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Abstract

Beta-glucosidases and exoglucanases play many important roles in plants including
cell wall recycling, which points to their potential use in biomass conversion. In order to
make the best use of these enzymes, we need to understand the way they bind to
oligosaccharides, as well as the determinants of substrate specificity, which drive them to
release a B-linked glucose or similar monosaccharides from oligosaccharides. In this study,
we addressed these issues by recombinant expression, functional and structural studies of
glycoside hydrolase family 1 (GH1) and 3 (GH3) enzymes. For the GH1 enzymes, we first
addressed the structural basis for glucooligosaccharide binding and hydrolysis by solving
the X-ray crystal structures of rice Os3BGlu7, its covalent intermediate with 2-
fluoroglucoside, and its semiactive catalytic acid/base mutant, E176Q, alone and in
complexes with 2-fluoroglucoside, cellotetraose, cellopentaose, and laminaribiose. The
cellotetraose and cellopentaose structures showed that, although the nonreducing glucosyl
residue is completely bounded by direct bonds to the protein, all the other residues are
primarily bound by water-mediated hydrogen bonds and stacking on aromatic residues.
Since the Os3BGlu7 E176Q mutant remained active on p-nitrophenyl-B-D-glucoside in the
presence of small nucleophiles, the energies of binding of the different glucosyl residues
could also be estimated from the competitive inhibition constants of the
cellooligosaccharides. Mutations of the residues along the active-site cleft also verified
their involvement in oligosaccharide binding.

In order to address the determinants of substrate specificity between closely related
B-glucosidases and B-mannosidases, the GH1 phylogenetic cluster including Os3BGlu7 B-
glucosidase and barley HvBII B-mannosidase was studied by comparison of these enzymes
and expression of two more rice isoenzymes from this cluster. Os3BGlu8, which is most
similar to Os3BGlu7 was found to prefer B-glucosides, while Os7BGlu26, which is most
similar to HvBII was found to prefer B-mannosides, as might be expected. No mutation of
a single residue near the active site was able to convert a B-glucosidase to a B-mannosidase
or a B-mannosidase to a B-glucosidase, although some shifted the ratio of activities in that
direction. Since mannosides and glucosides are thought to transverse different shaped
transition states and undergo different conformational pathways to do so, with binding of
glucoside, thioglucoside, mannoside, and thiomannoside to Os3BGlu7 and HvBII were
compared by inhibition studies, saturation transfer difference NMR, and QM/MM
calculations. It was found that the thioglycosides behaved differently from the O-linked
glycosides, making them poor models for such interactions, and all glycosides could to
bind to the active sites in multiple conformations. Solving of the structure of Os7BGlu26
B-mannosidase and Os3BGlu7 B-glucosidase in complexes with mannosides is underway
to gain more insight into this issue.

GH3 serves as another model of B-glucosidase activity, acting on both
oligosaccharides and polysaccharides and barley Exol has been a structural model for this
family, but was not previously expressed in recombinant systems. Our development of a
recombinant expression system, and purification and crystallization methods for the
recombinant Exol enzyme, rHvExol, allowed us to investigate the effects of mutating each
active site amino acid residue at both the functional and structural level. So far, we showed
that mutation of nearly every amino acid surrounding the active site gave negligible to low
levels of activity, but two, E220A and W434A had enough activity to characterize and
learn about their specific functions.

Together, these studies helped train seven graduate students and produced seven
international publications, in addition to basic knowledge for future applications.
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Executive Summary

Importance: [-Glucosidases and exoglucanases are important enzymes with many
functions in plants and other organisms, and also play an important role in lignocellulosic
biomass conversion. Understanding the mechanisms by which they bind to
oligosaccharides and select their substrates is critical to identifying the functions of
proteins identified from genomic sequencing and engineering enzymes for better
application.

Objectives: The objectives of this work included:

1) To determine the structure of rice Os3BGlu7 alone and in complex with substrates and
mechanism based inhibitors, in order to understand how it interacts with sugars.

2) To elucidate the mechanism by which closely related family GH1 glycoside hydrolases
hydrolyze both -D-glucosides and -D-mannosides with different preferences.

3) To produce the glycoside hydrolase family GH3 barley B-glucan exohydrolase in a
recombinant system to facilitate structure-function studies of active site amino acids.

Methods and Results: The structure of rice Os3BGlu7 B-glucosidase and its complexes
were determined by X-ray crystallography. The structures of Os3BGlu7 and its covalent
intermediate with 2-fluoroglucoside, a mechanism-based inhibitor, were determined to tell
the general shape and sugar conformation in the covalent intermediate. The structures of
the Os3BGlu7 acid/base mutant E176Q, which can hydrolyze substrates with easily
deprotonated  aglycons, like p-nitrophenyl-B-D-glucoside (pNPGlc), but not
oligosaccharides, and its complexes with cellotetraose, cellopentaose and laminaribiose
showed that the nonreducing glucosyl residue (glycon) is bound by direct hydrogen bonds,
which distort its shape to between a 'S; skew boat and a *E envelope transition-state-like
shape. In contrast, other glucosyl residues in the glucooligosaccharides remain in relaxed
chairs and are bound by water-mediated hydrogen bonds and interactions with aromatic
rings. Comparison of rice Os3BGlu7 and Os3BGlu8 B-glucosidases with barley HvBII and
rice Os7BGlu26 B-mannosidases showed that these closely related enzymes have the same
amino acids interacting with the glycon, despite their different glycon sugar preferences.
Inhibition, saturation transfer difference NMR, and quantum mechanics/molecular
mechanics studies showed that thioglucoside and thiomannoside are shaped differently
from the O-glycosides and their binding to the active site cannot be directly correlated to
those of the O-glycosides, although the S- and O-glucosides seem to bind in similar shapes.
The structure of the Os7BGlu26 B-mannosidase was solved and appeared to have a very
similar active site to Os3BGlu7 B-glucosidase, although it may be slightly narrower.
Further studies with gluco- and manno- configured substrates, mechanism-based inhibitors
and transition-state analogues will be necessary to understand the mechanistic differences
between these enzymes. The relationship seems to be complex, as no single mutation of a
Os3BGlu7 to an HvBII residue or an HvBII to a Os3BGlu7 residue could change the [3-
glucosidase to the f-mannosidase or the -mannosidase to a B-glucosidase. The HvExol -
glucan exohydrolase, which serves as a structural model for plant GH3 enzymes, could be
efficiently produced as a secreted enzyme in Pichia pastoris and efficiently purified and
characterized. The recombinant enzyme and its deglycosylated form had properties very
similar to the native protein from barley seedlings, and released glucose from a variety of
oligo- and poly- saccharides. Mutagenesis of the active site indicated most residues are
critical to the activity and crystallization of the protein facilitates structure function studies.

Output and Benefits: This work provided much information on the structural basis of
oligosaccharide hydrolysis by GH1 and GH3 enzymes for future engineering and
contributed to 7 international publications and to training 7 graduate students.
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4. Problem and Its Importance

The basic problem to be addressed in this line of experiments is the
relationship between protein structure and function, which will be explored
using plant glycosyl hydrolase family 1 and 3 exo-B-glucanase-like enzymes as
a model system. With the sequencing of the genomes of many organisms,
including humans, other animals, plants and microorganisms, the genetic plan
for living organisms has been revealed. However, the way this information is
applied to create all the functions of living organisms depends on how the
proteins encoded by this DNA code fold into their structures and interact with
other molecules. Discerning the physical interactions involved in these
processes is much more complex than determining the DNA sequence or the
genetic code by which nucleotide sequence is converted to proteins. Therefore,
it requires in-depth study of many proteins to understand these physical
relationships. The understanding gained through such study will allow the
engineering and design of proteins for specific applications, as well as helping
to reveal how living organisms work at the molecular level.

The glycosyl hydrolases, which hydrolyze glycosyl linkages between sugars
and other moieties are of particular interest due to their abundance and diversity
in living organisms, their high catalytic efficiency, which allows them to
increase reaction rates by as much as 10"’ fold (Rye and Withers, 2000), and
their potential for application. Glycosyl hydrolase family 1 and 3 f-
glucosidases in plants are of particular interest due to their functional diversity,
despite their high amino acid sequence and structural similarity. Therefore, it
may be implied that small changes in the amino acid sequence effect changes in
enzymatic properties, so that the changes in physical interactions involved may
be investigated by protein engineering techniques. It is also of interest to
determine what similar interactions may allow the binding of oligosaccharides
by enzymes with different structures. Such information might be applied to
engineer divergent enzymes that are involved in carbohydrate binding and
hydrolysis. In addition, the enzymes may be applied to biomass conversion for
fuel production, synthesis of important oligosaccharides and glycosides by
transglycosylation, and treatment of plant materials for greater nutritional value,
so the engineering may have direct benefits.

In the first 3 year project on this theme, we concentrated on characterization
of rice BGlul and isoflavonoid B-glucosidases from Dalbergia species. In the
current project, we focused on cereal exoglucanases and related enzymes from
the cluster within glycosyl hydrolase family 1 that are related to rice BGlul and
those in the B-glucan exohydrolase subfamily of glycosyl hydrolase family 3,
since these enzymes are of relevance to recycling of cell wall components for
biomass conversion and energy production. In the GH1 BGlul cluster, the
enzymes are split between [-mannosidases, which hydrolyze -D-mannosides
faster than B-D-glucosides, and B-glucosidases, which hydrolyze B-D-glucosides
faster than B-D-mannosides. Linus Pauling (1948) surmised that enzymes
catalyze reactions by binding the transition state. Since B-D-glucosides are
thought to be hydrolyzed via half-chair-like transition states, while B-D-
mannosides are thought to go through a boat-like transition state (Davies et al.,
2003), this opens the question as to whether one enzyme can bind two different
shaped transition states or whether closely related enzymes bind different
transition states to hydrolyze the same reactions. Understanding this issue may



help with engineering of sugar specificity, so we started to collect data on the
plant B-mannosidase/-glucosidase cluster in this work.

5. Objectives
The purpose of this project is to determine the structure to function relationships
in plant exo-B-glycanases by achieving the following objectives:

5.1. Determination of the structures of rice BGlul (Os3BGlu7) B-glucosidase mutant in
complex with its oligosaccharide substrates and analysis of substrate binding
interactions.

5.2. Structural determination of a barley or rice PB-mannosidase/B-glucosidase and
comparison to rice BGlul -glucosidase.

5.3. Investigation of the basis for catalytic properties and differential sugar binding and
hydrolysis by BGlul and closely related B-glycosidases, which form a phylogenetic
cluster with both B-glucosidases and 3-mannosidases by site-directed mutagenesis.

5.4. Recombinant expression of barley Exo-I exo-f-glucanase and characterization of
its properties. Mutagenesis of residues around its active site to determine their
importance to its activity.

5.5. Crystallization of recombinant Exo-I and its mutants.

5.6. Cloning of rice Glycosyl Hydrolase family 3 exoglucanases for recombinant
expression.

6. Activities and Methods:

6.1. Structural studies of rice BGlul B-glucosidase and its binding with
oligosaccharides.

The initial structure solution of rice BGlul (Os3BGlu7) B-glucosidase was solved
in a previous project (Chuenchor et al., 2006), but the final refinement and
computational docking with cellotriose was completed in this project. The BGlul was
produced as a thioredoxin fusion protein in E. coli strain Origami(DE3), as previously
described (Opassiri et al., 2003) and purified by immobilized metal affinity
chromatography (IMAC), enterokinase digest to cleave off the thioredoxin and His6
tags, a second round of IMAC to remove the tag and gel filtration chromatography on a
Superdex S200 column (GE Healthcare) in 150 mM NaCl, 20 mM Tris-HCI, pH 8.0, as
described elsewhere (Chuenchor et al., 2006, 2008). The protein was then concentrated
in a centricon to approximately 10 mg/mL and used for crystallization.

Crystallization was done by optimizing the conditions previously identified and the
apoprotein crystal for data collection was obtained by mixing 3 pL 11.5 mg/mL protein
with 1 pL precipitant containing 23% polyethylene glycol monomethylester (PEG
MME) 5000, 0.17 M (NH4)2SO4, 0.1 M MES, pH 6.7, in hanging-drop vapor diffusion
over the reservoir of the precipitant solution. For the complex with 2-deoxy-2-
fluoroglucoside (G2F), the protein was mixed in a molar ratio of 1:5 with 2,4-
dinitrophenyl B-D-2-deoxy-2-fluoroglucopyranoside, then 2 mL of protein was mixed
with 1 mL of precipitant containing 23% PEG MME 5000, 0.20 M (NH4),SO4, 0.1 M
MES, pH 6.7, in hanging drop vapor diffusion over the precipitant solution. After 2
hours of equilibration, microseeds of a previous incubation were streaked in with a cat
whisker. The crystal drops were incubated at 15°C until crystals of adequate size were
produced.



The crystals were cryoprotected in a solution of 18% glycerol in 118% precipitant
and flash vitrified in liquid nitrogen. X-rays were diffracted by the crystals at beamline
B13 of the National Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan, and data was indexed, integrated and scaled with the HKL2000 software
(Otwinowski and Minor, 1997) available at the NSRRC. The initial structure was
solved with Amore (Navaza, 1994), as previously reported (Chuenchor et al., 2006) and
was refined with REFMAC 5.0 (Murshudov et al., 1999), as part of the CCP4 suite.
Structures were checked for stereochemical reasonability with PROCHECK
(Laskowski et al., 1993). For later structures of BGlul with G2F and mutant structures
with oligosaccharides, the initial BGlul structure without heteroatoms was simply rigid
body refined into the data to solve the initial structure, and refinement proceeded
essentially as described for the wild type apoenzyme.

After solution of the first two structures, cellotriose was docked into the active site
with the AutoDock program (Morris et al., 1998). The structure from the G2F complex
with the heteroatoms removed and the cellotriose ligand were prepared with the Sybyl
7.1 program (Tripos, St. Louis, MO, USA) with blocking of the termini and addition of
polar hydrogens. Charges were assigned by the Kolman united atom method (Weiner et
al., 1984) and the energies were minimized. The shape of the nonreducing end
glucosyl residue of the cellotriose was tested as *C; relaxed chair and 'S; skew boat, but
the skew boat was the one that gave the reasonable docking. Autodock 4.0 was run 100
times with the Lamarkian Genetic Algorithm (Morris et al., 1998) and results were
clustered with a cutoff 2.0 A root mean squared deviation (RMSD).

Mutations of BGlul were made to generate catalytically disabled enzymes for
producing complexes with native substrates. Site directed mutagenesis was done by
either the overlap extension method (Wurch et al., 1998) or the QuikChange
Mutagenesis kit (Stratagene, La Jolla, CA, USA), including E176A, E176D, E176Q,
E386D and E386Q. These were tested for activity by hydrolysis of p-nitrophenol -D-
glucopyranoside (pNPGlc), as previously described (Opassiri et al., 2003). Further
mutations were made in the oligosaccharide binding cleft by QuikChange mutagenesis,
including S334A, Y341A and Y341L.

The E176 mutants were characterized and the E176Q mutant used to determine the
binding affinities of oligosaccharides by the inhibition of pNPGlc hydrolysis. The pH
dependence of the wildtype BGlul and the E176 mutants was determined with pNPGlc
as a substrate in universal pH buffer (0.2 M boric acid, 0.05 M citric acid mixed with
0.05 M tri-sodium phosphate to achieve the pH values). Relative activities of wildtype
BGlul and BGlul E176 mutants were determined in 50 mM buffer: sodium acetate,
MES, phosphate or universal buffer, and 50 mM nucleophiles after adjustment of the
reaction solution (without enzyme and substrate) to pH 5.0. Kinetic parameters (K;, and
apparent ke,) of wildtype BGlul and BGlul E176 mutants in the presence of 50 mM
sodium azide were calculated from nonlinear regression of Michaelis-Menten curves
with Grafit 5.0 (Erithicus Software, Surrey, UK). The competitive inhibition constants
(Kj) were determined from the plots of the apparent K;/Vm. Vvs. the inhibitor
(oligosaccharide) concentration in the presence of 50 mM sodium azide, and were
taken to be the apparent dissociation constants (Kp) of the inhibitors. The association
constants were calculated as Ky = 1/Kp; and Gibbs free energies of binding were
calculated as AGyinging = -RTInK, where R is the gas constant (8.314 J K! mol']) and T
is the absolute temperature (303K). Subsite affinities were determined for binding of
oligosaccharides to binding cleft mutants as previously described (Opassiri et al.,
2004).



6.2. Comparison of the catalytic properties of barley rHvBII, its mutants and
closely related rice isoenzymes.

The barley HvBII and rice Os3BGIu8 and Os7BGlu26 cDNA were cloned for
expression as recently described (Kuntothom et al., 2009). Briefly, for barley, total
mRNA was extracted from 3-day-old germinated barley cv. Clipper seeds with
TRIzol® reagent and reverse-transcribed with polyT;; primer and Superscript II
reverse transcriptase, according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA, USA). The cDNA encoding the full-length barley rHvBII was PCR
amplified from the first-strand ¢cDNA pool with Pfu DNA polymerase (Promega,
Madison, WI, USA) and primers designed based on the BGQ60 cDNA sequence
(GenBank accession number L41869; Leah et al., 1995). The cDNA encoding the
mature barley B-D-glucosidase, designated rHvBII, was amplified with primers to add
an Ncol site to the 5° end at the beginning of the code for the mature protein and an
Xhol site at the Ncol site, cloned into pBluescript SK II (Stratagene, La Jolla, CA,
USA) at the EcoR V site and sequenced (GenBank accession number EU807965). The
cDNA encoding rHvBII was subcloned into the pET32a expression vector (Novagen,
Madison, WI, USA) at the Ncol and Xhol sites.

The Os7BGlu26 cDNA was amplified by RT-PCR from RNA isolated from 7-day-
old rice (O. sativa L., cv. KDMLI105) seedlings with (dT),y primer and the
Thermoscript RT-PCR system (Eppendorf, Hamburg, Germany). The full-length
Os7BGlu26 cDNA was amplified with primers designed from the predicted start and
stop codons and Pfu DNA polymerase. A cDNA encoding the predicted mature
Os7BGlu26 isoenzyme was amplified from the initial PCR product with primers
designed from the sequence encoding the mature protein N-terminus with an additional
CACC on the 5’ end for directional cloning and the stop codon and C-terminal region,
cloned into a Gateway entry clone with the pENTR™-D-TOPO® Cloning Kit
(Invitrogen), and sequenced. The cDNA encoding the mature Os7BGlu26 (GenBank
accession number EU835514) was recombined into the pET32a/DEST expression
vector (Opassiri et al., 2006) with LR clonase (Invitrogen).

A plasmid constructs containing a full-length cDNA encoding the Os3BGlu8 rice f-
D-glucosidase isoenzymes (AK120790, clone ID 215509) was acquired from the Rice
Genome Resource Center, Tsukuba, Japan (http://www.rgrc.dna.affrc.go.jp/). The
cDNA encoding the mature Os1BGlul isoenzyme was amplified from the clone
204872 plasmid with Pfu DNA polymerase and primers that added an Ncol site to the
start of the predicted mature protein N-terminus encoding sequence and an X#ol site to
the stop codon encoding sequence. The cDNA encoding the mature Os3BGlu8 protein
was cloned, sequenced and subcloned into pET32a, as described for rHvBII.

Protein expression was carried out after transformation of the pET32a expression
constructs into E. coli Origami(DE3) cells (Novagen) and selection on Luria-Bertani
(LB) agar containing 50 pg/ml ampicillin, 15 pg/ml kanamycin, and 12.5 pg/ml
tetracycline. The selected clones were grown and induced for expression as previously
described for BGlul (Opassiri et al., 2003). The optimum expression conditions were
determined by varying the duration of expression from 3 to 18 h and the concentration
of IPTG from 0.2 to 0.6 mM, at temperatures of 20°C and 25°C.

The cells were collected by centrifugation after overnight expression, frozen at -
70°C and lysed to release total soluble proteins, as previously described (Opassiri et al.,
2003). The heterologously expressed enzymes were first purified by IMAC resin (GE
Healthcare, Buckinghamshire, United Kingdom) charged with Co®" (rHVBII and
Os3BGlu8) or with Ni*" (Os7BGlu26), as with Os3BGlu7 (Opassiri et al., 2003;
Chuenchor et al, 2006). The IMAC column was washed twice with 10 column volumes



(CV) of equilibration/wash buffer (100 mM NaCl, 50 mM Tris-HCI, pH 7.2) to remove
unbound protein. Resin-bound fusion proteins were eluted with 2 CV of elution buffer
(150 mM imidazole, 50 mM Tris-HCI, pH 7.2). The eluted fractions were analysed for
hydrolysis of 4NPGlc before overnight dialysis in 20 mM Tris-HCI, pH 7.2, at 4°C.

The Os3BGIu8 and Os7BGlu26 proteins were then purified by Q-Sepharose
chromatography (GE Healthcare) in 50 mM sodium acetate, pH 5.0, with elution by a
gradient from 0-0.5 M NaCl. The Os3BGIlu8 and Os7BGlu26 B-D-glucosidases eluted
at 0.18 M, and 0.22 M NacCl, respectively. The NaCl concentration of the Os3BGIlu8 j-
D-glucosidase solution was adjusted to 3 M with solid NaCl and the enzyme was loaded
on a Phenyl Sepharose (GE Healthcare) column, which was pre-equilibrated with 50
mM sodium acetate, pH 5.0, containing 3 M NaCl. The protein was eluted with a
decreasing gradient of 3-0 M NaCl over 50 ml at a flow rate of 1 ml/min. The
Os3BGlu8 B-D-glucosidase eluted at 0.22 M NaCl. The fractions that were active
toward pNPGlc were pooled and dialysed in 20 mM Tris-HCl, pH 7.2, typically for 16
h at 4°C. Os7BGlu26 was further purified by size-exclusion chromatography on a
Superdex S200 column (10 x 300 mm, GE Healthcare), in 50 mM Tris-HCI, pH 8.0,
containing 150 mM NacCl, at a flow rate of 0.5 ml/min.

The NH,-terminal thioredoxin-His tag of the rHvBII proteins were removed by
digestion with 2 pg of enterokinase (New England Biolabs, Beverly, MA, USA) per 1
mg of total protein according to the supplier’s instructions. The released fusion tag was
removed by adsorption to a second IMAC column. The unbound and wash fractions
from IMAC with hydrolytic activity toward pNPGlc were pooled and dialyzed for 16 h
against 50 mM sodium acetate, pH 5.0. The dialyzed rHvBII was purified by cation-
exchange chromatography on CM-Sepharose (Takara, Tokyo, Japan) with elution by a
0-0.5 M NaC(l gradient in 50 mM sodium acetate, pH 5.0, at a flow rate of 1 ml/min.
rHvBII eluted at 0.15 mM NaCl. Because Os3BGlu8 and Os7BGlu26 appeared to be
more stable as fusion proteins, they were not digested with enterokinase, and the fusion
proteins were investigated, as was described for BGlul (Opassiri et al., 2004).

Tryptic maps were made by MALDI TOF/TOF mass spectrometry (MS) of
expressed rHvBII and Os3BGIlu8, and confirmed that the purified proteins
corresponded to the expected enzymes.

Enzyme activities were assayed for 10-30 min, depending on the enzyme, in
reaction mixtures with 1 mM pNPGlc in 50 mM sodium acetate, pH 5.0, at 30°C.
Reactions were terminated with two volumes of 2 M Na,COs; and absorbance at 405 nm
was measured. The optimum temperature was determined over the range of 0 to 90°C
in 10°C increments, by incubating 4 pmol of enzyme at the varying temperatures for 15
min, after which pNPGlc was added to 1 mM concentration and incubation proceeded
for a further 30 min. The optimum pH was determined by incubating 4 pmol of an
enzyme with 1 mM pNPGlc in Mcllvaine buffers, with pH ranging from 3.0 to 12.0, for
30 min at 30°C. The reactions were terminated and rates measured as specified above.
The substrate specificities of Os3BGlu8, Os7BGlu26 and rHvBII were evaluated by
incubating 4 pmol of enzyme in 100 pl reaction mixtures with 3 mM substrates at 30°C
for 1 to 16 h in 50 mM sodium acetate, at the optimum pH. Hydrolysis of pNP
glycosides was detected as described above for pNPGlc. For cellooligosaccharides and
laminari-oligosaccharides, the reactions were terminated by heating at 95°C for 5 min.
The amount of glucose released was determined by peroxidase/glucose oxidase coupled
reactions (PGO assay, Sigma Aldrich, St. Louis, MO, USA) as previously described
(Opassiri et al., 2003). Hydrolysis of mannoligosaccharides and natural glucosides was
detected by TLC. Kinetic parameters were determined in a manner similar to that
described for BGlul above.
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Mutations of rHvBII were made to try to determine the differences that cause it to
have higher B-D-mannosidase activity than B-D-glucosidase activity, while BGlul has
higher [B-D-glucosidase activity. The mutations were made according to the
QuikChange kit, as described for BGlul. The mutations made included V1841, A187L,
L246V, V250N, and Q336S, which changed rHvBII residues to BGlul residues, and
Y136W, F346P, and E391G, which changed residues common to BGlul and HvBII.
The mutant proteins were purified as described for HvBII above and their hydrolysis of
pNPGIc and p-nitrophenol B-D-mannoside (pNPMan) characterized, as described
above.

6.3 Crystallization and preliminary structure analysis of Os7BGlu26 (3-
mannosidase.

In order to optimize expression of Os7BGlu26 B-mannosidase/B-glucosidase for
crystal structure determination, the pET32a/Os7BGlu26 expression vector described
above was transformed into Origami B(DE3) and Rosetta-gami(DE3) strains of E. coli
and expression tested by inducing at 20 °C with concentrations of IPTG from 0 to 0.5
mM. Since Rosetta-gami(DE3) cells induced with 0.3 mM IPTG at 20°C for 16-18 h
gave the best expression levels, this condition was used for production of protein. The
protein was extracted and purified by IMAC, followed by enterokinase cleavage and a
second IMAC, as described for Os3BGlu7 above. The purified protein was screened
for crystallization with the Hampton Research HR134 and Emerald Biosystems Wizard
crystallization kits. The condition of 0.5 M Na/K tartarate, 0.1 M HEPES, pH 7.5, was
found to give clustered crystals and optimized by varying the Na/K tartarate
concentration and pH to give an optimal condition of 0.34 M Na/K tartarate, 0.1 M
HEPES, pH 7.25, for single crystal production.

Crystals of Os7BGlu26 were screened for diffraction at the NSRRC beamline 13B
with 1.0 A X-rays, and preliminary datasets were collected for Os7BGlu26 and
Os7BGlu26 crystals soaked with 2,4-dinitrophenyl-deoxy-2-fluoromannoside (a kind
gift from Prof. Stephen Withers, University of British Columbia, Canada). Datasets
were processed with HKL2000, as described above, and the preliminary structure
solved by molecular replacement with the Os3BGlu7 (2RGL) structure in the MolRep
program of the CCP4 Suite (Murshudov et al., 1999; Computational Computing Project
4, 1994).

6.4. Recombinant expression and characterization of barley Exo I exoglucanase.

RNA was extracted from barley cultivar clipper seedlings and reverse-transcribed,
as described above. The cDNA encoding the mature protein of HvExol (Genbank
Accesion number AF102868) was amplified with Pfu DNA polymerase and the
ExoMatF (5’-CACCGACTACGTGCTCTACAAGGA-3’_ and ExolstopR (5’-
CTAGTACTTCTTCGTCGCGTTGGT-3) primers. After gel-purification, this cDNA
was cloned into the pENTR/D-TOPO entry vector according to the manufacturer’s
instructions (Invitrogen). The cDNA was then transferred to the pET32a/DEST
(Opassiri et al., 2006) and pPICZaBNHg/DEST (Toonkool et al., 2006) vector by LR
Clonase recombination (Invitrogen). An optimized gene with optimal codons for
Pichia pastoris expression was ordered from GenScript and cloned into the
pPICZaBNHg expression vector, between the Pst I and Eco Rl sites. The vectors were
sequenced to confirm the correct nucleotide sequences.

The pET32a/DEST vector containing the Exol cDNA was transformed into
Origami(DE3) and Origami B(DE3) E. coli strains, and induced as described above.
Since only inclusion bodies were produced, attempts were made to refold the protein
from inclusion bodies. Folding trials were done by a standard protocol of dissolving
the inclusion bodies in 6 M guanidine HCI, 50 mM Tris-HCl, 100 mM NaCl, 10 mM
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EDTA and 10 mM DTT, then gradually dialyzing into the similar buffer with
decreasing concentrations of guanidine HCI and 1 mM reduced and 0.1 mM oxidized
glutathione in place of DTT. Since no soluble protein be detected, the iFOLD protein
folding kit 2 (Novagen) was used to screen for folding conditions, according to the
manufacturer’s specifications. Soluble active protein was screened by assaying for
hydrolysis of 4NPGlc.

For expression of the Exol protein in P. pastoris, the pPICZa-based plasmids were
linearized with Pme 1 and used to transform P. pastoris strains Y 11430 and
SMD11680H by electroporation. The transformed yeast were selected on zeocin and
single colonies were picked for growth in liquid culture. A single transformed colony
was inoculated into 500 mL BMGY medium (Invitrogen) containing 100 lg/mL zeocin
and grown at 28 °C with shaking until the culture reached an OD600 of 2-3. Cells were
harvested by centrifugation and resuspended in the BMMY medium (Invitrogen) to an
OD600 of 1. Expression of rHvExol was induced with 1% (v/v) methanol for 4 days at
20 °C. Cells were removed by centrifugation and the media used for screening for
enzyme activity or protein purification.

Protein was purified from the culture media by ion exchange chromatography and
IMAC. First, fresh phenylmethyl sulfonyl fluoride (PMSF) was added to the media to
1 mM and the pH was adjusted to 4.7 with acetic acid. The solution was loaded on an
SP-Sepharose cation exchange column and washed with 50 mM acetate, pH 4.7, then
eluted with a linear gradient of 0 to 2 M NaCl in the same buffer. The fractions with
most of the activity were concentrated in a centrifugal concentrator and the buffer
changed to 300 mM NaCl in 50 mM sodium phosphate, pH 7.8. These were then
mixed with cobalt-bound IMAC resin and the resin was washed in a column and eluted
with a gradient of imidazole from 0 to 0.5 M in the same buffer. Active fractions were
changed to 20 mM sodium acetate, pH 5, buffer and concentrated in a centrifugal
concentrator (10 kDa MWCO).

A 100 pg aliquot of the Exol purified from P. pastoris media was deglycosylated
with 500 U endoglycosidase F (New England BioLabs) at 4 C for 3 days. The IMAC
purification and concentration was repeated with this sample to remove the
enterokinase and cleaved sugar. The substrates hydrolyzed, pH and temperature optima
and enzyme kinetics for the glycosylated and deglycosylated proteins were determined
similar to those of the other enzymes described above.

To verify the protein identity, 10 mg aliquots of deglycosylated or glycosylated (not
deglycosylated) protein was digested with trypsin and the digest was mixed with a-
cyano-4-hydroxycinnaminic acid and evaluated by matrix assisted laser-desorption
ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS). Similarly, aliquots
of undigested proteins were mixed with and submitted to MALDI TOF MS, as well, to
determine the molecular weight of the full protein.

A number of mutants of the barley Exo I active site were made by the QuikChange
method (Strategene), as described for other proteins above. Since we would eventually
like to compare the structures of the mutants of expressed barley Exo I with the
wildtype enzyme to assess the effects of the mutations on the structure and substrate
binding to mutants, the protein was screened for crystallization. After the purification
steps described above, the N-deglycosylated rHvExol wild-type and mutant enzymes
were eluted from a BioGel-P100 size-exclusion column with 50 mM sodium acetate
buffer, pH 5.25 containing 200 mM sodium chloride and 1 mM dithiothreitol,
concentrated to approx. 12.5 mg/mL and filtered through a 0.22 pm filter.
Crystallization of the protein was assessed in the standard screening kits in the
laboratory, manually by microbatch under oil, and robotically by sitting drop vapor-
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diffusion, and by hanging drop under the conditions used to crystallize native barley
Exol (Hrmova et al., 1998) with and without seeding with native barley Exol
microcrystals. For microbatch, the protein was mixed one to one with the precipitants
from the Crystal Screen 2, Crystal Screen Lite and Grid Screen Ammonium Sulfate
(Hampton Research, Aliso Viejo, CA, USA) kits and incubated at 14 °C. Robotic
screening was done at the Bio21 Collaborative Crystallisation Centre (CSIRO,
Parkville, Australia) (Newman et al., 2008) at 8 °C and 20 °C, using the PSS 1 Com5
screen formulation from Emerald BioSystems (Bainbridge Island, WA, USA) or the PS
gradient-mid range formulation prepared in-house (http://www.csiro.au/c3/
Facility/c3_centre_robotic_crystal.htm). For hanging drop vapor diffusion, drops were
set up with 1:1 protein under the previously published conditions for native Exo I
(Hrmova et al., 1998), which include a precipitant solution of 100 mM Hepes-NaOH
buffer pH 7.0, 2.4% (w/v) polyethylene glycol 400, 1.6 M ammonium sulfate. The
protein (4 mL 12.5 mg/mL) and precipitant (4 mL) were mixed on 22-mm siliconized
circular glass cover slips (Hampton Research). For seeding, a cat whisker was gently
touched the surface of a microseed stock of native HvExol and subsequently the
whisker was immersed into the rHvExol drop, then the slide was fixed with the drop
down over the reservoir with vacuum grease.

For the data collection of the initial barley Exo I crystals, single crystals with
longest dimensions of 100 to 500 um were cryo-protected with 20% (v/v) glycerol in
precipitant and flash cooled in the cold N, stream at the beamline MX1 of the
Australian Synchrotron. The X-ray diffraction data sets of wild-type and mutant
rHvExol were collected at 0.5° oscillations through 360°. The data was processed
using the HKL 2000 suite of programs (Otwinowski et al., 1997).

7. Results:

7.1. Structural investigation of rice BGlul (Os3BGlu7) B-glucosidase and its binding
to oligosaccharides.

7.1.1. Structure of rice Os3BGlu7 and docking with cellotriose.

Initially, the structure of rice Os3BGlu7 (BGlul) was solved by molecular
replacement with the white clover cyanogenic beta-glucosidase as the template, as reported
in the previous grant (Chuenchor et al., 2006; 2008). In this project, we completed the
structure refinement of Os3BGlu7 and its complex with 2-fluoroglucoside (G2F) in an
alpha-linkage to the catalytic nucleophile (E386) at 2.2 A and 1.55 A resolution,
respectively. The residual factors indicated that the models represented the data well, with
R of 16.2% and R-free of 20.5% for the apoenzyme structure and R of 17.1% and R-free of
19.7% for the covalent intermediate with G2F.  Furthermore, we improved the
computational molecular docking of the cellotriose molecule in the active site, and tested
the effects of some residues near the active site on oligosaccharide specificity by site-
directed mutagenesis.

The structure of Os3BGlu7 is typical for GHI enzymes, being a (B/a)s barrel with
the catalytic acid/base at the end of strand 4 of the 3-barrel and the nucleotide at the end of
strand 7 (Figure 1). Two molecules of protein were found bound by a Zn®>" ion chelated
between them in the asymmetric unit, however, the protein was seen to be a monomer in
solution by gel filtration chromatography and dynamic light scattering. The G2F ring was
clearly seen in the complex structure and was found to take a relaxed *C; chair
conformation. Few changes were seen between the complex and apoenzyme structures,
except for the movement of the nucleophile to link to the sugar and slight adjustments of a
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few surrounding residues, and these structures had an RMSD of 0.093-0.096 A upon
superimposition.

Figure 1. Overall structure of the rice Os3BGlu7 asymmetric unit. The structure of
Os3BGIlu7 in a covalent complex with 2-fluoroglucoside (G2F) is shown with the other
heteroatoms bound to the protein indicated with glycerol (GOL) a MES buffer molecule,
sulfate and a single Zn®" ion that was chelated symmetrically between the two protein
molecules in the asymmetric unit.

The covalent intermediate structure showed that the G2F ring was forming the
typical hydrogen bonds and aromatic stacking interactions with the conserved amino acids
in the -1 subsite (Figure 2 a), as previously reported for other similar complexes
(Burmeister et al., 1997). Interestingly, a glycerol molecule was also bound in the active
site and took a position with the 2-hydroxyl oxygen 2.68 A from the catalytic acid/base and
3.37 A from the anomeric carbon, as if it were positioned to donate a proton to the catalytic
base and attack the anomeric carbon for a transglycosylation reaction (Figure 2b). The
glycerol was held in position by further hydrogen bonds, including possible bonds to both
the catalytic acid/base and nucleophile at the glycerol O1 and the glucosyl 6 OH to glycerol
03. Since Os3BGlu7 efficiently transglycosylates to sugars and the glycerol structure is
essentially like half a sugar, this structure suggests the mechanism by which this efficient
transglycosylation can happen.
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Figure 2. The active site of Os3BGlu7 in the covalent complex with 2-fluoroglucoside.
Part a) shows the stereoview of the active site with the |Fo-Fc| omit map of the 2-
fluoroglucose and glycerol shown in purple mesh at 3 sigma above background. Groups
within the distance to make hydrogen bonds between the ligand and the protein are
indicated by dotted lines to represent the possible hydrogen bonds. Part b) is a comparison
of the covalent intermediate active site structure in yellow with the apo protein active site
in blue. The superimposed active sites show the adjustment of the catalytic nucleophile
(E386) and the neighboring tyrosine, Y315, to the covalent binding of the ligand. The
stereo view also clearly shows the position of the glycerol 2 OH above the anomeric carbon
of the sugar. The figure is from Chuenchor et al., 2008.

In order to get a better idea of the binding of carbohydrates, a cellotriose was
docked into the active site of Os3BGlu7 by computational docking. This allowed us to get
a general idea where the carbohydrate molecule would bind. In order to get the cellotriose
to bind in the correct direction in the active site, the nonreducing terminal glucosyl residue
had to be shaped as a 1S3 skew boat, rather than a relaxed chair. This is in line with
previous reports that this shape would be formed upon binding (Davies et al., 2003;
Verdoucq et al., 2004). When further structures were determined with the acid/base mutant
E176Q with cellotetraose and cellopentaose, it was found that the nonreducing glucosyl
residue appeared to be mobile around the C1 to Ol region, and the average shape was
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displaced toward a planar transition state in this region, most similar to a 4E envelope,
although this is quite similar to the expected *Hs half-chair transition state, so that the two
may not be easily distinguished. As a result of this distortion and the tetrahedral angle
differences around the glycosidic bonds, the second and third glucosyl residues were offset
and the positions of the oxygens in the third glucose were off by about 2-3.5 A in the
docked structure, compared to the mutant-complex structure. This meant that the exact
hydrogen bonding could not be determined from the docking, although the approximate
position suggested some residues to test.

