®CmssMark

research papers

Acta Crystallographica Section D
Biological
Crystallography

ISSN 1399-0047

Priscila Oliveira de Giuseppe,*+
Tatiana de Arruda Campos Brasil
Souza,*”# Flavio Henrique
Moreira Souza,“ Leticia Maria
Zanphorlin, Carla Botelho
Machado,“* Richard John
Ward,“¢ Joao Atilio Jorge,’

Rosa dos Prazeres Melo Furriel®
and Mario Tyago Murakami®*

?Brazilian Biosciences National Laboratory,
National Center for Research in Energy and
Materials, CP 6192, 13083-970 Campinas-SP,
Brazil, ®Carlos Chagas Institute, Fiocruz,
81350-010 Curitiba-PR, Brazil, “Department of
Chemistry, Faculdade de Filosofia, Ciéncias e
Letras de Ribeirdo Preto, 14040-901 Ribeirdao
Preto-SP, Brazil, “Department of Organic
Chemistry, Institute of Chemistry, State
University of Campinas, 13083-970 Campinas-
SP, Brazil, ®Brazilian Bioethanol Science and
Technology Laboratory, National Center for
Research in Energy and Materials, Giuseppe
Maximo Scolfaro 10000, 13083-970 Campinas-
SP, Brazil, and fDepartment of Biology,
Faculdade de Filosofia, Ciéncias e Letras de
Ribeirao Preto, 14040-901 Ribeirdo Preto-SP,
Brazil

¥ These authors contributed equally to this
work.

Correspondence e-mail:
mario.murakami@Inbio.cnpem.br

© 2014 International Union of Crystallography

Structural basis for glucose tolerance in GH1

p-glucosidases

Product inhibition of pB-glucosidases (BGs) by glucose is
considered to be a limiting step in enzymatic technologies for
plant-biomass saccharification. Remarkably, some B-glucosi-
dases belonging to the GH1 family exhibit unusual properties,
being tolerant to, or even stimulated by, high glucose
concentrations. However, the structural basis for the glucose
tolerance and stimulation of BGs is still elusive. To address
this issue, the first crystal structure of a fungal B-glucosidase
stimulated by glucose was solved in native and glucose-
complexed forms, revealing that the shape and electrostatic
properties of the entrance to the active site, including the +2
subsite, determine glucose tolerance. The aromatic Trp168 and
the aliphatic Leul73 are conserved in glucose-tolerant GH1
enzymes and contribute to relieving enzyme inhibition by
imposing constraints at the +2 subsite that limit the access of
glucose to the —1 subsite. The GH1 family g-glucosidases are
tenfold to 1000-fold more glucose tolerant than GH3 BGs,
and comparative structural analysis shows a clear correlation
between active-site accessibility and glucose tolerance. The
active site of GH1 BGs is located in a deep and narrow cavity,
which is in contrast to the shallow pocket in the GH3 family
BGs. These findings shed light on the molecular basis for
glucose tolerance and indicate that GH1 BGs are more
suitable than GH3 BGs for biotechnological applications
involving plant cell-wall saccharification.

1. Introduction

B-Glucosidases work synergistically with endoglucanases and
cellobiohydrolases to convert cellulose to fermentable sugars
(Tomme et al., 1995) by cleaving cellobiose into two glucose
molecules. This activity is a key factor in preventing the
inhibition of upstream enzymes by cellobiose (Lamed et al.,
1991); however, inhibition of B-glucosidases by glucose has
been a limiting factor in enzyme-based saccharification tech-
nologies using plant biomass as a feedstock.

The discovery and biochemical characterization of novel
microbial B-glucosidases have been the subject of intensive
efforts (Bhatia et al., 2002; Singhania et al., 2013). This is in
part owing to their essential role in biochemical technologies
for the production of biofuels from plant lignocellulosic
material (Singhania et al., 2013). Advances in this field include
the identification of S-glucosidases with desirable catalytic
properties such as high hydrolytic activity (Chen et al., 2012;
Pei et al., 2012), thermotolerance and resistance to reduced pH
(Hong et al., 2009; Souza et al., 2010).

