence agrees with the results that the
hydrolytic catalysis might possibly be based on the inversion
mechanism.

This work was supported in part by the National Natural
Science Foundation of China (Project No. 31071508) and the
German fellowship programme for S&T awardees. We are
grateful to the staff of the SSRF and KEK for their assistance
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