Based on homology modeling based on structures of the previously determined
plant GHI1 structure active site residues, the molecular docking of cellotriose into
Os3BGlu7 and the structures of Os3BGlu7 mutants in complex with cellooligosaccharides,
a series of active site mutants were made. The first set consisted of those made from the
first two criteria, included the mutations changing +1 to +2 site residues with the
corresponding amino acid of barley beta-glucosidase isoenzyme I (HvBII) to see whether
the oligosaccharide preferences could be changed to hydrolyze cellobiose better and
cellotriose worse, like the barley enzyme. These changes included 1179V, N190H and
L442R in the +1 subsite and N245V in the +2 subsite. The L442R mutation had little
effect, since the oligosaccharide chain runs a different direction out of the active site and is
not close to this residue (in both the structures from computational docking and from
mutant-substrate complexes, Chuenchor et al., 2008, 2010). However, the [179V increased
the ke and Ky, for all substrates, resulting is a slightly improved ratio of ke./Ky for
cellobiose vs. cellotriose (cellobiose keo/Kiym = 0.06 mM'ls'], cellotriose ke./Kim = 3.06 mM”
15! ratio = 0.0196) compared to wildtype (cellobiose ke./Ky = 0.05 mM'ls'l, cellotriose
Keat/Kin = 10.7 mM's”!, ratio = 0.00467). The N190H mutation also had an effect, in which
it increased the k¢ and decreased the K, for all substrates (4NPGlc, cellobiose and
cellotriose), resulting in a slight improvement in the ratio of cellobiose to cellotriose
hydrolysis efficiency (cellobiose ke./Ky, = 0.15 mM'ls'l, cellotriose koK = 19.1 mM'ls'l,
ratio = 0.00785). The biggest effect was seen for the N245V mutation, which increased the
Kn and kg, for both substrates and resulted in a much better ratio of cellobiose to
cellotriose hydrolysis efficiency (cellobiose kew/Km = 0.10 mM™'s™, cellotriose kea/Kum =
0.71 mM's™, ratio = 0.14). These effects suggested that, while a combination of the
residues in the active site may contribute to the cellobiose vs. cellotriose hydrolysis
efficiency, no single residue could explain the difference between rice Os3BGlu7 and
barley HvBIIL.

7.1.2. Structural investigation of oligosaccharide binding complexes.

To define the binding better, a series of catalytic residue mutants were tested for
their interference with hydrolysis and the isosteric acid/base mutant E176Q was chosen for
determining structures with oligosaccharide substrates (Chuenchor et al., 2010). This
mutant had the rather unique property of efficiently hydrolyzing substrates with good
leaving groups that do not require acid-assistance, such as 4NPGlc and 2,4-dinitrophenyl [3-
D-glucoside, but not those with poor leaving groups, such as oligosaccharides, provided
that a small nucleophile was available to replace the catalytic base. The E176Q and E176A
mutants could both be rescued in this manner by nucleophiles, while the E176D mutant
could not, but E176Q was most efficient at hydrolyzing the substrates under all conditions.
In the case of E176Q and E176A, the basic branch of the pH dependence was largely lost,
thereby confirming the lack of acid catalyst that needs the lower pH for protonation. Since
the E176Q could not detectably hydrolyze oligosaccharides, they could be used as
competitive inhibitors of 4NPGlc hydrolysis, allowing direct measurement of their
dissociation constants as the competitive inhibition constants (K;). As shown in Table I,
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the K; indicated that the strongest binding occurred for glucosyl residue 3 in the +2 site,
followed by residue 4 in the +1 site, and significant binding could be detected out to the
sixth residue of cellohexaose, consistent with previous results from kinetic subsite affinity
experiments (Opassiri et al., 2004).

Figure 3. Comparison of the position of a docked cellotriose and a bound
cellotetraose in the Os3BGlu7 (BGlul) active site. The cellotriose was docked into the
original structure of Os3BGlul (Chuenchor et al., 2008) via Autodock 5.0, whereas the
cellotetraose was soaked into crystals of the Os3BGlu7 E176Q mutant (note the Gln 176 in
place of Glu 176). Although the cellotriose is in roughly the right position, the difference
in 2-3.5 A in glucosyl residue 3 oxygen positions compared to bound cellotetraose makes it
impossible to predict the difference between a direct and a water mediated hydrogen
bonding interaction.

Table 1: Inhibition of Os3BGlu7 (BGlul) hydrolysis of 4NPGlc by oligosaccharides
and calculated binding energies. (Chuenchor et al., 2010)

Oligosaccharide | Type of Apparent K; Apparent K Apparent
inhibition (mM) M AGinging™
Cellobiose Mixed 44 +3 23 -7.9%*
Cellotriose Competitive 0.48 +0.03 2,100 -19.3
Cellotetraose Competitive 0.052 + 0.006 19,200 -24.8
Cellopentaose Competitive 0.024 + 0.002 41,700 -26.8
Cellohexaose Competitive 0.018 +0.001 56,000 -27.5
Laminaribiose Competitive 0.191 +0.02 5,200 -21.6

*The apparent K and AGyinging are calculated based on the assumption of purely competitive
inhibition. As such, they represent maximal values.

**Since cellobiose gave mixed inhibition, the apparent K, is expected to be an overestimate of the
maximal value. The AGyinging is therefore more energetically favorable than is realistic.

The structures of Os3BGlu7 E176Q mutant with the oligosaccharides cellotetraose,

cellopentaose and laminaribiose were determined in order to get a more direct idea of the
interactions involved in the binding of oligosaccharides in the active site. No crystals could
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be produced with cocrystallization with cellohexaose and no cellohexaose could be seen in
crystals soaked with this substrate, suggesting that there is a steric or conformational
disturbance in the crystal matrix with this longer substrate. As shown in Table 2, the
structures were determined to 1.67 A resolution for the apo Os3BGlu7 E176Q enzyme,
1.90 A resolution for its covalent G2F complex, 1.95 A resolution for the complex with
cellotetraose, and 1.80 A resolution for the structure with cellopentaose. Initially, a 1.37 A
resolution structure was determined for crystals soaked with laminaribiose, but the
occupancy was very low and the presence of 2 glycerol molecules in the apo enzyme active
site made the exact position of the laminaribiose atoms difficult to interpret. Another
dataset with 10 mM laminaribiose, instead of 1 mM, allowed determination of the
laminaribiose position, but the resolution was only 2.80 A. All complexes were refined to
give good residual factors and geometric parameters, as shown in Table 3.

Inspection of the oligosaccharide complexes showed that the hydrogen bonds seen
in the G2F complex with the wild type Os3BGlu7 complex were maintained in binding of
the nonreducing terminal glucosyl residue in the -1 subsite (Chuenchor et al., 2010). No
water mediated hydrogen bonds were found at this subsite, but hydrogen bonding
interactions at the +1 to +4 sites were predominantly through water, with the only direct
hydrogen bonds to Asn 245 in the +2 site (Figure 4). Laminaribiose bound with the
nonreducing residue in the same position, but its second residue was flipped approximately
180° compared to the second residue in the cellooligosaccharides, which allowed it to
hydrogen bond to Asn 245 with its anomeric hydroxyl in the beta configuration and make
maximal contacts between the weakly positively charged protons of the sugar ring and the
pi electrons of the Trp 358 indole ring (Figure 4 and Figure 5). These strong interactions at
the +1 site could explain why laminaribiose binds much more strongly than cellobiose and
even cellotriose. It was also noted that the orientation of the cellooligosaccharides and
laminaribiose in the Os3BGlu7 structures was clearly correct for hydrolysis, while the
previously determined bacterial structure with cellotetraose had the catalytic acid/base and
nucleophile too far away from the glycosidic bond and anomeric carbon to allow hydrolysis
in that position (Figure 5 c).

Table 2. Data collection statistics for Os3BGlu7 E176Q and its complexes.

PDB code: 3F4V 3F51 3F5J 3F5K 3F5L

Complex: Apo enzyme G2F Cellotetraose  Cellopentaose Laminaribiose

Space group P212121 P212121 P212121 P212121 P212121

Unit cell parameters (A, ©)a=79.8 a=792 a=79.7 a=79.8 a=79.7
b=101.0 b=100.4 b=100.8 b=101.2 b=101.5
c=127.6 c=1274 c=1275 c=1274 c=1283
a=B=y=90" a=B=y=90" a=B=y=90" a=Bf=y=90" a=pf=y=90°

No. of molecules per ASU 2 2 2 2 2

Resolution range (A) 30-1.65 30-1.90 30-1.95 30-1.80 30-2.80
(1.71-1.65) (1.97-1.90) (2.02-1.95) (1.86-1.80) (2.90-2.80)

No. of observations 636554 560709 462300 429830 158410

No. of unique observations 124448 79635 73603 94774 24681

Redundancy 5.1(5.0) 7.0 (6.7) 6.3 (5.8) 4.5 (3.6) 6.1(6.3)

Completeness (%) 99.9 (99.9) 99.1 (98.9) 97.4(93.7) 98.9 (93.3) 99.8 (99.8)

V/Le10)) 24.5 (4.5) 23.3 (6.1) 19.2 (6.9) 17.9 (2.7) 16.1 (5.8)

Ryym (%)" 6.2 (36.5) 8.3(35.2) 8.3(29.2) 8.3 (45.6) 11.7 (34.1)

Numbers in parentheses are outer shell parameters.
* Rey= Zia Zi s (hed) — TCRELY/ Sy 231 (W)
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Table 3. Refinement statistics for Os3BGlu7 E176Q and its complexes.

PDB code: 3F4V 3F51 3F5J 3F5K 3FSL
Complex: Apo enzyme G2F complex  Cellotetraose  Cellopentaose Laminaribiose
Resolution range (A) 30-1.65 26.29-1.90 30-1.95 30-1.80 30-2.80
No. of amino-acid residues 944 944 944 944 942
No. of protein atoms 7618 7618 7618 7618 7602
No. of water molecules 901 668 727 801 71
Refined carbohydrate None G2F cellotetraose cellopentaose laminaribiose
No. of carbohydrate atoms None 22 90 112 46
No. of other hetero atoms 53 53 35 47 35
Riactor (%)° 17.5 18.6 18.0 17.8 20.7
Riee (%0)° 19.6 18.9 21.4 21.0 24.8
Ramachandran statistics

Favored region (%) 97.4 97.6 97.6 98.0 95.6
Allowed region (%) 2.6 24 2.4 2.0 4.4
Outlier region (%) 0 0 0 0 0
R.m.s.d. from ideality
Bond distances (A) 0.011 0.014 0.018 0.015 0.008
Bond angle (°) 1.357 1.461 1.585 1.512 1.057
Mean B factors (A%)
All protein atoms 12.03 14.43 9.15 14.74 21.874
Waters 24.43 27.35 19.10 26.88 31.87
Hetero atoms 19.54 28.44 20.59 34.49 46.97
Carbohydrate atoms None 9.84 24.29 32.71 43.16
Subsite -1 (A/B) None 9.67/10.01 20.32/19.58 26.09/23.99 41.20/41.93
Subsite +1 (A/B) None None 21.73/21.57 29.75/29.06 44.69/44.59
Subsite +2 (A/B) None None 21.94/21.82 26.97/26.94 None
Subsite +3 (A/B) None None 32.87/32.90 32.91/32.66 None
Subsite +4 (A/B) None None None 49.01/46.49 None

® Riactor=(Z1F|-|F./Z|F,|). ¢ Based on 5% of the unique observations not included in the refinement.

Upon inspection of the structures, it was clear that tyrosine residue Y341 appears to
interact with the 4™ and 5™ sugars in the +3 and +4 subsites for cellooligosaccharide
binding, while Ser 334 appeared to be involved in a water-mediated hydrogen bond with
the sugar in the +3 subsite. Therefore, these residues were mutated and the affect on
oligosaccharide binding and hydrolysis was assessed via their effects on kea/Km. As seen
in Table 4, the S334A mutant had little effect on hydrolysis except for decreasing the
keat/Kin for cellotetraose by about 25%. In contrast, mutations of Y341 to A or L decreased
the ke./Kp, for cellotetraose and cellopentaose, but increased it for cellotriose, by increasing
the ke This may reflect less binding of cellotriose in nonproductive positions including
the +3 and +4 sites.

Table 4 Kinetic parameters of BGlul wild type and BGlul mutants for hydrolysis of
cellotriose, cellotetraose and cellopentaose

Substrate Kinetic BGlul BGlul S334A | BGlul Y341A | BGlul Y341L
parameters
Cellotriose K, (mM) 0.63+0.02 0.72+0.03 1.26+0.02 1.18+0.03
Keat (s'l) 9.66+0.38 11.09+0.44 36.41+0.23 29.60+1.19
e/ K (s mM™) 15.33+0.4 15.40+0.4 28.90+0.3 25.08+0.5
Cellotetraose K, (mM) 0.26+0.00 0.50+0.05 0.89+0.09 0.81+0.09
Kear (s 11.190.58 15.73+0.71 23.710.89 18.65+0.35
ke K (s' mM™) | 42.69+2.0 31.5+2.4 26.6+2.6 23.0+2.1
Cellopentaose K, (mM) 0.21+0.03 0.21£0.01 0.53+0.03 0.43+0.01
keat (s7) 14.1440.92 13.05+0.45 21.91+1.32 14.87+0.41
kel Ky (s' mM™) 67.33+4.7 62.1+4.5 41.34+0.5 34.58+0.2
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Y315

Figure 4. Hydrogen bonding interactions in the active site of Os3BGlu7 (BGlul) B-
glucosidase E176Q mutant bound to oligosaccharides. A shows the interactions formed
with cellopentaose in the active site with light colored that are not connected by solid bonds
representing water and hydrogen bonds are represented by dashed lines. B shows the
interactions with laminaribiose. The figure is from Chuenchor et al., 2010.
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Figure 5. Comparison of oligosaccharide binding positions in the active site of
Os3BGlu7. A. The final positions of the oligosaccharides in the cellotetraose, cellopentaose and
laminaribiose complexes are shown in the superimposed structures, showing the difference in the
second glucosyl position in laminaribiose compared to the cellooligosaccharides. B. The positions
of cellotetraose, cellopentaose and laminaribiose are shown with respect to the aromatic groups that
stack the sugars in the Os3BGlu7 active site. C. The sugar positions in Os3BGlu7 and
Paenobacillus polymyxa B-glucosidase B (Pp BgB)complexes with cellopentaose are compared.
Although the nonreducing sugar is in the position for hydrolysis in Os3BGlu7, it is not in Pp BgB.
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7.2. Comparison of the catalytic properties of barley rHvBII, its mutants, rice
Os3BGlu7 and closely related rice isoenzymes.

7.2.1. Expression and characterization of barley rHvBII and rice isoenzymes in the same
phylogenetic cluster.

Protein sequence-based phylogenetic analysis showed that four putative rice B-D-
glucosidases, Os1BGlul, Os3BGlu8, Os7BGlu26, and Os12BGlu38, cluster together with
Os3BGlu7, HvBII, and tomato and Arabidopsis B-D-mannosidases (Opassiri et al., 2006;
Kuntothom et al., 2009). The amino acid sequence of Os3BGlu8 is most similar to
Os3BGlu7 with 74% identity over the catalytic region, but Os3BGIlu8 contains a C-
terminal extension, including a hydrophobic motif that could act as a membrane anchor at
the C-terminus. In contrast, the Os7BGlu26 amino acid sequence shared 82% identity with
that of HvBII, but only 64% with that of Os3BGlu7, while that of Os1BGlul shared 73%
identity to HvBII, but only 64% identity with Os3BGlu7, and Os12BGlu38 is more
distantly related to all these enzymes with 56-61% sequence identity. Comparison of the
active site residues known from the structure of Os3BGlu7 (2RGL, Chuenchor et al., 2008)
and homology modeling revealed the active site residues of Os3BGlu8 were indeed more
similar to Os3BGlu7, while those of Os7BGlu26 were more similar to HvBII. To see if
their activities showed corresponding similarities, HvBII, Os3BGIu8 and Os7BGlu26 were
expressed as thioredoxin fusion proteins in E. coli, as previously described for Os3BGlu7
(Opassiri et al., 2003).

The c¢cDNA for HvBII was cloned by RT-PCR from barley cultivar Clipper
seedlings and its sequence matched that of BGQ60 B-D-glucosidase at all but four residues,
two of which matched barley B-D-glucosidase isoenzyme BII (HvBII) at the residues that
were different between HvBII and BGQ60 in the first 110 residues, so this clone was
considered to match the HVBII protein and the protein expressed from it was designated as
rHvBII (Kuntothom et al., 2009). Its activity was nearly identical to that of HvBII purified
from germinating seed (Table 5). The pH and temperature optima of rHvBII were
determined to be pH 4.0 and 30°C.  When compared with Os3BGlu7 for
mannooligosaccharide hydrolysis, the relative f-D-mannosidase activities of both rHvpII
and Os3BGlu7 increased with increasing DP of mannooligosaccharides from 2 to 6, rHvBII
had higher p-D-mannosidase activity compared to Os3BGlu7 for every
mannooligosaccharide.

The structural analysis suggested that Os1BGlul, Os3BGlu8, and Os7BGlu26
should hydrolyse the same substrates as rHvBII and Os3BGlu7, and that Os1BGlul and
Os7BGlu26 should show substrate specificity more similar to rHvBII, while Os3BGlu8
should be more similar to Os3BGlu7. To test this, the four rice isoenzymes Os1BGlul,
Os3BGlu8, Os7BGlu26, and Os12BGlu38 were expressed in the E. coli expression system
that was used for expression of rHvBII and Os3BGlu7. The Os3BGIlu8 and Os7BGlu26
were expressed as functional enzymes, while Os1BGlul and Os12BGlu38 could not be
expressed in active forms in this heterologous host. The pH and temperature optima were at
pH 5.0 and 30°C for Os3BGlu8, and at pH 4.5 and 40°C for Os7BGlu26. These values
were comparable to the pH 5.0 and 30 °C optima for Os3BGlu7 (Opassiri et al., 2003) and
pH 4.0 and 30 °C optima for rHvBII.

7.2.2 Kinetic characterization of rHvBII, Os3BGlu8 and Os7BGlu26.

In substrate hydrolysis, rHvBII, Os3BGlu8 and Os7BGlu26 were similar in
hydrolysing pNP-glycosides, but they showed differences in hydrolysis of 4NPMan,
mannooligosaccharides and natural B-linked glucosides. While Os3BGlu8 had little
activity toward pNPMan and mannooligosaccharides, Os7BGlu26 and rHvBII hydrolysed
pNPMan better than pNPGlc, and also hydrolysed (1,4)-B-linked mannooligosaccharides
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with DP of 2-6, although Os7BGlu26 appeared less efficient at hydrolysing mannobiose
than rHvBII. Aside from pNPGlc and pNPMan, all enzymes hydrolysed pNP-B-D-fucoside
slightly better than 4NPGlIc, and 4NP-B-D-galactoside (pNPGal) and pNP-£-D-xyloside
(PNPXyl), and pNP-a-L-arabinoside at low rates (Table 5). All three enzymes could
hydrolyse (1,4)-B-linked glucooligosaccharides of DP 2-6 and (1,3)-p-linked
glucooligosaccharides of DP 2-3, but not laminarioligosaccharides longer than 3 glucosyl
residues. All enzymes hydrolysed sophorose [(1,2)-B-linked gluco-disaccharide], but only
Os3BGlu8 significantly hydrolyzed gentiobiose [(1,6)-B-linked gluco-disaccharide].
Among the natural glucosides tested, rHvBII hydrolysed the broadest range of aglycones,
while Os3BGlu8 could only hydrolyse esculin.

To better characterize their substrate preferences, the apparent kinetic parameters
for hydrolysis of pNPGlc, pNPMan, cellooligosaccharides and laminaribiose and
laminaritriose by Os3BGlu8 Os7BGlul26, and rHvBII were determined, as summarised in
Table 6. Os3BGlu8 hydrolysed pNPGlc more efficiently than pNPMan (80 times higher
keat/ Kin for 4NPGlc), as did Os3BGlu7, to which the Os3BGlu8 sequence was most similar,
while Os7BGlu26 and rHvBII, which had sequences most similar to each other, hydrolysed
pNPMan with apparent k./K., values that were higher than those for pNPGlc. All three
recombinant enzymes hydrolysed laminaribiose more efficiently than laminaritriose, and
hydrolysed cellooligosaccharides with higher efficiency as the degree of polymerization
(DP) increased from 3 to 6. The two rice isoenzymes hydrolysed cellobiose poorly, as did
Os3BGlu7 (Opassiri et al., 2004), but rHvBII hydrolysed cellobiose with a higher ke,/K,
value than cellotriose.

To understand the differences in cellooligosaccharide preferences between the rice
and barley PB-D-glucosidases and [B-D-mannosidases, their subsite binding affinities for
(1,4)-B-linked glucooligosaccharides were estimated, by the method of Hiromi et al.
(1973). Figure 6 indicates that all the enzymes have six subsites for (1,4)-B-linked glucosyl
residues, as predicted from the similarities of their active site residues to Os3BGlu7 and
rHvBII and by molecular modelling. The main difference between rHvBII and the rice
isoenzymes was the apparent negative affinity at the +2 subsite in rHvBII and the apparent
relatively high positive affinity of all the rice isoenzymes at this site. The subsite affinities
of Os7BGlu26 are the most similar to those of the barley enzyme HvVBII, with the
interaction at the +1 subsite being stronger than at the +2 subsite. The Os3BGIlu8
isoenzyme was more similar to Os3BGlu7 (Opassiri et al., 2004), with stronger interaction
at the +2 subsite, but still maintained relatively strong binding at the +1 subsite compared
to Os3BGlu7.
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Table 5 Relative rates of hydrolysis of natural and synthetic substrates by rice Os3BGlu8,
Os7BGlu26 and barley rHvBII. Hydrolysis of 4NP-glycosides was detected
spectrophotometrically, while hydrolysis of glucooligosaccharides was detected by glucose-oxidase
assay and that of mannooligosaccharides and glucosides by TLC, as described in the Experimental
section. Rates of hydrolysis are given relative to 4NPGlc (listed as 100%), which corresponds to
2.59 x 10™* pmol/min/ug enzyme for Os1BGlul, 1.87 x 10™* pmol/min/ug for Os3BGlu8, 1 x 10
pmol/min/ug for Os7BGIu26, and 1.6 x 10™ pmol/min/ug for HVBIL. Characters + or - indicate
that hydrolysis was or was not detected, respectively, while N.T. means not tested.

Substrate Os3BGlu8 | Os7BGlu26 | rHv BII
PpNP-B-D-glucopyranoside 100 £3 100 £ 4 100£3
pNP-B-D-mannopyranoside 46+04 |302+4 238+ 12
pNP-B-D-galactopyranoside 11+3 12617 |17+£3
pNP-B-D-xylopyranoside 29+£20 |64+1.5 3.1+1.9
pNP-B-D-fucopyranoside 115+7 128 +8 129+ 10
pNP-o-L-arabinopyranoside | 2.6+1.1 |9+3 16+3
Oligosaccharides

Sophorose [B-(1,2)-linked] 57+4 25+4 15+4
Laminaribiose [B-(1,3)] 199+17 | 158 +13 13+4
Laminaritriose 39+ 10 23+£5 2.8 +1.1
Cellobiose [B-(1,4)] 17+6 21+5 33+7
Cellotriose 83+ 18 124 + 18 19+£8
Cellotetraose 156 £9 194+ 11 52+9
Cellopentaose 14715 |403+17 225+ 15
Cellohexaose 188+16 |472+12 303 +£12
Gentiobiose [B-(1,6)] 4810 |- -
Mannobiose [B-(1,4)] - + +
Mannotriose - + +
Mannotetraose - + +
Mannopentose - + +
Mannohexose - + +
Natural glucosides

Salicin - - +
Esculin + - +
Epiheterodendrin - - +
Dhurrin N.T + +
D-amygdalin - + +
Prunasin N.T - N.T.
p-Coumaryl alcohol glucoside | - + +
Coniferin - - +

No hydrolytic activities were detected against 4NP-B-L-arabinopyranoside, 4NP-o-D-

glucopyranoside, laminaritetraose, laminaripentaose, laminarihexaose, linamarin and

indoxyl-B-D-glucoside.
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Table 6 Apparent kinetic parameters of Os1BGlul, Os3BGlu8, Os7BGlu26, rHvBII,
HvBII, and Os3BGlu7 toward 4NPGlc, 4NPMan, cellooligosaccharides with DP of 2-6
and laminaribiose and laminarotriose.

Substrate® Apparent kinetic Os3BGlu8 Os7BGlu26 rHvBII HvBII® Os3BGlu7¢
parameters
PNPGlc K,, (mM) 027+0.04 027+0.02 0.50+0.03 0.50 0.23 +0.02
Kea (s 33+04  0.16+0.003  0.50+0.07 0.50 7.9+ 0.4
kool K, (s mM™) 13+3 0.63+0.003  1.00+0.05 1.00 35+1
pNPMan K,, (mM) 1.6+0.3 0.52+0.04 0.25+0.01 N.D. 13+0.1
Kea (s 024+0.03 1.10£0.03  3.06+0.02 N.D. 1.32 +0.05
kel K (s' mM™) 0.16£0.05 2.11+0.20 12.7+0.2 N.D. 1.01 £0.02
Cellobiose K, (mM) 26+2 196£1.9 276010 2.7+02 32+2
Keg (s 098+.08  0.52+0.03 16.1+02  11.6+0.6 1.5+0.1
kel K (s' mM™) 0.04 +0.01 0.026 + 5.8+ 0.2 434 +0.07 0.050 =
Cellotriose K, (mM) 0.56+£0.01 052005 0.74+0.06 097+0.06 0.72+0.02
Kew (s 6.08+£0.08  0.67+0.03 3.0+04 2.0+0.1 18.1+ 0.4
kel K (s' mM™) 11+2 127+0.03 3.45+0.08 2.01+0.01 254+0.04
Cellotetraose K, (mM) 025+0.01  0.09+0.01 1.03+0.02 089+0.05 0.28+0.01
Kea (s 16.1£0.1  0.97+0.02 9.6+ 0.4 8.9+0.6 17.3+0.6
kel K (s' mM™) 65+2 10.9+0.4 93+05 9.98+008  61.1+04
Cellopentaose K, (mM) 0.15£0.01  0.06+0.01  033+0.02 041+0.02 0.24+0.01
Kea (s 159+0.1 1.07+£0.03  129+04  11.7+0.8 16.9+0.1
kel K (s' mM™) 109 + 3 18.5+0.4 402+08  284+04 7242
Cellohexaose K,, (mM) 0.12+0.01  0.05+0.01 023+0.01 029+0.02 0.22+0.01
Kea (s 21242 1.31+0.04 13.10 + 11.8+0.8 16.9+0.3
kead K (s" mM™) 175+5 29+3 54+2 40.7+0.1 153 +0.5
Laminaribiose K,, (mM) 0.32+£0.07 0.86 +£0.07 47+£04 54+04 2.05+0.01
Kea (s 11.1£03 061002 11.3+£0.03 14.1+1.0 3243
keal Ky (s mM™) 36+8 0.70£0.06  230+0.06 2.63+0.01 16 +2
Laminaritriose K, (mM) 6.0+£0.6 8.7+09 2.8+0.2 2.8+0.2 1.92 +0.04
Kea (s7) 13+1 24+0.1 23402  144+0.10 21.2+02
kel K (s mM™) 22+03  028+0.006 084+0.01 0.52+0.01 11.0+0.2

* From Kuntothom et al., 2009. Hydrolysis of pNP-glycosides was detected as described in the
Experimental section.
®Kinetics constants were taken from Hrmova et al. (1998). N.D. means not determined.
¢ Kinetics constants were taken from Opassiri et al. (2004).
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Table 7. Kinetic constants of hydrolysis and inhibition by Os3BGlu7 and HvBII".

I<ma kcata kcat' K o Ki AG*
mM sec”! sec'mM™ uM kJ-mol!

Os3BGlu7
pNP-O-Glc 0.234+0.02 7.90+0.4 35.1+1.0
pNP-O-Man 1.30+0.1 1.324+0.05 1.01+0.02

pNP-S-Gle 664.3+ 644 -184
pNP-S-Man 710.3+115.1  -18.3
HvBII

PpNP-O-Gle 0.50+0.03 0.50+0.07 1.0+£0.05

pNP-O-Man 0.25+0.01 3.10+0.02 12.7£0.2
pNP-S-Gle 94.7+16.8 -23.3

pNP-S-Man 265.9+57.2 -20.7

"Rounded to a single decimal digit, when higher than 1.0.

®Data taken from Opassiri et al. (2004) and Kuntothom et al (2009).
‘Calculated according to the equation AG = -RT In(1/K;)

This table is from Kuntothom et al., 2010.

7.2.3. Inhibition by and saturation transfer difference nuclear magnetic resonance of
rHvBII and Os3BGlu7 with thioglucoside and thiomannoside.

Inspection of the active sites between the closely related hydrolases within the
HvBII and Os3BGlu7 cluster revealed no differences in the residues in contact with the
glycon residue between those with higher B-D-mannosidase vs. higher B-D-glucosidase
activities (Kuntothom et al.,, 2010). To further understand the differences in their
interactions with mannose and glucose, the competitive inhibition constants of rHvBII and
Os3BGlu7 were determined (Table 6). Surprisingly, Os3BGlu7 had similar and rather high
inhibition constants for both pNP-thioglucoside and pNP-thiomannoside, despite the fact
that is has a much lower K,, and higher k./K;, for the O-linked substrate 4NPGlc
compared to 4NPMan. Remarkedly, rHvBII had a 3-fold lower K; for the thioglucoside
than the thiomannoside, despite the fact that its K,, for pNPGlc is 2 times higher than
pNPMan, and the pNPGlc k¢./Ky, is 6-fold lower than that for pNPMan. Although difficult
to understand from an overall perspective molecular structure and quantum mechanics and
molecular mechanics (QM/MM) calculations suggested that the structure of the thio-
bonded glycosides are significantly different from their O-linked counterparts, due to
differences in the lengths and angles of the bonds to the sulfur, compared to the oxygen.

To further investigate the differences in binding, saturation transfer difference
nuclear magnetic resonance (STD NMR) was used to look at the interactions between the
thioglycoside pyranoside hydrogens, and thereby identify the shape of the sugars when
bound in the active site. Although binding of the thioglycosides to Os3BGlu7 was weak
and only weak signals could be detected, a clear shift in shape was seen when pNP-
thioglucoside was bound to rHvBII, from a *C, relaxed chair in solution, to a 'S, or 3S;s
skew boat shape, while pNP-thomannoside appeared to remain in the *C; relaxed chair.

Further investigation of the thio- and O-linked glucoside and mannoside binding
was done by QM/MM calculations by our colleagues Michael Raab and Igor TvaroSka
(Kuntothom et al., 2010). A homology model of HvBII, based on the Os3BGlu7 structure
(2RGM). The geometry of the 183, 3S5 and 4C1 conformers of O- and S- linked pNPGlc and
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pNPMan were optimized at the M05-2X/6-31DG* level of theory and were docked into the
active sites of the O3BGlu7 X-ray crystallographic structure model and HvBII homology
model with GLIDE. The GLIDE scores confirmed the hypothesis that the O-linked
glucoside should bind in a 183 conformation, with GLIDE scores of -7.24 kcal/mol for
Os3BGlu7 and -7.14 kcal/mol for HvBII in 'S;, while the *Ss conformation gave scores of -
6.02 and -5.34 kcal/mol, respectively, and the *C; relaxed chair gave scores of -5.82 and -
5.20 kcal/mol, respectively. In contrast, the O-linked mannoside gave similar scores for 'Ss
and *C, conformations for both Os3BGlu7 (-6.66 and -6.76 kcal/mol) and HvBII (-5.77 and
-5.74 kcal/mol), respectively. Thus, the calculations suggest the mannoside could bind in
multiple conformations. Currently, we are trying to further explain these observations by
binding of putative transition state analogues in gluco and manno configurations into rice
Os3BGlu7 and Os7BGlu26 active sites to provide evidence for the shape of the transitions
states that are generated by the enzyme from these initial binding conformations and see
whether they match one of the proposed conformational pathways (Davies et al., 2003).

7.2.4. Mutagenesis of HvBII

To further explore the determinants of B-D-mannosidase vs. [-D-glucosidase
activities, Os3BGlu7 was mutated at a few further positions to the residues in HvBII, while
rHvBII active site residues were mutated to Os3BGlu7 residues. Xu et al. (2004)
previously speculated that the LSENG sequence seen around the catalytic nucleophile in
HvBII, as well as Arabidopsis and tomato 3-mannosidases could help determine the -
mannosidase activity, since most -glucosidases, such as Os3BGlu7, have ITENG in this
position. However, when we simultaneously mutated 1384 and T385 of Os3BGlu7 to L
and S, respectively, no significant change in the relative hydrolysis of 4NPGlc and
4ANPMan were seen. So, inspection of the active site identified several other sites of
differences, and the HvBII to Os3BGIlu7 mutations of V1841, A187L, L246V, V250N, and
Q339S were made, in addition to two mutations to residues seen in other GH1 hydrolases:
F346P (seen in Os1BGlul) and Y136W (seen in most plant enzymes outside the HvBII and
Os3BGlu7 phylogenetic cluster). Assays with pNPGlc and pNPMan showed V184l
appeared to have higher activity than wild type, while Q339S was similar and all other
mutants had substantially lower activity. Of the mutations that retained reasonable activity,
L246V seemed to have the strongest effect in lowering the activity ratio between 4NPMan
and 4NPGlc (at 1 mM) from 3.54 to 1.95, while the V240N (reciprocal of the Os3BGlu?7
N245V mutant mentioned earlier) had a similar affect, lowering the ratio to 2.23. No
single residue could be pinpointed that would cause the difference in glucoside vs.
mannoside preference, similar to the mutations that had been made in Os3BGlu7 (Table 8).

Table 8 Effect of mutations in HvBII on relative levels of [-D-glucosidase and
[-D-mannosidase activities.

Specific Activity pNPMan/pNPGlc

pNPGlc pNPMan ratio
WT 3.66E-03 1.30E-02 3.54
V1841 5.50E-03 4.41E-02 8.02
A187L 5.87E-04 7.91E-04 1.35
L246V 1.56E-03 3.04E-03 1.95
V250N 6.18E-04 1.38E-03 2.23
Q339S 3.92E-03 1.61E-02 2.49
F346P 3.42E-03 1.53E-03 2.23
Y136W 2.9E-04 2.15E-04 7.22
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7.3 Crystal Structure of Os7BGlu26

Because attempts to crystallize rHvBII [-mannosidase failed to produce
reproducible crystals, attempts were made to crystallize the rice Os7BGlu26 -
mannosidase. Os7BGlu26 was found to be expressed in higher amounts in the E. coli
strain Rosetta-gami(DE3) than in the Origami(DE3) strain in which it was previously
expressed. The protein could be purified to reasonable purity by IMAC, followed by
cleavage of the fusion tag with enterokinase and adsorption of the released tag by a second
IMAC step. Screening for crystallization of this protein resulted in crystals in the condition
of 0.8 M sodium-potassium tartarate, 0.1 M sodium HEPES, pH 7.5 (Figure 6).
Optimization around these conditions resulted in somewhat larger crystals that were used
for diffraction of 1.00 A X-rays at the NSRRC 13B beamline. The dataset was refined with
a high resolution cutoff of 2.25 A, which gave a I/c(I) of 17.4 (4.8 in the high resolution
shell), Rierge Of 11.1% (45.5%), 100% (99.9%) completeness and redundancy of 7.2 (7.0).
The crystal was found to fall in the P212121 space group with unit cell dimensions of a =
68.0, b =73.5, and ¢ = 133.3, with one protein molecule in the asymmetric unit.

The structure was solved by molecular replacement using the Os3BGlu7 (2RGL)
structure as a search model, and was found to be very similar to Os3BGlu7 (Figure 7). In
the active site, few differences could be seen, although the active site itself appeared to be
slightly narrower (Figure 8). Further work is underway to refine the structure further and
solve the structure in complex with transition state analogue inhibitors based on mannosyl
and glycosyl substrates, as well as to crystallize an active-site mutation that allows binding
of substrates, as in the Os3BGlu7 E176Q mutant.
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Figure 6. Purification and crystallization of Os7BGlu26 B-mannosidase. The SDS-
PAGE gel shows the protein at the end of the different purification steps, from the crude
extract, to the first IMAC purification, to enterokinase digest and the second (subtractive)
IMAC step to remove the tag. The crystals generated in the screening condition of 0.8 M
sodium-potassium tartarate, 0.1 M HEPES, pH 7.5, are shown on the right.
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TAR

Figure 7. Overall structure of Os7BGlu26 B-mannosidase. The typical (B/o)s-barrel of
GHI proteins is seen, with variations around the loops extending from the C-termini of the [3-
strands, where the active site is. The structure is very similar to that of Os3BGlu7. The active site
is shown with the catalytic acid/base and nucleophile in stick, along with a tartarate (TAR) and
glycerol (GOL) that were found in the active site and a second glycerol and sulfate (SO,) found on
the protein surface.

Figure 8. Comparison of the active sites of Os7BGlu26 and Os3BGlu7. The structures
were superimposed with an RMSD of 0.581 A over 2615 atoms. Although the active residues are
nearly completely conserved, the active site of Os7BGlu26 appears more narrow with a distance
between C3 of the catalytic acid-base and nucleophile of 4.9 A in Os7BGlu26 compared to 5.3 A in
Os3BGlu7. This would likely allow an extra hydrogen bond to form between Asnl78 (next to the
catalytic acid/base) and Glu389 (the catalytic nucleophile).
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Soaking of Os7BGlu26 crystals in 2,4-dinitrophenol 2-deoxy-2-fluoromannoside
failed to produce any mannoside electron density in the active site, and it was observed that
the crystal solution rapidly turned yellow from the hydrolysis of this slow substrate-type
inhibitor. On the other hand, the 2-F-mannoside could be linked to the nucleophile in
Os3BGlu7 crystals and Os3BGlu7 E176Q crystals, and nonmodified mannoside could be
trapped on the nucleophile of the E176Q mutant. The electron densities of these covalent
complexes clearly showed the mannoside, which appeared to be in a relaxed *C; chair,
despite the prediction it might form a different conformation in the mannoside complex.
These structures are being further refined for determination of the absolute mannoside
conformation and publication.