In recent decades, another attractive attribute has been
identified in some B-glucosidases: that of glucose tolerance
(Saha & Bothast, 1996; Zanoelo et al., 2004; Fang et al., 2010;
Souza et al., 2010; Pei et al., 2012; Uchiyama et al., 2013). This
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feature is of considerable economic interest because it can
decrease the cellulase and B-glucosidase loads needed to
attain acceptable yields during lignocellulose hydrolysis,
thereby reducing the costs of biofuel production (Singhania et
al., 2013).

Glucose tolerance in B-glucosidases is sometimes coupled
to a stimulatory effect of glucose on substrate degradation in
a given range of glucose concentrations (up to 1 M). This
property seems to be exclusive to some GHI1 (glycosyl
hydrolase family 1; Henrissat, 1991; Cantarel et al., 2009)
B-glucosidases, and enzymatic assays have suggested that the
stimulation is regulated either through an allosteric effect by
glucose binding to a secondary site (Zanoelo et al., 2004; Souza
et al., 2010) or by kinetic modulation of enzyme turnover
associated with transglycosylation (Uchima et al., 2011, 2013).
Furthermore, the family GH3 B-glucosidases known to date
are all inhibited by glucose. However, the structural bases for
the effects of glucose on GH1 and GH3 S-glucosidases remain
poorly understood (Liu et al., 2011).

To address this issue, we have solved the first crystal
structure of a fungal S-glucosidase stimulated by glucose in
complex with this monosaccharide. Our target was the
glucose-stimulated and xylose-stimulated B-glucosidase from
the thermophilic fungus Humicola insolens (HiBG; Souza et
al., 2010). This GH1-family enzyme (Henrissat, 1991; Cantarel
et al., 2009) presents approximately twofold activation at 50
and 100 mM concentrations of glucose or xylose, respectively,
and maintains full or higher activity up to 450 mM glucose or
730 mM xylose (Souza et al., 2013). Moreover, HiBG shows
high catalytic efficiency for cellobiose hydrolysis and good
thermal stability, thus being a very attractive biocatalyst for
industrial use in plant-biomass saccharification processes
(Souza et al., 2010).

Our results shed light on the structural determinants for
glucose tolerance in S-glucosidases and highlight the impor-
tance of the steric constraints imposed by the unique active-
site entrance and the +2 subsite which limit glucose access to
the —1 subsite. The geometry of the active-site pocket may
support a secondary catalytic transglycosylation reaction using
glucose as acceptor, which is in agreement with the stimulatory
mechanism previously demonstrated for Td2F2, a GHI1
B-glucosidase recently isolated from a microbial metagenomic
sample (Uchima et al., 2011, 2013). Since structure-based
protein-engineering methods are proven strategies to obtain
improved enzymes (Bornscheuer et al., 2012; Lee et al., 2012;
Lundemo et al., 2013), our results offer valuable information
to guide rational approaches aiming to integrate glucose
tolerance/activation with other desirable properties to
generate catalytically enhanced pB-glucosidases for biofuel
production and other industrial applications.

2. Materials and methods
2.1. Protein expression and purification

Escherichia coli BL21 (DE3) cells transformed with the
bgl4 gene from H. insolens cloned into the pET-28a vector as

Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Native Glucose complex
PDB code 4mdo 4mdp
Data collection
Space group P6522 P6522
Unit-cell parameters
a=b(A) 113.54 113.54
c(A) 179.06 178.74
a=p(°) 90 90
y () 120 120
Resolution (A) 30.00-2.60 (2.69-2.60) 30.00-2.05 (2.12-2.05)
Ruerge T 0.11 (0.41) 0.10 (0.43)
(Ilo(1)) 12.7 (3.2) 16.5 (4.0)
Completeness (%) 98.7 (98.6) 99.1 (97.5)
Multiplicity 5.0 (4.7) 7.1 (6.2)
Refinement
Resolution (A) 28.95-2.60 28.72-2.05
No. of reflections 20179 40196
Ryork/ Rirect 0.17/0.24 0.16/0.21
No. of atoms
Protein 3833 3859
Ligand/ion 20 49
Water 214 348
Mean B factors (AZ)
Protein 30.26 24.55
Ligand/ion 47.46 42.53
Water 26.47 33.09
R.m.s. deviations _
Bond lengths (A) 0.011 0.015
Bond angles (°) 1.420 1.662
Ramachandran plot§
Favoured (%) 95.37 96.84
Allowed (%) 4.63 3.16
Disallowed (%) 0.00 0.00