7.4. Recombinant expression of barley Exo I B-glucan exohydrolase in Pichia pastoris
and purification of the derived enzyme.

7.4.1 Recombinant expression and characterization of rHvExol

Barley B-glucan exohydrolase (exoglucanase) Exo I is a family GH3 enzyme, the
structure of which has been solved from the native protein from seedlings and shown to
comprise two domains, both of which contribute to the active site sandwiched between
them (Varghese et al., 1999). Despite many structural studies, no recombinant protein
production system was available to test the proposed roles of the active site amino acids by
site-directed mutagenesis. Therefore, we amplified the gene from barley seedling cDNA
and tried to express the protein in E. coli and Pichia pastoris. Attempts to produce the
protein in the thioredoxin-tagged fusion protein in Origami(DE3) E. coli system used for
the GH1 proteins resulted in protein production, but all the protein was insoluble and could
not be refolded in a wide range of refolding buffers. Therefore, we turned to production in
P. pastoris.

Initial attempts to express the Exol protein in P. pastoris from the native plant
cDNA fused to the yeast prepro-alpha factor sequence for secretion resulted in no increase
in exoglucanase activity in the media and no obvious band of expected sized protein in the
media (Luang et al., 2010a). Since we used our own designed plasmid with an N-terminal
His-tag, we carried out an immunoblot of the media with anti-histidine antibody, and found
that a faint band was seen at around 45 kDa, instead of at the expected 65-70 kDa. Since
the band might have been derived from proteolysis or premature termination of translation
due to poor codon usage for P. pastoris in the native gene, which caused a low level of
expression as well, we expressed the protein from a synthetic codon-optimized gene in the
protease-deficient P. pastoris strain SMDI11680H. In fact, we could only get high
expression of active exoglucanase Exo I in the media when the protein was expressed from
the optimized gene in SMD11680H cells with induction at the low temperature of 20°C.
No significant activity was seen with the native cDNA under these conditions or with the
optimized gene in P. pastoris strain Y11430 (wildtype) or when expression was done at
28°C.

The protein could be purified from the P. pastoris media by ion exchange, followed
by IMAC, but was seen as a smear from about 75 to 90 kDa. Western blotting verified that
this was the correct protein. Upon digestion with endoglycosidase H, the protein was
reduced to a single predominant band, which was measured to be 67.168 kDa by MALDI-
ToF MS. This is approximately the mass expected for the protein with one N-
acetylglucosaminyl residue remaining at each of the three N-linked glycosylation sites,
which are glycosylated in the native protein from barley seedlings. Tryptic mapping and
mass spectrometry of the purified endo H-treated protein identified 9 peptide fragments,
covering 65% of the protein sequence. Three of these peptides, each of which contained a
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single putative N-linked glycosylation site had masses increased by 203 mass units
compared to the amino acid residues, indicating an N-acetylglucosamine residue left after
removal of the remaining carbohydrate with Endoglycosidase H at each of the three sites
known to be glycosylated in the native protein. Thus, although the protein was
glycosylated with more sugar, it was glycosylated at the same positions as in the native
protein purified from barley.

The purified glycosylated and deglycosylated proteins were tested for hydrolysis of
a variety of possible exoglucanase substrates, as shown in Table 9 (Luang et al., 2010a). It
appeared that the recombinant barley enzyme both before and after deglycosylation had
activity on plant B-glucans and pNPGlc that were similar to the protein purified from
seedlings. This suggested rHvExol would be a good model for studying the catalytic site
amino acids which had previously been hypothesized to have various functions based on X-
ray crystal structure by site-directed mutagenesis. The glycosylated rHvExol was further
tested and found to hydrolyze a range of oligosaccharides, including the [-1,2-linked
disaccharide sophorose, the [(-1,3-linked laminaribiose to laminariheptaose, the [-1,4-
linked cellobiose to cellohexaose, and the (-1,6-linked disaccharide gentiobiose. Kinetic
studies verified this, although there were some slight differences that might have been
derived from the nonnative glycosylation of the recombinant enzyme (Luang et al., 2010a).
The main difference was that the recombinant enzyme had a higher K, and slightly lower
kcat for laminarin and higher k¢, for barley B-glucan, compared to the native enzyme, which
resulted in the recombinant enzyme hydrolyzing barley B-glucan more efficiently than
laminarin, while the native enzyme showed the opposite preference. In addition to
hydrolysis, the rHvExol could also catalyze transglycosylation of pNPGlc and glucose
released from barley -glucan, to make gentiobiose as the most stable product (Figure 10).
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Figure 9: Detection and purification of rHvExo I from Pichia pastoris media. A.
Western blot of P. pastoris media 1, 2, and 3 days after induction of HvExol expression
from the optimized gene. B. SDS-PAGE gel of 1, desalted media; 2, SP-sepharose-purified
protein; 3, IMAC purified protein; and 4, protein after deglycosylation with Endo H and
repurification over a second IMAC column.
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Table 9 Relative activities of rHvExol on polysaccharides, oligosaccharides and
synthetic substrates.

Relative activity (%)

Native Glycosylated N-Deglycosylated

Substrate HvExol" rHvExol rHvExol
polysaccharides

Laminarin (L. digitata) 100° 98.9 +1.1¢ 98.8 +1.2¢
Barley (1,3;1,4)-p-D-glucan 10 10.0£0.5 10.0+0.8
Lichenans (C. islandica) nm° 1.37+0.09 nm
Synthetic substrate
p-nitrophenyl B-D-glucopyranoside 10 228+ 1.4 16.8+0.8

*The numbers were rounded to three significant figures.

®The data are from Hrmova et al., 1998.

¢ The relative activity of 100% equals to 63 units/mg.

4 The relative activity of laminarin equals to 54.4 and 65.3 units/mg of glycosylated and N-
deglycosylated forms of rHvExol, respectively.

®'nm’ indicates ‘not measured’.
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Figure 10 TLC chromatogram of hydrolysis and transglycosylation products formed
by glycosylated rHvExol with pNPGlc as a substrate. The enzymes were incubated in the
presence of 20 mM pNPGlc at 30°C for 0, 3 min, 4 h and 18 h. Standards are glucose (Glc),
laminari-oligosaccharides (L2-L7), cello-oligosaccharides (C2-C6), and gentiobiose (Gen). The
presence of oligosaccharide products with unknown structures are indicated as P;-Ps. The reaction
times are indicated in hours below the lanes.

7.4.1. Mutagenesis of rHvExol and characterization of mutants.

In order to characterize the functional importance of the amino acids in the active
site, a series of mutations were made, which included: D9SN, D95A, E220Q, E220A,
E161A, E161Q, R158A, K206V, and R158A/E161A to test residues in the -1 subsite for
substrate binding and W286A and W434A in the +1 subsite. Most of these mutations
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destroyed the protein activity, since they are conserved active-site residues, but the E220A
and W434A mutant had decreased, but relatively high beta-glucosidase activities toward
pNPGlc. Since these two mutations are in the neighborhood of the catalytic acid/base and
catalytic nucleophilte, their pH optima were tested, and it was found that the W434A
mutant caused a slight increase in the pH optimum, while the E220A mutant caused a
narrowing of the pH range activity range at the upper end (Figure 11). This was consistent
with the position of the E220 residue near the catalytic acid/base, where it is expected to
shift the pKa of that group toward a higher pH in the wild type enzyme.
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T —® -E220A
W434A
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Figure 11. pH profiles of activity for wild type and mutant rHvExol enzymes. Activity
was assayed with 0.2% (w/v) 4NPGlc and 160 pg/ml BSA in 0.1 M citric acid - 0.2 M disodium
hydrogen phosphate (Mcllvaine buffers) over the pH range 3.0-8.5, at 30°C for 15 min (wild type
rHvExol) or 60 min (E220A and W434A mutants of rHvExol).

Analysis of the substrate specificity of the active mutants, showed that the rHvExol
E220A mutant retained activity to B-(1,2)-, B-(1,3)-, P-(1,4)-, and B-(1,6)-linked
oligosaccharides, though at a lower hydrolytic rate than wild type (Table 10). However, it
had very low activity to laminarin and no activity to barley (1,3;1,4)-B-D-glucan. For
W434A mutant was more affected, in that it could not hydrolyse polysaccharides, the -
(1,2)-linked disaccharide sophorose, -(1,4)-linked cello-oligosaccharides and the B-(1,6)-
linked disaccharide gentiobiose, but only retained activity to pNPGlc and B-(1,3)-linked
laminari-oligosaccharides. The kinetic behavior of the mutants is shown in Table 11. The
kea/ Ky values of E220A were decreased approximately 15-fold for laminaribiose, 16-fold
for cellobiose and 11-fold for 4NPGIlc compared to wild type rHvExol. The W434A
mutant had a Ky value for laminaribiose that was increased approximately 1.6-fold and its
kea/ Ky value was decreased approximately 32-fold compared to wild type. Surprisingly
W434 seemed to improve the activity to pNPGlc, since although both the Ky and key
values were lower, the k¢,/Ky value was higher than wild type rHvExol.
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Table 10. Substrate specificity of E220A and W434A mutants compared with
wild type rHvExol.

Activity Relative activity®
(umole/min/mg protein) (%)
wild
Substrate type E220A W434A E220A  W434A
Polysaccharides
Laminarin (L. digitata) 54.4 0.4 nd 0.7 nd
Barley (1,3;1,4)-pB-D-glucan 5.4 nd® nd nd nd
Lichenan (C. islandica) 0.8 nd nd nd nd
Oligosaccharides
Sophorose 6.0 1.5 nd 24.8 nd
Laminaribiose 20.8 1.6 0.5 7.5 24
Laminaritriose 42.1 3.1 0.9 7.4 2.0
Laminaritetraose 39.1 33 1.1 8.3 2.7
Laminaripentose 33.8 33 1.0 9.7 3.1
Laminarihexaose 46.9 33 1.0 7.0 2.1
Laminariheptaose 43.9 3.1 1.0 7.1 2.2
Cellobiose 4.6 0.3 nd 6.7 nd
Cellotriose 8.8 0.4 nd 5.0 nd
Cellotetraose 8.6 0.5 nd 5.5 nd
Cellopentose 8.4 0.3 nd 3.8 nd
Cellohexaose 9.1 0.6 nd 6.5 nd
Gentiobiose 4.7 0.6 nd 11.9 nd
Synthetic substrates
p-nitrophenyl B-D-glucopyranoside 12.4 1.6 6.1 12.5 48.8
p-nitrophenyl B-D-galactopyranoside nd nd nd nd nd
p-nitrophenyl B-D-xylotopyranoside nd nd nd nd nd
p-nitrophenyl B-D-fucopyranoside nd nd nd nd nd
p-nitrophenyl B-D-lactoside nd nd nd nd nd
p-nitrophenyl B-D-glucosiduronic acid nd nd nd nd nd
p-nitrophenyl N-Acetyl-B-D-glucosaminide nd nd nd nd nd
p-nitrophenyl a-L-arabinopyranoside nd nd nd nd nd
p-nitrophenyl B-D-cellobioside nd nd nd nd nd
p-nitrophenyl a-L-arabinopyranoside nd nd nd nd nd
p-nitrophenyl B-D-cellobioside 0.9 nd nd nd nd

? Relative activity (%) compared to wild type rHvExol hydrolysis of the same substrate.
® ‘nd’ indicates as ‘not detectable’.



Table 11 Kinetic parameters of the rHvExol & its E220A and W434A mutants.

Substrate Glycosylated rHvExol
wild type E220A W434A

Laminarin

Ky (mM) 0.18£0.01 nm* nm

Kear () 42.1+1.6 nm nm

kea/Ky (mM™ 5™ 234 + 14 nm nm
Barley (1,3;1,4)-p-D-glucan

Ky (mM) 0.04 +0.004 nm nm

Kear (s'l) 14.1£0.7 nm nm

kea/Kyy (MM s 365+ 57 nm nm
Laminaribiose

Ky, (mM) 13+0.1 3.0+0.2 2.1+0.2

ew (57 542423 8.9+0.3 2440.1

kea/Ky (mM™ s 412424 2.8+0.1 1.3+0.1
Cellobiose

Ky (mM) 12+0.1 1.7+£0.2 nm

ke (s 42+0.2 0.27 +0.01 nm

kea/Kyy (mM' 57 33402 0.16 £ 0.01 nm
PNPGIc

Ky (mM) 2.0+0.2 1.6+0.1 0.6+0.1

kear 57 27.7+0.9 2.1+0.1 93+0.3

kea/Ky (mMs™) 13.9+0.6 1.3+0.1 16.7+1.2

? ‘nm’ indicates as ‘not measured’ because the activities were too low.

Inhibition of the glycosylated forms of the rHvExol E220A and W434A mutants
was analysed with the competitive inhibitors of wild type rHvExol methyl-O-thio-
gentiobiose (G6sG-OMe), glucono d-lactone and 2,4-dinitrophenyl 2-fluoro-2-deoxy-p-D-
glucopyranoside (DNP2FG), as shown in Table 12. Mutation of E220 to alanine resulted in
a 10-fold increase in the K; value for gluconolactone inhibition. While the activity of
W434A mutant was not inhibited with G6sG-OMe at 20 mM, the maximum concentration
that could be tested. This agrees with the fact that rHvExol W434A could not hydrolyse
gentiobiose.

We had intended to similarly express and characterize rice GH3 enzymes, however,
the gene structure for the isoenzyme most similar to rHvExol appeared to make cloning
difficult. Therefore, though we were able to PCR amplify the coding region, we could not
clone it, and, since the codon usage of the native gene appeared to be poor for expression in
E. coli and P. pastoris, we ordered a synthetic gene, which is currently being cloned into
the expression vectors. Instead, we were able to amplify and clone the rice homologue of
barley Exo II (Hrmova et al., 1996), but the cDNA for this enzyme is also in the process of
subcloning and the protein has yet to be expressed. It is expected that these enzymes will
have similar properties to their barley counterparts, but functional testing is necessary to
confirm this.
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Table 12 Inhibition of recombinant wildtype and mutant Exo I enzymes.

rHvExol

Glycosylated N-deglycosylated
Inhibitor wild type wild type Glycosylated E220A  Glycosylated W434A
G6sG-OMe
K; (M) 109 x 107 71 x 10 221 x 10 >0.02
AG (kJ mol "y -23.0 24.1 212 -
Gluconolactone
K; (M) 10x 10 83x10° 103 x 10° 153x10°
AG (kJ mol ) -29.1 29.5 231 -28.0
2F-DNPGlc
K; (M) 0.5x 10° 0.6x 10° 0.5x10° 0.6x 10°
AG (kJ mol ™) -36.8 -36.2 -36.5 -36.3

* Gibbs free energy of binding AG was calculated from AG = -RT In (K)

7.4.3. Crystallization of rHvExol (Luang et al., 2010b).

Since understanding the structure-function relationships of mutant proteins should
include structures of these proteins with relevant substrates or other ligands, conditions for
crystallization of the recombinant enzyme were tested. The conditions that were tested
included repeating the hanging drop vapor diffusion conditions originally used for the
crystallization of the native protein from the plant, screening by microbatch, robotic
screening of conditions in sitting drop vapor diffusion, and seeding of native protein
crystals into hanging drops with recombinant protein. In each case the deglycosylated
protein, which included an extra 11 residues of AAHHHHHHHHA that was characterized
in the previous section was utilized with a final step of gel filtration chromatography to
improve the purity slightly.

The microbatch-under-paraffin-oil trials were done at 4°C and 14°C with recipitants
from the Crystal Screen 2, Crystal Screen Lite and Grid Screen Ammonium Sulfate kits to
screen approximately 130 independent conditions, including those that were previously
found to be successful with a native plant enzyme (Hrmova et al., 1998). Previously, these
conditions (1.7 M ammonium sulfate, 75 mM HEPES-NaOH buffer, pH 7, containing 7.5
mM sodium acetate and 1.2% (w/v) PEG 400) produced native protein crystals that
belonged to a primitive tetragonal space group P432,2 and yielded high-resolution
diffraction patterns (Hrmova et al., 1998; Varghese et al., 1999). However, diffraction-
quality crystals did not form and, after approximately 14 days, only thin needles of
approximately 40-60 um in their longest dimensions were observed in 1.6 M magnesium
sulfate at pH 6.5 and 4°C.

We set-up close to 400 trials at the Bio21 Collaborative Crystallisation Centre in
Australia at 8°C and 20°C by robotic sitting-drop vapor-diffusion trials.  After
approximately 21 days at 8°C, we could observe the formation of short thin needle-shaped
crystals that either remained dispersed throughout the droplets or formed well-organized
round balls. However, after about a month, in some of the droplets with needles, we could
observe truncated bi-pyramidal crystals that reached the dimensions of 80 x 40 x 60 um
after about 97 days (Fig. 12). It was of note that these crystals were only observed at 8°C
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in the droplets with 1.6 to 2.2 M ammonium sulfate, containing 10 mM malate-MES-Tris
buffer, pH 5. These conditions were similar to the conditions that we found previously
with a native HvExol (Hrmova et al., 1998), except that here the pH value 5 was more
acidic than that used previously (pH 7), and that the protein concentration was almost twice

as high (12.5 mg-ml" versus 6.8 mgml™). It is likely that the truncated bi-pyramidal
crystals may belong to a tetragonal, such as the P43;2,2 space group previously seen for the
native protein (Hrmova ef al., 1998), although at this stage we were not able to collect their
diffraction patterns. It was also noted that crystals were not formed in an identical screen at
20°C.

When native crystal-derived microcrystals were used to macroseed into hanging
drops containing the recombinant rHvExol and its mutants, production of larger crystals
was successful. Approximately 48 h after rHvExol was macroseeded with the native
microcrystals of the sizes between 10 x 5 x 7.5 um and 20 x 10 x 15 um, the original native
microcrystal started growing in size. The fully grown crystals of wild-type rHvExol
reached the dimensions that varied between 100 x 50 x 75 um (Fig. 12) and 500 x 250 x
375 um after 5 to 7 days and these crystals were isomorphous to the native microcrystals
(Fig. 12). Having succeeded in growing wild-type crystals by seeding with native
microcrystals, crystals of three rHvExol variants, Glu220Ala, Trp434Ala and
Argl58Ala/Glul61Ala, were grown in the same manner. The newly grown variant crystals
reached similar sizes of between 100 x 50 x 75 um and 500 x 250 x 375 um than the wild-
type crystals and were also isomorphous to the native microcrystals. The variant crystals
grew slightly slower and reached their maximum dimensions after 10-14 days.

Single wild-type and variant rHvExol crystals were cryo-protected and subjected to
diffraction at the MX1 beamline of the Australian Synchrotron. The analyses of the X-ray
diffraction data sets indicated that all the datasets, collected at 0.5° oscillations through
360°, were virtually complete beyond 1.57 A to 1.95 A (Table 13). Autoindexing
determined that the space groups of the wild-type and variant rHvExol crystals were
consistent with a primitive tetragonal space group, and preliminary molecular replacement
phasing showed they belonged to the P432,2 spacegroup, similar to their native
counterparts (Varghese et al., 1999; Hrmova et al., 2001). Thus, we were able to achieve
crystals for structure determination of mutant proteins that will facilitate further studies to
understand structure to function relationships in barley Exol.
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Table 13 Data collection statistics from wild-type and variant rHvExol crystals

1-3

rHvExol Unique Resolution' Mean Complete- Mean Rinerge a=b c

reflections A multiplicity”  ness'* % 1/8/(1)! % A A
Wild-type 119968 1.57(1.6-1.57)  28.8(26) 99(86) 71.2(5.6) 6.7(47)  99.22 183.46
Glu220Ala | 79237 1.80 (1.83-1.80) 24.8(13) 95.3(68) 48.6(2.3) 10.6(99) 100.23 183.17
Trp434Ala | 64460 1.95(1.98-1.95)  27.1(16) 100(100) 37.0(2.2) 10.1(87) 100.05 183.57
Argl58Ala/ | 107601 1.65(1.68-1.65)  26.3(12) 99.8(98) 58.7(2.3) 5.6(82) 100.78 183.16
Glul61Ala

"Numbers in parenthesis represent the values in the highest resolution shell.

? The numbers in parenthesis were rounded to the nearest decimal place.

3 Rmerge=1OO[Z(Ii-<I>)2/ZIiZ] is summed over all independent reflections.

Figure 12. Crystals of rHvExol. In part A, the crystals that grew after 97 days from the
screening plate that initially grew only needles. In part B, the crystals of HvExol formed after

seeding with native Exol microcrystals.
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8. Conclusions and Benefits
8.1. Scientific Conclusions and Benefits

In this project, the structure to function relationships in two kinds of B-linked
glucooligosaccharide-hydrolyzing exoglucosidases, which are critical to biomass
conversion, were studied. With the increased emphasis on biomass conversion for biofuel
production, the mechanism of oligosaccharide binding and specificity and ability to
engineer these properties is of increasing interest. The glycoside hydrolase family 1 (GH1)
rice Os3BGlu7 structure and those of its complexes with oligosaccharides and a
mechanism-based inhibitor were determined. Based on these structures, mutations were
made to test the importance of amino acids around the active site for cellooligosaccharide
binding and substrate specificity. In addition, we looked at the determinants of specificity
differences between rice Os3BGlu7 B-glucosidases, barley rHvBII B-mannosidase and the
closely related rice isoenzymes Os3BGIlu8 B-glucosidase and Os7BGlu26 B-mannosidase
by expressing the other enzymes in the same system as Os3BGlu7 and comparing their
activities and substrate specificities. We were also able to crystallize Os7BGlu26 f3-
mannosidase and calculate a preliminary structure, which showed it is very similar to
Os3BGlu7 B-glucosidases, despite their differences in substrate specificity. In addition, we
developed a recombinant expression system for the glycoside hydrolase family 3 (GH3)
enzyme barley rHvExol, which produced an enzyme with very similar properties to the
native enzyme isolated from seeds. This allowed us to mutate the amino acids around the
active site and verify their importance to the catalytic activity of the enzyme. In addition,
we were able to develop a methodology for crystallizing the recombinantly produced
enzyme and its mutants, thereby facilitating further studies on protein structure-function
relationships in this enzyme.

The structures of the rice Os3BGlu7 B-glucosidase and its mutant, Os3BGlu7
E176Q, in complexes with cellotetraose, cellopentaose, and laminaribiose, gave an idea of
the interactions between a glucooligosaccharide-hydrolyzing GHI1 enzyme and
oligosaccharides in a productive position for hydrolysis for the first time. This will allow
us to engineer the active sites of GHI enzymes to allow better hydrolysis of
oligosaccharides of a particular length, which may improve their use in biomass conversion
in the future. In fact, we have been able to use this information to engineer a [3-1,4-linked
glucosyl binding site into an enzyme that does not normally hydrolyze
cellooligosaccharides (Sansenya, Maneesan and Ketudat Cairns, unpublished). Thus, this
project has given us the understanding of protein-carbohydrate interactions that will of use
in applications of these enzymes in the near future.

The issue of B-D-glucosidase vs. B-D-mannosidase activities have been explored
and the major insight has been how complex the determination of specificity for an
apparently simple difference can be. In fact, since it is believed that most B-mannosidases
act through a B, boat-like transition state, while B-glucosidases act through a *H; half-
chair-like transition state, due to differences in the stabilities of the respective sugars, it is a
critical question whether an enzyme that hydrolyzes both can stabilize two different
transition states or transit one of the two sugars through its less preferable transition state.
In either case, it is interesting how closely related enzymes have developed different
preferences and whether this relates to the transition states in their catalytic reactions.
Initially, we had naively assumed, that this preference would be determined by the initial
substrate binding by different interactions with the axial (mannoside) vs. equatorial
(glucoside) 2-hydroxyl group by differences in the surrounding amino acids. However,
inspection of the amino acids making direct interactions with the glycon showed that they
are completely conserved between the rice and barley enzymes with preferences for
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glucosides and mannosides. So, we tried to mutate peripheral amino acids to see if they
would change the preference for glucoside vs. mannoside by secondary or aglycon-binding
effects. Although some mutations, such as V246l could change decrease the ratio of
hydrolysis of pNPMan/pNPGlc in rHvBII, no single mutation could turn the B-
mannosidase into a [-glucosidase or the rice Os3BGlu7 B-glucosidase into a [3-
mannosidase. Thus, the determinants of glucoside versus mannoside selection appear to be
complex.

To gain further insights into whether these closely related enzymes hydrolyze B-D-
mannosides and B-D-glucosides via similar or different transition states, we studied the
binding of mannosides and glucosides to the enzyme. To our surprise, the use of pNP-thio-
B-D-glucoside and pNP-thiomannoside as nonhydrolyzable substrate analogues appeared to
be inappropriate, since the inhibition by these compounds did not reflect the relative K, or
kea/Km values of their corresponding O-glycosides. NMR analysis of their binding,
showed that the thioglucoside appears to bind in a skew boat conformation ('S; or °Ss), as
expected for the O-glucoside, in rHvBII, but the thiomannoside bound to the same protein
in a relaxed chair *C; conformation. Binding to the rice Os3BGlu7 enzyme was very weak
and did not seem to distort the normal relaxed conformations. Theoretical calculations
showed that the sulfur produced longer bonds at sharper angles, compared to the O linkage,
and that though several conformations were possible to dock into the active site, the O and
S glucosides and mannosides showed some differences in their preferred conformation to
dock into the active site. However, both enzymes tended to show the same preferences.
Thus, it seems likely that differences in the catalytic preferences of the two enzymes may
reside at the transition states.

To gain more insight into the active site shape and transition state selection between
B-glucosidases and P-mannosidases, we are tried to solve the structures of the p-
mannosidase and covalent intermediates with mannoside, as well as glucoside, and
noncovalent complexes of their mutants. Since we could not produce useful crystals of
rHvBII, we instead crystallized rice Os7BGlu26 as an example of a related enzyme with -
mannosidase preference. The structure, again, showed that the active site structures are
very similar between the [-D-mannosidase and [-D-glucosidase, although the [-D-
mannosidase is perhaps slightly narrower. The noncovalent complex of Os3BGlu7 with
glucooligosaccharides showed the substrate glycon was distorted between a 'S; skew boat
and a ‘E envelope or *H; half chair, while the covalent intermediate was in a relaxed chair,
consistent with a transfer through a 4H3 or 4E transition state. Preliminary results on a
mannoside covalent intermediate also gave the relaxed chair conformation, which may
indicate the mannoside follows the same conformational pathway in the B-glucosidase.
However, we have yet to determine the structure of the noncovalent mannoside complex or
either a covalent or noncovalent complex with Os7BGlu26, since the 2-F-mannoside was
found to be rapidly hydrolyzed by this enzyme. In the future, we will also determine the
structures with gluco- and manno-imidazoles as possible transition state analogues to see
how these are shaped in the active site. The understanding of the use of multiple transition
states to hydrolyze different substrates in the same enzyme family or the alternative
pathway for mannoside hydrolysis, will increase our ability to engineer the substrate
specificities of these enzymes and to develop new processes that utilize them.

Although the GH1 enzymes allow insight into oligosaccharide binding and glycon
specificity, the GH3 exohydrolases offer certain advantages in hydrolyzing glucan biomass.
Among these are the broad specificity of barley Exo I B-glucan exohydrolase toward
different linkages and its ability to release glucosyl residues from polysaccharides.
However, in the past, it was not possible to genetically engineer this enzyme or test the
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roles of certain residues in the active site, since there was no recombinant expression
system available for HvExol. We were able to develop a Pichia pastoris expression system
that produced a recombinant protein, rHvExol, that exhibited properties very similar to the
native enzyme. This protein could also be crystallized, using microcrystals of the native
protein as seeds, to produce strongly diffracting crystals, thereby allowing mutations to be
characterized structurally, as well as functionally. Initial mutagenesis of all the residues in
the active site, indicated that most of them are absolutely essential for detectable activity
under standard conditions, but some activity remained in the E220A and W434A mutants,
which allowed them to be characterized further. The sharpening of the pH optimum and
decreased inhibition by the glucono-6-lactone in the E220A mutation, suggested a role of
Glu220 in increasing the pKa or the catalytic acid and binding of the transition state. The
W434A mutant resulted in a loss of hydrolysis of polysaccharides, 3-1,4-linked and B-1.6-
linked oligosaccharides and loss of inhibition by thio-linked gentiobiose (B-1,6-linked
disaccharide), suggested a role in the binding of the glucosyl residue in the +1 subsite,
which is less critical for B-1,3-linked oligosaccharides. Further characterization of other
mutants that may bind to substrates, but not hydrolyze them or be rescued in certain
conditions will result in a thorough understanding of the HvExol mechanism, which has
been facilitated by this work. This will help with application and engineering of this
enzyme for biomass conversion.

8.2. Other benefits.

This work has contributed to the publication of six research papers and one invited
review and to the training of seven graduate students, some of whom have moved on to
postdoctoral positions abroad and instructor positions in Thailand. Thus, it has been
helpful in the development of Suranaree University of Technology as a research university
and to Thailand as a respected source of scientific research and a country with well-trained
researchers. The intellectual investigation has also allowed the participants to gain new
understandings of the problems being addressed, which can assist with teaching as well as
development of future research areas and applications. It has also allowed us to collaborate
and share knowledge and abilities with researchers around the world, in order to get new
ideas and make the most out of the resources available for research. Thus, this project has
provided a strong foundation for further studies and scientific studies in our own lab, in our
university, in Thailand and in the world.

8.3. Future benefits.

Since the world is in a crisis for development of new sources of energy sources due
to the depletion of fossil fuels and the destruction that their use has caused, the
investigation of enzymes involved in degradation of 3-glucans, the most predominant form
of biomass on the planet is especially of interest. Normally, these compounds are degraded
to glucose by a combination of endoglucanases, such as cellulases, exoglucanases or
cellobiosidases and B-glucosidases. Of these, the B-glucosidases tend to be limiting in the
microbial sources of enzymes typically used for biomass conversion. Thus, developing
better enzymes for this purpose is critical, and to engineer the enzymes one must
understand the way in which they interact with their substrates. We produced the first
structures of a B-glucosidase in complex with a long cellooligosaccharide in which the
cellooligosaccharide was properly positioned for hydrolysis. The loose interactions that
were seen can serve as a model for fashioning new glucosyl residue binding sites on
enzymes to optimize their use in biomass conversion. In addition, both the GH1 and GH3
enzymes can be tested for their abilities to promote breakdown of lignocellulose waste, so
that they can be engineered for better use in this application.
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The understanding of glycon specificity gained in these studies is also of use for
future research projects and protein engineering. The realization that transition state
differences are likely to contribute to the substrate specificity will contribute to engineering
of enzymes with a wide range of specificities, and perhaps generation of new specificities.
It is hoped, therefore, that our specific project will have broad implications for enzyme
structure and function relationships. This will allow better interpretation of the likely
functions of the millions of genes with sequences determined by the genomic sequencing
projects, in terms of the activities of the proteins they encode, and in engineering to
develop new functionalities from known enzymes.
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The structures of rice BGlul p-glucosidase, a plant B-glucosidase active in
hydrolyzing cell wall-derived oligosaccharides, and its covalent intermedi-
ate with 2-deoxy-2-fluoroglucoside have been solved at 2.2 A and 1.55 A
resolution, respectively. The structures were similar to the known structures
of other glycosyl hydrolase family 1 (GH1) p-glucosidases, but showed
several differences in the loops around the active site, which lead to an open
active site with a narrow slot at the bottom, compatible with the hydrolysis
of long p-1,4-linked oligosaccharides. Though this active site structure is
somewhat similar to that of the Paenibacillus polymyxa R-glucosidase B,
which hydrolyzes similar oligosaccharides, molecular docking studies
indicate that the residues interacting with the substrate beyond the
conserved -1 site are completely different, reflecting the independent
evolution of plant and microbial GH1 exo-p-glucanase/p-glucosidases. The
complex with the 2-fluoroglucoside included a glycerol molecule, which
appears to be in a position to make a nucleophilic attack on the anomeric
carbon in a transglycosylation reaction. The coordination of the hydroxyl
groups suggests that sugars are positioned as acceptors for transglycosyla-
tion by their interactions with E176, the catalytic acid/base, and Y131,
which is conserved in barley BGQ60/p-II p-glucosidase, that has
oligosaccharide hydrolysis and transglycosylation activity similar to rice
BGlul. As the rice and barley enzymes have different preferences for
cellobiose and cellotriose, residues that appeared to interact with docked
oligosaccharides were mutated to those of the barley enzyme to see if the
relative activities of rice BGlul toward these substrates could be changed to
those of BGQ60. Although no single residue appeared to be responsible for
these differences, 1179, N190 and N245 did appear to interact with the
substrates.

© 2008 Elsevier Ltd. All rights reserved.
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Introduction

Cellulose and the other p-glucans of plant cell
walls together are the most abundant biopolymers
on earth. They serve to define the shape and struc-
tural strength of plant cells and act as sources of
energy for a variety of organisms, primarily bacteria
and fungi. Since the emergence of plants, bacteria
and fungi have apparently evolved enzymes to de-
grade cellulose and other B-glucans, including cel-
lulases and other endoglucanases, cellobiosidases,
which cut cellobiose from the non-reducing ends,
and cellobiases and other p-glucan p-glucosidases,
which remove one glucose unit at a time from the
non—reducmg end of B-glucan-derived oligosaccha-
rides.' Plants are likely to have independently dev-
eloped these enzymes, which are necessary for cell
growth and remodeling of cell walls and for re-
leasing glucose for the metabolic needs of the plant.

Glycosyl hydrolase family 1 (GH1) is a family of
enzymes including p-glucosidases involved in B-
glucan hydrolysis, as well as many other functions.”
GH1 belongs to glycosyl hydrolase clan A, for which
the basic structure is a (B/a)g barrel with the con-
served glutamate residues at the carboxy-terminal
ends of strands 4 and 7 serving as the catalytlc acid/
base and catalytic nucleophile, respectively.”* Des-
pite their similar structures, GH1 enzymes have a
wide range of specificities, including p-galactosidase,
B-mannosidase, R-fucosidase, phospho-R-galactosi-
dase, p-glucuronidase, phospho-p-glucosidase, di-
glycosidases like primeverosidase, furcatin hydro-
lase and isoflavone 7-O-p-apiosyl-p-1,6-glucosidase,
B-glycosidase, and hydroxyisourate hydrolase,
which hydrolyzes a purme ring rather than a gly-
cosidic bond (CAZY+).” The GH1 glycosyl hydro-
lases also display a range of aglycone specificities,
with some showing nearly absolute specificity for one
sugar and one aglycone, while others accept a range
of either glycone or aglycone or both. As such, GH1
provides a useful model for the study of structure—
function relationships in enzyme specificity.

To date, coordinates for the structures of 20 GH1
proteins have been deposited in the Protein Data
Bank (PDB), three from Archaea, eight from
bacteria, two from animals, one from a fungus and
six from plants, representing {3-glycosidases, a 6-
phospho-R-galactosidase, B-glucosidases with var-

twww.cazy.org

ious aglycone specificities and myrosinases (CAZY).
In addition, several complexes with inhibitors and
mutants are available, which provide insights into
the mechanisms of both catalysis and substrate
recognition. However, the loops at the C-terminal
ends of the p-strands vary greatly in both length and
composition resulting in active sites that range from
short, narrow slots to deep, wide pockets, and the
solution of one enzyme for binding of a certain
substrate may not be the same as that of an enzyme
from another organism that has evolved separately.
Thus, many GH1 enzymes are still under investiga-
tion and hopefully will yield new insights into sugar
and aglycone binding. Recently, structures for a
bacterial celloohgosacchar1de hydrolyzing p-
glucosidase® and a fungal p-glucosidase 51m11ar to
fungal oligosaccharide-degrading enzymes’ have
been reported, but a GH1 plant p-glucan pB-
glucosidase structure has not been described.

Rice (Oryza sativa L.) BGlul p-glucosidase (also
called Os3bglu?) is a GH1 enzyme widely expressed
in rice tissues, especially flower and seedling shoot,
that has a high level of activity toward p-glucan-
derived oligosaccharides.”'? It is over 66% identical
in sequence with barley (Hordeum vulgare L.) BGQ60
(also called pB- II) B-mannosidase/p-glucosidase
(Fig. 1) and falls in the same phylogenetic cluster
but has significantly different substrate specificity."'
While both enzymes hydrolyze short 1,3-linked oli-
gosaccharides with degrees of polymerization (DP)
of 2 or 3 and long (DP 4-6) cellooligosaccharides
(B-1,4-linked glucose polymers) with at least six
apparent glucosyl residue-binding subsites, they
show dlstmct preferences for short cellooligosaccha-
rides.®”'* Barley BGQ60 prefers to hydrolyze
cellobiose over cellotriose, with an apparent dis-
ruptive interaction at the third glucosyl residue
of cellotriose in the +2 subsite, while rice BGlul
hydrolyzes cellobiose very poorly and has a high
level of affinity for the third glucosyl residue of
cellotriose at the +2 site. The BGlul enzyme can also
catalyze transglycosylation reactions and, interest-
ingly, a glycosyl synthase mutant of BGlul can
synthesize long 1,4-linked oligosaccharides, but
only w1th acceptors that occupied at least three
subsites,'® which is consistent with stronger binding
at subsites +2 and +3 compared to +1.

In order to determine the structural basis of
oligosaccharide-binding by rice BGlul exo-gluca-
nase/p-glucosidase, we crystalhzed the protein
and initiated diffraction trials.'* Here, we report
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Fig. 1. Amino acid sequence alignment of rice BGlul, BGQ60: barley R-glucosidase BGQ60, linamarase: cyanogenic
p-glucosidase from Trifolium repens (Genbank accession 1CBG), ZmGlul: Zea mays p-glucosidase isozyme I (1IE1E_A),
SbDhr1: dhurrinase isozyme I from Sorghum bicolor (1V02_A), myrosinase: Sinapis alba myrosinase (IMYR), and PpBgIB:
Paenibacillus polymyxa p-glucosidase BgIB (2JIE_A). The alignment was generated with ClustalW, and the secondary
structure elements of rice BGlul were aligned at the top with the ESPript program.*' Stars indicate acid/base and
nucleophilic catalytic residues, black arrowheads mark the amino acids in close contact with the glucose residue at subsite
—1, and ovals highlight the amino acids predicted to be aglycone binding residues with indication of subsites +1 and +2
below the sequence. Aglycone-binding residues of rice BGlul that different from those of BGQ60 are presented as black

ovals.
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the structures of BGlul with no ligands added (free
BGlul) and BGlul in complex with a covalent
2-deoxy-2-fluoroglucoside inhibitor (G2F). Compu-
tational docking studies were done to identify the
likely position for cellotriose binding in the active
site. Potential oligosaccharide-binding residues
were mutated to those of barley BGQ60 and the
activities of the mutants were characterized.

Results and Discussion

Overall structure and quality of models

Crystals of free BGlul enzyme and BGlul bound
to G2F are isomorphous, and belong to the
orthorhombic P2,2,2; space group. The free BGlul
structure was refined against 2.20 A resolution data
to yield a final model with an R-factor of 16.2% and
an Rgree of 20.5% (Table 1). The structure of the G2F
complex was finally refined with 1.55 A data to give
a model characterized by an R-factor of 17.1% and
an Rgee of 19.7% (Table 1).

The overall structure of rice BGlul was similar
to other GH1 structures, with a (3/a)s or TIM
barrel consisting of a core of eight twisted parallel
B-strands connected by long loops and eight

—hehces that form the outer layer of the core struc-
ture.”” The active site at the carboxyl ends of the
p-strands has an approximate volume of 123.5 A%.
The catalytic acid/base, E176, and nucleophile,
E386, are located at the ends of B-strands 4 and 7
on opposite sides of a cleft at the bottom of the active
site. The two molecules in the asymmetric unit are
related by 2-fold symmetry, and are linked by a
single metal ion (Fig. 2a).

The quality of electron density at the four variable
loop regions, including residues T25-D65 of loop A,
P177-T206 of loop B, Q314-P363 of loop C, and
N387-D403 of loop D, was almost as good as in the
core region for both the main chain and the side
chains. However, the densities of a few side chains
that are fully exposed to the solvent were unclear.
The poorest density was observed in loop C, where
some residues, especially Q323, Q324, and Q327, had
ambiguous side-chain densities, but the main-chain
density was clear and continuous. Linking C195 and
C198 in loop B is a disulfide bond that is conserved in
plant GH1 enzymes. Two cis-peptide bonds were
found between P191 and P192, and between W433
and S434. The latter non-proline cis-peptide bond
occurred after W433, which is a residue crucial to
binding of the glycone at subsite —1. The cis-peptide
bonds are found at the conserved amino acids in the
1CBG template at these same positions. Although
N-terminal amino acid sequencing of the first eight
residues of the crystallized protein gave the sequence
AMADVVPXK, corresponding to five residues of the
linker to the fusion protein and the first three resi-
dues of BGlul, no electron density was observed
before BGlul W6. Therefore, it is likely that the N
terminus, which is exposed to the solvent, has great

Table 1. Data collection, processing and refinement
statistics

Free enzyme  Inhibitor complex

(2RGL) (2RGM)

A. Data collection and processing statistics
Beamline . BL13B1 BL13B1
Wavelength (A) 0.98 0.98
Space group P2,2,2, P2,242,
Unit-cell parameters A)

a 80.05 80.29

b 100.67 101.29

c . 127.02 127.25
Resolution range (A) 30-2.20 30-1.52
Resolution range outer 2.28-2.20 1.57-1.52

shell (A)
No. unique reflections 53,089 157,799
No. observed reflections 363,672 491,141
Averaged multiplicity 6.9 (6.8) 3.1 (2.0)
Completeness (%) 99.9 (99.5) 98.8 (96.3)
Ruerge (%) 13.2 (40.4) 5.2 (40.3)
<I/o(l)> 15.5 (5.2) 17.5 (2.29)
B. Refinement and final model statistics
PDB accession code 2RGL 2RGM
Resolution used in 29.7-2.20 28.2-1.55
refinement (A)

No. reflections

Working set 50,374 141,569

Test set 2652 7487
NCS restraints

Positional, RMS (A), 0.02, 0.05 0.05, 5.0
weight
Thermal, RMS (A2), 0.06, 0.50 0.59, 10.0
welght
Reactor” (%) 16.2 17.1
Reree” (%) 20.5 19.7

No. of residues in proteinCl 952 (2 molecules) 952 (2 molecules)
No. protein atoms 7602 (2 molecules) 7602 (2 molecules)

No. water molecules 1187 1352
No. ligand atoms None 22
No. other hetero-atoms 47 47
Mean B-factor
Protein (A% 10.43 10.74
Nonsolvent 24.81 14.21
heteroatoms (A%

Solvent (A?%) 23.40 27.77
rm.s. bond deviation (A) 0.010 0.011
r.m.s. angle deviations 1.308 1.402

(deg)
Ramachandran plot
Residues in most 89.0 89.0

favorable regions (%)

2 Rmerge (Z | I_<I>| /Z<I>)
Rfactor (le [=IFc|/Z|Fo |)
¢ Based on 5% of the data.
4 The protein structures cover residues 6-476 of the mature rice
BGlul protein sequence.

flexibility in this crystal form. One sulfate ion and
one Mes molecule from the precipitant solution were
associated with each monomer in the asymmetric
unit, and a single zinc ion was shared between mole-
cules A and B (Fig. 2a).

Monomer and crystal contacts mediated by zinc
Rice BGlul is a monomeric protein in solution,®

whereas other plant GH1 enzymes for which struc-
tures have been solved are dimeric, for the white
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(b)

2.02;
2.07

H68(B)

H68(A)

,x;;z.m
1.98
D65(A)

Fig. 2. Asymmetric unit of the rice BGlul/G2F complex structure. (a) A ribbon diagram representing the overall
structure of the BGlul/G2F inhibitor complex asymmetric unit. The p-strands are colored green, a-helices red and loops
cyan. The nucleophilc catalytic residue E386, which is covalently bound to the G2F inhibitor is shown as ball and stick and
colored by atoms with carbon in yellow. Hetero atoms found in the crystal structure GOL (glycerol), MES, and SO,, are

drawn as ball and stick (colored by atoms) and a yellow sphere represents Zn>*

. (b) Crystallographic contacts mediated by

*. The two protein molecules in the asymmetrrc unit are linked by D65 and H68 (ball and stick, with nitrogen blue and
oxygen red ) from molecule A and B via Zn>" (yellow sphere). Broken lines represent the chelating interactions with their

distances given in dngstrom units.

clover (Trzfolzum repens) cyanogenic B-glucosidase
(hnamarase) white mustard (Sinapsis alba) myro-
sinase,'®"” maize (Zea mays) p-glucosidase isozyme
I (ZmGlul),"®" and sorghum? (Sorghum bicolor)
dhurrinase isozyme 1 (SbDhrl), or hexamerlc for
wheat (Triticum aestivum) 3- gluc051dase However,
in the rice BGlul crystal structures, two molecules
related by a non-crystallographic 2-fold axis were
linked through a single zinc ion, which is bound
symmetrically between the D65 and H68 residues of
the two molecules (Fig. 2b). The Zn*" is well defined
with temperature (B) factors_ of 7.36 A% in the free
BGlul structure and 7.07 A? in the BGlul-G2F
complex, and a peak at the Zn** absorbance edge

was observed in an X-ray absorbance/ ﬂuorescence
scan, while no peak was seen at the edge of Co**

which might be left from immobilized metal afflmty
chromatography (IMAC) purification (data not
shown), thereby confrrrnmg the identification of the
metal ion. The Zn>* was evidently left from seeding
crystal conditions, or from contamination in the
chemicals or water used for purification or crystal-
lization, since no Zn>* was used in the current crystal
growth conditions. The presence of Zn** ‘was
reported to stabilize a dimer in the white mustard
myrosinase structure, in which zinc was similarly
bound between His and Asp res1dues H56 and D70
from each myrosinase molecule.'® However, the
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interfacial buried surface area in the BGlu1 structure
is quite small (270 A?, which is approximately 1.7%
of the monomer surface) and few direct interactions
linking the dimers are seen, aside from those through
the zinc ion. In addition, 95% of the BGlul protein
eluted as monomer during gel-filtration, dynamic
light-scattering (DLS) gave a single peak at a
diameter of 7.115 nm, corresponding to the expected
size of the monomer, and the enzyme activity was
neither inhibited by 10 mM EDTA nor stimulated by
Zn**. None-the-less, the PISA program®” predicted
that the complex of Zn** with the two monomers
would be stable in solution with an energy of
—43.2 kcal/M, the bulk of which (—38.9 kcal/M) is
contributed by interactions between the zinc ion and
the monomers. So, the protein may form dimers in
the presence of Zn** in solution, but the monomer
appears to be equally active and the functional
relevance of any such dimerization is not clear.

Overall structure comparison of rice BGlu1 with
other structures in GH1 family

The known 3D structures of the GH family 1 white
clover linamarase (1CBG),"> ZmGlul (1E1E),"
SbDhrl (1V02),*° white mustard myrosinase
(IMYR),'® and the bacterial Paenibacillus polymyxa
p-glucosidase BglB (PpBglB, 2JIE)° were super-
imposed on the rice BGlul structure for comparison
(Fig. 3). The 1CBG, 1E1E and 1V02 structures
represent plant O-glucosidases, IMYR is a plant

Loop C

S-glucosidase and 2JIE is a bacterial enzyme that
hydrolyzes cellooligosaccharides with high degrees
of polymerization as substrates, similar to BGlul.
These structures share amino acid sequence identity
of 37-48% with BGlul. The C* atoms of molecule A
from the 1CBG, 1E1E, 1V02, IMYR, and 2JIE
structures superimposed on BGlul with RMSD of
0.80 A, 096 A, 091 A, 096 A, and 1.44 A,
respectively (based on the overlap of 424, 412, 411,
399, and 375 C® atoms, respectively). The 1CBG
structure, which was used as the search model had
the greatest sequence identity (48%) and the lowest
rmsd values of the overall structure and loops.
Inversely, 2JIE, the bacterial PpBglB structure, had
the largest differences from our structure.
Structural superimposition showed that the core
(B/a)g structures of the GH1 structures are similar
in shape and size, while the largest differences are
seen in the loop regions surrounding the active site.
Four variable loop regions have been described that
connect the B-strands to o-helices of the (B/a)g-
barrel: loop A (loop 1) between p1 and a1, loop B
(loop 4) between p4 and a4, loop C (loop 6) between
p6 and a6, and loop D (loop 7) between B7 and
a7."51%% Loop A is little different in length or struc-
tural alignment for the six structures, though it con-
tains the residues involved in Zn** binding between
monomers in BGlul and myrosinase. Loop B con-
tains the conserved disulfide bond in plant GH1
enzymes and contributes part of the aglycone
binding pocket. The hairpin structure closed by

Loop B

Fig. 3. Superimposition of the structures of rice BGlul (green), linamarase from Trifolium repens (1CBG, yellow),
Zea mays R-glucosidase isozyme I (1E1E, blue), and Paenibacillus polymyxa p-glucosidase BglIB (2JIE, pink). Loops A-D,
which constitute the doorway to the active site are expanded to the side, as indicated by the arrows, to show the
differences in loop structures. Sorghum bicolor dhurrinase isozyme I (1V02) and Synapis alba myrosinase (IMYR) were
similarly superimposed, but are not shown for the sake of clarity.



1206

Rice BGlu1 B-Glucosidase/Exoglucanase Structures

this disulfide bridge is several residues shorter in
rice BGlul than in other plant enzymes. The largest
differences are in loop C, as seen in the sequence
(Fig. 1) and structural comparisons (Fig. 3). This is
the largest loop and it covers almost a half of the
entrance to the active site and forms part of the
aglycone-binding site. In comparison to rice BGlul,
two extra residues are observed in ZmGlul, SbDhrl1,
and myrosinase, and another insertion of six extra
amino acid residues is found only in myrosinase.
The shorter loop C length in rice BGlul contributes
to its more open and extended active site, which is
discussed below. This loop (D342-Y357) was also
reported to form a dimer interface in the ZmGlul
structure.’ Fmally, loop D, which is the smallest
loop (12-16 amino acids), also showed great varia-
tion, but it is not close to the substrate-binding site.

The loop structure of PpBglB is extremely different
from that of the GHI1 plant enzymes. A disulfide
linkage is found at loop A instead of loop C. Both
loops B and C are much shorter than in the plant
enzymes, but their folds are similar, except for the
absence of the long coiled structures linking the
short p-strands and a-helices. The shorter loops B
and C in BGlul and PpBglB provide for an open
active site, which is compatible with their activity on
long cellooligosaccharides. However, the structure
of loop D in PpBglB is different from BGlul and the
other plant enzymes.

Enzyme active site

Rice BGlul has a deep, narrow and straight
binding cleft, which is fully encircled by negatively
charged residues around the deepest and narrowest
part, with a broader gate (10 Ax23 A), the top of

which has positively charged residues along one
side (Fig. 4a). These features are suitable for binding
long oligosaccharide chains, the large number of
hydroxyl groups of which can form hydrogen bonds
with the polar residues. Several aromatic residues
are also aligned along the path from the bottom to
the entrance of the active site to form stacking inter-
actions with the hydrophobic atoms on the faces of
the glucopyranoside rings of oligosaccharides bind-
ing in the active site (Fig. 4b). Although the distance
of 18 A from W433 at the bottom of the active site to
the surface is within the range of other plant GH1
enzymes with shorter substrates (from 14.4 A in
ZmGlul to 21 A in clover linamarase), a groove
along one side of the active site extends 35 A
from W433 to Q328, which is suitable for bmdmg
long ohgosaccharlde substrates of up to six resi-
dues.” The active site geometry is consistent with
previous kinetic data that rice BGlul hydrolyzes
B-1,4-linked oligosaccharides of two to six glucose
moieties but not p-1,3-linked oligosaccharides with
DP>3, since their more twisted shape may not fit in
the narrow cleft at the inside of the active site.
The covalently bound 2-deoxy-2-fluoro-glycoside
inhibitor (G2F) in the complex structure showed
strong electron density, similar to that found at
surroundmg active site residues. A standard relaxed
*C, chair conformation of the sugar ring fit well into
the density at subsite —1, which is formed by Q29,
H130, Y131, E175, E176, Y315, E386, W433, E440,
W441, and W433, with an average B-factor for G2F
of 7.43 A%. The overall conformation of free BGlul
and its G2F complex are very similar, with rmsd of
0.093 A in molecule A and 0.096 A in molecule B
(calculated over 434 residues each) and 0.121 A for
both molecules (881 residues). The few differences

Fig. 4. Molecular surface of the G2F inhibitor complex and free structure with a docked cellotriose. (a) The G2F
complex structure is shown as an electrostatic surface with positively charged, negatively charged, and neutral regions
colored in blue, red and white, respectively. The G2F inhibitor (drawn with carbon yellow, oxygen red and fluorine green)
is bound at the deepest part of the active site pocket. (b) The surface structure of the BGlul structure with the docked
cellotriose (carbon blue , oxygen red ) drawn inside the pocket and the aromatic amino acids that can form sugar-binding

platforms lining the active site colored purple.
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that are seen are mainly at the active site pocket. In
total, five hydrogen bonds were formed between
G2F and amino acids (Fig. 5a). The O3 atom of G2F
is hydrogen bonded to W441 N*', and Q29 O,
while the O4 atom forms hydrogen bonds with Q29
N*2 and E440 O%!, and 06 interacts with O®? of E440.
A hydrophobic stacking interaction between glu-
cose and the indole ring of W433 is conserved with
other GH1 p-glucosidases. The nucleophile E386 is
rotated ~60° around the C* to C* bond with respect
to the free enzyme in order to form the glycosyl-
enzyme complex (Fig. 5b). A slight rotation of the 2-
fluoroglucose-bound nucleophile was also observed
in the Thermotoga maritima p-glucosidase, where it

was noted to avoid a clash between the nucleophile
carboxyl and the 2-fluoro group.** The distances of
the E386 O°' and O to the E176 O°* are 3.27 A and
4.22 A, respectively, which are closer than in the free
enzyme (4.04 A and 4.67 A). Y315, which is found
within hydrogen bonding distance of the O°! of
E386 (2.60 A) in the free enzyme, is shifted away in
the G2F complex, and its hydroxyl group forms a
hydrogen bond with O5 of G2F (2.90 A) instead. The
O°! instead hydrogen bonds to a water molecule
that is also hydrogen bonded to N175 O®'.

A glycerol molecule was observed with its 2-OH
group at a distance of 3.37 A from the anomeric
carbon, 2.68 A from O%' and 3.36 A from O%? of E176,

|

Fig. 5. Stereoview of the active site of rice BGlul. (a) Protein-ligand interactions in the active site of the BGlul-G2F
complex. The amino acid residues surrounding G2F are presented in stick representation, with carbon yellow, nitrogen
blue, oxygen red, and fluoride green. G2F and glycerol (GOL) are drawn in ball and stick representation in the same
colors, except carbon atoms are purple and cyan, respectively. The purple ||F, | - | F || omit map for G2F and GOL is shown
contoured at 3 0. Hydrogen bonds between the protein and the glycone at subsite —1 and glycerol at subsite +1 are drawn
as broken black lines. (b) Superimposition of subsite —1 of the active site of free rice BGlul (blue) and covalently bound
G2F complex (yellow). The covalently bound G2F and solvent glycerol from the G2F complex are drawn as ball and stick
with carbon colored purple and cyan, respectively. The water A1755 from the G2F complex (Wat), which was hydrogen
bonded with E386 (the catalytic nucleophile) and N175, is displayed as a cross.
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the catalytic acid/base residue, and 3.42 A from the
Y131 OH oxygen, which is twisted slightly com-
pared to its position in the free enzyme (Fig. 5b). The
glycerol 1-OH was also within hydrogen bonding
distance of both E176 and E386, but was further
(3.86 A) from the anomeric carbon. This glycerol
molecule, which is well defined with an average B-
factor of 14.21 A2, seems to be positioned for
deprotonation by the acid/base residue for nucleo-
philic attack at anomeric carbon in the deglycosyla-
tion step, which would lead to transglycosylation.
This is consistent with the high level of trans-
glycosylation activity of the enzyme w1th oligosac-
charides at relatively low concentrations,” since the
glycerol is equivalent to half a hexose sugar and
the coordination of the 1-OH positions the 2-OH
group in a way that could act in hexopyranose sugars
as well.

The covalent intermediate of the double displace-
ment mechanism of retaining glycosyl hydrolases
may be released by either hydrolysis, if a water
molecule displaces the enzyme from the anomeric
carbon, or by transglycosylatlon if an alcohol or
other nucleophile displaces it.'> As far as we know,
the BGlul-G2F complex is the first structure show-
ing a putative transglycosylation complex of a
glycosyl hydrolase bound to G2F, but a water
molecule is in a position similar to that between the
anomeric carbon and an ascorbate that takes the
place of the catalytic acid/base in the 1E73 myr-
osinase structure, which is also a G2F intermediate
(Fig. 6)."” In that case, the enzyme was trapped in the
process of hydrolysis, instead of the transglycosyla-
tion complex formed with the glycerol in the current
structure. In the myrosinase complex, the water
approaches from a slightly different angle than that
of the glycerol 2-OH in the BGIul-G2F complex
structure, but both are nearly opposite (162° for

E386

BGlul and 170° for myrosmase) the bond from the
anomeric carbon to O* of the catalytic nucleophile
(E386 in BGlul), thereby avoiding clashes with the
G2F C2 (84° from the line between GOL O2 and G2F
C1), O5 (80°) and H1 (48°) that are tetrahedrally
arranged around C1. The approach of this glycerol
molecule appears to be more affected by the steric
properties of these surrounding groups than the
smaller water molecule in myrosinase, which
approaches the G2F closer to C2 (65°) and O5 (58°)
and further from H1 (89°). So, the small differences
seen in the relative positions of the glucose and
acceptor between the putative hydrolysis and trans-
glycosylation complexes can be explained by the
sizes of the acceptor molecules.

Docking studies

Until now, the crystal structure of a plant GH
family 1 p-glucan exo-p-glucosidase in complex
with B-14-linked oligosaccharides has not been
characterized. In order to find the positions of the
B-1,4-linked glucosyl residue subsites, automated
docking was used to predict where cellotriose
would bind in the rice BGlul active site. However,
cellotriose with a standard relaxed chair conforma-
tion (*C;) at the non-reducing end was found to
dock into the active site of rice BGlul with its non-
reducing glucosyl residue either flipped 180° from
the G2F position in the complex structure or far from
the catalytic amino acids.

The structure of sorghum dhurrinase E189D (acid/
base mutant) bound to dhurrin shows the glucose
residue in the 'S; skew boat conformation in the
Michaelis complex.”” Molecular dynamics simula-
tions suggest that this adaptatlon of the sugar
conformatlon at subsite —1 from a *C; relaxed chair
to a 'S; skew boat conformation is likely to occur

¥ E386

Fig. 6. Superimposition of the active site of BGlul-G2F complex with the myrosinase-G2F-ascorbate complex
structure 1E73. All ligands are drawn as ball and stick, the BGlul E386 nucleophilic residue as a stick, and water (Wat) as a
non-bonded sphere. The carbon atoms of the covalently bound G2F and solvent glycerol (GOL) from the BGlul-G2F
complex are colored purple and cyan, respectively, while Wat and carbon of the covalently bound G2F and ascorbate
(ASC) of the myrosinase complex are colored yellow. Broken lines show the distances (in dngstrom units) from the
anomeric carbon of the covalently bound G2F to the glycerol in the BGlu1-G2F complex and to a water molecule in the

myrosinase complex.
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upon binding to the enzyme.” A chair conformation
is then recovered after release of the aglycone. Thus,
cellotriose with a skew boat conformation at the non-
reducing end was docked to the active site, and it
docked with the non-reducing glucosyl residue nearly
at the same position as the 2-fluoroglucosyl residue at
subsite —1 in the covalent complex structure with an
rmsd between the two rings of 0.90 A. The lowest total
docking energy of —8.20 kcal /mol was obtained for a
cellotriose structure in the highest ranked cluster,
which contained the lowest energy conformation of
33 out of 100 runs and had a mean docking energy of
—6.65 kcal/mol. The second-ranked cluster (which
accounted for 21 of the lowest-energy conformations
and had a lowest and mean binding energies of —7.85
and —6.52 kcal/mol) was positioned similarly, but
was twisted slightly compared to the first-ranked
result. Therefore, the lowest energy structure, shown
in Fig. 7a, is likely to indicate the general positions of
binding for glucosyl residues at subsites +1 and +2.

Surprisingly few hydrogen bonds were likely bet-
ween the enzyme and the docked cellotriose at
subsites +1 and +2, while subsite -1 was strongly
stabilized by four of the five hydrogen bonds seen in
the BGlu1-G2F complex, and additional interactions
of 02 with E386 O%2 (2.06 A) and N175 N°? (3.22 A),
not seen with G2F due to the F in that position.”* At
subsites +1 and +2, E176, R178, Q187, N190, N245,
T316, and H267, are within range to make direct or
water-mediated hydrogen bonds with Glc2 and
Glc3. Non-polar interactions could occur between
the sugars and 1179, L182, L183, L442 and D243 (in
which the fully charged side chain is turned away
from the substrate). Moreover, both Glc2 and Glc3 at
subsites +1 and +2 could have stacking interactions
with the aromatic ring of W358, which is a con-
served Trp shown to position the aglycone of other
plant GH1 p-glucosidases.'®*%*

It should be noted that many of the hydrogen
bonding interactions with the sugar hydroxyl groups

Fig. 7. Substrate contacts in the active site. (a) Molecular surface structure at the active site of the free rice BGlul
enzyme with cellotriose (blue) positioned in the binding cleft by automated docking. Amino acid resides at subsite —1
and putative aglycone-binding residues at subsites +1 and +2, and possible positions of more distal subsites are shown as
stick diagrams below the surface. (b) Crystal structure of maize ZmGlul p-glucosidase in complex with DIMBOAGIc
used for comparison of the active site geometries. The DIMBOAGlIc glucosyl residue with the standard chair conformation
is drawn in the active site.'® (c) The lowest energy conformer of cellotriose (blue) with the skew boat conformation at
subsite —1 docked into the free BGlul crystal structure active site. (d) Cellotetraose bound in the PpBglB active site (271S).°
Comparison of b, c and d shows that the large aromatic residues F198, F205, and F66 in ZmGlul are replaced by smaller L,
N or H, and L or A residues in rice BGlul and PpBglB, respectively, while the conserved tryptophan, W358 in rice BGlul,
adopts distinct orientations in these three structures. These changes result in somewhat more open clefts in the latter
two structures.
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may be mediated by water molecules, such as is seen
between the aromatic hydroxyl of dhurrin and a
serine in the dhurrinase complex,”’ but water mole-
cules were not included in the docking experiment.
Nonetheless, the docking is likely to give a good
approximation for the positions of glucose residues
in subsites +1 and +2, since the non-reducing glucose
appears to be docked correctly in subsite —1. The
position of the cellotriose chain also suggested that
an array of aromatic amino acids around the en-
trance, including F343, Y341, and W337, may act as
platforms for additional glucose residues (Fig. 7a).

Substrate specificity

GH1 enzymes hydrolyze substrates with great
variation in their aglycone, so the subsite occupied
by the glycone part is remarkably similar in the
family, while the aglycone-binding pocket is differ-
ent for each enzyme. To explain the substrate speci-
ficity, the putative substrate-binding residues at the
aglycone-binding pocket were inspected carefully.

Rice BGlu1 and ZmGiut

The substrate specificity of maize ZmGlul p-
glucosidase is well characterized, and has been
structurally investigated with crystal structures of
wild type and inactive mutant enzymes in complex
with several ligands.'®'? Four amino acid residues
were observed to be important for substrate re-
cognition, W378, which is strictly conserved in
O-glycosidases, and three phenylalanine residues,
F198, F205, and F466, which are located on the
opposite side of the active site cleft from W378
and vary among GHI1 enzymes (Fig. 7b). A com-
parison of the BGlul and ZmGlul active sites is
shown in Fig. 7b and c. 2-O-p-D-Glucopyranosyl-4-
hydroxy-7-methoxy-1,4-benzoxazin-3-one (DIM-
BOAGIc) and cellotriose are stacked onto the
hydrophobic face of the conserved tryptophan
(W358 in BGlul). The three opposing phenylalanine
residues in maize are replaced in rice BGlulby L183,
N190, and 1442, respectively. The result of these
differences is that the active site of BGlul is wider,
10 A from W358 to L182, while that of ZmGlul is
narrower at the entrance, measuring 7.6 A from
W378 to F198. As reported recently, the PpBglB
structure has similar smaller residues (L174, H181,
and A411) in place of the three bulky aromatic resi-
dues (Fig. 7d), which makes the entrance between
W328 and 1174 about 1 A wider than ZmGlu1, and
thereby extends the binding cleft for longer oligo-
saccharides to at least 25 A.°

The superimposition of the two substrate complex
structures showed clearly that the reducing end of
cellotriose occupied a different aglycone pocket
site from DIMBOAGIc. The aglycone part of
DIMBOAGIc was bound in a pocket adjacent to
the three aromatic phenylananine residues, while
the reducing end of the more hydrophilic cellotriose
appears to bind another site (compare Fig. 7b and c).

The result is that, though F446 is in contact with
DIMBOA in the ZmGlul structure, the correspond-
ing L1442 is far from cellotriose in the predicted
BGlul—cellotriose structure. The highly conserved
tryptophan (W358 BGlul and W378 in ZmGlul)
forms a platform for binding both the second and
third glucose residues and DIMBOA, but it is tilted
differently in the two enzymes and allows suitable
substrate alignment with other interacting side
chains.

Rice BGlu1 and barley BGQ60 (-glucosidases

Of the well-characterized glycosyl hydrolase fam-
ily 1 enzymes, rice BGlul is most similar to barley
BGQ60 p-glucosidase/p-mannosidase,89-11.12.27
and both hydrolyze short 1,3- and longer 1,4-3-
oligosaccharides. However, while BGQ60 appears
to be an exo-B-mannanase”® and prefers manno-
side to glucoside and cellobiose to cellotriose, rice
BGlul shows the opposite preferences. Differences
in the affinities of their +1 and +2 sites may explain
their dlfferences in activities toward cello-oligo-
saccharides.”'* The docking of cellotriose into the
BGlul active site indicated that the amino acid
residues likely to be involved in hydrogen bonds
and hydrophobic interactions with cellotriose at the
two reducing end glucosyl residues were located
mainly in loop B and loop C, and none of them was
conserved among GH1 members, so a comparison
of these residues in BGlul and BGQ60 should be
informative regarding substrate binding. Though
the BGQ60 structure remains to be determined,
these residues should be in positions similar to
those in BGlul, with which it shares over 66%
amino acid sequence identity.

The BGlul residues Y131 (subsite +1), R178 (+2),
L183 (+1), D243 (+1), H267 (+2), and W337 (+3)
might be crucial for substrate recognition of oligo-
saccharides, since the corresponding residues are the
same in BGQ60, but not in other p-glucosidases that
do not hydrolyze oligosaccharides well (Fig. 1).
However, the equivalent residues in PpBgIB (W123,
Y169, 1174, N223, 1247, and S310) were almost
completely different, indicating the bacterial P-
glucosidase has evolved a different set of interactions
for binding oligosaccharides. The residues 1179,
L182, N190, N245, and L442 in BGlul are replaced
by V184, A187, H195, V250, and R447, respectively,
in BGQ60 (Fig. 1), so they might contribute to
substrate specificity differences between the rice
and barley enzymes. In order to probe the basis of
differential binding of cellobiose and cellotriose
between rice BGlul and barley BGQ60, mutations
were made at four residues found in the putative
aglycone binding region of BGlul that differ from
those at the same positions in BGQ60.

Kinetic analysis of substrate-binding pocket
mutants

At the putative subsite +1 position, BGlul resi-
dues 1179, N190 and 1442 (which is close to subsite
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+1, but not close to the docked cellotriose) were
mutated to match BGQ60, while at subsite +2, N245,
the only residue that is polar in BGlul that is non-
polar in BGQ60, was mutated. The mutations of
BGlul substrate binding residues to their counter-
parts in BGQ60 were expected to change the activity
of BGlul to be more similar to that of BGQ60, with
improvement in the ratio of ke.:/Km(cellobiose) to
kcat/ Km(cellotriose) and a decreased rate of hydro-
lysis of pNPG.'2?7 Instead, the L442R mutant had
little effect, while the N190H, 1179V and N245V
mutants each had similar effects on K, and k., for
all substrates (pNPG, cellobiose and cellotriose),
with little change in substrate selectivity (Table 2).
The N190H mutation had the greatest effect and
decreased the K, and increased the k. for all
substrates, while the 1179V and N245V mutant
enzymes exhibited higher values of K,,, and k., for
almost all substrates, except that N245V had a k..
for pNPG similar to wild type.

The expected improvement in cellobiase activity
was not detectable for any of the mutants (the k.,¢/
Ky of the mutants was very low compared to
BGQ60). The N245V mutation gave a sixfold
increase in k., for cellobiose to a value similar to
that of BGQ60, but the K, also increased over
threefold, so the catalytic efficiency (kcat/Km) was
only twofold higher than wild type. Since the N245V
mutant also has a high K, for cellotriose and its k.,¢/
Ky, for cellotriose is 15-fold lower than wild type
BGlul, its ratio of k.,/K,, for cellobiose to ke.i/ K
for cellotriose is 0.14, 28-fold higher than the wild
type ratio of 0.005. However, this is still well below
the cellobiose/ cellotriose catalytic efficiency ratio of
2.15 for BGQ60 and comes at a high cost of substrate
affinity for both oligosaccharides. The effects of
1179V were similar, and its ratio of k./K, for
hydrolysis of cellobiose to ke,t/ Ky for hydrolysis of
cellotriose was 0.0167, about threefold higher than
wild type. On the other hand, the N190H mutant
showed a ratio of k.:/K,, for cellobiose to keat/ K
for cellotriose slightly higher than wild type at 0.008.
Although the difference is small, it is possible that
this change that increases efficiency, combined with
the N245V and I179V changes, which decreased
efficiency but gave greater gains in selectivity for
cellobiose, could yield the more efficient cellobiase

activity seen in BGQ60. As noted by Mildvan et al., *°
the effects of such mutations on the K, and k., can
be synergistic due to cooperativity between resi-
dues acting at the same step of catalysis. Therefore,
it should be informative to investigate the double
and triple mutations of these residues in the future.

In this study, we have described the structure of
rice BGlul R-glucosidase, which is an example of
how plants have adapted B-glucosidases for hydro-
lysis of their cell wall-derived oligosaccharides. The
active site shows some similarity in shape to the
recently described bacterial -glucosidase, PpBglB,
but the interactions with the sugar residues in the
+1 and +2 sites are quite different, as demonstrated
from comparison of residues near a docked cello-
triose substrate. The covalent 2-F-glucoside-bound
complex also provides a snap shot of the trans-
glycosylation reaction, which is catalyzed efficiently
by BGlul, with a glycerol molecule from the cryo-
protectant playing the role of the incoming acceptor
sugar. Mutations of the residues 1179, N190 and
N245 were shown to have effects on both substrate
binding and catalytic rate, confirming their inter-
actions with the substrate, while mutation of 1.442 to
R had little effect. These kinetic results support the
automated docking results that placed cellotriose
near the first three residues, but away from 1.442.
However, no single change could account for the
differences in oligosaccharide preferences between
rice BGlul and barley BGQ60 p-glucosidases, sug-
gesting multiple residues are involved.

Materials and Methods

Protein expression, purification, and crystallization

Expression and purification of recombinant BGlul
protein was as described.'* The immobilized metal-affinit
chromatography (IMAC) was performed on Talon Co~"
resin (Clontech, Palo Alto, CA) instead of nickel resin for
BGlul crystallized in complex with 2-deoxy-2-fluoro-p-b-
glucoside (DNP2FG), since this yielded purer protein. The
free BGlul crystal from which data were refined was
formed in a hanging-drop, vapor-diffusion drop of 3 ul of
protein (11.5 mg ml™ in 20 mM Tris-HCl (pH 8.0), 150 mM
NaCl) and 1 pl of precipitant (23% (w/v) polyethylene

Table 2. Kinetic parameters of wild type rice BGlul, barley p-glucosidase isozyme II; BGQ60, and putative aglycone
binding residue mutants for hydrolysis of pNPG, cellobiose, and cellotriose

Substrate Kinetic parameters Wild type L442R N190H 1179V N245V BGQ60™?
pNPG Ky (mM) 0.201+0.006 0.201+0.008 0.139+0.005 0.95+0.08 2.10+0.15 0.50°
kear (571 4.69+0.30 457+0.22 6.76+0.32 6.08+0.46 4.70+0.34 0.50°
keat/Km (s ' mM 1) 23.3 22.7 48.6 6.40 2.24 12
Cellobiose K (mM) 22.0+2.6 21.9+1.9 14.3£0.6 61.1+2.6 744+6.4 2.67+0.19°
Keat (571 1.16+0.07 1.12+0.03 2.09+0.06 3.4240.29 7.17+0.11 11.58+0.63°
keat/Km (s ' mM 1) 0.05 0.05 0.15 0.06 0.10 4.34°
Cellotriose K (mM) 0.22+0.02 0.23+0.01 0.160+0.004 1.08+0.06 9.25+0.83 0.97+0.06°
ear Y 2.3540.29 2.58+0.14 3.05+0.29 3.30+0.30 6.58+0.25 1.95+0.12°
keat/Km (s ' mM 1) 10.7 11.2 19.1 3.06 0.71 2.01°

? Kinetic data obtained from Ref. 27.
Kinetic data obtained from Ref. 12.
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glycol monomethyl ether (PEG MME) 5000, 0.1 M Mes
(pH 6.7), 0.17 M ammonium sulfate). The crystal for the
final structure of BGlul after reaction with DNP2FG
was grown by hanging-drop, vapor-diffusion with micro-
seeding, as described.!* The drop containing 2 pl of pro-
tein (2 mg ml ! in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl
containing 0.2 mM DNP2FG) and 1 ul of precipitant
(23% (w/v) PEG MME 5000, 0.1 M Mes (pH 6.7), 0.2 M
ammonium sulfate) was equilibrated with the reservoir
for 2 h before seeding. The crystals were soaked briefly in
18% (v/v) glycerol in precipitant solution before flash
vitrification in liquid nitrogen for diffraction.

Data collection and processing

Data sets used for refinement of the final models of free
BGlul and its complex with DNP2FG were collected at
2.2 A and 1.52 A resolution, respectively, on beamline
BL13B1 at the National Synchrotron Radiation Research
Center (NSRRC, Hsinchu, Taiwan) with an ADSC
Quantum 315 CCD detector. The wavelength was set at
0.98 A and crystals were maintained at 105 K during
diffraction with a nitrogen cold stream. Data were pro-
cessed and scaled with the HKL-2000 package.’® The
X-ray absorbance and fluorescence of Zn** was scanned
over energies within 50 eV of the 9656 eV Zn** K-edge.

Structure solution and refinement

The structure of free BGlul was first solved by
molecular replacement with the cyanogenic p-glucosidase
from white clover (PDB code 1CBG)'® as a search model
in the AMoRe program,31 based on an initial 2.75 A
resolution data set."* The rotation and translation func-
tions gave clear solutions for two molecules per asym-
metric unit with a correlation coefficient on amplitude
(CC) of 56.2% and an R-factor of 45.2% in the solution
range 10.00-4.00 A. The oA-weighted |21F,|-IF]| and
[[FoI—1F| electron density maps were calculated at 2.8 A
resolution using the CNS program.®* The amino acids in
the model were subsequently changed from those of 1ICBG
to those of rice BGlul and manually adjusted into the
electron density using 0.

The preliminary structure was refined using CNS with
the 2.8 A resolution free BGlul dataset. The residues
V1-A14, K197-C198, R291-P293, G322-T329, and F343-
K348 were deleted from the model, since no electron
density was observed at main-chain atoms in these loops.
Other residues with poor side-chain electron density were
initially mutated to alanine. The derived model, which
had an R value of 39.5% and an Ry of 41.8%, was used to
solve the structure of the 2-fluoroglucoside (G2F) complex
by rigid body refinement with the same Ry, test set as the
initial free model. The G2F inhibitor was built in the
standard *C; chair conformation and its torsion angles
defined with ChemOffice (CambridgeSoft, Cambridge,
MA). This covalently bound inhibitor was modeled into
the ||F,1-1F| electron density map at O°* of E386, the
catalytic nucleophile. During refinement, water molecules
positioned within hydrogen-bonding distance of the
model were identified from electron density peaks in the
[[Fo|-1F|| map and included in further refinement steps.
After several cycles of rebuilding and refinement, the
model of the G2F complex gave an R value of 25.9% and
an Rgee of 30.0% at 2.3 A resolution.