T Rumerge = 2w 2 HiChkl) = (ICRKD) /3 g 223 LKD) % Ryork =
3t |Fonsl = Feaiel |/ nwe [Fopsls Riee Was calculated using a 5% test set. § As
calculated using MolProbity (Chen et al., 2010).

described in Souza et al. (2013) were grown at 37°C with
200 rev min " agitation to an ODggy of 0.6 in 11 shake flasks
containing 200 ml HDM medium (25 g1~ yeast extract,
15g1™" tryptone, 10mM MgSO,) supplemented with
40 pg ml~" kanamycin and 34 pg ml~' chloramphenicol. After
5 h induction with 1 mM IPTG (isopropyl B-p-1-thiogalacto-
pyranoside), the cells were pelleted and transferred to 10 ml
lysis buffer (50 mM NaH,PO, pH 8.0, 1 mM phenylmethyl-
sulfonyl fluoride, 150 mM NaCl). After disruption by sonica-
tion, the cell debris was removed by centrifugation and the
supernatant was applied onto a nickel affinity column (His-
Select Nickel Affinity Gel, Sigma—Aldrich) equilibrated with
lysis buffer. The protein was purified using 10 and 200 mM
imidazole in the wash and elution buffers, respectively. The
eluted protein was visualized by SDS-PAGE (Laemmli, 1970)
and the protein concentration was determined by the method
of Read & Northcote (1981).

2.2. Protein crystallization

The recombinant B-glucosidase from H. insolens (HiBG)
was concentrated to 3 mg ml~" in 50 mM phosphate buffer pH
6.0 using an Amicon Ultra-4 10K centrifugal filter (Millipore).
The HiBG-glucose complex was prepared by overnight
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incubation of the protein with the ligand at 5 mM. Crystal-
lization experiments were carried out in 96-well sitting-drop
plates using a Honeybee 963 automated system (Digilab).
Drops consisting of 1 pl protein sample mixed with an equal
volume of reservoir solution were equilibrated against 80 pl
of the same reservoir solution. 544 crystallization conditions
formulated based on the commercial kits Crystal Screen HT
(Hampton Research), Wizard I and II (Emerald Bio), The
PACT Suite (Qiagen), JCSG-plus (Molecular Dimensions),
SaltRX HT (Hampton Research) and Precipitant Synergy
Primary (Emerald Bio) were tested. Native crystals were
obtained from a solution consisting of 2 M lithium sulfate,
2% (v/v) PEG 400, 0.1 M Tris pH 8.5, whereas crystals of HIBG
in complex with glucose were grown in 10% (w/v) PEG 3000,
0.1 M sodium acetate pH 4.5, 0.2 M zinc acetate. Native and
glucose-complexed crystals grew in 5-7 d.

2.3. Data collection, processing and structure determination

Crystals were soaked in a cryoprotectant solution [ie.
crystallization solution plus 20% (v/v) PEG 400 or glycerol] for
30 s and were then flash-cooled in a nitrogen-gas stream at
100 K. X-ray diffraction data were collected on the WO01B-
MX2 beamline at the Brazilian
Synchrotron Light Laboratory,
Campinas, Brazil. Data were
indexed, integrated, merged
and scaled using the HKL-2000
package (Otwinowski & Minor,
1997). The structures were solved
by the molecular-replacement
method using MOLREP (Vagin
& Teplyakov, 2010) with the
atomic coordinates of B-glucosi-
dase 2 from Trichoderma reesei
(74% sequence identity; PDB
entry 3ahy; Jeng et al, 2011) as
the template. The atomic coordi-
nates were examined and manu-
ally fitted based on the 2F, — F,
and F, F. electron-density
maps using Coot (Emsley et al.,
2010) and were refined using
REFMACS (Murshudov et al,
2011).  Data-collection  and
refinement statistics are detailed
in Table 1. The atomic coordi-
nates and structure factors of
HiBG in the native state and in
complex with glucose have been
deposited in the Protein Data
Bank, Research Collaboratory
for Structural Bioinformatics
(http://www.rcsb.org/) under
accession codes 4mdo and 4mdp,
respectively. The figures were
generated using PyMOL (http:/

Figure 1

www.pymol.org). Active-site volumes were calculated using
POCASA (Yu et al., 2010).