The latter model was placed into the G2F complex and
free enzyme datasets collected at the NSRRC synchrotron
(Hsinchu, Taiwan) to 1.52 A and 2.2 A resolution,

respectively, by rigid body refinement with the two
molecules in the asymmetric unit refined as independent
domains. The refinement was executed with REFMAC5
in the CCP4 suite.*® Further refinement was initially
done with tight non-crystallographic symmetry (NCS)
restraints for both structures. These NCS restraints were
maintained throughout the refinement of the free BGlul
structure, but loose main-chain and side-chain NCS were
applied at the final stages of the G2F complex refinement.
NCS restraint parameters and final refinement values are
listed in Table 1. The stereochemical quality of the final
models was assessed with PROCHECK.*® In the Rama-
chandran plots of the free BGlul enzyme and its G2F
complex, 89.0% of non-proline and non-glycine residues
were found in the most favored regions and a further
10.2% in additional allowed regions.

The figures of protein structures were generated by
PyMol (Delano Scientific LLC). Analysis of the interfacial
surface and molecular assembly stability was done with
the Protein interfaces, surfaces and assemblies service

PISA at the European Bioinformatics Institute}.?

Automated docking of cellotriose into the BGlu1
structure

The models of the BGlul molecule from the G2F
complex structure and the oligosaccharide ligand were
prepared for docking studies with the Sybyl 7.1 program
(Tripos, Inc., St. Louis, MO). All hetero atoms and
molecule B residues were removed from the structure.
The N and C termini were fixed by adding blocking
groups on the charged N-terminal amine (AMN) and
C-terminal carboxylate (CXL) groups on V6 and H476,
respectively, and polar hydrogen atoms were added.
Charges were assigned by the Kollman united atom
method,?® and then the energy of the hydrogen atoms was
minimized. The cellotriose ligand used for docking was
retrieved from the ligand-bound protein complex of PDB
database file IFBW.>” All hydrogen atoms were added to
the ligand and charges were assigned by the Gasteiger-
Huckel method® followed by energy minimization. The
ligand was checked for accuracy and its non-rotatable and
rotatable bonds were defined, then converted from mol2
to pdbqt format in the Autodock Tools program. All bonds
of hydroxyl groups and glycosidic linkages, but not those
of the rigid glucose pyranose ring were defined as
rotatable bonds. A skew boat conformation was applied
to the glucose residue at the non-reducing end with the
Spartan program (Wavefunction Inc., Irvine, CA), by
which the dihedral angle defined by C2, C1, O5, and C5
ring atoms was changed from —61.31° to +45.00°, as
reported.”

Autodock 4.0 was executed 100 times with the
Lamarckian genetic algorithm (LGA),” a population size
of 150, elitism set at 1, mutation rate at 0.02, and crossover
rate of 0.80. Simulations were performed with a maximum
of 2,500,000 energy evaluations and a maximum of 27,000
generations. Docking results were clustered using a cutoff
of 2 ARMSD.

Site-directed mutageneis

Mutations were constructed with the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA)

Thttp://www.ebi.ac.uk/msd-srv/prot_int/pistart.
html
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according to the manufacturer’s protocol. The following
oligonucleotides were used for mutagenesis. 1179V: 5'-
TACATTTAATGAGCCAAGGGTAGTAGCACTTCTTGG-
TTATG-3/, 5'-CATAACCAAGAAGTGCTACTACCCTTG-
GCTCATTAAATGTA-3’; N190H: 5'-GTTATGACCAAG-
GAACACATCCTCCTAAAAGGTGC-3’, 5'-GCACCTTT-
TAGGAGGATGTGTTCCTTGGTCATAAC-3’; N245V:
5'-AGTTGGAATAGTTCTGGACTTCGTATGGTAT-
GAAGCTCTTTCCAACTC-3’, 5'-GAGTTGGAAAGA-
GCTTCATACCATACGAAGTCCAGAACTATTC-
CAACTT-3’; L442R: 5'-ACAACTTCGAGTGGCGGT-
CAGGTTACACGTC-3/, 5-GACGTGTAACCTGACCGC-
CACTCGAAGTTGT-3’ (the mutated codons are under-
lined). All mutations were confirmed by DNA sequencing.

Kinetic studies

Wild type and mutant BGlul enzymes were purified as
described.” Purified protein concentration was deter-
mined by the Bio-Rad Bradford protein assay (Bio-Rad
Corp., Hercules, CA) with BSA as the standard. High
concentrations of protein were diluted in 50 mM sodium
acetate buffer (pH 5.0), to concentrations appropriate for
kinetic assays. To determine the kinetic parameters, wild
type and mutant BGlul were assayed in 50 mM sodium
acetate buffer (pH 5.0) at 30 °C with seven substrate con-
centrations (~0.1-sevenfold of the K,, value, when
practical) for a time that gave an initial velocity (V).
Blanks containing buffer and substrate were set up at
every concentration of substrate. The kinetic parameters
were calculated by non-linear regression of Michaelis—
Menten plots with the GraFit 5.0 program.*’ Linear
regression of Lineweaver—-Burk plots was used for some
mutants that had very high K, for which a saturation
curve could not be obtained due to limitations of substrate
solubility (>200 mM).

For p-nitrophenyl p-D-glucopyranoside (pNPG), 70 pl
of each substrate concentration was mixed with 70 pul of
enzyme (1.5 nmol) in microtiter plate wells. The
reactions were incubated at 30 °C for 20 min., and
then stopped by adding 70 pl of 0.4 M NaCO;. The
405 nm absorbance was measured and the liberated pNP
was quantified by comparison to a p-nitrophenol (pNP)
standard. To analyze the effects of Zn** and EDTA on
BGlul activity, the wild type BGlul enzyme was pre-
incubated in the presence of 10 mM ZnSO, or EDTA for
30 min. It was then diluted 70-fold in 50 mM sodium
acetate (pH 5.0), and assayed for hydrolysis of 1 mM
pNPG, as described above.

Glucose released from oligosaccharide substrates was
assayed with a coupled peroxidase-glucose oxidase
reaction. Samples (25 pl each) of substrate (1.5 nmol of
cellotriose or 30 nmol of cellobiose) and protein were
mixed well in 1.5 ml tubes and incubated at 30 °C for
20 min. The reaction was stopped by heating at 80 °C for
5 min, and then transferred to a microtiter plate for mea-
surement of the glucose: 100 pl of peroxidase/glucose
oxidase enzyme and 50 pl of ABTS were added to each
microtiter plate well and the plate was incubated at 37 °C
for 30 min. The 405 nm absorbance was measured and
compared to a glucose standard curve to quantify the
amount of glucose.

Determination of solution molecular mass

Protein purified as described above was subjected to
chromatography on Sephacryl S-200 (for fusion protein)
and on a Superdex S-200 (for BGlul after removal of the

tag), in 20 mM Tris (pH 8.0), 150 mM NaCl, and the elution
volume compared to 12.4-200 kDa gel-filtration molecular
mass markers (Sigma) to determine the apparent native
molecular mass. The major peak eluted at a similar time as
bovine serum albumin (66 kDa) for the fusion protein and
slightly later for the BGlu1l with the fusion tag removed. In
addition, 0.5 mg ml™" of fusion protein dissolved in 20 mM
Tris-HCl (pH 8.0), 150 mM NaCl was tested for dynamic
light-scattering on a Zetasizer nano system (Malvern
Instruments Ltd, UK) with 20 rounds of determination, in
which a single peak was observed.

Protein Data Bank accession numbers

The coordinates and structure factors of the free BGlul
and BGIul-G2F complex structures have been deposited
in the RSCB Protein Data Bank with the accession
numbers 2RGL and 2RGM, respectively.
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Plant B-p-mannosidases and a rice B-p-glucosidase, Os3BGlu7, with weak B-p-mannosidase activity, clus-
ter together in phylogenetic analysis. To investigate the relationship between substrate specificity and
amino acid sequence similarity in family GH1 glycoside hydrolases, Os3BGlu8 and Os7BGlu26, putative
rice B-n-glucosidases from this cluster, and a B-p-mannosidase from barley (rHvBII), were expressed in
Escherichia coli and characterized. Os3BGlu8, the amino acid sequence and molecular model of which

Key‘c’l""rds’ ; are most similar to Os3BGlu7, hydrolysed 4-nitrophenyl-p-p-glucopyranoside (4NPGlc) faster than 4-
gro;z;i;nti‘\//z sare nitrophenyl-B-p-mannopyranoside (4NPMan), while Os7BGlu26, which is most similar to rHvBII by these

criteria, hydrolysed 4NPMan faster than 4NPGlc. All the enzymes hydrolyzed cellooligosaccharides with
increased hydrolytic rates as the degree of polymerization increased from 3-6, but only rHvBII hydro-
lyzed cellobiose with a higher kc,:/Kmn value than cellotriose. This was primarily due to strong binding
of glucosyl residues at the + 2 subsite for the rice enzymes, and unfavorable interactions at this subsite

Molecular modelling
Phylogenetic analysis
Subsite mapping
Substrate specificity

with rHvBIL

© 2009 Elsevier Inc. All rights reserved.

Introduction

Plant B-p-glucosidases (3.2.1.21) are enzymes that hydrolyse
glycosidic linkages at the non-reducing ends of their substrates,
which include B-p-glucooligosaccharides and B-b-glucosides. They
are involved in several important processes in plants, including cell
wall remodelling [1], seed germination [2], release of reactive
metabolites from inactive precursors [3], and release of phytohor-
mones from inactive glycoconjugates [4]. Plant B-p-glucosidases
belong to glycoside hydrolase (GH) families GH1, GH3 and GH5
(CAZy: http://www.cazy.org/) [5]. The GH1 and GH5 enzymes be-
long to the GH-A clan and have typical (B/a)s folds [6,7], while
the GH3 enzymes have a multi-domain organization that folds into
(o/B)s and (at/B)s architectures [8]. Most plant B-p-glucosidases fall
in the GH1 family, which also contains plant B-p-mannosidases
(3.2.1.25) and B-p-thioglucosidases (3.2.3.1).

In rice (Oryza sativa L.), 40 GH1 genes were identified, 34 of
which at least are likely to encode functional rice B-p-glucosidases
[9]. From this number of genes, it is highly likely that rice B-b-glu-
cosidases have a range of substrate specificities. Several B-p-gluco-
sidases have been characterized from rice seedlings [9-13].

* Corresponding authors. Fax: +66 44 224185 (J.R. Ketudat Cairns).
E-mail addresses: maria.hrmova@adelaide.edu.au (M. Hrmova), cairns@sut.ac.th
(J.R. Ketudat Cairns).

0003-9861/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.abb.2009.09.004

Schliemann [10] described an enzyme in dwarf rice seedlings that
hydrolysed gibberellin B-glucosides. A cell wall-associated B-p-
glucosidase that hydrolysed glucose disaccharides and oligosac-
charides, but not polysaccharides, has been described [11]. It
was specific for cellooligosaccharides and laminarioligosaccha-
rides, and preferred disaccharides to higher oligosaccharides. Rice
BGlul, hereafter designated Os3BGlu7 to be consistent with the
names of other rice isoenzymes, is another rice B-p-glucosidase,
which is highly expressed in germinating seed, shoot, and flower,
and is also specific to (1,3)- and (1,4)-B-p-linked glucooligosaccha-
rides [12]. Opassiri et al. [9] found that Os3BGlu7 and three other
rice B-p-glucosidase isoenzymes (Os1BGlu1, Os3BGlu8, and Os7B-
Glu26) were grouped in the same phylogenetic cluster with barley
(Hordeum vulgare, HvBII) [14], Arabidopsis thaliana [15] and tomato
B-p-mannosidases [16] (Fig. 1), and it was previously speculated
that one of these enzymes may actually be a B-p-mannosidase
[15]. Barley HvVBII also has B-p-glucosidase activity similar to
0s3BGlu7, but 0s3BGIu7 and HvBII differ in that Os3BGIu7 is pri-
marily a B-p-glucosidase and prefers cellotriose to cellobiose,
while HvBII is primarily a B-p-mannosidase and prefers cellobiose
to cellotriose.

In this study, the two rice B-p-glucosidase isoenzymes closely
related to Os3BGlu7 and plant B-p-mannosidases, Os3BGlu8 and
0s7BGlu26, were expressed and their kinetic parameters for cello-
oligosaccharides, laminarioligosaccharides, and aryl B-p-glycosides



86 T. Kuntothom et al./Archives of Biochemistry and Biophysics 491 (2009) 85-95

Adong,

AtBGlyzg_

Al
Ana?;%is-\

ZmAAABS94E no sp——_
ZmAADO9850 o sp— ::"‘-‘______

ABGIU3E no sp

ZpACEasaN 06 sp ————— >

ZmAl nosp e

ZmACF71488 o sp——" ///
TeBAES2901 no —

sp-
TaABT28856 no & ﬁ?
TaBAES2259 no sp
TABAES2280 no 5 _ S

/
B
e

ZmAGG27984
01

Os11bglu3s
‘-\‘—-_

ZmAGFB1414 no sp
ZmAGG25510

\4"9@&:7

T,
ABGigg

— Ambidopsis thaliana

o
———/

- -

Fig. 1. An unrooted radial phylogenetic tree of 111 plant sequences of family GH1. Sequences from Arabidopsis, rice, and maize, as well as four wheat sequences, were taken
from CAZy database [5] and aligned with the barley rHvBII (GenBank Accession Nos. EU807965) and tomato (AC AAL37714) [17] B-p-mannosidases to show the relation of
this cluster to other plant family GH 1 enzymes. The sequences divided in subgroups 1 and 2 are indicates by dashed and full lines, respectively. Amino acid sequences were
aligned with ClustalX and branch lengths are drawn to scale. Bootstrap values for reproducibility out of 1000 trials are shown at the confluence of clusters, for which these
values were below 800. A complete set of bootstrap reproducibility values is shown in Supplementary Fig. 1. The eight sequences marked by arrows in the circle denote the
plant p-p-mannosidases and p-p-glucosidases shown in the alignment in Fig. 2. The “no sp” indicates proteins with no secretory signal sequence, although the cluster of
sequences ZmAAA65946 to TaBAE92260 represents chloroplast enzymes with chloroplast signal peptides. The cluster of the distantly related SFR2-like enzymes from

Arabidopsis, rice and maize is circled at the base of the tree.

were determined. The relative B-p-mannosidase and B-p-glucosi-
dase activities of, 0Os3BGIlu8 and Os7BGlu26 were compared to
those of Os3BGlu7 and HvBII that was also expressed in the same
heterologous bacterial system (rHvBII) to see, how well the activi-
ties of all enzymes matched their sequence similarities and posi-
tions on a phylogenetic tree.

Materials and methods
Cloning and expression of rice and barley GH1 cDNAs

Total mRNA was extracted from 3-day-old germinated barley
cv. Clipper seeds with TRIzol® reagent and reverse-transcribed

with polyT; primer and Superscript Il reverse transcriptase,
according to the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA). The cDNA encoding the full-length barley rHvBII was PCR
amplified from the first-strand cDNA pool with Pfu DNA polymer-
ase (Promega, Madison, WI, USA) and the BGQ60_Ntermf (5'-GGAC
ACGAGGATGAGGTCCTC-3') and BGQ60_Ctermr (5'-CCGGATCCTG
TTTGCGATCCTAG-3’) primers, designed based on the BGQ60 cDNA
sequence (GenBank Accession No. L41869) [14]. The cDNA encod-
ing the mature barley B-p-glucosidase, designated rHvBII, was
amplified with the sense primer BGQ60MatNcolf (5-CCGGATC
CTGTTTGCGATCCTAG-3’) and the antisense primer BGQ60CtermX-
hol (5-CTCGAGCTAGCTCCTCTTCTTTTCGGAGAG-3'). The mature
BGQ60 cDNA was cloned into pBluescript SKII (Stratagene, La Jolla,
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CA, USA) at the EcoR V site and sequenced in both directions (Gen-
Bank Accession No. EU807965). The cDNA encoding rHvBII was
sub-cloned into the pET32a expression vector (Novagen, Madison,
WI, USA) at the Ncol and Xhol sites.

The Os7BGlu26 cDNA was amplified by RT-PCR from RNA iso-
lated from 7-day-old rice (0. sativa L., cv. KDML105) seedlings with
(dT)zo primer and the Thermoscript RT-PCR system (Eppendorf,
Hamburg, Germany). The full-length Os7BGIu26 cDNA was ampli-
fied with the AK068499Nter (5'-ACATGAGGAAATTCATAGCAGC-
3’) and AK068499StopR (5-TAGTCCCTTCTGTCAGCTC-3') primers
and Pfu DNA polymerase. A cDNA encoding the predicted mature
0s7BGlu26 isoenzyme was amplified from the initial PCR product
with the AK068499MatNf (5'-CACCTACTGGCTCAACCCGGAG-3')
and AK068499StopR primers and Pfu DNA polymerase, cloned into
a Gateway entry clone with the pENTR™-p-TOPO® Cloning Kit
(Invitrogen), and sequenced in both directions. The cDNA encoding
the mature Os7BGlu26 (GenBank Accession No. EU835514) was
recombined into the pET32a/DEST expression vector [9] with LR
clonase (Invitrogen).

Plasmid constructs containing full-length cDNAs encoding the
Os1BGIlul (GenBank Accession No. AK069177, clone ID 204872),
0s3BGIlu8 (AK120790, clone ID 215509), Os12BGIu38 (GeneBank
Accession No. AK071058, clone ID 023711) rice B-p-glucosidase
isoenzymes were acquired from the Rice Genome Resource Center,
Tsukuba, Japan (http://www.rgrc.dna.affrc.go.jp/) [17]. The cDNA
encoding the mature Os1BGlul isoenzyme was amplified from
the clone 204872 plasmid with Pfu DNA polymerase and the
AK069177CostF2 (5-CACCATGGTCACGGGCGGGCTGAGC-3') and
AK069177ctermR2 (5'-CCTCGAGTCAGTTTTTGCTGCTG-3’) primers,
while that for the Os3BGlu8 isoenzyme was amplified from the
clone 215509 plasmid with the AK120790NcolFwd (5'-CCATGGCG
GGCCGCGTTCCC-3') and AK120790stopXholr (5'-TAACTCGAGCTAA
ATTGCTACTTCTACAG-3') primers, and for Os12BGlu38 was ampli-
fied from the clone 023711 plasmid with the primers AK071058N-
colFwd (5-CACCATGGAGCAGACCGACCT-3’) AND AKO071058Stop
Xholr (5-GCCTCGAGTGATAATAATCCAACTCAAACC-3'). The clon-
ing, sequencing, and construction of a pET32/DEST expression
construct for the cDNA encoding mature Os1BGlul were carried
out as described for Os7BGlu26. The cDNAs encoding the mature
0s3BGIu8 and Os12BGlu38 proteins were cloned, sequenced and
sub-cloned into pET32a, as described for rHvBII. The cDNA encod-
ing the mature Os1BGlul, Os3BGIu8, and Os12BGlu38 proteins
matched the AK069177, AK120790, and AK071058 sequences,
respectively, over their entire lengths.

Phylogenetic analysis of family GH1 members

For the construction of the bootstrapped rooted and radial
unrooted phylogentic trees, 111 plant amino acid sequences of
family GH1 glycoside hydrolases were taken from CAZy database
(http://www.cazy.org/), and aligned with the sequences listed in
Fig. 2. All sequences were scanned for the presence of signal pep-
tides, using the program SignalP 3.0 [18], and secretory signal se-
quences, where present, were removed. The sequences were
aligned with the program ClustalW [19], and a tree was generated
with the internal neighbour joining algorithm with the default
parameters, bootstrapped with 1000 trials, and viewed using Tree-
View [20].

Molecular modelling

The rice BGIlul (Os3BGlu7) B-p-glucosidase crystal structure
(Protein Data Bank Accession No. 2RGL) was used as template for
comparative homology modelling [21]. Protein sequence align-
ments between the 2RGL template and each B-p-glucosidase were

prepared with ClustalwW [19]. The three-dimensional (3D') models
of B-p-glucosidases were constructed with Modeller9v2 software
[22], that uses satisfaction of spatial restraints and statistical analy-
sis of the known secondary structures in the Modeller database. The
five from 20 models generated by Modeller9v2 that showed the
lowest objective function values were selected. The choices of best
models were further refined with Procheck, by checking the stereo-
chemical parameters and G-factors of the models [23], and by
Prosa2003 [24], which determines if the model has a correct fold
by energy comparison between template and model structures
(z-scores) that specify these folds.

Protein expression

Protein expression was carried out after transformation of the
pPET32a expression constructs into Escherichia coli Origami(DE3)
cells (Novagen) by the CaCl, method [25] and selection on Luria-
Bertani (LB) agar containing 50 pg/ml ampicillin, 15 pg/ml kana-
mycin, and 12.5 pg/ml tetracycline. The selected clones were
grown and induced for expression as previously described for
0s3BGlu7 [12]. The optimum expression conditions were deter-
mined by varying the duration of expression from 3 to 16 h and
the concentration of IPTG at 0.2, 0.4 and 0.6 mM, at temperatures
of 20 and 25 °C.

Purification of recombinant enzymes

The cells were collected by centrifugation after overnight expres-
sion, frozen at —70 °C and lysed to release total soluble proteins, as
previously described [12]. The heterologously expressed enzymes
were first purified by IMAC resin (GE Healthcare, Buckinghamshire,
United Kingdom) charged with Co?* (rHvBII and Os3BGlu8) or with
Ni?* (0s7BGlu26), as with 0s3BGlu7 [12,21]. The IMAC column
was washed twice with 10 column volumes (CV) of equilibration/
wash buffer (100 mM NaCl, 50 mM Tris-HCl, pH 7.2) to remove un-
bound protein. Resin-bound fusion proteins were eluted with 2 CV of
elution buffer (150 mM imidazole, 50 mM Tris-HCl, pH 7.2). The
eluted fractions were analysed for hydrolysis of 4ANPGIc before over-
night dialysis in 20 mM Tris-HCI, pH 7.2, at 4 °C.

The Os3BGlu8 and Os7BGlu26 proteins were then purified by Q-
Sepharose chromatography (GE Healthcare) in 50 mM sodium ace-
tate, pH 5.0, with elution by a gradient from 0-0.5 M NaCl. The
0s3BGlu8 and Os7BGlu26 B-p-glucosidases eluted at 0.18 M, and
0.22 M Nadl, respectively. The NaCl concentration of the Os3BGIu8
B-p-glucosidase solution was adjusted to 3 M with solid NaCl and
the enzyme was loaded on a Phenyl Sepharose (GE Healthcare) col-
umn, which was pre-equilibrated with 50 mM sodium acetate, pH
5.0, containing 3 M NacCl. The protein was eluted with a decreasing
gradient of 3-0 M NaCl over 50 ml at a flow rate of 1 ml/min. The
0s3BGlu8 B-p-glucosidase eluted at 0.22 M NacCl. The fractions that
were active toward 4NPGlc were pooled and dialysed in 20 mM
Tris-HCl, pH 7.2, typically for 16 h at 4 °C. 0s7BGlu26 was further
purified by size-exclusion chromatography on a Superdex S200
column (10 x 300 mm, GE Healthcare), in 50 mM Tris-HCI, pH
8.0, containing 150 mM Nacl, at a flow rate of 0.5 ml/min.

The NH,-terminal thioredoxin-His tags of the Os3BGlu8 and
rHvBII proteins were removed by digestion with 2 pg of enteroki-
nase (New England Biolabs, Beverly, MA, USA) per 1 mg of total

1 Abbreviations used: 3D, three-dimensional; 4NP, 4-nitrophenol; 4NPGlc, 4NP-p-p-
glucospyranoside; 4NPMan, 4NP-B-p-mannopyranoside; CV, column volume(s); DP,
degree(s) of polymerization; GH1, glycoside hydrolase family 1; HvBII, native barley
(Hordeum vulgare) B-p-glucosidase isoenzyme BII; IPTG, isopropyl B-b-1-thiogalacto-
pyranoside; IMAC, immobilized metal affinity column; MALDI-TOF, matrix-assisted
laser desorption/ionization time of flight; MS, mass spectrometry; Q-Sepharose,
quaternary amino strong anion exchanger Sepharose; rHvBII, recombinant barley B-b-
glucosidase isoenzyme BII, TLC, thin layer chromatography.
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protein according to the supplier’s instructions. The released fusion
tag was removed by adsorption to a second IMAC column. The un-
bound and wash fractions from IMAC with hydrolytic activity to-
ward 4NPGIc were pooled and dialysed for 16 h against 50 mM
sodium acetate, pH 5.0. The dialysed rHvBII was purified by cat-
ion-exchange chromatography on CM-Sepharose (Takara, Tokyo,
Japan) with elution by a 0-0.5 M NaCl gradient in 50 mM sodium
acetate, pH 5.0, at a flow rate of 1 ml/min. rHvBII eluted at
0.15 mM NaCl. Because Os7BGlu26 appeared to be more stable as
a fusion protein, it was not digested with enterokinase, and the fu-
sion protein was investigated, as described for Os3BGlu7 [26].

Tryptic mapping by MALDI-TOF/TOF mass spectrometry (MS) of
expressed rHvBII and Os3BGIu8 was done as described previously
[27], and confirmed that the purified proteins corresponded to the
expected enzymes.

Enzyme assays and determination of pH and temperature optima

Enzyme activities were assayed for 10-30 min, depending on
the enzyme, in reaction mixtures with 1 mM 4NPGlc in 50 mM so-
dium acetate, pH 5.0, at 30 °C. Reactions were terminated with two
volumes of 2 M Na,CO3 and absorbance at 405 nm was measured.

The optimum temperature was determined over the range of 0-
90 °C in 10 °C increments, by incubating 4 pmol of enzyme at the
varying temperatures for 15 min, after which 4NPGIc was added
to 1 mM concentration and incubation proceeded for a further
30 min. The optimum pH was determined by incubating 4 pmol
of an enzyme with 1 mM 4NPGlc in Mcllvain buffers, with pH rang-
ing from 3.0 to 12.0, for 30 min at 30 °C. The reactions were termi-
nated and rates measured as specified above.

Determination of substrate specificity

The substrate specificities of 0s3BGIu8, Os7BGlu26 and rHvBII
were evaluated by incubating 4 pmol of enzyme in 100 pl reaction
mixtures with 3 mM substrates at 30 °C for 1-16 h in 50 mM so-
dium acetate, at the optimum pH. Hydrolysis of aryl substrates
was detected as described above for 4NPGlc. For cellooligosaccha-
rides and laminarioligosaccharides, the reactions were terminated
by heating at 95 °C for 5 min. The amount of glucose released was
determined by peroxidase/glucose-oxidase coupled reactions (PGO
assay, Sigma-Aldrich, St. Louis, MO, USA) as previously described
[12]. Hydrolysis of mannoligosaccharides and natural glucosides
was detected by TLC, as previously described [28].

Hydrolytic rates with mannooligosaccharides were determined
for rHvBII and Os3BGlu7. The 200 pl reaction mixtures contained
0.45 nmol of enzyme and 1.6 nmol of mannooligosaccharides in
10 mM sodium acetate, at pH 4.0 for rHvBII and pH 5.0 for Os3B-
Glu7. The reaction mixtures were incubated at 30 °C for 20 min,
terminated by boiling for 5 min and the mixtures were dried in a
DNA110 SpeedVac® vacuum centrifuge (Savant Instruments, Hol-
brook, NY, USA). Dry products were dissolved in 75% (v/v) acetoni-
trile in water. The released mannose was separated on an Alltech®
Prevail carbohydrate ES column (Grace, Deerfield, IL, USA), which
was connected to a model 1090 liquid chromatography system
(Agilent Technology, Palo Alto, CA, USA), at a flow rate of 0.4 mL/
min. The mannooligosaccharides were vaporized and detected
with an Alltech® 800 evaporative light scattering detector. The
integrated area of a known mannose peak was used to calculate
the amount of mannose released by comparison to a mannose
standard curve.

Determination of kinetic parameters

Kinetic parameters were determined from triplicate reactions
containing 2-10 pmol (20-100 nM) enzyme and substrate concen-

trations from 0.1 to 90 mM, depending on the specific activity of
the enzyme and on the apparent K,, in 50 mM sodium acetate at
the optimum pH values. Time course assays were done for the high-
est and lowest substrate concentrations for each substrate and en-
zyme combination to ensure that the velocities measured were in
the linear range (i.e. they were at the apparent Vy), and all absor-
bance readings were measured in the range of 0.1-0.9 absorbance
units. Kinetic parameters were calculated by nonlinear regression
of the Michaelis-Menten curves with Grafit 5.0 (Erithacus Software,
Horley, Surrey, UK). Subsite affinities of B-p-glucosidase enzymes
were estimated by the method derived from those of Hrmova et al.
[29] and Hiromi et al. [30] that was previously described [26].

Results

Sequence analysis of rice Os1BGlul, Os3BGlu8, Os7BGlu26,
Os12BGlu38 enzymes

Protein sequence-based phylogenetic analysis showed that four
putative rice B-p-glucosidases, Os1BGlul, Os3BGlu8, 0Os7BGlu26,
and 0Os12BGlu38 cluster together with Os3BGlu7, HvBII, and toma-
to [16] and Arabidopsis [15] B-p-mannosidases (Fig. 1). The amino
acid sequence of 0s3BGlu8 is most similar to 0s3BGlu7 with 74%
identity over the catalytic region, but Os3BGlu8 contains a C-ter-
minal extension, including a hydrophobic motif that could act as
a membrane anchor at the C-terminus. In contrast, the Os7BGlu26
amino acid sequence shared 82% identity with that of HvBII, but
only 64% with that of Os3BGlu7, while that of Os1BGlul shared
73% identity to HvBII, but only 64% identity with Os3BGlu7. Os12B-
Glu38 was more distantly related and shared only 56-61% amino
acid sequence identity with the other enzymes in this phylogenetic
cluster. Since overall sequence similarity may not reflect the active
site residues that interact with the substrate to determine an en-
zyme’s specificity, the residues within the active site of the Os3B-
Glu7 crystal structure (Protein Data Bank entry 1RGM [21]) and the
corresponding residues in all the rice isoenzymes and HvBII were
identified (Fig. 2). All the residues in direct contact with the sugar
at the —1 subsite were conserved in the five rice and barley en-
zymes and tomato and Arabidopsis B-p-mannosidases, but Val241
in Os3BGlu7, which is in contact with the side chain of the catalytic
acid/base Glu176 corresponds to Leu in HvBII and its close rela-
tives. Both conserved and variant residues were mapped onto
the + 1 and + 2 subsites, with most sequence differences occurring
between the subgroup 1 of Os3BGlu7 and Os3BGIlu8 and the sub-
group 2 of Os7BGlu26 and HvBII (Fig. 1 underlined sequences,
and Fig. 2).

To further investigate the active site similarities and differences
within subgroups 1 and 2 (Figs. 1 and 2), molecular models of
HvBII and the rice isoenzymes were constructed using the Os3B-
Glu7 crystal structure as a template [21]. The overall depth and
width of the active sites of the Os3BGlu8, Os7BGlu26, and HvBII ac-
tive sites were similar to the template structure of Os3BGlu7
(Fig. 3). Further, all enzymes had negatively charged surface poten-
tials around the catalytic residues and formed extended funnels
leading into the active site regions, which bind cellooligosaccha-
rides in HvBII [29] and Os3BGlu7 [26]. As for the active site amino
acid residues, the HvBII, Os7BGlu26, and Os1BGlul enzymes were
most similar to each other, while Os3BGlu8 was more similar to
0s3BGlu7. The active site amino acid residues corresponding to
the individual subsites (-1 and +1 to +4) are marked in the align-
ment in Fig. 2.

Cloning and characterization of barley rHvBII

To compare the rice GH1 enzymes to a plant f-p-mannosidase
produced in the same bacterial expression system, a barley GH1
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Fig. 2. Amino acid sequence alignment of rHvBII, Os1Bglul, Os3BGlu7, Os3BGlu8, and Os7BGlu26 with tomato and Arabidopsis p-b-mannosidases. Diamonds indicate acid/
base and nucleophilic residues, triangles represent amino acid residues contacting the glucosyl residue at the -1 subsite in Os3BGlu7, open circles denote amino acid residues
predicted to be at the +1,+2,+3, and +4 subsites in Os3BGlu7, filled circles denote predicted active site amino acid residues that differ between the various B-p-glucosidases.
The numbers beneath the circles represent the primary subsites at which the marked amino acid residues are predicted to contact a glucosyl residue, based on the Os3BGlu7
3D structure. Only those residues that differ are indicated for the predicted +3 and +4 subsites. The alignment was generated using ClustalW [18]. The subgroups 1 and 2 and

indicated by Roman numerals (cf. Fig. 1).

glycoside hydrolase was cloned, based on the BGQ60 sequence
[14], and expressed as a Hisg-tagged thioredoxin fusion protein
in E. coli. Its sequence matched that of BGQ60 B-p-glucosidase at
all but four residues, two of which matched barley B-b-glucosidase

isoenzyme BII (HvBII) at the residues that were different between
HvBIl and BGQ60 in the first 110 residues [2] (Supplementary
Fig. 2). Given that original sequences were generated from
enzymes isolated from different barley cultivars, this clone was
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Fig. 3. Active site structures of the rice and barley B-b-glucosidase/B-p-mannosidase cluster enzymes. The molecular surface morphologies illustrate the catalytic sites of the
modelled barley rHvII (A), and rice Os7Bglu26 (B), and Os3BGlu8 (C), and the crystal structure of Os3BGlu7 (D). The variant amino acid residues between B-p-glucosidases
are shown as sticks under the projected molecular surfaces. The catalytic acid/base and nucleophile residues (Glu residues marked by white arrows) and a conserved
aglycone-binding site tryptophan are also shown in all models. The surface electrostatic potentials were calculated with Adaptive Poisson-Boltzmann Solver [41]. Blue and

red areas indicate electropositive and electronegative regions contoured at +5 kTe .

considered to match the HvBII protein and the protein expressed
from it was designated as rHvBILI. Its activity was nearly identical
to that of HvBII purified from germinating seed (Table 1) [2]. The
pH and temperature optima of rHvBII were determined to be pH
4.0 and 30 °C.

The relative B-p-mannosidase activities of rHvBII toward man-
nooligosaccharides of DP 2-6 were compared to those of Os3B-
Glu7. While the relative B-p-mannosidase activities of both
rHvBII and Os3BGlu7 increased with increasing DP of mannooligo-
saccharides from 2 to 6, rHvBII had higher B-p-mannosidase activ-
ity compared to Os3BGlu7 for every mannooligosaccharide (Fig. 4).

Substrate specificity comparison among the clustered rice and barley
enzymes

The preceding structural analysis suggested that Os1BGlul,
0s3BGlu8, and 0s7BGlu26 should hydrolyse the same substrates
as rHvBII and Os3BGlu7, and that Os1BGlu1 and Os7BGlu26 should
show substrate specificity more similar to rHvBI]I, i.e. with prefer-
ences for 4NPMan over 4NPGlc and cellobiose over cellotriose,
while Os3BGlu8 should be more similar to Os3BGlu7. To test this
hypothesis, the four rice isoenzymes Os1BGlu1, Os3BGlu8, Os7B-

Glu26, and Os12BGlu38 were expressed in the E. coli expression
system that was used for expression of rHvBII and Os3BGlu7. The
0s3BGlu8 and 0s7BGlu26 were expressed as functional enzymes,
while Os1BGlul and Os12BGlu38 could not be expressed in active
forms in this heterologous host. The pH and temperature optima
were at pH 5.0 and 30 °C for Os3BGlu8, and at pH 4.5 and 40 °C
for Os7BGlu26 (data not shown). These values were comparable
to the pH 5.0 and 30 °C optima for Os3BGlu7 [12] and pH 4.0 and
30 °C optima for rHvBIL

Measurements of hydrolytic activities on synthetic and natural
substrates for the 3 enzymes indicated that, while they were sim-
ilar in hydrolysing 4NP-glycosides, they showed marked differ-
ences in hydrolysis of 4NPMan, mannooligosaccharides and
natural B-linked glucosides. Os3BGIu8 had little activity toward
4NPMan and mannooligosaccharides, while Os7BGlu26 and rHvBII
hydrolysed 4NPMan better than 4NPGlc, and also hydrolysed (1,4)-
B-linked mannooligosaccharides with DP of 2-6. Aside from
4NPGIc and 4NPMan, all enzymes hydrolysed 4NP-B-p-fucoside
slightly better than 4NPGlc, and 4NP-B-p-galactoside (4NPGal),
4NP-B-p-xyloside (4NPXyl), and 4NP-B-L-arabinoside at low rates
(Table 1). All three enzymes could hydrolyse (1,4)-p-linked glucool-
igosaccharides of DP 2-6 and (1,3)-B-linked glucooligosaccharides
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Table 1

Relative rates of hydrolysis of natural and synthetic substrates by rice Os3BGlu8,
0s7BGlu26 and barley rHvBII. Hydrolysis of 4NP-glycosides was detected spectro-
photometrically, while hydrolysis of glucooligosaccharides was detected by glucose-
oxidase assay and that of mannooligosaccharides and glucosides by TLC, as described
in the Experimental section. Rates of hydrolysis are given relative to 4NPGlc (listed as
100%), which corresponds to 2.59 x 10~* p mol/min/ug enzyme for Os1BGlul,
1.87 x 1074 umol/min/ug for 0s3BGlu8, 1 x 10~® umol/min/ug for Os7BGlu26, and
1.6 x 10~* pmol/min/pg for HBII. Characters + or — indicate that hydrolysis was or
was not detected, respectively, while NT means not tested. The structures of the
natural glucosides are shown in Supplementary Fig. 3.

Substrate 0s3BGlu8 0s7BGlu26 rHv BII
4NP-B-p-glucopyranoside 100+3 100+ 4 100+3
4NP-B-p-mannopyranoside 46+04 302+4 238+12
4NP-B-p-galactopyranoside 11+£3 126 +1.7 17 +3
4NP-B-p-xylopyranoside 29120 64+1.5 3119
4NP-B-p-fucopyranoside 115+7 128+8 12910
4NP-p-L-arabinopyranoside 26+1.1 9+3 16+3
Oligosaccharides

Sophorose [B-(1,2)-linked] 57+4 25+4 15+4
Laminaribiose [B-(1,3)] 199+ 17 158 £13 13+4
Laminaritriose 39+10 23+5 28+1.1
Cellobiose [B-(1,4)] 17+6 215 337
Cellotriose 83+18 124+ 18 19+8
Cellotetraose 1569 194+ 11 52+9
Cellopentaose 147 £ 15 403 £17 225+15
Cellohexaose 188+ 16 472 +12 303+12
Gentiobiose [B-(1,6)] 48+1.0 - -
Mannobiose [B-(1,4)] - + +
Mannotriose - + +
Mannotetraose - + +
Mannopentose = + +
Mannohexose - + +
Natural glucosides

Salicin - - +
Esculin + - +
Epiheterodendrin - - +
Dhurrin NT + +
d-Amygdalin - + +
Prunasin NT - NT
p-Coumaryl alcohol glucoside - + +
Coniferin - - +

No hydrolytic activities were detected against 4NP-B-L-arabinopyranoside, 4NP-3-
p-glucopyranoside, laminaritetraose, laminaripentaose, laminarihexaose, linamarin
and indoxyl-B-p-glucoside.
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Fig. 4. Relative B-p-mannosidase activities of barley rHvpIl and rice Os3BGlu7
toward (1,4)-B-mannooligosaccharides of DP 2-6. The numbers shown in the graph
represent hydrolytic rates, expressed as nmol of mannosyl residues released per
min per nmol enzyme. The values for mannobiose are divided by two, as both
reducing and non-reducing end residues are released in a single cleavage event.

of DP 2-3, but not laminaritetraose and longer laminarioligosaccha-
rides. All enzymes hydrolysed sophorose [(1,2)-B-linked gluco-

disaccharide], but only Os3BGlu8 significantly hydrolyzed gentiobi-
ose [(1,6)-B-linked gluco-disaccharide]. Among the natural gluco-
sides tested, rHvBII hydrolysed the broadest range of aglycones,
while 0s3BGIlu8 could only hydrolyse esculin (Table 1 and Supple-
mentary Fig. 3).

The activity of Os7BGlu26 and rHvBII toward B-(1,4)-linked
mannooligosaccharides were compared (Fig. 5). Os7BGlu26 had
very low activity toward mannobiose, but had significantly higher
activity toward mannotriose, mannotetraose, mannopentaose, and
mannohexaose, resulting in a build-up of mannobiose. In compar-
ison, rHvBII had much higher activity toward mannobiose than
0s7BGlu26.

The apparent kinetic parameters for hydrolysis of 4NPGlc,
4NPMan, cellooligosaccharides and laminaribiose and laminaritri-
ose by Os3BGlu8 0Os7BGlul26, and rHvBII are summarised in Table
2. Os3BGlu8 hydrolysed 4NPGlc more efficiently than 4NPMan
(80 times higher kc,:/Ky for 4NPGlc), as did Os3BGlu7, to which
the Os3BGlu8 sequence was most similar, while Os7BGlu26 and
rHvBII, which had sequences most similar to each other, both
hydrolysed 4NPMan with apparent kc,:/K, values that were high-
er than those for 4NPGlc. All three recombinant enzymes hydro-
lysed laminaribiose more efficiently than laminaritriose, and
hydrolysed cellooligosaccharides with higher efficiency as the de-
gree of polymerization (DP) increased from 3 to 6. The two rice
isoenzymes hydrolysed cellobiose poorly, as did Os3BGlu7 [26],
but rHvBII hydrolysed cellobiose with a higher kc,¢/Ky, value than
cellotriose.

R R
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Fig. 5. Hydrolysis of mannooligosaccharides by HvBII and Os7BGlu26. Hydrolytic
reactions were catalysed by 0.27 nmol of rHvBII or 0.19 nmol Os7BGlu26 in the
presence of 1 mM mannooligosaccharides in 10 mM sodium acetate buffer, pH 4.5.
The reactions proceeded for 30 min at 30 °C. Standards (lane 1) were mannose,
(M1), and mannobiose to mannohexaose (M2-M6). M2 to M6 indicate reaction
mixtures with individual mannooligosaccharides with DP of 2 (M2) to 6 (M6)
hydrolysed with either rHvBII or Os7BGlu26. The other conditions were as
previously described [27].
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Table 2

Apparent kinetic parameters of Os1BGlu1, Os3BGlu8, Os7BGlu26, rHvBII, HvBII, and Os3BGlu7 toward 4NPGlc, 4NPMan, cellooligosaccharides with DP of 2-6 and laminaribiose

and laminarotriose.

Substrate® Apparent kinetic parameters 0s3BGlu8 0Os7BGlu26 rHvBII HvBII® 0s3BGlu7¢
4NPGlc Ky (mM) 0.27 £0.04 0.27 £0.02 0.50 £ 0.03 0.50 0.23 £0.02
keat (s1) 33104 0.16 £ 0.003 0.50 + 0.07 0.50 79104
keat/Km (s7' mM™1) 133 0.63 £ 0.003 1.00 + 0.05 1.00 35+1
4NPMan Ky (mM) 1.6+0.3 0.52 +0.04 0.25 £ 0.01 ND 1.310.1
keat (s71) 0.24 +0.03 1.10+£0.03 3.06 £ 0.02 ND 1.32+£0.05
keat/Km (s7' mM™1) 0.16 £ 0.05 2.11+0.20 12.7+0.2 ND 1.01 £0.02
Cellobiose Ky (mM) 26+2 19.6+1.9 2.76 £0.10 2.7+0.2 32+2
keat (s71) 0.98 +.08 0.52 +£0.03 16.1+0.2 11.6 +0.6 1.5+0.1
keat/Km (s7' mM™1) 0.04 +0.01 0.026 + 0.001 58+0.2 4.34+0.07 0.050 + 0.002
Cellotriose K (mM) 0.56 +0.01 0.52 +0.05 0.74 + 0.06 0.97 +0.06 0.72 +0.02
keat (s71) 6.08 + 0.08 0.67 £ 0.03 3.0+04 2.0+0.1 18.1+04
keat/Km (s7' mM™1) 112 1.27 £0.03 3.45+0.08 2.01+0.01 25.4+0.04
Cellotetraose K (mM) 0.25+0.01 0.09 +0.01 1.03+0.02 0.89+0.05 0.28 +0.01
keat (s71) 16.1£0.1 0.97 £ 0.02 9.6+0.4 89106 17.3+0.6
keat/Km (s7' mM™1) 65+2 109+04 93105 9.98 + 0.08 61.1+0.4
Cellopentaose K (mM) 0.15+0.01 0.06 +0.01 0.33+£0.02 0.41+0.02 0.24+0.01
keat (s71) 15.9+0.1 1.07 £0.03 129+04 11.7+0.8 16.9+0.1
keat/Km (s7' mM™1) 109+3 185+ 04 40.2+0.8 28.4+0.4 72+2
Cellohexaose Ky, (mM) 0.12+0.01 0.05 +0.01 0.23+0.01 0.29 +0.02 0.22+0.01
keat (s71) 212 +2 1.31+0.04 13.10 £ 0.08 11.8+0.8 16.9+0.3
keat/Km (s7' mM™1) 175+5 29+3 54+2 40.7+0.1 153+0.5
Laminaribiose Ky (mM) 0.32+0.07 0.86 +0.07 4.7+04 54+04 2.05+0.01
keat (s71) 11.1+£03 0.61 +0.02 11.3+0.03 141+1.0 32+3
keat/Km (s7' mM™1) 36+8 0.70 £ 0.06 2.30 £ 0.06 2.63+0.01 162
Laminaritriose Ky (mM) 6.0+£0.6 8.7+0.9 2.8+0.2 2.8+0.2 1.92 £0.04
Kear (s71) 13+1 24+0.1 23+02 1.44+0.10 21.2+0.2
keat/Km (s7' mM™1) 22103 0.28 + 0.006 0.84 +0.01 0.52 +0.01 11.0+£0.2

¢ Hydrolysis of 4NP-glycosides was detected as described in the Materials and methods.

P Kinetics constants were taken from [29]. ND, means not determined.
¢ Kinetics constants were taken from [26].

Subsite mapping

To understand the differences in cellooligosaccharide prefer-
ences between the rice and barley B-b-glucosidases and p-p-man-
nosidases, their subsite-binding affinities for (1,4)-B-linked
glucooligosaccharides were estimated, with the assumption of an
intrinsic k., constant [30]. Fig. 6 indicates that all the enzymes
have six subsites for (1,4)-B-linked glucosyl residues, as predicted
from the similarities of their active site residues to Os3BGlu7 and
rHvBII and by molecular modelling. The main difference between
rHvBII and the rice isoenzymes was the apparent negative affinity
at the +2 subsite in rHvBII and the apparent relatively high positive
affinity of all the rice isoenzymes at this site. The subsite affinities
of Os7BGlu26 are the most similar to those of the barley enzyme
HvBII, with the interaction at the +1 subsite being stronger than
at the +2 subsite. The Os3BGlu8 isoenzyme was more similar to
0s3BGlu7 [26], with stronger interaction at the +2 subsite, but still
maintained relatively strong binding at the + 1 subsite compared
to Os3BGlu7.

Discussion

From the GH1 B-mannosidase-like enzyme cluster, the coding
regions of six enzymes were sub-cloned in the pET32(+) vector
and expressed in E. coli as thioredoxin fusion proteins. The pET-
32a(+) expression system was chosen, because it facilitates disul-
fide bond formation in the reducing environment of E. coli cyto-
plasm [31], and alleviates toxic effects of recombinant protein on
host cells. It is of note that all the studied enzymes possessed
one disulfide bond at the end of catalytic regions. While Os3BGlu7
[12], Os3BGlu8, and Os7BGlu26 and barley HvBII enzymes were
produced in active forms, Os1BGlul and Os12BGlu38 could not
be produced in active forms. The catalytically competent Os3BGlu7
[12], Os3BGIu8, and 0s7BGIu26 and barley HvBIl enzymes had
two, two, five and two putative N-glycosylation sites, respectively,

whereas Os1BGlul and Os12BGlu38 had four and five respective
N-glycosylation sites. Although production of active Os7BGlu26
suggests that the absolute number of N-glycosylation site is not di-
rectly related to expression of active GH1 B-mannosidase-like en-
zymes, lack of glycosylation and other factors are likely to
contribute to production of active forms.

The substrate specificities and kinetic parameters of rHvBII and
HvBII isolated from germinated seeds [2,29] were nearly identical,
suggesting that the substrate specificities determined for the rice
isoenzymes that were expressed in the E. coli expression system,
are likely to match those of the corresponding native enzymes
functioning in rice. Rice Os3BGlu7 had a k.,/Ky, value for 4NPGlc
over 30-fold higher than that for 4NPMan [12], but rHvBII hydroly-
sed 4NPMan better than 4NPGlc. While Os3BGlu7 activity against
cellooligosaccharides increased with DP and cellobiose served as
a very poor substrate, the activity of rHvBII was higher for cellobi-
ose than cellotriose, and increased with the DP from cellotriose to
cellohexaose. Thus, it might be expected the rice isoenzymes with
higher sequence similarity to rHvBII would be primarily B-p-man-
nosidases with high cellobiase activities, while isoenzymes more
similar to Os3BGlu7, would be primarily B-p-glucosidases with
low cellobiase activities.

Investigation of substrate binding of maize B-p-glucosidase
ZmGlul by X-ray crystallography and mutagenesis has docu-
mented the importance of Phe198, Phe205, Trp378 and Phe466
and Ala467 to aglycone-binding and positioning for hydrolysis of
a glycosidic bond [32-34]. Despite sharing 72% amino acid se-
quence identity with the maize B-p-glucosidase, the substrate
specificity of Sorghum bicolor dhurrinase Dhr1 appeared to be
guided by a different set of aglycone-binding residues, Asn259,
Phe261 and Ser262, and a differently shaped pocket compared to
ZmGlul [35]. These studies also showed that the orientation of
the glucosyl residue in the -1 subsite differed between the maize
and sorghum enzymes, despite the absolute conservation of
glycone-binding residues, and that the binding of the aglycone
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Fig. 6. Apparent subsite-binding affinities of rice Os3BGlu8, and Os7BGlu26 and
barley rHvBII for cellooligosaccharides. Subsite affinity and the intrinsic kcae (Kint)
value estimates were calculated from the kinetic data in Table 2 as previously
described [23]. The apparent intrinsic kca (kine) for each isoenzyme is shown in the
upper right hand corner of the graph with standard deviations.

can affect the binding position of the glucosyl residue at the -1 sub-
site [32,35,36] .

Protein sequence alignment of Os3BGlu8, Os7BGlu26, rHvBII,
and Os3BGlu7, (Fig. 2) demonstrated that these enzymes have a
range of identical amino acid residues that control glycone and
aglycone-binding in plant B-p-glucosidases [36,37]. Comparative
molecular modelling of 0s3BGIu8 Os7BGlu26, and rHvBII with
the Os3BGlu7 crystal structure as a template, yielded reliable
three-dimensional models (Fig. 3). The predicted catalytic residues,
corresponding to Glu181 and Glu391 in rHvBII, were found to be
located at the base of the pocket near the centre of the GH1
(B/a)g barrel fold in all four models, as expected. The similar shapes
of the pockets with the long grooves leading to the active site were
consistent with the fact that all four enzymes hydrolysed the linear
cellooligosaccharides with efficiencies that increased with DP from
2 up to 6, but did not tolerate the more curved geometries of longer
(1,3)-B-glucooligosaccharides. Thus, laminaritriose was hydrolysed
at a lower rate than laminaribiose. The similar size and negative
surface potential of the active site funnel is consistent with the
need to stabilize the oxocarbenium cation-like transition state
[37]. Based on the structure of Os3BGlu7 [21] and its mutant
bound to cellopentaose (PDB entry 3F5K, W. Chuenchor, S. Peng-
thaisong and ].R. Ketudat Cairns, unpublished), the rice B-b-gluco-
sidases and barley rHvBII possessed few differences in identities of

amino acid residues that formed the -1 to + 3 subsites. Based on
the similarity of their amino acid sequences and molecular models,
0s7BGlu26 was projected to have activities similar to those of
rHvBII, while Os3BGIlu8 was expected to have activities similar to
those of Os3BGlu7. However, a mutation of the ZmGlul agly-
cone-binding residue Phe198 to Val was previously shown to lead
to a series of unpredictable changes in the positions of surrounding
amino acid residues in the active site that resulted in poor binding
and hydrolysis of 4NPGlc [32]. This observation suggested that it
might be difficult to predict the relationships between the identi-
ties of the active site residues and substrate specificities.

Comparison of the apparent kc,¢/Ky, values of Os3BGlu8, Os7B-
Glu26, rHvBII, and Os3BGlu7, toward 4NPMan and 4NPGlc showed
that rHvBII and Os7BGlu26 had the highest apparent k.../K;, values
for ANPMan hydrolysis and the lowest apparent k¢,:/K, values for
4NPGIc hydrolysis. In Os7BGlu26 and rHvBII, the respective appar-
ent Keae/Km values for 4NPGIc were approximately 3-fold and 12-
fold lower than their apparent k.,/Ky, values for 4NPMan. The
0s3BGlu7 and Os3BGlu8 isoenzymes displayed lower apparent
kcat/Km values for 4ANPMan (Table 2). Therefore, it would be more
appropriate to designate rHvBIl and Os7BGlu26 as B-p-man-
nosidases, while O3BGlu7 and 0s3BGlu8 need to be denoted as
B-p-glucosidases, because their apparent kc,;/K, values were at
least 30 times higher for 4NPGlc than for 4NPMan.

Since the difference between mannosides and glucosides is in the
axial versus equatorial position of the C2 hydroxyl group of the sugar
residue at the non-reducing end of the substrates bound in the ac-
tive site, it is expected that the active sites should exhibit differ-
ences near their catalytic acid/base and nucleophile residues.
However, all of the amino acid residues directly contacting the
non-reducing end sugar residue are conserved in the plant GH1 B-
mannosidase-like enzymes, so the differences that define the sub-
strate specificities of these enzymes are likely to be caused by the
surrounding residues. One notable difference is the sequence of
LSENG around the catalytic nucleophile region in rHvBII and ITENG
in Os3BGlu7. It was previously suggested that the LS/AENG se-
quence could be diagnostic of B-p-mannosidases [15]. However, de-
spite the presence of the intermediate ISENG sequence at the
putative nucleophile in Os3BGlu8, it had the greatest preference
for glucoside over mannoside with a k. /Ky, for 4NPGlu 81-fold
higher than its kc,/Ky, for 4NPMan compared to 35-fold higher in
0s3BGlu7, which has the ITENG sequence. The only other difference
we noted in the -1 subsite between the Os3BGlu7 crystal structure
and the molecular model of rHvII, was the replacement of Val241,
which lies against the catalytic acid/base sidechain in the Os3BGlu7
crystal structure, with Leu246. Verdoucq et al. [35] noted that differ-
ences in aglycone-binding could affect sugar position, which could,
in principle, change the sugar specificity. It is interesting that an-
other residue that is distinct between the B-b-glucosidases and B-
p-mannosidases is Asn245 in Os3BGlu7, which is replaced by Val
in B-p-mannosidases. Although this residue appears to be at the
+2 subsite, mutation to Val in Os3BGlu7 resulted in a 10-fold
jncrease in K, for 4NPGIc to give an apparent Kkc,/K, of
2.2s 'mM™!, similar to that of rHvBII (1.0s ' mM™!) [21]. The
Asn245 03 is hydrogen-bonded to the amino group of Tyr315, the
side chain of which hydrogen bonds with the glycone 05 and also
interacts with the indole ring of Trp358, the conserved platform
for positioning the aglycone in GH1 B-p-glucosidases. However,
the N245V mutation alone could not change the preference of Os3B-
Glu7 to that of a B-p-mannosidase (W. Chuenchor and J.R. Ketudat
Cairns, unpublished data). Since B-p-mannosidases and B-b-glucosi-
dases have been noted to use the same conserved amino acid resi-
dues to bind differently shaped transition states [37], it seems
likely that subtle differences in the positioning of these residues
or of the glycone residue, due to the interactions of several residues,
may be responsible for differences in substrate specificities.
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Barley rHvBII hydrolysed cellobiose at least 60-fold more effi-
ciently than the rice B-p-glucosidase isoenzymes, which have se-
quences that are closely related to rHvBIl. As pointed out by
Hrmova et al. [29], the ability of the barley B-p-glucosidase to
hydrolyse cellobiose reflects its poor binding at the subsite +2, thus
preventing unproductive binding of cellobiose between subsites +1
and +2. The assumption of an intrinsic reaction rate constant (kin)
used subsite-binding affinity estimation [30] does not reflect the
conversion of binding energy into formation of the transition state
or cooperative interactions between sites. However, it provides a
convenient way to estimate the number and relative strengths of
subsites from steady-state kinetic data, without the need for pre-
steady-state kinetics-based estimates of binding parameters. This
approach has proven to be reliable for estimating the number of
binding subsites and relative strengths of binding in many in-
stances [26,29], although substantial errors were observed in some
cases [38]. It was at least unambiguous that all isozymes tested
possessed 6 subsites for binding (1,4)-B-linked glucosyl residues.
The relative hydrolytic rates of HvBIl and Os3BGlu7 with (1,4)-
B-linked mannooligosaccharides suggested that (1,4)-B-linked
mannosyl residues could also bind up to 6 subsites. However the
complexity of the mannose assay prevented a full kinetic analysis
of Os3BGlu7 and characterization of the other rice isoenzymes. The
rice isoenzymes that bind (1,4)-B-linked glucosyl residues well at
the +2 subsite, are predicted to bind cellobiose best in an unpro-
ductive mode that overlaps this site, whereas the strongest binding
of cellobiose to a barley enzyme is at the productive position cov-
ering the —1 and +1 subsites. Notably, most of the rice isoenzymes
are predicted to bind cellobiose best at the +1 and +2 subsites,
while Os3BGIu7 would bind most favourably at the +2 and +3 sub-
sites, due to an unusually low affinity at the + 1 subsite [26]. Dur-
ing cellotriose hydrolysis, the rice B-p-glucosidases showed higher
kcat/Kim values compared to those for cellobiose hydrolysis, since
binding to the —1 to +2 subsites was more favourable.

One residue that might be expected to account for the more
favourable binding of the glucosyl residue in the +2 subsite to
0s3BGlu7 is Asn245, which is in a position to make a hydrogen
bond to this glucosyl residue, and is replaced by Val250 in rHvpIIL
Indeed, the Met251 in this position in rice Os3BGlu6 B-glucosidase
extends into the active site in a position that appears to hinder
binding of long oligosaccharides [13]. Mutation of Os3BGlu7
Asn245 to Val resulted in a 2-3-fold increase in the apparent
kcat/Km for cellobiose and a 15-fold decrease in the apparent
keat/Km for cellotriose [21]. However, this change was relatively
small and Os7BGlu26 has Val in this position, and had relatively
high affinity at the +2 subsite. These observations suggested that
the hydrogen bond between Asn245 and the glucosyl residue in
the +2 subsite might not be absolutely critical. Other residues that
are positioned at the interface between the +1 and +2 subsites may
also influence the relative affinities of these two subsites. For in-
stance, the modelling suggested that the replacement of GIn187,
Thr189 and Asn190 in Os3BGlu7 with Asn192, Phe194 and
His195 may weaken a strong polar interaction from GIn187 in
the +2 subsite, while creating an interaction between His195 and
the glucosyl residue in the +1 subsite, which could contribute to
higher affinity at the +1 subsite than at the +2 subsite in rHvBII
and Os7BGlu26. The single change of Os3BGlu7 N190H caused a
slight increase in the apparent k.,/Ky,, for cellobiose, but the cumu-
lative effect of these changes has yet to be assessed. It must also be
remembered that the differences in preference for oligosaccharide
substrates between the rice B-p-glucosidases and rHvBII may not
be dictated simply by differences in a few amino acid residues on
the surface of the active sites, but are also likely to be determined
by subtly different shapes and chemical environments generated
by the interactions of those residues with neighbouring amino
acids.

Although the rice B-p-glucosidases and barley HvBII have simi-
lar amino acid sequences and substrate specificities with cello- and
laminarioligosaccharides, they may fulfil different roles in plants.
Barley HvBII appears to act in remodelling of cell walls during ger-
mination by breaking-down oligosaccharides that are released
from B-p-mannans and B-p-glucans [2,14,28,29]. The rice p-p-glu-
cosidase isoenzymes may have similar roles during germination,
since mannose-containing polysaccharides make up to 17% of rice
endosperm based on dry weight [39]. However, Os3BGlu7 is the
only enzyme thus far reported to be expressed in germinating rice
seed, while transcripts of 0s7BGlu26, which showed the highest
B-p-mannosidase activity and could efficiently hydrolyse (1,4)-B-
p-mannooligosaccharides, are found in seedling shoots, leaves,
panicle [9], and fertilised embryos of developing seeds (http://
www.ncbi.nlm.nih.gov/UniGene/clust.cgi?ORG=0s&CID=20617).
The B-p-mannosidases rHvBII and Os7BGlu26 have significant g-b-
glucosidase activities against cellooligosaccharides and natural
glucosides, while the rice Os3BGlu7 B-p-glucosidase has significant
B-p-mannosidase activity [12]. Therefore, they may have overlap-
ping roles in cell wall hydrolysis and recycling, though their
efficiencies for hydrolysis of specific oligosaccharides in vivo may
differ.

Conclusion

In summary, we expressed and characterized two rice enzymes,
0s3BGlu8 and 0s7BGlu26 that are closely related to Os3BGlu7 and
plant B-p-mannosidases, including the barley B-p-mannosidase,
rHVBII. The two newly characterized rice B-p-glucosidase isoen-
zymes, hydrolysed short laminarioligosaccharides (DP of 2-3)
and cellooligosaccharides with DP of up to 6, 4NPGlc, and 4NPMan,
in line with predictions from sequence analyses and comparative
molecular modelling. However, none of the rice isoenzymes had
high cellobiase activity, despite the similarity of the Os7BGlu26 se-
quence and active site model to those of rHvBII, which has a rela-
tively high cellobiase activity. This appeared to due to differences
in the binding of B-1,4-linked glucosyl residues at the +2 subsite,
which could not be predicted from the model. Thus, this work
points to the importance of verifying substrate specificities and
biological functions of proteins identified by genomic studies [40].
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The native B-p-glucan exohydrolase isoenzyme Exol from barley seedlings, designated HvExol, was the
first GH3 glycoside hydrolase, for which a crystal structure was determined. A precise understanding
of relationships between structure and function in this enzyme has been gained by structural and enzy-
matic studies. To allow testing of hypotheses gained from these studies, an efficient system for expression
of HvExol in Pichia pastoris was developed using a codon-optimized cDNA. Protein expression at a tem-
perature of 20 °C yielded a recombinant enzyme, designated rHvExol, which had molecular masses of 70—
110 kDa due to heavy glycosylation at Asn221, Asn498 and Asn600, the three sites of N-glycosylation in
native HvVExol. Most of the N-linked carbohydrate could be removed from rHvEXol, resulting in N-degly-
cosylated rHvExol with a substantially decreased molecular mass of 67 kDa. rHvExol was able to hydro-
lyse barley (1,3;1,4)-B-p-glucan, laminarin and lichenans. The catalytic efficiency value k.,./Ky of rHVExol
with barley (1,3;1,4)-B-p-glucan was similar to that reported for native HvExol. Further, laminaribiose,
cellobiose and gentiobiose were formed through transglycosylation reactions with 4-nitrophenyl B-b-glu-
coside and barley (1,3;1,4)-B-p-glucan. Overall, the biochemical properties of rHvExol were similar to
those reported for native HvExol, although differences were seen in thermostabilities and hydrolytic rates
of certain B-linked glucosides.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Glycoside hydrolases (EC 3.2.1.) are widely distributed in living
organisms. These enzymes hydrolyse glycosidic linkages between
two or more carbohydrates or between a carbohydrate and a
non-carbohydrate moiety. Based on amino acid sequence similari-
ties, catalytic mechanisms and structural features, the glycoside
hydrolase family GH3 is one of 115 glycoside hydrolase families
currently listed in the CAZy database (http://www.cazy.org/) [1].
The GH3 enzymes are more frequently represented in bacteria,
plants and fungi, than in archaea and mammals. The GH3 family
includes catalytic proteins with B-p-glucosidase (EC 3.2.1.21), xy-
lan 1,4-B-p-xylosidase (EC 3.2.1.37), B-N-acetylhexosaminidase
(EC 3.2.1.52), exo-B-p-glucanase (EC 3.2.1.-) and o-L-arabinofura-
nosidase (EC 3.2.1.55) activities. The predicted functions of the
GH3 enzymes involve: (i) the biodegradation and assimilation of
oligo- and polysaccharides [2-5], (ii) modification of bacterial mac-
rolide antibiotics and other toxic plant compounds [6,7], and (iii)
turnover of cell wall components [8-15]. The biochemical and bio-

* Corresponding author. Fax: +61 883037102.
** Corresponding author. Fax: +66 44224185.

E-mail addresses: maria.hrmova@adelaide.edu.au (M. Hrmova), cairns@sut.ac.th
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physical properties of various GH3 enzymes have previously been
described [16-29]. Some GH3 enzymes exhibit broad substrate
specificity, such as the B-b-glucosidases BGL1 from Pichia etchellis
and Saccharomycopsis fibuligera [30,31], Gbg1 from Agrobacterium
tumefaciens [32], and bgIB from Thermotoga neapolitana [33] and
enzymes with a-L-arabinofuranosidase and B-p-xylosidase activi-
ties, such as ARA-I/XYL from barley (Hordeum vulgare), XarB from
Thermoanaerobacter ethanolicus and MsXyll from alfalfa roots
[34-36]. Therefore, the identification of natural substrates of GH3
enzymes based on their hydrolytic reactions, and assignments of
the biological functions of these enzymes are often highly
conjectural.

One of the most intensely studied enzymes in the GH3 family is
a barley B-p-glucan exohydrolase, isoform Exol [37], here desig-
nated as HvExol. Based on substrate specificity and gene expres-
sion studies, it has been suggested that this enzyme might be
involved in the turnover or modification of cell walls during the
elongation of coleoptiles [9,15]. The enzyme is able to hydrolyse
a variety B-p-glucosidic linkages [37,38]. HVExol was the first
GH3 enzyme for which a crystal structure was determined [39].
The 3D structure consists of an NH,-terminal (B/at)s barrel domain
and a COOH-terminal (ao/B)s sandwich domain [39]. Two catalytic
amino acid residues were identified in the active site and these
are the catalytic nucleophile Asp285, located in the conserved
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SDW motif of the first domain, and the acid/base Glu491, posi-
tioned in the second domain [40,41]. The active site of HvExol is lo-
cated at the interface between the two domains and a glucose
molecule was found at the —1 subsite in the native crystal struc-
ture, bound predominantly through hydrogen bonds to charged
amino acid residues [39].

The catalytic mechanism and structural basis of substrate spec-
ificity of HvExol have been investigated by kinetic and crystallo-
graphic studies with substrate analogues and inhibitors [41-44].
Based on the premise that enzymes in the same family possess
similar structures and catalytic mechanisms, HvExol was also used
as a structural model to predict the architectures of other GH3
members [45]. The catalytic mechanism of other GH3 enzymes
has also been studied by site-directed mutagenesis with enzymes
for which a crystal structure has yet to be determined, such as a
B-p-glucosidase from Flavobacterium meningosepticum [46,47].
However, similar mutagenesis studies with HvExol have yet to be
conducted due to lack of an appropriate recombinant expression
system. It is expected that the catalytic mechanism of HvExol
may be more precisely understood, if the roles of active site resi-
dues suggested from the structural studies could be confirmed by
a site-directed mutagenesis approach.

Although many plant glycoside hydrolases have been expressed
in bacteria, not every glycoside hydrolase could be expressed in a
prokaryotic system in an active form. The yeast Pichia pastoris has
proven to be an effective eukaryotic host in many other instances
(e.g. [48,49]). P. pastoris is a methylotrophic yeast, which can pro-
duce large amounts of recombinant proteins by methanol induction
of the alcohol oxidase 1 (AOX) promoter, and has been shown to
effectively synthesize eukaryotic post-translationally modified pro-
teins [50,51]. P. pastoris has similar molecular genetics to Saccharo-
myces cerevisiae, but researchers have achieved much higher yields
of plant glycoside hydrolases, such as barley a-amylase [48] and Thai
rosewood B-p-glucosidase [52,53], in P. pastoris than S. cerevisiae.

Here, we report the recombinant expression of the HvExol iso-
enzyme (rHvExol) from barley in various expression systems. This
is the first successful recombinant expression of an active form of a
plant enzyme from the GH3 family that as of April 2010 contains
nearly 3000 entries. We further describe the substrate specificity
and biochemical properties of rHvExol expressed in P. pastoris,
and compare these characteristics with those of the native HvExol
enzyme.

Materials and methods
Chemicals, reagents and expression plasmids

The substrates 4-nitrophenyl-p-p-glucopyranoside (4NPGlc)!,
4-nitrophenyl-B-p-galactopyranoside, 4-nitrophenyl-B-p-xylopyran-
oside, 4-nitrophenyl-p-p-fucopyranoside, 4-nitrophenyl-o-L-arabi-
nopyranoside, laminarin (Laminaria digitata), orcinol, bovine serum
albumin (BSA) and the glucose diagnostic kit were purchased from
Sigma (St. Louis, MO, USA). The sources of other substrates have
been described previously [38]. For recombinant plasmid construc-
tion, the previously described bacterial pET32a/DEST [54] and yeast
pPICZaBNHg [53] expression vectors were used, while the pPIC-
ZoBNHg/DEST vector was created by inserting the Gateway conver-
sion cassette C from Invitrogen (Carlsbad, CA, USA) into the SnaBI
site in pPICZaBNHg.

1 Abbreviations used: 4NP, 4-nitrophenyl; 4NPGlc, 4-nitrophenyl-B-p-glucopyrano-
side; BSA, bovine serum albumin; MALDI-ToF, matrix-assisted laser-desorption
ionization-time of flight; IMAC, immobilized metal affinity chromatography; SP-
Sepharose, sulphopropyl-Sepharose; TLC, thin-layer chromatography; GH3, glycoside
hydrolase family 3; HvExol, native barley (Hordeum vulgare) p-p-glucan exohydrolase
isoform Exol; rHvVExol, recombinant barley B-b-glucan exohydrolase isoform Exol.

Recombinant plasmid construction

Afull-length HvExol cDNA from barley seedlings [55] was used as
a template to amplify the native cDNA region encoding the mature
HvExol (GenBank Accession No. AF102868) with Pfu DNA polymer-
ase and the ExolMatF (5-CACCGACTACGTGCTCTACAAGGA-3') and
ExolstopR (5-CTAGTACTTCTTCGTCGCGTTGGT-3’) primers. The
exoglucanase I fragment was cloned into the pENTR™/D-TOPO Gate-
way® system entry vector (Invitrogen) according to the manufac-
turer’s instructions. The cDNA of HvExol was transferred to the
pET32a/DEST and pPICZaBNHg/DEST vectors by LR clonase recombi-
nation reactions (Invitrogen).

The HvExol cDNA was codon-optimized for expression in P. pas-
toris and synthesized by GenScript (Piscataway, NJ, USA). The opti-
mized cDNA (GenBank Accession No. GU441535) was cloned into
the pPICZaBNHg expression vector [53], between the Pstl and Eco-
RI restriction sites by standard methods [56]. The recombinant
bacterial clones were selected on a 25 pg/mL zeocin Lennox broth
(LB) plate, the plasmid DNA isolated and the DNA insert corre-
sponding to HvExol were sequenced at Macrogen (Seoul, Korea).

Expression of rHvExol in Escherichia coli

The pET32/DEST expression vector containing the cDNA of
HvExol was transformed into E. coli strain Origami(DE3) (Novagen,
Madison, WI, USA). Protein was induced with 0.4 mM isopropyl
thiogalactoside (IPTG) at 20 °C for 16-18 h, and extracted as previ-
ously described [57]. Protein expression was detected by measur-
ing release of 4-nitrophenol from 4NPGlc. Refolding of rHvExol
from the insoluble fraction was performed with the iFOLD protein
refolding system 2 kit (Novagen), following the protocol provided
by the manufacturer. In addition, inclusion bodies were washed
with wash buffer containing 0.5% (v/v) TritonX-100, 100 mM Nacl
and 0.1% (w/v) sodium azide in 50 mM Tris-HCI, pH 7.4. Inclusion
bodies were solubilized with the denaturing buffer (6 M guani-
dine-HCl, 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM EDTA
and 10 mM DTT) and rHvExol was refolded by dialysis into the
refolding buffer with gradually decreasing concentrations of guani-
dine-HCl in 10 mM Tris-HCI, pH 7.4, 10% (v/v) glycerol, 1 mM re-
duced glutathione and 0.1 mM oxidized glutathione.

Expression of rHVExol in P. pastoris

The pPICZa-HVExol plasmids were linearized with Pmel and
transformed into P. pastoris strains Y11430 and SMD11680H (Invit-
rogen) by electroporation. Colonies were grown on YPDS agar
plates containing 100 pig/mL zeocin, selected again on plates con-
taining 500 pg/mL zeocin and screened for protein production, as
suggested by the manufacturer (Invitrogen).

A single transformed colony was inoculated into 500 mL BMGY
medium (Invitrogen) containing 100 pg/mL zeocin and grown at
28 °C with shaking (160-200 rpm) until the culture reached an
ODgoo of 2-3. Cells were harvested by centrifugation (3000g,
5 min, 20 °C) and resuspended in the BMMY medium (Invitrogen)
to reach ODggp of 1. Expression of rHvVExol was induced with 1%
(v/v) methanol for 4 days at 20 °C.

Purification of rHvExol

The culture broth with secreted rHvExol was supplemented
with phenyl methyl sulfonyl fluoride (PMSF) to 1 mM and the pH
was adjusted to 4.7 on ice with concentrated acetic acid. The pro-
tein solution was loaded onto an SP-Sepharose cation-exchange
column at a flow rate of 1.8 mL/min. The column was washed with
50 mM sodium acetate, pH 4.7, at a flow rate of 0.5 mL/min, and
protein was eluted with a linear gradient of 0-2M NaCl in
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50 mM sodium acetate, pH 4.7, at a flow rate of 1 mL/min. The ac-
tive fractions were concentrated and resuspended in 50 mM so-
dium phosphate, pH 7.8, containing 300 mM NaCl (IMAC buffer).
IMAC purification of rHvExol was performed by mixing rHvExol
with Talon Co?*-bound IMAC resin (Clontech, Mountain View, CA,
USA), and then eluting the enzyme with a 0-0.5 M imidazole gra-
dient in the IMAC buffer at a flow rate of 0.5 mL/min. The active
fractions were reconstituted in 20 mM sodium acetate buffer, pH
5.0, by centrifugal filtration (Vivaspin, 10 kDa exclusion limit). Typ-
ically, the yield of nearly homogenous rHvExol (as judged by SDS-
PAGE and immunoblot analyses) was around 4 mg per liter of
culture.

N-deglycosylation of rHvVExol

Purified rHvExol (60-100 pg) was deglycosylated by 500U
endoglycosidase H (New England BioLabs, Ipswich, MA, USA) in
50 mM sodium citrate buffer, pH 5.5. The mixture was incubated
at 4 °C for 3-4 days with gentle shaking. Finally, deglycosylated
rHvExol was purified through a 2nd IMAC column, as described
above, to remove endoglycosidase H. After IMAC, imidazole was re-
moved by centrifugal concentration, as described above and a
nearly homogenous rHvExol was suspended in 20 mM sodium ace-
tate, pH 5.25.

Tryptic mapping of rHvExol by MALDI-ToF/ToF spectrometry

About 10 pg of rHvVExol were S-amidomethylated, digested with
100 ng sequencing grade trypsin (Promega, Madison, WI, USA) in
5 mM ammonium bicarbonate and concentrated to 5 ul. A 0.5 pl
aliquot of the digest was applied to a 600 pm AnchorChip (Bruker
Daltonik GmbH, Bremen, Germany) according to the o-cyano-4-
hydroxycinnamic acid (HCCA, Bruker Daltonik) thin-layer method.
MALDI-ToF mass spectra were acquired with a Bruker Ultraflex III
MALDI-ToF/ToF mass spectrometer (Bruker Daltonik GmbH) oper-
ating in reflectron mode under the control of FlexControl, version
3.0 (Bruker Daltonik GmbH). All spectrometry data were processed
with FlexAnalysis, version 3.1 (Bruker Daltonik GmbH), and the
spectra and mass lists were exported to BioTools (Bruker Daltonik
GmbH). The MS and corresponding MS/MS spectra were combined
and submitted to a Mascot database-search.