2.4. Small-angle X-ray scattering (SAXS) data collection and
analysis

SAXS data were collected on the DO2A/SAXS2 beamline
at the Brazilian Synchrotron Light Laboratory (LNLS). The
radiation wavelength was set to 1.488 Aanda charge-coupled
device area detector (MAR CCD 165 mm) was used to record
the scattering patterns. The sample-to-detector distance was
set to give a scattering-vector range from 0.15 to 2.43 nm™ ..
The scattering vector is defined as g = 47siné/A, where 26 is the
scattering angle and A is the radiation wavelength. Protein
samples were prepared in 20 mM Tris—HCI buffer pH 7.5 at
three different concentrations (2, 4 and 6 mg ml™"). Prior to
X-ray exposure, the samples were centrifuged at 10 000g for
10 min and filtered to remove any aggregates. Buffer baselines
were collected under identical conditions before and after
sample data collection to guarantee an accurate solvent
correction. Frames were recorded with an exposure time of
600 s to avoid radiation-induced protein damage, taking into
account the radiation brilliance at the SAXS2 beamline. The

NF325 A
X
ué’.éF 3 |

(b)

348
..‘.»' F333
Iatﬁal (2]
antechamber 90°
90"0
(). - - ——
F325 - +3 Subsite

L173 : : F348

The catalytic interface of HiBG. (a) Ribbon representation of HiBG with the loops surrounding the active
site coloured light blue. The glycerol molecule occupying the —1 subsite is represented as spheres (green,
carbon; red, oxygen). (b) The active-site entrance highlighting the gatekeeper residues (light blue C atoms),
the water network (red spheres) in the lateral antechamber and the glucose molecule (GLC; green C
atoms) bound at the aglycone-binding site. (¢) Residues forming the glycone-binding site (—1 subsite)
where glycerol (GOL) is bound and the aglycone-binding site (+1 and +2 subsites) where glucose is trapped
by hydrophobic interactions with Trp168, Leu173 and Phe348. The views in (c) and (b) are related by a 90°
rotation about the horizontal and the vertical axes, respectively, as indicated by the arrows.
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experimental intensities were corrected for background,
buffer contributions, detector inhomogeneities and sample
transmission using the program FIT2D v.12.081 (Hammersley
et al., 1996). The radius of gyration (R,) was evaluated using
the Guinier approximation (Guinier & Fournet, 1955) as
implemented in PRIMUS (Konarev et al., 2003). Fitting of the
experimental data and evaluation of the pair-distance distri-
bution function p(r) were performed using GNOM (Svergun,
1992). The maximum dimension D,,,, was estimated from the
real-space p(r) function as the distance r where the p(r) value
reaches zero. SAXS dummy-atom models were determined
using ab initio modelling as implemented in DAMMIN
(Svergun, 1999). At least ten SAXS envelopes were calculated
using the DAMAVER suite of programs (Volkov & Svergun,
2003). The low-resolution model and the crystal structure were
superimposed using SUPCOMB (Kozin & Svergun, 2001).
The calculation of the theoretical scattering curve from crys-
tallographic atomic coordinates for subsequent comparison
with the experimental scattering curve was performed using
CRYSOL (Svergun et al., 1995).

2.5. Dynamic light-scattering (DLS) measurements

The hydrodynamic behaviour of HiBG was also assessed
by dynamic light scattering (DLS). DLS experiments were
performed in a DynaPro 810 (Protein Solutions) system
equipped with a Peltier module for temperature control. The
protein sample was prepared at a final concentration of
1mgml™" in 20 mM Tris-HCI buffer pH 7.5. 100 measure-
ments at intervals of 20 s were recorded and averaged for
further calculations of hydrodynamic parameters using
DYNAMICS v.6.3.40. The hydrodynamic radius (Ry) was
extrapolated from the translational diffusion coefficient (D)
using the Stokes—FEinstein equation.