Molecular mass determination of rHvExol via MALDI spectrometry

Samples of 1-3 pL of glycosylated and N-deglycosylated rHv-
Exol were mixed with 1 pL matrix solution (10 mg/mL sinipinic
acid in 90% acetonitrile/0.1% trifluoroacetic acid) and applied to a
600 mm AnchorChip target plate (Bruker Daltonik GmbH, Bremen,
Germany). MALDI-ToF mass spectra were acquired on a Bruker
Ultraflex III MALDI-ToF/ToF mass spectrometer (Bruker Daltonik
GmbH) operating in linear mode under the control of the FlexCon-
trol software (Version 3.0, Bruker Daltonik GmbH). External cali-
bration was performed with a mix of ClinProt Protein Calibration
Standard and Protein Calibration Standards 2 (Bruker Daltonik
GmbH), over a range of 1-25 kDa that were analysed under the
same conditions. Spectra were obtained at various locations over
the surface of the matrix spot.

rHvExol characterization

Enzyme assays and analyses of hydrolytic and transglycosyla-
tion activities, substrate specificity, kinetic properties, pH opti-
mum and thermostability were performed as described
previously [38]. The kinetic parameters were determined by a pro-
portional weighted fit, with a nonlinear regression analysis pro-
gram, based on Michaelis—Menten kinetics [58].

Protein determination, NH>-terminal sequencing, SDS-PAGE and
immunoblot analyses

Protein determination, SDS-PAGE and protein detection on
SDS-PAGE gels were performed as described [34]. Immunoblot
analyses were performed with 0.22 pm nitrocellulose blotting
membranes (Millipore, Billerica, MA, USA), a mouse monoclonal
anti-poly-Histidine-alkaline phosphatase IgG2a isotype antibody
and the BCIP/NBT-purple liquid reagent for membranes, as sug-
gested by the manufacturer (Sigma).

Results
Expression of rHvVExol

A construct in which the HvExol cDNA was inserted in pET32a/
DEST was first used to express an NH,-terminal thioredoxin-Hisg-
tagged fusion protein in E. coli strain Origami(DE3) cells, as this
system has been successfully used for expression of other plant
glycoside hydrolases [54,57,59-61]. Under the conditions tested,
the rHvExol protein was observed only in the insoluble fraction
upon cell extraction and no enzyme activity was detected (data
not shown). Therefore, refolding of rHvExol was attempted after
solubilization in guanidine-HCI, but again the enzyme was found
to be inactive under any refolding conditions tested.

Expression of rHvExol in yeast was tested by inserting native
cDNA into the pPICZaBNHg/DEST expression vector, to produce a
protein fused to the o-factor prepropeptide for secretion. P. pastoris
(Y11430)was tested as a host to produce rHvExol. No increase in f-p-
glucosidase (with 4-nitrophenyl B-b-glucopyranoside, 4NPGIc) or
exoglucanase (with barley (1,3;1,4)-B-p-glucan) activities were ob-
served and the protein could not be detected on Coomassie-stained
SDS-PAGE gels in the predicted mass range (data not shown). Since
this construct contains an eight-histidine tag at the NH,-terminus of
rHvExol (AHHHHHHHHAA) after the secretory peptide cleavage site,
the rHvExol could be detected by immunoblot analysis with anti-
polyhistidine antibody. Here, a 43 kDa band was detected, which
could be correlated to the size of domain 1 of rHvExol (data not
shown). This analysis indicated that either rHvExol was produced
as a full-length protein and then proteolytically degraded by an
unspecified protease from the host, or that premature termination
of translation occurred near the end of domain 1, possibly because
the native barley cDNA contained codons of low usage in P. pastoris.
To avoid the problems of proteolysis and poor codon usage for pro-
tein synthesis in P. pastoris, the HvExol cDNA was codon-optimized
and expressed in the protease-deficient P. pastoris strain SMD1168H.

The native and codon-optimized rHvExol cDNA fusions were
transformed into P. pastoris strain SMD1168H and protein expres-
sion was induced at a temperature of 20 °C. High levels of HvExol
activity, measured with 4NPGlc, were detected from the codon-
optimized rHvExol cDNA fusion and a series of bands from 75 to
85 kDa were detected by immunoblot analysis with anti-polyhisti-
dine antibody (Fig. 1A). The activity in the media slowly increased
until 4 days of induction, after which it did not change. However,
little increase in rHVExol activity and protein production (as deter-
mined by SDS-PAGE and Coomassie-staining) were observed from
the ¢cDNA fusions containing codon-optimized HvExol that were
induced at a temperature of 28 °C, or from a construct containing
the native HvExol cDNA induced at any temperature (data not
shown).

rHvExol purification

After rHvExol was expressed in P. pastoris from the codon-opti-
mized cDNA at 20 °C for 4 days, a set of major protein bands, with
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Fig. 1. Protein production of rHvExol detected by immunoblot analysis (A) and
SDS-PAGE (B). (A) Expression of rHVExol in P. pastoris was detected via anti-His-tag
antibodies by immunoblot analysis. M; is a prestained protein marker, lanes 1-3
indicate levels of rHvExol production after 1, 2 and 3 days, respectively. (B) SDS-
PAGE of rHvExol from crude broth (lane 1), and purified via SP-Sepharose
chromatography (lane 2), the 1st IMAC step (lane 3), and the 2nd IMAC step, after
deglycosylation with endoglycosidase H (lane 4).

apparent masses corresponding to the molecular mass of rHvVExol
and higher, was detected by immunoblot analysis and SDS-PAGE
with Coomassie staining (Fig. 1B). This protein was purified from
the culture media by SP-Sepharose chromatography (Table 1). Pro-
tein was eluted with 1.2 M NaCl in 50 mM NaOAc, pH 4.7. The frac-
tions containing narrow ranges of activity near the Gaussian peak
(based on activity, absorbance at 280 and SDS-PAGE profiles) were
concentrated and purified by Immobilized Metal Affinity Chroma-
tography (IMAC), which bound rHvExol containing the Hisg-tag. A
small amount of exoglucanase activity, which might have origi-
nated from the presence of rHvExol without a Hisg-tag, passed
through the column. A portion of the activity that passed through
the column may also be attributed to a native P. pastoris (1,3)-B-b-
glucan exohydrolase [62]. Nevertheless, most of the expressed
rHvExol was eluted from the column with 250 mM imidazole
and the specific activity of rHvVExol was increased by about 4-fold
after IMAC purification (Table 1). It has been reported that native
HvExol has three N-glycosylation sites at Asn221, Asn498 and
Asn600 [39]. To test whether the bands detected in the range be-
tween 80 and 100 kDa (Fig. 1B) were due to the presence of
over-N-glycosylated forms of rHvExol, and whether these N-glyco-
sylation sites could affect enzyme properties, the N-linked carbo-
hydrate was removed by endoglycosidase H. After N-
deglycosylated rHvExol was purified by a second round of IMAC,
the specific activity remained more-or-less unchanged (Table 1).
The amino acid sequence of N-deglycosylated rHvExol was con-
firmed by mass spectrometry (Table 2; vide infra).

Table 1
Enzyme yields during purification of rHvVExol.

Purification  Yield® Specific Recovery®“ Purification
step activity? (%) factor®<
(units mg~') (fold)
Protein  Activity®
(mg) (units)
Crude 119 98.7 0.8 100 1
protein
SP- 18.9 41.3 2.2 41.9 2.6
Sepharose
1st IMAC 33 11.7 3.5 11.8 4.2
2st IMAC 29 9.0 3.1 9.1 3.7

The numbers were rounded to the nearest decimal place.
Recovered enzyme units assayed on 4NPGlc.

Expressed in percent of enzyme activity in the crude extract.
Calculated on the basis of specific activity (units/mg protein).

2 n T o

Table 2
Amino acid sequences of tryptic fragments of rHvExol identified by MALDI-ToF/ToF.

Tryptic fragments®

MTLAEKIGQMTQIERLVATPDVLRDNFIGSLLSGGGSVPR
GATAKEWQDMVDGFQK

RIGEATALEVRATGIQYAFAPCIAVCR

RIVQSMTELIPGLQGDVPKDFTS GMPFVAGK
HFVGDGGTVDGINENNTIINREGLMNIHMPAYKNAMDKGVSTVMISYS
SWNGVKMHANQDLVTGYLKDTLKFKGFVISDWEGIDRITTPAGSDYSYS
VKASILAGLDMIMVPNK

RVKFTMGLFENPYADPAMAEQLGK

NGKTSTDAPLLPLPK

8 TTVGTTILEAVKAAVDPSTVVVFAENPDA
EFVKSGGFSYAIVAVGEHPYTETKGDNLNLTIPEPGLSTVQAVCGGVR

9 SVDQLPMNVGDAHYDPLFRLGYGLTTNATK

g W=

N o

2 The underlined letters indicate N-glycosylated Asn (N) residues.

Tryptic mapping of rHvExol

Purified N-deglycosylated rHvExol (Fig. 1B) was digested with
trypsin, and the molecular masses of individual tryptic fragments
were determined by MALDI-ToF/ToF spectrometry, which provided
a coverage of 65% of the ions with expected m/z values. Nine pep-
tide sequences (Table 2) deduced from the nucleotide sequences of
the pPICZo-HvExol DNA fusion had predicted m/z values that ex-
actly matched those ions that were observed during mass spec-
trometry analyses. The three peptides containing the putative N-
linked glycosylation sites had masses that were 203.2 Da higher
than those of the predicted peptides. The additional mass of
203.2 Da corresponded to a single N-acetyl B-p-glucosaminyl resi-
due, which remained attached to the asparaginyl residues after the
remainder of the sugar had been cleaved off by endoglycosidase H.

Molecular mass and NH,-terminal sequencing of rHvExol

The full-length, His-tagged rHvExol of 67.1 kDa was observed in
the zip-tip purified N-deglycosylated sample by MALDI-ToF mass
spectrometry (Fig. 2A). A doubly charged form of rHvExol was also
observed at 33.6 kDa and a very low abundance form of 44.7 kDa
was also seen, along with a likely doubly charged form of this spe-
cies at 22.5 kDa. However, the MALDI-ToF spectra obtained from
the protein sample that had not been N-deglycosylated were unde-
fined and did not provide clear mass indications. This N-glycosyl-
ated protein sample, which was expected to contain multiple N-
glycosylated forms of rHVExol with different molecular masses, re-
sulted in the very low intensity spectra shown in Fig. 2B. Subse-
quent analyses of these two samples by an electrospray
ionisation ion trap mass spectrometry failed to detect any masses
above the background ions, therefore NH,-terminal protein
sequencing of N-deglycosylated rHvExol was undertaken. The data
revealed that the AHHH amino acid sequence was indeed present
in rHvExol and that the EAEA signal cleavage sequences had been
removed from the NH,-terminal region of the otherwise full-length
rHvExol enzyme [63].

Effect of pH and temperature on enzyme activity

The pH optima of the glycosylated and N-deglycosylated forms
of rHVExol were determined in Mcllvaine buffer over the pH range
of 3.5-8.5 at 30 °C (Fig. 3). The pH profiles were bell-shaped, and
the highest activities of glycosylated and N-deglycosylated rHvExol
were detected at pH 5.0, although the pH profile suggested the
optimum for the N-deglycosylated rHvExol should be 5.25
(Fig. 3). As for the temperature stability of rHVExol, the activities
were assayed after incubation at temperatures over the range be-
tween 0 and 80 °C for 15 min (Fig. 4). While glycosylated rHvExol
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Fig. 2. MALDI-ToF spectra of N-deglycosylated (A) and glycosylated (B) rHVExol.
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Fig. 4. Thermostability of glycosylated (- -) and N-deglycosylated (—) rHvExol.
rHvExol was assayed with 4NPGlc for 15 min at 30 °C after being incubated at the
indicated temperatures between 0 and 80 °C for 15 min.

was stable at the temperature range between 10 and 20 °C, N-
deglycosylated rHvExol was stable in the range between 10 and
30 °C. Above these temperature ranges, the activities of both rHv-
Exol forms decreased substantially (Fig. 4). The temperatures at
which 50% inactivation of the glycosylated and N-deglycosylated
rHvExol forms were observed, were 34 and 39 °C, respectively.
Both rHvExol forms were denatured at 50 °C and no activity was
detected at higher temperatures (Fig. 4). The addition of BSA at
160 mg/L could marginally stabilise and protect the rHvVExol pro-
tein against heat inactivation (data not shown).

Substrate specificity

The substrate specificities of the glycosylated and N-deglycosy-
lated rHvExol enzymes were determined towards the polysaccha-
rides laminarin, barley (1,3;1,4)-pB-p-glucan and lichenan and the
synthetic glycoside 4NPGlc at 0.2% (w/v) concentrations. The data
indicated that rHvExol was similar to native HvExol, in that it
hydrolysed polysaccharides, including barley (1,3;1,4)-p-p-glucan
and laminarin and lichenans from Icelandic moss (Cetraria islandica),
as well as the aryl-p-p-glucoside substrate 4NPGlc (Table 3). The
rHvExol enzyme was specific for glucosides and could not hydro-
lyse o-L-arabinoside, B-p-galactoside, B-p-xyloside, and B-b-fuco-
side (data not shown). Comparative analyses of the activities of
glycosylated and N-deglycosylated rHvExol indicated that both en-
zymes behaved similarly with laminarin and barley (1,3;1,4)-p-p-
glucan, although glycosylated rHvExol had higher activity with
4NPGIc than the N-deglycosylated form of rHvExol (Table 3).

Kinetic and inhibition parameters

The kinetic parameters for hydrolysis of laminarin, barley
(1,3;1,4)-B-p-glucan, and 4NPGIc were determined for both glycos-
ylated and N-deglycosylated rHvExol (Table 4). Both forms were
highly active on polysaccharides and the most efficient polymeric
substrate was barley (1,3;1,4)-p-p-glucan, which was hydrolysed
approximately 1.5- to 2-fold more efficiently, in terms of the
keat/Ky catalytic efficiency values than laminarin. The hydrolysis
of barley (1,3;1,4)-B-p-glucan proceeded about 1.3-fold faster with
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Table 3
Relative activities of rHvExol on polysaccharides, oligosaccharides and synthetic
substrates.

Substrate Relative activity (%)*
Native Glycosylated N-deglycosylated
HvExol®  rHvExol rHvExol
Polysaccharides
Laminarin (L. digitata) 100¢ 98.9+1.1¢ 98.8 +1.24
Barley (1,3;1,4)-B-p-glucan 10 10.0+0.5 10.0+0.8
Lichenan (C. islandica) nm® 1.37 £0.09 nm
Synthetic substrate
4-NPGlc 10 228+1.4 16.8 £ 0.8

2 The numbers were rounded to three significant figures.

" The data are from [38].

¢ The relative activity of 100% equals to 63 U/mg.

94 The relative activity of laminarin equals to 54.4 and 65.3 U/mg of glycosylated
and N-deglycosylated forms of rHvExol, respectively.

¢ ‘nm’ indicates ‘not measured’.

Table 4
Kinetic parameters of rHvExol on laminarin, barley (1,3;1,4)-B-p-glucan, and 4NPGlc.

Substrate Native HvExol* Glycosylated N-deglycosylated
rHVExol? rHvExol?
Laminarin
Ky (mM) 0.098" 0.18 +0.01 0.22 +0.02
keat (s71) 73P 421+16 52+3
kea/Km (MM~1s71) 740 234+ 14 240+ 20
Barley (1,3;1,4)-p-p-glucan
Ky (mM) 0.012° 0.044+0.004  0.020 +0.002
keat (s71) 4> 14.1£0.7 9.7+1.1
Keae/Km (mM~'s™1)  330P 365+ 57 478 £ 50
4NPGlc
Ky (mM) 1.4° 1.99+0.15 2.0+0.12
keat (s71) 50 27.7+09 25.4+0.7
keat/Kny (mM—'s~1) 3P 13.9+06 12.8+0.8

2 The values were rounded to three significant figures, or to the precision of the
error.

b Kinetic parameters of HvExol with laminarin, barley (1,3;1,4)-p-p-glucan and
4NPGlc are from [38].

the N-deglycosylated rHvExol form, although with the other two
substrates, the hydrolytic rates were similar (Table 4). The kca/
Ky catalytic efficiency values of rHvExol were higher than those
of native HvExol for barley (1,3;1,4)-B-p-glucan and 4NPGlc, while
native HvExol was more efficient at hydrolysing laminarin
(Table 4).

Transglycosylation

Both the glycosylated and N-deglycosylated forms of rHvExol
possessed both hydrolytic and glucosyltransferase activities to-
ward 4NPGlc at 20 mM concentration. Here, the formation of
transglycosylation products was detectable within 3 min of reac-
tion (0.05 h; Fig. 5). The transglycosylation product patterns of N-
deglycosylated rHvVExol were very similar to those of glycosylated
rHvExol shown in Fig. 5. During the initial stages of the reaction at
3 min, a small amount of glucose was observed, in addition to 4NP-
gentiobioside and 4NP-laminaribioside. The 4NP-oligosaccharide
products were identified by comparison with standard compounds
of known Ry values [64]. As the reaction progressed, after 4 h reac-
tion, the transient transglycosylation products laminaribiose, cello-
biose, 4NP-laminaribioside, 4NP-cellobioside and an unknown
disaccharide (P;) and trisaccharides (P,-P;) were detected. By
18 h, the 4NP-glycosides, laminaribiose and cellobiose were hydro-
lysed, and only the major hydrolytic product glucose and traces of
gentiobiose were observable (Fig. 5). Transglycosylation activity

4NPGlc

4NPLam
4NPCel

4NPGen

Glc
L

Lam2 § o= P,
- Cel2 4= Lam2
G <> Cel2
Lam3 Gen
¥ cel3 « p
Lam4 o Py
Celd i
Lam5
Lam6 @ Cels
® - o
Glc L2-L7 C2-C6 Gen < .
0 0.05 4 18 h

Fig. 5. TLC chromatogram of hydrolysis and transglycosylation products formed by
glycosylated rHvExol. The enzyme was incubated in the presence of 20 mM 4NPGlc
at 30°C for 0, 3min, 4h and 18 h. Standards are glucose (Glc), laminari-
oligosaccharides (L2-L7), cello-oligosaccharides (C2-C6), and gentiobiose (Gen),
4NP-g-laminaribiose (4NPLam), and 4NP-p-cellobiose (4NPCel). The presence of
oligosaccharide products with unknown structures are indicated as P;-P4. The
reaction times are indicated in hours below the lanes.

also occurred with barley (1,3;1,4)-B-p-glucan, from which only
the formation of the disaccharide gentiobiose was detected (data
not shown). Similar observations were reported for native HvExol
[38].

Discussion
Development of an expression system for active rHvExol

Bacteria and yeast are common hosts for production of target
proteins. Although, bacterial expression is convenient, many
eukaryotic proteins are produced in low protein yields [65,66] or
are produced as insoluble aggregates [67-69]. Although HvExol
could be expressed in bacteria, it was not able to fold properly,
and refolding experiments using various refolding formulations
failed to recover active rHvExol. The reasons why rHvExol could
not be refolded successfully might include its two-domain organi-
sation and the fact that the enzyme contains 10 cysteine residues.
From these residues, two disulfide linkages are formed, between
Cys151 and C159 in domain 1, and between Cys513 and Cys518
in domain 2 [39]. Hence, the probability that the correct disulfide
linkages will be formed is low. Therefore, a yeast expression sys-
tem was introduced that was reported to be able to produce plant
enzymes in active forms (e.g. [63]).

Prokaryotic and eukaryotic cells have their own species-specific
codon usage patterns. Many target genes from mammals and
plants are expressed at low levels in bacteria or yeast, in part be-
cause the rate of protein translation is not well correlated to codon
usage and tRNA bias [70]. The HvExol cDNA amplified from barley
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seedlings produced low protein yields in P. pastoris. Thus, a codon-
optimized cDNA was synthesised. Expression of rHvVExol was only
successful from the codon-optimized cDNA in a protease-deficient
strain of P. pastoris and at a low temperature of 20 °C. The ex-
pressed rHVExol possessed three post-translationally modified
asparaginyl residues, similar to native HvExol. rHvVExol could be
purified by a two-step procedure using a strong cation-exchanger
and IMAC with a final yield of 12%, based on the total protein used
for purification. The use of selective pooling of the chromato-
graphic fractions, as well as initial contamination with P. pastoris
exoglucanase [62], which was eliminated during the purification,
and loss of a small amount of HvExol that lacked its N-terminal his-
tidine tag may account for the relatively lower apparent final yield
of purified enzyme that was around 10-12%. Upon N-deglycosyla-
tion with endoglycosidase H and purification with a second IMAC
step, N-deglycosylated rHvExol was produced with a yield of 9%,
and the specific activity of rHvExol was nearly the same as before
N-deglycosylation. Here, the endoglycosidase H was chosen, be-
cause it cleaves the chitobiose core of high mannose N-linked gly-
coproteins, which are commonly observed in yeast, while retaining
the first N-acetylglucosamine residue linked to Asn [71]. A His-
tagged form of rHvExol of 67.2 kDa lacking an EAEA secretion motif
was obtained after expression in P. pastoris and N-deglycosylation.
Thus, secreted rHvVExol was properly processed by the proteases in
Pichia cells, contrary to previous observations with xyloglucan
xyloglucosyl transferase enzymes [63].

Catalytic properties of rHvVExol

The recombinant glycosylated and N-deglycosylated rHvExol
forms were unique in terms of their pH-activity profiles in the
range of pH 3.5-8.5 and thermostabilities. The pH optimum and
thermostability of N-deglycosylated rHvExol were similar to native
HvExol, although the same parameters of glycosylated rHvExol
were slightly lower. Koseki et al. [72] reported that the N-glycosyl-
ation of oligosaccharide chain (2.5 kDa) of asparagines at the cata-
lytic domain increased the thermostability of Aspergillus kawachii
a-L-arabinosidase, whereas glycosylated rHvExol did not exhibit
increased stability at elevated temperatures. The molecular mass
of glycosylated rHvExol was higher by approximately 7.7-
17.7 kDa than that of N-deglycosylated enzyme due to occupation
of three N-glycosylation sites. The calculated molecular mass of
HvExol was 66.8 kDa [37]. Based on the sizes of N-linked carbohy-
drates at the N-glycosylation sites, we would expect that the pres-
ence of these carbohydrates could affect certain enzyme
properties, such as pH optimum and thermostability. However,
the glycosylated and N-deglycosylated rHvExol enzymes had pH
optima and thermostabilities quite similar to native HvExol [38].

The polysaccharides laminarin and barley (1,3;1,4)-B-p-glucan
and the aryl glycoside 4NPGlc were hydrolysed by rHvExol with
similar hydrolytic rates, compared to native HvExol. It has well
been documented that native HvExol prefers hydrolysing sub-
strates containing (1,3)-B-linked glucoside residues [37,38,42]. As
for the catalytic properties, we found that rHvVExol had k¢.¢/Ky val-
ues very similar to native HvExol with barley (1,3;1,4)-B-p-glucan,
although the k.,./Ky value of rHvExol was higher with 4NPGlc, and
about 3-fold lower with laminarin (Table 4). The only obvious dif-
ferences between the rHvExol and native HvExol enzymes is the
presence of the extension at the N-terminus by 11 residues
(AHHHHHHHHAA) in rHvExol, and differences in N-glycosylation
of both forms produced in P. pastoris. The 11-residue extension
and the Asn600 glycosylation site lie at the N- and C-termini of
HvExol, respectively, distant from the active site, however, the
Asn221 and Asn498 N-linked glycosylation sites lie in the proxim-
ity of the active site of HvExol [39,40]. It is possible that the native
barley carbohydrate might help in interaction with a polymeric

substrate, such as laminarin, resulting in the much tighter binding
seen in the native enzyme. However, it appears the high mannose
and N-acetyl glucosamine containing carbohydrates affixed to
these sites by P. pastoris makes no significant net interaction with
substrates. It is also possible that the differences in N-terminal se-
quence and posttranslational modification result in differences in
protein flexibility or other protein physical properties that might
explain the differences in hydrolysis of these substrates.

Conclusions

Recombinant rHvVExol was expressed at high levels from a co-
don-optimized HvExol cDNA in protease-deficient P. pastoris, un-
der low temperature conditions, while the expressions from a
native HvVExol ¢cDNA in E. coli or P. pastoris were unsuccessful. rHv-
Exol exhibited hydrolase activities with B-linked polysaccharide
and aryl glucoside substrates and produced a variety B-linked oli-
gosaccharide products through transglucosylation activities, simi-
lar to the native HvExol enzyme. Thus, the recombinant rHvExol
is an appropriate model enzyme to study the roles of amino acid
residues in catalysis and substrate specificity, as revealed by
numerous crystal structures of HvExol, by site-directed
mutagenesis.
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Abstract [-Glucosidases (3.2.1.21) are found in all
domains of living organisms, where they play essential
roles in the removal of nonreducing terminal glucosyl
residues from saccharides and glycosides. f-Glucosidases
function in glycolipid and exogenous glycoside metabo-
lism in animals, defense, cell wall lignification, cell wall
f-glucan turnover, phytohormone activation, and release of
aromatic compounds in plants, and biomass conversion in
microorganisms. These functions lead to many agricultural
and industrial applications. f-Glucosidases have been
classified into glycoside hydrolase (GH) families GHI,
GH3, GHS5, GH9, and GH30, based on their amino acid
sequences, while other f-glucosidases remain to be clas-
sified. The GH1, GH5, and GH30 f-glucosidases fall in GH
Clan A, which consists of proteins with (f/o)g-barrel
structures. In contrast, the active site of GH3 enzymes
comprises two domains, while GH9 enzymes have (o/a)¢
barrel structures. The mechanism by which GH1 enzymes
recognize and hydrolyze substrates with different speci-
ficities remains an area of intense study.
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Introduction

Beta-glucosidases (ff-p-glucopyranoside glucohydrolases,
E.C. 3.2.1.21) are enzymes that hydrolyze glycosidic bonds
to release nonreducing terminal glucosyl residues from
glycosides and oligosaccharides. These enzymes are found
universally, in all domains of living organisms, Archaea,
Eubacteria, and Eukaryotes, in which they play a variety of
functions. These include biomass conversion in micro-
organisms, breakdown of glycolipids and exogenous
glucosides in animals, and lignification, catabolism of cell
wall oligosaccharides, defense, phytohormone conjugate
activation, and scent release in plants, as well as both sides
of plant-microbe and plant—insect interactions.

Although the definition of f-glucosidases is straight-
forward, the abundance of nonreducing terminal f-linked
D-glucosyl residues in nature, some examples of which are
shown in Fig. 1, has led to the assignment of many E.C.
numbers for enzymes that hydrolyze their glycosidic bond.
Among these enzymes are glucosyl ceramidases or gluco-
cerebrosidases  (3.2.1.45), glucan 1,4-f-glucosidases
(3.2.1.58), glucan 1,3-f-glucosidases (3.2.1.74), steryl-f-
glucosidase  (3.2.1.104), strictosidine  f-glucosidase
(3.2.1.105), amygdalin hydrolase (3.2.1.117), prunasin
hydrolase (3.2.1.118), vicianin f-glucosidase (3.2.1.119),
raucaffricine f-glucosidase (3.2.1.125), and coniferin
p-glucosidase (3.2.1.126). In addition, f-glucosidases often
exhibit additional activities, such as f-p-fucosidase
(3.2.1.38), B-p-galactosidase (3.2.1.23), f-p-mannosidase
(3.2.1.25), and p-disaccharidase activities, such as S-apio-
syl-f-p-glucosidase (3.2.1.161).

Since the name and the corresponding E.C. number(s)
tell us little about mechanism of action, structure, and
relationship to other glycoside hydrolases, and one enzyme
may catalyze hydrolysis of several related substrates,
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<« Fig. 1 Structures of example f-glucosidase substrates. The plant

cyanogenic glucosides linamarin, dhurrin, prunasin, and its precursor
amygdalin. Other defense-related glycosides include 2-O-f-p-gluco-
pyranosyl-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOAGIc)
and the flavonoids apigenin 7-O-f-pD-glucoside, the isoflavonoids
diadzin and genistin, and phloridzin. Coniferin and coumaryl alcohol
represent monolignol f-glucosides, while abscissic acid glucosyl
ester is a phytohormone glucoconjugate and salicin and indoxyl
p-glucoside are other plant glycosides with similarity to phytohor-
mones. Strictosidine is the metabolic precursor to a wide array of
monoterpene alkaloids. Cellobiose and laminaribiose represent plant
cell-wall-derived oligosaccharides and can be extended with the same
linkage to give the corresponding triose, tetraose, etc. In the lower
right is an example of a glucosyl ceramide, one of the substrates
for human acid f-glucosidase (GBA1) and other mammalian
p-glucosidases

Henrissat developed an alternative classification system for
glycoside hydrolases based on amino acid sequence and
structural similarity [1-3]. In this system, those enzymes
with overall amino acid sequence similarity and well-
conserved sequence motifs are grouped into the same
family. At this writing, 115 glycoside hydrolase families
are listed in the frequently updated Carbohydrate Active
enZYme (CAZY) Web site (http://www.cazy.org) [3]. The
f-glucosidases that have been described in the literature
fall in glycoside hydrolase families GH1, GH3, GHS, GH9,
and GH30, [1, 3-5]. In addition, the human bile acid
f-glucosidase/GBA2 glucocerebrosidase and its relatives
are yet to be assigned to a family. The families that have
similar catalytic domain structures and conserved catalytic
amino acids, suggestive of a common ancestry and cata-
Iytic mechanism, are grouped into clans [2, 3]. Of these,
clan GH-A has the largest number of families, and it
includes the f-glucosidase-containing families GH1, GHS,
and GH30.

GH1 includes the largest number of characterized
p-glucosidases; therefore, it will be the emphasis of this
review, with the other f-glucosidase families receiving
brief mention. We will consider the roles of f-glucosidases
and related enzymes in animals, in plants, and in micro-
organisms, followed by the application of these enzymes.
Then, we will describe the structure, mechanism, and the
resulting general properties of f-glucosidases that have
been purified, and end with a perspective on what is known
and needs for further study.

pB-Glucosidases and their functional roles

Roles of f-glucosidases and their relatives in mammals
Mammals contain several f-glucosidases, including the
family GH1 lactase-phloridzin hydrolase and cytoplasmic

p-glucosidase, the GH30 human acid pf-glucosidase
(GBA1) and the bile acid f-glucosidase or GBA2. These
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enzymes are thought to play roles in metabolism of gly-
colipids and dietary glucosides. In addition, a group of
related family GH1 proteins is thought to play signaling
functions.

Perhaps the best-studied mammalian f-glucosidase is
the human acid f-glucosidase, which is generally consid-
ered a glucosyl ceramidase. Defects in the function of this
enzyme and its transport to the lysosome lead to Gaucher
disease, in which glycoceramides accumulate in the lyso-
somes of tissue leukocytes leading to their engorgement
and buildup in the tissues [6]. Since enzyme replacement
therapy is one way of alleviating the symptoms for this
disease, the enzyme has been produced in recombinant
mammalian and insect cells, and gene-activated human
cells, and the structures of the enzymes determined [7-9].
Other means of treatment for Gaucher disease include use
of imino sugars like deoxynojirimycin and isofagomine
and their hydrophobic derivatives, which may inhibit
synthesis of glycoceramides, but also bind to mutant GBA1
in the ER and help it to fold properly for transport to the
lysosome [6]. However, these inhibitors also inhibit other
p-glucosidases, such as GBA2 [10, 11].

A human bile acid f-glucosidase (GBA2) was found
associated with liver microsomes [12]. Immunofluores-
cence showed a perinuclear reticulated localization [10],
consistent with its earlier assignment to the endoplasmic
reticulum (ER), while over-expressed green fluorescent
protein tagged enzyme was localized near the plasma
membrane [11]. When the bile acid -glucosidase gene was
knocked out in mice, little effect was seen on bile acid
metabolism, but there was an accumulation of glucocera-
mides in the Seritoli cells of the testes, leading to round-
headed sperm and decreased fertility [10]. Cells transfected
with the gene showed an increased ability to hydrolyze
fluorescent glucoceramides, confirming the protein’s
identity as GBA2, the nonlysosomal glycoceramidase
[10, 11].

Currently, five GH1 proteins are known in humans:
lactase-phloridzin hydrolase (LPH), cytoplasmic f-gluco-
sidase, Klotho (a-Klotho, KL) f-Klotho (f-KL), and
Klotho-LPH-related protein (KLPH) [13]. LPH, an intes-
tinal hydrolase involved in food digestion, has both
f-glucosidase activity toward exogenous glucosides, such
as phloridzin, and f-galactosidase activity toward lactose.
The precursor protein consists of four GH1 domains, the
first two of which are removed during maturation, leaving a
type 1 membrane protein with the LPH3 and LPH4
domains bound to the intestinal epithelial cells by a
C-terminal transmembrane segment [14]. Flavonoid glu-
cosides appear to be hydrolyzed at both the LPH3 active
site and the lactase active site in the LPH4 domain [15, 16].
Deficiency of this enzyme leads to lactose intolerance, one
of the most common enzyme deficiencies in humans.
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The broad specificity cytoplasmic f-glucosidase has
been studied for 30 years [17], and it has recently been
given the additional name Klotho-related protein [18]. The
cytoplasmic f-glucosidase is found in high levels in
hepatocytes and brush border epithelial cells, and it has
been shown to hydrolyze plant-derived flavonoid gluco-
sides with high efficiency [19, 20], as shown in Table 1.
Recently, the cytoplasmic f-glucosidase was shown to
partially account for residual hydrolysis of glucoceramides
and galactoceramides in fibroblasts treated with conduritol
f-epoxide (CBE), a potent inhibitor of human GBA1 [18].
Although the recombinant enzyme produced in Esche-
richia coli showed extremely slow hydrolysis of natural
glycoceramides (Table 1), its structure was solved
and found to include lipids in positions suggestive of a
glycoceramide binding site and its k.,/K,, values for
fluorescently labeled glycoceramides were comparable to
those of flavonoid glycosides. The structure of the human
cytoplasmic f-glucosidase expressed in Pichia pastoris
was solved independently, and the residues likely to be
involved in its binding of quercetin 4’-O-glucoside were
identified by molecular docking and site-directed muta-
genesis [13]. No lipids were observed in the active site of
the enzyme produced in P. pastoris.

The Klotho subfamily of mammalian GH1 proteins (i.e.,
KL, B-KL, and KLPH) lack a complete active site with
both the catalytic acid/base and nucleophile and thus have
no f-glucosidase activity [12]. However, KL has been
shown to have weak glucuronidase activity and to modify
glycosylation of the transient receptor potential ion channel
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TRPVS, suggesting they may act as glycoside hydrolases
[21]. KL was identified by its induction of rapid aging-like
symptoms in knock-out mice [22], and it plays regulatory
roles in calcium and phosphate homeostasis [21, 23]. All
Klotho subfamily members have N-terminal secretory
signal sequences and C-terminal transmembrane domains,
and KL has a secretory form as well [24, 25]. The KLPH
has a single GH1 domain, while KL. and $-KL have two
GH1 domains, all of which lack essential catalytic amino
acids [24].

Insect f-glucosidases and myrosinases

Although the Drosophila melanogaster genome contains
only one GH1 gene, suggesting that insects may not have
expanded this gene family at an early stage, other insects
have adapted glycosides and glycoside hydrolases from the
plants on which they feed for protection and digestive
purposes [26]. Digestive f-glycosidases from GHI have
been isolated from insect larvae that feed on plants
[27, 28]. Similarly, myrosinases have been isolated from
specialist insects that feed on crucifers, such as the cabbage
aphid, Brevicoryne brassicae [29]. The larval f-glyco-
sidases mentioned above can hydrolyze gluco-
oligosaccharides and plant glycosides, such as cellobiose,
gentiobiose, and amygdalin [27], in line with their
digestive functions. These insect ff-glycosidases and myr-
osinases have sequences most similar to each other, then to
vertebrate LPH, suggesting they diverged from the same
animal GH1 gene ancestor, after its divergence from plants.

Table 1 Substrate specificity of

human cytoplasmic f- Substrate K (uM) kear (s71) kea K (mM ™" 571 Reference

glucosidase: substrate K, and Artificial aryl glycosides

apparent k., values .
pNP--p-Glc 1,800 12 6.9 Berrin [20]
pNP-f-p-Fuc 370 11 29 Berrin [20]
pNP-o-L-Ara 570 6.0 10 Berrin [20]
pNP-f-p-Gal 3,100 18 5.6 Berrin [20]

Flavonoids and isoflavonoids
Quercitin 4'-glucoside 34 ND Day [19]
Quercetin 4'-glucoside 32 1.1 34 Berrin [20]
Quercetin 7-glucoside 42 0.7 16 Berrin [20]
Apigenin 7-glucoside 22 1.5 71 Berrin [20]
Luteolin 4’-glucoside 10 1.2 117 Berrin [20]
Luteolin 7-glucoside 50 3.0 61 Berrin [20]
Genistin 13 ND Day [19]
Genistin 35 1.5 44 Berrin [20]
Glycosphingolipids

Berrin et al. [20], recombinant C6-NBD-GlcCer 46 0.121 26 Hayashi [18]

human from P. pastoris; Day

et al. [19], human from small C6-NBD-Gal-Cer 2.0 0.255 128 Hayashi [18]

intestine and liver; Hayashi C18-Glc-Cer 14 0.0072 0.51 Hayashi [18]

et al. [18], human expressed in C18-Gal-Cer 9.2 <0.0002 <0.02 Hayashi [18]

E. coli
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These genes have since evolved to meet the unique needs
of the herbivorous insects in their battle with plant defenses
to exploit the plant nutrients.

Roles of GH1 f-glucosidases in plants
Functional diversity and multiplicity

It is in plants that f-glucosidases have been found to play
the widest array of biological functions, which include
roles in defense, symbiosis, cell wall catabolism and lig-
nification, signalling, and plant secondary metabolism.
Several putative f-glucosidase genes have been shown
either to be induced by biotic or abiotic stress or to be
necessary for successful response to the stress [30-34].
With the advent of genomics, it became clear that about 40
GHI1 f-glucosidases are expressed in a typical plant, many
in the same tissues [35, 36]. The roles of these enzymes are
presumed to be determined by their substrate-specificities,
their tissue and subcellular localization, and the conditions
under which they come into contact with their physiolog-
ical substrates.

To match this enormous functional diversity, plants
have the largest number of GHI family proteins. For
example, 48 GHI1 genes for putative f-glucosidases and
thioglucosidases are found in Arabidopsis thaliana [35]
and 40 GHI1 genes are found in rice genome sequences
[36]. A number of these represent pseudogenes, and, in the
case of rice, two appear to be endophyte genes, but none-
theless both plants appear to express over 30 putative GH1
p-glucosidases. Sequence-based phylogenetic analysis
grouped these proteins into eight clusters that include both
rice and Arabidopsis representatives and two clusters found
only in Arabidopsis and other plants of the family Cap-
parales, including a cluster of classical thioglucosidases
(myrosinases) and a cluster of ER and peroxisomal
f-glucosidases and myrosinases. In addition, several
groups of enzymes from other plants do not fall into the
Arabidopsis and rice phylogenetic clusters, including the
well-studied chloroplastic f-glucosidases of maize, sor-
ghum, wheat and other cereals, which are not found in rice.
Most of these plant GH1 enzymes are closely related to one
another, but the lineage of SFR2 [33] shows higher simi-
larity to enzymes from thermophilic bacteria and Archaea
than other plant enzymes, and this lineage is thought to be
distinct within GH1 [37]. A few of the Arabidopsis and rice
enzymes have been shown to be primarily f-p-man-
nosidases [35, 38], so it is possible that some of the others
will have different glycone specificities as well, but most
are likely to be fS-p-glucosidases. Given that plants also
contain GH3 and GH5 f-glycosidases with f-glucosidase
activity [5, 39], the precise number of f-glucosidase
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isoenzymes in a particular plant species has yet to be
determined.