3. Results and discussion

3.1. The monomeric ag/fg-barrel structure of the
glucose-tolerant #-glucosidase HiBG

The native and glucose-complex crystals were isomorphous
(P6522) and diffracted to 2.60 and 2.05 A resolution, respec-
tively (Table 1). The structures are very similar and super-
imposed with an r.m.s.d. of 0.12 A for 477 C* atoms. HiBG
conserves the canonical TIM-barrel fold of GH1 B-glucosi-
dases comprised of eight parallel S-strands surrounded by
eight a-helices (Fig. 1a). Short helices and strands decorate the
conserved structural core and five long loops contribute to a
unique design of the catalytic face that surrounds a deep
pocket which harbours the active site (Fig. 1). HiBG also
contains a 12-residue extended loop (loop D) that contributes
to a protein—protein interface formed between HiBG mono-
mers. Despite this quaternary arrangement in the crystalline
state (Supplementary Fig. S1'), the SAXS and DLS data
showed that HiBG is monomeric in solution, as typically

! Supporting information has been deposited in the IUCr electronic archive
(Reference: XB5079).

observed for GH1 B-glucosidases (Fig. 2). DLS analysis indi-
cated that the enzyme is monodisperse in solution (poly-
dispersity = 12.5%), exhibiting an Ry of 28.1 £ 0.4 A. From
the SAXS scattering and pair-distance distribution curves
(Fig. 2a), it is possible to observe a maximum molecular
dimension (D) of approximately 65 A and a radius of
gyration of 23.6 A, which are in agreement with the DLS
analysis. Moreover, fitting of the crystallographic monomer
into the ab initio SAXS envelope indicated a good shape
complementarity, also supporting the monomeric state
(Fig. 2b). These results demonstrate that quaternary-structure
differences can be discarded as a molecular event related to
glucose tolerance and stimulation in HiBG.

3.2. The singular active site of glucose-tolerant GH1
p-glucosidases

Structure and sequence alignments of HiBG with well
characterized GH1 p-glucosidases (cyanogenic BG, PDB
entry lcbg, Barrett et al., 1995; Agrobacterium sp. BG, UniProt
ID P12614) show that HiBG conserves the retaining catalytic
mechanism typical of GH1 enzymes, with Glu377 acting as a

K(q) (AU)

()

Figure 2

SAXS analysis. (¢) Experimental (open black circles with errors bars) and
regularized (red solid line) scattering curves. Inset: the distance
distribution function calculated using GNOM. (b) Different views of
the crystallographic atomic coordinates (blue ribbon) fitted into the
averaged SAXS envelope (grey transparent surface).
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Figure 3
Electron-density map at the 1.00 level (yellow) of glucose, glycerol and
water 312. The panel also shows the acidic catalytic residues (Glu166 and
Glu377; grey C atoms), the glucose-binding site (Trp168, Leul73 and
Phe348; light blue C atoms) and other solvent molecules in the vicinity of
glucose.

nucleophile and Glul66 as an acid/base (Withers et al., 1990;
Wang et al., 1995). These residues lie at the bottom of a deep
pocket located at the C-terminal side of the barrel and form
the glycone-binding site together with Glnl7 and the highly
conserved His120, Trp121, Asnl65, Tyr308, Trp427, Glu4d34,
Trp435 and Phe443 residues.

In contrast to the glycone-binding site, the aglycone-binding
site is less conserved. In the HiBG structure this site is narrow
and surrounded mainly by aromatic and other neutral resi-
dues. Three phenylalanine residues (Phe325, Phe333 and
Phe348) together with Thr177, Tyrl79, Leu326 and Thr331
function as gatekeepers and demarcate a restricted entrance
to the active site (Fig. 1b). Furthermore, a network of water
molecules interacts with the side chains of residues defining
a lateral antechamber, which may play a role in solvent
dynamics during the catalytic cycle (Figs. 1o and 3).

In the native HiBG structure, a Tris and a PEG molecule
are bound to the glycone-binding and aglycone-binding sites,
respectively. In the HiBG-glucose complex structure a
glycerol molecule occupies the glycone-binding site (—1
subsite), whereas a glucose molecule is trapped in the
aglycone-binding site (Fig. 1c). Hydrogen bonds to Glu434
and Glul66 as well as hydrophobic interactions with Trp427
and Tyr308 stabilize the binding of glycerol to the catalytic
pocket. The glycerol hydroxyl groups adopt similar positions
of the glucose OH groups as observed in glucose covalently
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g
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1 T3y L 7178 | | : | :
V316 ~/ 5 b eaas N 1205 | - |
I I41 | :E34 L453! : L S Y179 |
W
I " I ! | . '
| 1361 | T331 |
| Y
V321, Al ' R4541 Ry 9 I
| &~ T | . i : J '
|
rre P338 Y vaso) 270 2 satge= SR 1) W EasI0) (hees |
£ Q336 | : Q363 | S |
oo el LB I . o Sl | i P N VY -
y TrBgl2 G1NkBG HiBG
igure 4

Structural comparison of the active-site entrances of TrBgl2 (PDB entry 3ahy chain B), GINKBG (PDB entry 3vik) and HiBG. The upper row shows the
electrostatic surface, whereas the lower row highlights the residues that delineate the respective active-site entrances. Electrostatic potentials were
calculated by PBEQ Solver (Jo, Vargyas et al., 2008) using the CHARMM-GUI interface (Jo, Kim et al., 2008). The residues Arg454 in GINkBG and
Tyr179 and Phe348 in HiBG that overlap the electronegative patch formed by Asp42 and Thr431 in TrBgl2 are indicated in the upper panels.
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bound to the nucleophile of a human S-glucosidase (PDB
entry 2zox; Noguchi et al, 2008), mimicking the glycosyl-
enzyme intermediate state.

The bound glucose molecule was stabilized at the +2 subsite
of the aglycone-binding site mainly by hydrophobic inter-
actions with Trp168, Leul73 and Phe348 (Figs. 1¢ and 3). Only
the 4-OH group of glucose makes hydrogen-bond contacts
with a water molecule. However, this water does not interact
with protein residues and has a higher B factor (54 A%) than
average (33 A?), suggesting either high mobility or lower
occupancy. It is therefore likely that the absence of stable
polar interactions permits multiple ways of accommodating
glucose at this site. This observation is compatible with the
formation of glycosidic linkages at different positions (51,2
and $1,3) between the anomeric C atom of a glycosyl-enzyme
intermediate and a nucleophilic -OH group of the acceptor
glucose bound at the +1 subsite.

3.3. The structural basis for glucose tolerance and stimulation

To investigate the structural basis for glucose tolerance and
stimulation in GH1 B-glucosidases, we compared the crystal
structure of HiBG, which tolerates up to 450 mM glucose with
maximum stimulation at 50 mM glucose, with the structures of

(a) (B) B

P172 .

L167
=\‘ :
E165

E367

Figure 5

E402

T. reesei B-glucosidase 2 (TrBgl2), which displays low glucose
tolerance and no glucose stimulation (Jeng et al., 2011; Lee
et al, 2012), and Neotermes koshunensis [-glucosidase
(GINKBG), which tolerates up to 600 mM glucose with
maximum stimulation at 200 mM glucose (Uchima et al., 2011;
Jeng et al., 2012).

The crystal structure of HiBG superimposed on those of
TrBgl2 (PDB entry 3ahy; 74% sequence identity; Jeng et al.,
2011) and GINkBG (PDB entry 3vik; 38% sequence identity;
Jeng et al., 2012) with r.m.s.ds of 0.524 A (461 aligned C“
atoms) and 1.161 A (436 aligned C” atoms), respectively.
Comparative analysis of their active sites indicated that the
shape and electrostatic properties of the deep active-site
entrance and the +2 subsite determine the degree of tolerance
to glucose. TrBgl2, with a glucose inhibition constant of
48.5 mM (Lee et al., 2012), has the widest active-site entrance
and presents an electronegative patch formed by Asp427 and
Thr431 (Fig. 4a). Moreover, the active-site volume of TrBgl2
(917 Ag) is considerably larger than those of GINkBG
(643 A%) and HiBG (381 A%). These characteristics may
facilitate access to the catalytic site, favouring the competitive
inhibition of TrBgl2 by glucose.

In contrast, GINKBG (high glucose tolerance) presents a
narrower and more neutral entrance (Fig. 4b). The presence of

(c)
L173,

EET L Ll P

I:‘
S§373

*
.
Y

W168

E377

Lateral views of the catalytic pockets of TrBgl2 (PDB entry 3ahy chain B; orange C atoms), GINkBG (PDB entry 3ahz; pink C atoms) and HiBG (light
blue C atoms). For purposes of comparison, the glucose (light blue C atoms) observed in the HiBG active site was superposed onto the TrBgl2 and
GINKBG structures. The catalytic pairs (Glul65/Glu367, Glul193/Glu402 and Glul66/Glu377) and the fully conserved tryptophan that serves as a
platform to stabilize the aglycone moiety at the +1 subsite (Trp339, Trp374 and Trp349) are shown as sticks together with the nonconserved residues from
the aglycone-binding site and from the active-site entrance that may play a role in glucose tolerance.

Loop B
p4 o4
HiBG 000000000 —— () ()0 00 TT 00 00000000001
150 160 170 180 190 200 210
HiBG EN RiﬁlFKRIP.C HIY TENFINpw C S A T LeMNTGY . FESHCHTISCREKSEVGED S A EPWIGNILIA
Td2F2 AENE\DIVVRQLGDRV/TIHAWLINSGN C SEMLEMYILGY . HESYGHTD . . . . .. .. .. LKRGLEASEINLLLG
GINKBG EN| RWLFKNFGTV TYLIEI8T, T . FM D[RS E T GMENdS TNTR . . . .. . . .. srlany LalMTv A
TrBgl2 ENMARVMFRALP .KVRNGIWFRIGYI CSATIP[RqGISIGT . FRE4GROIS . . . . . . .. .. T E.PWTGNIL"JE
& @
Figure 6

Sequence alignment of GH1 S-glucosidases with different levels of glucose tolerance. HiBG, H. insolens B-glucosidase (BG); Td2F2, BG from a compost
metagenomic library (GenBank accession No. HV538882); GINKBG, N. koshunensis BG1 (GenBank accession No. AB073638); TrBgl2, T. reesei BG2
(NCBI accession No. AB003110). Red spots indicate amino-acid positions that seem to play a role in glucose tolerance. Trp168 and Leul73 of HiBG are
conserved in Td2F2; both are glucose-tolerant enzymes (>450 mM). When mutated at these positions (Leul67Trp and Pro172Leu), TrBgl2 (glucose K; =
48.5 mM) showed increased glucose tolerance (3.0-fold and 1.6-fold, respectively; Lee et al., 2012).
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the Arg454 residue disrupts the electronegative patch
observed in TrBgl2, while the substitution of two prolines by
Ser373 and Aspl199 confers flexibility and may modulate the
entry of glucose to the active site (Figs. 4 and 5). In a similar
way to GINKBG, some gatekeeper residues in HiBG have
larger side chains (Fig. 4c¢), such as Tyrl79 and Phe348
suppress the electronegative patch observed at the entrance
to the TrBgl2 active site (Fig. 4). At the HiBG +2 subsite, a
tryptophan (Trp168) replaces a leucine (Leul67 in TrBgl2),
narrowing the channel that leads to the catalytic acidic resi-
dues (Fig. 5). In addition to restricting access, the HiBG
gatekeepers along with Trp168 and Leul73 select a prefer-
ential orientation for glucose to enter the active site (Figs. 4c
and 5).

(@) _ (h)

S _"‘Il.r-
E166~ hadl E509
acid/base acid/base
E377
nucleophile
()

Restricted access
High glucose tolerance

&
&

GH1

B-glucosidase
H. insolens

&
@

M,‘
B-glucosidase
A. aculeatus

Acid/base

Acid/base r17 A

Nucleophile

2

Wide access
Low glucose tolerance

The hydrophobic interactions of Trp168 and Leul73 with
glucose in the HiBG aglycone-binding site suggest a role
for these residues in determining glucose tolerance (Fig. 3).
Site-directed mutagenesis of TrBgl2 supports this hypothesis,
showing that Leul67Trp (corresponding to Trpl68 in HiBG)
and Pro172Leu (corresponding to Leul73 in HiBG) mutations
relieve glucose inhibition (Lee et al., 2012). Furthermore, the
highly glucose-tolerant B-glucosidase Td2F2 (Uchiyama et al.,
2013) also conserves Trpl68 and Leul73 of HiBG, which
further supports the role of these residues in glucose tolerance
(Fig. 6).

An additional mechanism that is likely to be associated with
tolerance to glucose in GH1 BGs is the transglycosylation
activity. For instance, transglycosylation has been shown
to play a role in glucose
tolerance and stimulation in
Td2F2 (Uchiyama et al., 2013).
According to this mechanism, at
sufficiently high glucose concen-
trations the transglycosylation
process is favoured and contri-
butes to maintaining the enzyme
turnover in spite of the high
glucose content.

Interestingly, the predominant
transglycosylation products of
Td2F2 at elevated glucose
concentration are sophorose
(with a pB1,2-glycosidic bond),
followed by laminaribiose (with a
B1,3-glycosidic bond) (Uchiyama
et al., 2013). This observation is
in agreement with the orientation
assumed by the glucose at the
HiBG +2 subsite reported here
(Fig. 3). The crystal structure of
the HiBG-glucose complex
shows that on entering the
channel leading to the active site,
the glucose —OH groups at posi-
tions 2 and 3 are oriented towards
the catalytic site. On binding to
the +1 subsite, these nucleophilic
groups might promote the
formation of f1,2 and p1,3
bonds via transglycosylation, as
biochemically demonstrated for
Td2F2 (Uchiyam et al., 2013). In
this model, the glucose acts as a
glycosyl acceptor attacking the

D280

nucleophile

Nucleophile

Figure 7

Active-site comparison between GH1 and GH3 g-glucosidases. Lateral views of (a) the GH1 HiBG active
site occupied by glycerol and glucose (green C atoms) and (b) the GH3 A. aculeatus BG1 (AaBGL1) active
site occupied by two glucose molecules (cyan C atoms; PDB entry 4iig; Suzuki et al., 2013). (c) shows a
schematic view of the GH1 and GH3 active sites and the mechanism proposed for glucose tolerance in
B-glucosidases. Arrows illustrate the depth of the nucleophiles Glu377 (17 A) and Asp280 (11.3 A)
calculated by DEPTH (Tan et al., 2013). GLC represent glucose molecules.

anomeric C atom from the
glucosyl-enzyme  intermediate,
restoring the active site for a new
catalytic cycle. The glucose —-OH
groups are protected from the
solvent by the deep and narrow
active site and are the favoured

Acta Cryst. (2014). D70, 1631-1639

de Giuseppe et al.

1637

+ Glucose tolerance in GH1 g-glucosidases



research papers

nucleophiles during the catalytic cycle, liberating the enzyme
from the intermediate state more rapidly and resulting in
higher hydrolytic rates when the release of the aglycone
moiety is monitored.

3.4. Why are GH1 p-glucosidases more tolerant to glucose
than GH3 p-glucosidases?

GHI1 BGs generally are tenfold to 1000-fold more glucose-
tolerant than GH3 BGs (Decker et al., 2000; Karnchanatat et
al., 2007; Fang et al., 2010; Krogh et al., 2010; Uchima et al.,
2011, 2013; Pei et al., 2012; Bohlin ef al., 2013) and this seems
to be the consequence of the ease of access of glucose to the
catalytic site. The GH1 BGs harbour the active site in a deep
and narrow cavity (381 AS), whereas in GH3 BGs the active
site lies in a shallow pocket (297 Ag) In HiBG, for example,
the depth of the nucleophile residue is 17 A compared with
113 A in the GH3 A. aculeatus BG1, whose K; (inhibition
constant) for glucose is 3.7 mM (Decker et al., 2000; Fig. 7).

The shallow aglycone-binding site of GH3 BGs enables
glucose to easily access the —1 subsite. When bound at this
subsite, glucose blocks the catalytic cycle, acting as a compe-
titive inhibitor. In contrast, the deep and narrow aglycone-
binding site in the GH1 BGs functions to constrain the path of
glucose to the —1 subsite (Fig. 7). Consequently, in GH1 BGs
higher concentrations of glucose are needed to promote
competitive inhibition between glucose and the substrate.

Although stimulatory concentrations of glucose may shift
the catalytic reaction from hydrolysis to transglycosylation
in GH1 BGs, this change probably causes less impact on
hydrolytic yields than the product inhibition in GH3 BGs
(Bohlin er al.,, 2013). Moreover, the transglycosylation
products of GH1 BGs are substrates for the hydrolytic reac-
tion, being fully converted to glucose in conditions favouring
hydrolysis (Uchiyama et al.,2013). Here, we have reported the
first crystal structure of the glucose-stimulated HiBG family
GH1 pB-glucosidase in the native state and complexed with
glucose, which has revealed key aspects of the structural bases
of glucose stimulation in GH1 BGs. This will be useful for the
design of catalytically enhanced BGs for integration into
enzymatic platforms for cellulosic ethanol production, where
glucose tolerance is a highly desirable property.
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