Defense and microbial interaction

Plants have long been known to contain glycosides that
release toxic compounds, such as cyanide and hydroxamic
acids (4-hydroxy-1,4-benzoxazin-3-ones) [40, 41], and the
use of ff-glucosidases as “detonators” of these chemical
“bombs” has recently been reviewed [42]. In general, the
defense glycosides are stored in a different cell or a dif-
ferent cellular compartment from the f-glucosidases that
hydrolyze them to release toxic compounds. The defense
compounds tend to be stored in the vacuole, while their
corresponding f-glucosidases are often found in the
apoplast or plastid. Both f-glucosidases and thioglucosid-
ases have been found to play these roles, and specialist
insects that feed on these plants have adapted these
enzymes to diffuse the glycoside bombs or use them for
their own defense [26]. -Glucosidase-mediated defenses
are also required for endophytic fungi to develop symbiotic
relationships with plants, evidently by modulating the
growth of these microorganisms [43].

Plants have developed a wide range of compounds for
defense, examples of which can be seen in Fig. 1. Cya-
nogenic f-glucosides, including linamarin from clover,
cassava and various other plants, dhurrin from sorghum,
and prunasin from cherry and other stone fruits, are
hydrolyzed to release an o-hydroxynitrile, which then
breaks down either enzymatically or spontaneously to
release cyanide and an aldehyde [41, 42]. Noncyanogenic
defense compounds, such as y- and f-hydroxynitriles and
isoflavones in legumes, other flavonoids, coumarins,
hydroxaminic acids, such as 2,4-dihydroxy-7-methoxy-
1,4-benzoxazin-3-one (DIMBOA) in maize and wheat, and
saponins are also stored as f-p-glucosides, which are
hydrolyzed by specific f-glucosidases [44-54].

Aside from sequestration of the enzyme in the chloro-
plast or apoplast, several GH1 hydrolases are found in
other compartments. The AtBGLU26 (PEN2) myrosinase
is found in the pyroxisome [34], while AtBGLU23
(PYK10) is the most abundant protein in an ER-derived
compartment called the ER body, which is only found in
crucifers [55, 56]. AtBGLU26 has been shown to be crit-
ical to the Arabidopsis defense against nonspecialist fungi
[34, 57]. AtBGLU23 is a ff-glucosidase that has been found
to be critical for establishment of symbiosis with the
endophytic fungus Piriformospora indica by preventing it
from overgrowing the roots and triggering a defense
response [43, 58]. AtBGLU23 and the closely related iso-
enzymes AtBGLU21 and AtBGLU22 have recently been
shown to be specific for scopolin, the most abundant
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coumarin glucoside in Arabidopsis roots, thereby explain-
ing the antifungal role of AtBGLU23 [54].

Upon cell disruption, plant defensive fi-glucosidases and
p-thioglucosidases often bind to cytoplasmic aggregating
factors, which are thought to help localize the otherwise
soluble f-glucosidases and f-thioglucosidases at the site of
injury, ensuring a maximal release of defense compounds
[53, 59-63]. The functional significance of the interactions
of the various defensive f-glucosidases from different
cellular compartments and their multiple aggregating
factors is an area of active investigation.

Cell wall metabolism

The cell wall of plants is the largest repository of carbo-
hydrates in nature, much of which are f-linked glucosyl
residues, so it is not surprising that f-glucosidases should
play important roles in cell wall development. -Glucosi-
dases, in fact, appear to play roles in both the degradation
of oligosaccharides generated in cell wall turnover and
release of monolignols from their glycosides to allow
lignification to stabilize secondary cell walls.

Several f-glucosidases that hydrolyze cell-wall-derived
oligosaccharides have been identified over the years and
have been studied primarily in monocots. For example, a
f-glucosidase in germinating barley seedlings showed
activity toward f-1,3- and f-1,4-linked oligosaccharides
[64—66]. More recently, it has been shown that this enzyme
displays greater preference for mannooligosaccharides,
which are also found in barley endosperm cell walls [67].
Rice seedling f-glucosidases have also been shown to
hydrolyze oligosaccharides, with varying preferences
[36, 38, 68-71]. Rice BGlul (Os3BGlu7), Os3BGlus,
and Os7BGlu26 hydrolyzed cellooligosaccharides with
increasing efficiency as the degree of polymerization (DP)
increased from 2 to 6, while Os4BGlul2 showed little
increase in activity with DP and Os3BGlu6 hydrolyzed
disaccharides best. The Os3BGlu7 and Os3BGlu8 isoen-
zymes are widely expressed in rice tissues, so they may be
needed for release of glucose from oligosaccharides gen-
erated in cell wall remodeling at various stages of plant
development. Since the rice fS-glucosidase isoenzymes
mentioned above also hydrolyze plant-derived glycosides,
they may play other roles in the plant as well.

The lignification of secondary cell walls is thought
to involve the activation of monolignols by removal of
p-glucosyl residues from monolignol glycosides, like cin-
namyl alcohol f-glucosides [72]. A coniferin ff-glucosidase
was identified from lodgepole pine tree xylem [73].
Immunological analysis indicated that this protein was
localized to the differentiating region of the xylem, con-
sistent with a role in lignification. More recently, two
Arabidopsis f-glucosidases (AtBGLU45 and AtBGLU46)
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that cluster with lodgepole pine coniferin f-glucosidase in
phylogenetic analysis were shown to hydrolyze coniferin,
syringin and coumaryl alcohol glucoside [74].

Phytohormone activation

Many phytohormone glucosides are found in plants, and
there has been some debate as to whether these are ter-
minal inactivation products or storage forms that can be
readily activated by specific f-glucosidases. Partially
purified rice f-glucosidases were shown to hydrolyze
gibberellin glucosides [75], while maize f-glucosidase
(Zm-p60.1, an isoform of ZmGlul, which hydrolyzes the
defense compound DIMBOAGIc) was shown to hydro-
lyze and activate cytokinin f-glucosides in vitro, as well
as in vivo after infusion of the exogeneous substrate [76].
Abscissic acid (ABA) glucosyl ester (ABA-GE) was
shown to be transported from roots to leaves and be
hydrolyzed by extracellular f-glucosidase in the leaves,
although free ABA is transported in larger amounts [77].
An enzyme hydrolyzing the auxin glucosyl ester 6-O-(4-
O)-indole-3-ylacetyl--D-glucose has also been identified,
though the nature of this enzyme remains to be deter-
mined [78].

Recently, it has been shown that a specific Arabidopsis
ER f-glucosidase (AtBGLUI1S, AtBG1) is activated to
hydrolyze ABA-GE in response to drought stress [79].
Mutation of the gene for this enzyme caused early germi-
nation and defective stomata closing, which could be
rescued by transgenic expression of the gene, but not by a
gene encoding an inactive mutant, thereby verifying its role
in increasing ABA levels. This is perhaps the clearest
demonstration of a physiological role for a f-glucosidase in
phytohormone activation and suggests that other phyto-
hormone glucoconjugates also serve as [-glucosidase-
activated storage forms.

Secondary metabolism

The monoterpene alkaloid intermediate strictosidine is
hydrolyzed by a specific cytoplasmic f-glucosidase to
allow metabolism to various monoterpene alkaloids,
depending on the plant [80]. This enzyme has been
characterized from several plants, and that of Rauvolfia
serpentina has been structurally characterized [81]. One
of the downstream products from strictosidine is rau-
caffricine, a glucoside that can be deglucosylated by
raucaffricine f-glucosidase for further metabolization to
ajmaline [82]. Recently, another f-glucosidase hydrolyzing
alkaloid glucosides was isolated from Psychotria ipeca-
cuanha, further expanding on this theme [83]. As such,
p-glucosidases can play metabolic roles to release glucosyl
blocking groups from metabolic intermediates and allow
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their metabolism to various natural products, many of
which are of medicinal importance.

Other functions

Plant f-glucosidases may play a variety of other roles. For
instance, they appear to play roles in releasing volatiles
from glycoside storage forms. This includes flower scents
[84] as well as attractants for parasitic wasps that can attack
herbivores feeding on the plant [85]. With the wide variety
of glucosides found in plants, it is likely many roles remain
to be discovered.

Roles of GH1 f-glucosidases in microorganisms

Although much research has been done on f-glucosidases
from microorganisms, most of it has focused on their
application rather than their endogenous function. As such,
most of the enzymes that have been studied in the context
of their natural function are those involved in bioconver-
sion to produce glucose from plant biomass, or in breaking
through plant cell walls to establish pathogenic or symbi-
otic relationships [86]. Bacterial f5-glucosidases are often
components of large complexes called cellosomes, contain
polysaccharide degrading endoglucanases and carbohy-
drate binding proteins to localize the complex and to
the cellulose surface and the cell membrane [87, 88].
Alternatively, some microorganisms secrete soluble endo-
glycosidases and exoglycosidases for this function,
including exoglucanases/f-glucosidases. Fungi, such as the
white rot fungus Phanerochaete chrysosporium, may
contain cytoplasmic f5-glucosidases and extracellular exo-
glucanases, some of which may act in metabolism of the
organism’s own cell wall, in addition to plant cell wall
biomass metabolism [89-91].

Applications of f-glucosidases

As noted above, ff-glucosidases are of interest for biomass
conversion, since conversion of f-glucans, the largest source
of biomass in the world, is generally accomplished by three
enzymes, endo-f-glucanases (e.g., cellulases), exo-f-glu-
canases (e.g., cellobiosidases) and f-glucosidases [86].
Limiting factors in conversion of cellulose to glucose for
fermentation to alcohol include the inhibition of cellulases
by oligosaccharides and the lack of adequate f-glucosidase
production by certain microorganisms used for biomass
breakdown. Thus, the identification and production of
f-glucosidases, especially those with high glucose toler-
ance, has been of interest, and applicable f-glucosidases
have been isolated from bacteria and fungi [86, 89-91].
There are hundreds of different f-glucosidic flavor
precursors in plants, and their hydrolysis often enhances
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the quality of the beverages and foods produced from them
[92, 93]. Generally, there are native f-glucosidases in
source-plant tissues that hydrolyze these flavor precursors
to produce the desired aglycone moiety. Enzymes from the
source plants or other sources may be added to foods and
beverages before, during, or after processing to enhance
food quality. Enzymes with desirable properties may be
targeted for breeding programs to increase their abundance
in the plants or for overproduction in transgenic microbial
or plant hosts, and for engineering to improve their cata-
Iytic properties for flavor enhancement and stability.

Aside from flavor enhancement, foods, feeds, and bev-
erages may be improved nutritionally by release of
vitamins, antioxidants, and other beneficial compounds
from their glycosides. For instance, vitamin B¢ (pyridox-
ine) can be released from its glucoside by enzymes in rice,
in which pyridoxine glucoside is its predominant form [70,
94]. Other vitamins are also found as glucosides in plant
sources, and release of their aglycones may improve their
nutritional availability, despite the presence of animal and
microbial -glucosidases in the small intestine to aid in this
process. Therefore, animal feeds are often treated with
crude f-glucosidases. Much work has been done to identify
p-glucosidases that can hydrolyze soy isoflavone glyco-
sides, the aglycones of which have antioxidant properties
[45—47, 95, 96]. Similarly, the pungent taste of food made
from cruciferous vegetables (e.g., broccoli, cabbage, cau-
liflower, horseradish, kale, mustard, watercress, etc.) is
derived from the products of the myrosinase/glucosinolate
system, which may also have anticarcinogenic effects,
although they may cause endemic goiter in large amounts
[93, 97].

The compartmentalized f-glucosidase-f-glucoside
defense systems found in such food and feed-plant tissues
as cassava roots and leaves, lima beans, flax seeds, and
clover leaves produce HCN when the tissue is macerated
during preparation or by chewing [93]. The bitterness in
almonds is caused by the presence of cyanogenic gluco-
sides [98]. Cassava is highly consumed in parts of Asia,
Africa, and South America, and contains the cyanogenic
p-glucoside linamarin and its f-glucosidase linamarase.
When consumed raw, cyanide poisoning can occur with
symptoms of difficulty in breathing, paralysis, convulsion,
coma, and even death. Similar symptoms can arise when
bitter almonds are eaten raw. Processing of cassava roots
by maceration results in the enzyme releasing the HCN,
and subsequent aeration and washing removes the products
of cyanogenesis. Alternatively, thorough cooking destroys
the linamarase enzyme, preventing cyanide release.

In addition to their catalysis of hydrolysis, ff-glucosidases
also catalyze reverse hydrolysis and transglycosylation
reactions, which can be used to synthesize oligosaccharides
and glycosides of interest [99]. Various mutations have been
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developed to maximize the products of these transglycosy-
lation reactions by manipulating the catalytic mechanism, as
described below.

Biochemistry of p-glucosidases
Structures of f-glucosidases

p-Glucosidases have various structures, but the overall fold
of the catalytic domain is similar in each GH family. The
families GH1, GHS, and GH30 belong to the Clan GH-A,
and they all have similar (ff/«)g-barrel domains that contain
their active site. In contrast, GH3 enzymes have two
domains contributing to their active site. GH9 enzymes
have (o/o)g-barrel structures, while the GBA2 family shows
weak homology to proteins with this («#/a)e structure as
well (Fig. 2). We will consider these in turn, followed by a
more in-depth look at GH1 enzymes, which serve as an
excellent model for studying the structural basis for diverse
substrate specificities.

The clan GH-A enzymes of families GH1, GHS, and
GH30 all have a common (f/o)g-barrel structure and their
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active sites contain two conserved carboxylic acid residues
on f-strands 4 and 7, serving as the catalytic acid/base and
nucleophile, respectively [100, 101]. Although structures
are available for all three of these families, our focus will
be on GHI here, since the relatively closely related GH1
plant f-glycosidases show a high diversity of substrate
specificities, the basis of which will be considered later.
The lengths and subunit masses of these GHI1 enzymes
vary considerably, depending on the presence of auxiliary
domains and redundant GH1 domains (as in human LPH),
but the catalytic domain itself ranges from around 440 to
550 residues, depending on the lengths of the variable
loops at the C-terminal ends of the f-strands of the (f/o)g-
barrel [102]. These monomers form a wide range of qua-
ternary structures, including monomeric enzymes, dimers,
tetramers, hexamers, octamers, and large aggregates.

The GH3 pf-glucosidases and exoglucanases have a
two-domain structure, a (fi/a)g-barrel followed by an o/ff
sandwich comprising a 6-stranded f-sheet sandwiched
between three a-helices on either side [103]. The active site
of GH3 enzymes is situated between the (f/x)g and (o/f)¢
sandwich domains, each of which contributes one catalytic
carboxylate residue (Fig. 2). The catalytic nucleophile for

Fig. 2 Structures of f-glucosidases from different GH families.
These include f-glucosidases or related enzymes from GHI (Zea
mays ZmGlul, PDB code 1E1E), GH3 (Hordeum vulgare Exo I
p-glucan glucohydrolase, PDB code 1EX1), GHS (Candida albicans
exo-f-(1,3)-glucanase Exg exoglucanase, PDB code 1CZ1), GH30
(Homo sapiens, acid f-glucosidase/glucocerebrosidase GBA1, PDB
code 2V3D), and GHY (Vibrio parahaemolyticus, putative exoglu-
canase, PDB code 3H7L). The structural cartoons are colored in a

spectrum from blue to red from their N- to C-termini, with the
catalytic nucleophile and acid-base residues shown in stick for those
enzymes in which they are known. The ligands shown are glucose in
the GH3 barley Exol and N-butyl-deoxynojirimycin in the GH30
human GBAI, both of which are shown with carbons in pink. The
human GBAZ2 (bile acid f-glucosidase) shows low levels of sequence
similarity to (0/o)¢ enzymes, suggesting its catalytic domain may be
similar to the GH9 structure. Drawn with Pymol (DeLano)
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barley Exo I is an aspartate at residue D285, which resides
on the loop after -strand 7 of the (f/o)g barrel, while the
catalytic acid/base is glutamate E491, which is on a long
loop extending from the (a/f)¢ sandwich domain [104].

Only a few GH9 proteins have been verified to be
f-glucosidases [105, 106], as most proteins in this family
are endoglycosidases. This family consists of (o/a)g barrels.
Recently, the structure of a Vibrio parahaemolyticus
protein with 69% amino acid sequence identity over
567 residues with the Vibrio cholera f-glucosidase, was
determined (PDB accession 3H7L, Fig. 2). These family
GH9 enzymes are the first f-glucosidases shown to act
through an inverting mechanism (the prevailing mecha-
nism in family GH9), which is unusual, since all other
p-glucosidases described so far act through a retaining
mechanism [106].

The human GBA2 and its relatives are not related to
other f-glycosidases, but show weak similarities to certain
(o/or)g enzymes in homology searches. The GBA?2 sequence
contains no secretory pathway signal sequence and a single
putative transmembrane domain, but was predicted to have
its N-terminus in the endoplasmic reticulum and C-termi-
nus in the cytoplasm [11]. The position of this putative
transmembrane o-helix falls in the middle of a sequence
homologous to soluble (a/a)¢ amylohydrolase, chitobiose
phosphorylase and o-L-rthamnosidase (3.2.1.40) enzymes,
and the low confidence of the transmembrane topology
prediction call this topology into question, but the enzyme
is clearly associated with membranes by some means [10,
11].

Catalytic mechanisms

Glycoside hydrolases perform catalysis using two mecha-
nisms, one with inversion and one with retention of
chirality at the anomeric carbon [105]. Both of these
mechanisms use a pair of acidic and nucleophilic residues,
usually carboxylic acids, on either side of the sugar,
approximately 5 A apart in the retaining mechanism, and
10 A apart in the inverting mechanism, in which a water
molecule must fit between the catalytic base and the
substrate. The GH9 f-glucosidases use an inverting
mechanism, in which an activated water molecule makes a
direct nucleophilic attack on the anomeric carbon to
displace the aglycone in a single step, as shown in Fig. 3a
[106]. The catalytic base extracts a proton from the
incoming water molecule while the catalytic acid proto-
nates the leaving group aglycone. In contrast, most
f-glucosidases that have been characterized (i.e., GHI,
GH3, and GH30 enzymes) are retaining enzymes, and they
perform catalysis in two steps, glycosylation and degly-
cosylation (Fig. 3b). In glycosylation, the aglycone departs
with the donation of a proton from the catalytic acid/base
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and nucleophilic attack of the catalytic nucleophile on the
anomeric carbon to yield an «-linked covalent enzyme-
glycone intermediate. In the deglycosylation step, the
process is reversed, as a water molecule attacks with basic
assistance from the catalytic acid/base to displace the
catalytic nucleophile from the glucose.

Both the glycosylation and deglycosylation steps are
thought to pass through oxocarbenium-ion-like transition
states. The glucose of the incoming substrate has some-
times been observed to be distorted into a 'S5 skew boat as
it moves toward the “H; half-chair shape in the first tran-
sition state, although in other structures it is poorly defined
by the electron density, apparently due to high mobility
[108-112]. The structures of certain putative transition
state mimics have also been solved in the active site and
shown to have a structure close to the 4H3 half-chair,
although others appeared to inhibit by mechanisms other
than transition state mimicry [108, 113-118].

The presence of the covalent intermediate was first
demonstrated with the GH1 Agrobacterium sp. [-glucosi-
dase by covalent labeling with 2,4-dinitrophenyl-2-deoxy-
2-fluoroglucoside [119, 120]. In this inhibitor, the
electronegative fluoride atom destabilizes the transition
state for both half reactions, while the 2,4-dinitrophenylate
provides an excellent leaving group to allow the glyco-
sylation step to proceed rapidly. This traps the enzyme in
the covalent intermediate and allows the catalytic nucleo-
phile to be identified by tryptic digest and mass
spectrometry. This covalent intermediate has also been
observed in crystal structures for both the 2-F-glucoside
and, in some cases, in the nonfluorinated glucosyl residue
in certain acid/base catalyst mutants [104, 112, 121, 122].
The covalent inhibitor CBE has also been used to identify
the catalytic nucleophile in some cases [104], but it is less
specific and sometimes labels nearby amino acids. The
acid/base catalyst of cassava f-glucosidase was also iden-
tified with a mechanism-based inhibitor, N-bromoacetyl-
f-p-glucopyranosylamine [123], but most acid/base resi-
dues have been identified through homology, proximity to
the glycosidic bond oxygen in crystal structures or site-
directed mutagenesis [124].

The double-displacement mechanism for retaining
p-glucosidases leads to predictions that mutants of these
enzymes in which the acid/base or nucleophile is removed
can be rescued by small nucleophiles and utilized for
transglycosylation [107, 124—127]. When the acid/base of
Agrobacterium sp. ff-glucosidase was mutated to glycine
(E170G), the hydrolysis of 2,4-dinitrophenyl f-p-glucoside
(dNPGlIc), which has a leaving group that does not require
protonation (pKa = 3.96), lost its pH dependence from 7 to
9 and could be rescued by various small nucleophiles, such
as azide, which produced f-p-glucosyl azide [124]. This
verified E170 as the catalytic acid/base and was consistent
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A Inverting Mechanism
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Fig. 3 Retaining catalytic mechanisms of inverting and retaining
p-glucosidases. a The inverting mechanism that is seen in family GH9
glycoside hydrolases, including f-glucosidases. A single displace-
ment of the aglycone by the water leads to an anomeric carbon with
inverted chirality. b The commonly accepted mechanism for hydro-
lysis with retention of anomeric configuration as seen GH Clan A and
family GH3 f-glucosidases. The glucosyl moiety is distorted into an
'S, skew boat upon binding to the enzyme in preparation to form the
“H; half chair conformation of the proposed transition state [107,

with the double displacement mechanism in which the role
of the catalytic acid has been circumvented. Similarly,
conversion of the Abg catalytic nucleophile to a small
nonnucleophilic amino acid, i.e., Ala, Ser, or Gly, resulted
in an inactive enzyme that could be rescued by azide or
fluoride to form o-p-glucosides, thereby converting a
retaining enzyme to an inverting enzyme [125, 126].
Alternatively, the use of a-fluoroglucoside, in which the
fluoride replaces the enzyme nucleophile in the covalent
intermediate, allowed transfer of a f-linked glucosyl moi-
ety onto a sugar or other alcohol. Since these nucleophile
mutants have low hydrolytic activity, but relatively high
transferase activity, they were designated glycosynthases
[127]. Both the acid/base and the nucleophile mutants have
potential uses in glycoconjugate synthesis.

Intermediate

108]. The first step is glycosylation, in which the catalytic acid
donates a proton to the leaving group, while the catalytic nucleophile
attacks from the opposite side to form an o-linked intermediate. In the
second, deglycosylation step, the catalytic base (the same carboxylate
as the catalytic acid) extracts a proton from a water molecule,
improving its nucleophilic power to attack at the anomeric carbon and
displace the enzyme. Hydrolysis by either mechanism is equivalent in
the organism, since mutarotation of the released glucose will lead to a
racemic mixture of glucose in solution after a short time

Mechanism of substrate binding and specificity

Although the residues responsible for the hydrolytic
mechanism are well characterized, how f-glycosidases
recognize and interact with their substrates, which in large
part determines their diverse functions, is less clear. GH1
enzymes are a prime model for these studies and the
structures of 23 GH1 enzymes and their variants are cur-
rently available, including three from archaea, nine from
bacteria, two from animals, one from a fungus, and eight
from plants (CAZY website, [5]). The complexes of several
of these enzymes with substrates, inhibitors and covalent
intermediates are available, allowing in-depth analysis of
residues likely to be critical to substrate and transition state
binding. Although many of the prokaryotic enzymes show
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rather similar and broad substrate specificities, the com-
plexes of fp-glycosidase S from the archaeon Sulfolobus
solfataricus and f-glucosidase A from the eubacteria
Thermotoga maritima with a range of inhibitors has pro-
vided a wealth of information on catalytic and inhibitory
mechanisms [113-118]. In addition, site-directed muta-
genesis of GH1 enzymes with and without experimentally
determined structures has been done to test the roles of
various residues.

The GH1 enzymes may have rather broad glycone
specificity, for instance one enzyme may hydrolyze f-p-
glucosides, f[-p-fucosides, f-pD-mannosides, [3-D-galacto-
sides and o-L-arabinosides, or may be specific for one or a
few glycone sugars. Marana [128] analyzed GHI1 speci-
ficity and concluded that a conserved glutamate, which
bridges the glycone hydroxyl groups 4 and 6 in enzymes
with f-glucosidase and f3-galactosidase activities but is
replaced in 6-phosphoglycosidases, is critical for the dis-
tinction between enzymes. However, it still remains to be
determined how GH1 enzymes can be primarily f-gluco-
sidases or f-mannosidases or show different ranges of
allowed glycones, even though they bind the sugar with the
same conserved residues [38, 65, 109, 112]. It is worth
noting that binding of the aglycone has also been observed
to affect the sugar binding position [109, 129], so residues
more distant in the substrate binding pocket cannot be
excluded from playing roles in glycone specificity.

The basis of the tremendous diversity in function of
p-glucosidases, especially in plants, is the substrate agly-
cone specificity differences that determine their natural
substrates. Structures of complexes of enzymes with
inhibitors and mutant enzymes with substrates, along with
mutagenesis and chimera studies comparing similar
enzymes with divergent specificities, have suggested that
the basis of aglycone specificity is complex. Although this
includes mutagenesis and structural studies of human
cytoplasmic f-glucosidase [13, 130], the plant GHI
enzymes have served as the primary model, due to their
high diversity in aglycone specificity.

Maize ZmGlul and sorghum dhurrinase 1 (SbDhrl) are
closely related, displaying 70% amino acid sequence
identity, but have distinct specificities. ZmGlul has broad
specificity, but cannot hydrolyze dhurrin, the natural sub-
strate of SbDhrl, while SbDhrl hydrolyzes only dhurrin.
Studies of reciprocal ZmGlul/SbDhrl chimeric enzymes
[131] and subsequent structural and site-directed muta-
genesis studies [109-111, 129] indicated that the aglycone
specificity determining sites are different in ZmGlul and
SbDhrl. The structures of a catalytically inactive ZmGlul
mutant (GlulE191D) in complex with the natural substrate
DIMBOAGIc (Fig. 4a), its free aglycone DIMBOA, and
the unhydrolyzed competitive inhibitor dhurrin showed
that the aglycone moiety of the substrate is sandwiched
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between four aromatic residues, W378 on one side and
F198, F205, and F466 on the other [109]. The 7-methoxy
group of DIMBOA also has a hydrophobic contact with
A467. All of these residues, except W378, are variable
among fi-glucosidases that differ in substrate specificity,
which led to the conclusion that these sites and the active-
site shape are the basis of aglycone binding specificity in
p-glucosidases. In the case of Dhrl, the three phenylala-
nines are replaced with V196, 1203, and S462, and the
active site is smaller (Fig. 4b). A water-mediated H-bond
between the dhurrin phenolic hydroxyl and Dhrl S462
provides a more polar and stronger binding interaction than
seen in ZmGlul [109-111]. This apparently led to a more
stable 'S5 skew boat conformation of the glucosyl residue,
whereas in ZmGlul the conformation appeared to be var-
iable, leading to poor electron density around the anomeric
carbon. Mutagenesis of these aglycone-binding residues in
the Zm60.8 isoform of ZmGlul confirmed their importance
to hydrolysis of synthetic substrates [132].

Fig. 4 Active site configurations of maize f-glucosidase 1 (Glul, a)
and sorghum dhurrinase 1 (Dhrl, b). The active sites of maize Glul
and sorghum Dhrl enzymes are shown for the structures of the Glul
E189D mutant in complex with DIMBOA glucoside (PDB entry
1E56) and Dhr1 E191D mutant in complex with dhurrin (PDB entry
1VO3) [109, 111]. The sidechains of residues noted to interact with
the aglycone are shown in stick representation behind the active site
surface, which is colored as the underlying residues, which are
colored with carbon in yellow for Glul and purple for Dhrl, nitrogen
in blue, and oxygen in red. The ligands are shown in ball and stick
representation with similar coloration. The Phe 261 residue, which
narrows the active site in Dhrl, is also shown in front of the catalytic
nucleophile Glu 404. Figure created with Pymol
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However, the structural investigation of ZmGlul to
SbDhrl mutants and the subsequent structure of SbDhrl
and other GHI1 hydrolases showed that the above-men-
tioned variable residues alone cannot designate substrate
specificity [111, 131]. Although the Trp corresponding to
ZmGlul W378 is nearly invariable in other plant GH1
enzymes, its positional variation was found to be critical for
binding of substrates like dhurrin and strictosidine [81, 111,
131]. Even the closely related wheat f5-glucosidase (TaGlu)
was found to have different amino acids at the other agly-
cone-binding residues found in ZmGlul, despite the fact
that it also hydrolyzes DIMBOAGIc [52]. The oligosac-
charide binding site in rice BGlul runs out of the active site
in a different direction from that of DIMBOAGIc binding in
ZmGlul, so that L442, corresponding to ZmGlu F466,
makes no interaction with the substrate, while N190, cor-
responding to ZmGlu F205, interacts only indirectly ([112],
and PDB code 3F5K). Instead, N245 plays a key role in
binding to the third glucosyl residue in cellooligosaccha-
rides, while the corresponding residues in SbDhrl (F261)
and rice Os3BGlu6 (M251) appear to block off their active
sites, which do not bind to such long substrates [71, 111].
Thus, a different, though overlapping, set of active site
residues has been recruited to interact with the aglycone in
each GH1 p-glucosidase that has been investigated, in
contrast to the highly conserved glycone binding site.

Kinetic parameters for substrate hydrolysis

p-Glucosidases have variable kinetic parameters toward
their substrates. The K, values for natural substrates and
other good substrates are typically 1 mM or less, but these
values vary roughly 1,000-fold. Similarly, f-glucosidases
have relatively low k., values (~300 s~ ! or lower), which
may be physiologically beneficial in some roles, but one
must suspect the physiological relevance or the enzyme
preparation if these values are too low. Comparison of the
k../Kn (efficiency coefficient) values is generally used to
evaluate potential natural substrates, as two substrates with
similar K, values may have vastly different catalytic effi-
ciencies. It is instructive to look at the published values for
the hydrolysis of putative natural substrates by natural and
recombinant preparations of human cytoplasmic f-gluco-
sidases (Table 1). The plant-derived flavonoid luteolin
4'-glucoside and a synthetic fluorescent glycoceramide,
C6-NBD-GalCer, give similar efficiency coefficients,
although the former is hydrolyzed approximately five-fold
faster than the latter. The natural glycoceramides that have
longer acyl chains had much slower hydrolysis rates.
Nonetheless, it was shown that RNAi knockdown of the
cytoplasmic f-glucosidase resulted in an increase in gly-
coceramide concentrations, suggesting they may serve as
natural substrates in the cell [18].
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When f-glucosides with different efficiencies differ in
the leaving-group ability of their aglycones, the rate-lim-
iting step will be the glycosylation reaction, while either
the glycosylation or deglycosylation step, or both, might
be rate-limiting if substrates differ in the glycone. For
example, many f-glucosidases hydrolyze p-nitrophenyl-
p-p-fucoside (pNPFuc) with higher efficiency than
p-nitrophenyl-f-p-glucoside (pNPGIc). In the case of
maize f-glucosidases [50] and rice Os3BGlu7 [70], the K,
values are similar, and the V,,,, values for pNPFuc are
clearly higher, however, in Dalbergia isoflavonoid f-glu-
cosidases [46, 47, 133] and rice Os3BGlu6 [71], the V., is
similar or higher for pNPGIc and the K, is ten-fold lower
for pNPFuc.

Inhibitors and cofactors

p-Glucosidases are inhibited by transition-state sugar ana-
logues, substrate analogue glycosides, and free aglycones
of their substrates, as well as slowly hydrolyzed substrates,
such as the fluoroglucosides mentioned earlier. Structural
and thermodynamic analysis of 18 putative substrate ana-
logues suggested many may not act as true transition-state
analogues, but may nonetheless bind and inhibit 7. mari-
tima f-glucosidase [118]. Since the aglycone and glycone-
binding pockets in the active site are distinct, sugar analogs
shaped similar to the half-chair conformation of the tran-
sition state can bind to the glycone-binding site and inhibit
the enzyme, whereas free aglycones may bind to the
aglycone-binding site. Free glucose is a poor inhibitor
(typically K; = 100-200 mM) because glucose must be
distorted toward the half-chair conformation for binding to
the glycone-binding site, which is thought to require a
portion of the energy of aglycone binding. In contrast, free
aglycones can be potent competitive inhibitors because
they bind to the aglycone-binding site without energetically
unfavorable distortion.

Although most metal ions do not inhibit -glucosidases,
Ag" and Hg”>", are potent fS-glucosidase inhibitors, and
inhibition by Cu®" and Fe*™ has also been reported [134].
Although f-O-glucosidases are not known to require any
cofactors, ascorbate is known to enhance the activity of
p-S-glucosidases (myrosinases) by acting as a surrogate
catalytic base [135]. The chelation of Zn>" between the
monomers in the biological dimer of myrosinase suggests
that metal ions could act in stabilization of some GHI1
enzymes.

pH and temperature optima and stability
p-Glucosidases show a range of pH optima and stabilities,

depending on their source and amino acid sequence. The pH
optima of most f5-glucosidases range between pH 4 and 7.5,
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depending on their source and cellular location, and they
tend to be stable over a range of pH from 4 to 9. It is usually
safe to store these enzymes at 0—4°C at pH 7-8, once major
protease contaminants have been removed, but this should
be tested with each enzyme. As with other proteins,
pH extremes, copurifying proteases, and microbial con-
tamination may result in degradation, although many
p-glucosidases are resistant to proteases due to their tightly
folded core structure. Nonetheless, proteolysis can result in
recombinant proteins losing their purification tags and in
purified active enzymes appearing to have two subunits on
SDS-PAGE due to an internal cleavage that leaves the fold
intact, in the authors’ experience. Some ff-glucosidases are
resistant to denaturation by ionic detergents such as SDS,
which allows extraction with buffers containing up to 3%
SDS and zymogram development after SDS-PAGE when
samples are applied without heating.

Thermostability and temperature optima vary greatly
among enzymes. Mesophilic f-glucosidases may show
highest activity at 30-65°C, but are generally inactivated at
and above 55-70°C [46, 53, 58, 73]. High activity at
temperatures above the extremes of the enzyme’s natural
environment is not physiologically relevant and may result
in rapid heat denaturation, so assays are often run at
30-40°C. On the other hand, f-glucosidases from ther-
mophilic bacteria, such as 7. maritima BglA, may have
temperature optima of over 100°C [136]. Engineering of a
bacterial fS-glucosidase to have the same N-terminal and
C-terminal residues as 7. maritima BglA, allowed hydro-
gen bonding between these termini and stabilized the
enzyme, suggesting such interactions may be important for
high stability [137]. This thermostability is also thought to
be due to an increased number of proline residues, elec-
trostatic bridges, and internal water molecules, and binding
of more subunits in the quaternary structure compared to
many mesophilic enzymes [138].

Summary and future prospects

The description of f-glucosidases in this review is limited
in detail, due to the vast amounts of data that have been
generated in the last several years. Nonetheless, we hope
the reader will appreciate the wide variety of functions that
p-glucosidases play in nature, from biomass degradation by
microorganisms, to glycolipid and xenogenic f-glucoside
breakdown in animals, to roles in defense, phytohormone
regulation, cell wall metabolism, and secondary metabo-
lism in plants, where the f-glucosidases have attained their
greatest multiplicity and diversity of function. Although
p-glucosidases like sorghum SbDhrl can be very specific,
others show overlapping ranges of activities for multiple
substrates, such as the glucocerebrosidase and flavonoid
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p-glucosidase activities of human f-glucosidases. It seems
likely that S-glucosidases play many as yet undiscovered
roles, as well as potential for many applications.

Although the catalytic mechanism is well understood for
GH Clan A and GH3 f-glucosidases, the means by which
their exact substrate specificity is established has proven to
be divergent for even closely related f-glucosidases. This
and the high multiplicity of putative -glucosidase in plants
limit the conclusions that can be drawn from genomic
sequences as to the putative specificities and functions of
new f-glucosidase homologs. Nonetheless, the insights
gained from structural and mutagenic studies provide a
starting point from which to investigate the functions of
new [-glucosidases. As more substrate specificities and
structures are determined, it should become more feasible
to predict substrate specificity from the sequences of as yet
uninvestigated f-glucosidases.
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Abstract: Wild-type and variant crystals of a recombinant enzyme [(-D-glucan
glucohydrolase from barley (Hordeum vulgare L.) were obtained by macroseeding and
cross-seeding with microcrystals obtained from native plant protein. Crystals grew to
dimensions of up to 500 x 250 x 375 um at 277 K in the hanging-drops by vapour-
diffusion. Further, the conditions are described that yielded the wild-type crystals with
dimensions of 80 x 40 x 60 um by self-nucleation vapour-diffusion in sitting-drops at
281 K. The wild-type and recombinant crystals prepared by seeding techniques achived
full size within 5-14 days, while the wild-type crystals grown by self-nucleation appeared
after 30 days and reached their maximum size after another two months. Both the
wild-type and recombinant variant crystals, the latter altered in the key catalytic and
substrate-binding residues Glu220, Trp434 and Argl58/Glul61 belonged to the P432,2
tetragonal space group, i.e., the space group of the native microcrystals was retained in the
newly grown recombinant crystals. The crystals diffracted beyond 1.57-1.95 A and the cell
dimensions were between a =b = 99.2-100.8 A and ¢ = 183.2-183.6 A. With one molecule
in the asymmetric unit, the calculated Matthews coefficients were between 3.4-3.5 A*.Da’!
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and the solvent contents varied between 63.4% and 64.5%. The macroseeding and cross-
seeding techniques are advantageous, where a limited amount of variant proteins precludes
screening of crystallisation conditions, or where variant proteins could not be crystallized.

Key words: macro- and cross-seeding; wild-type and mutant protein; X-ray diffraction

1. Introduction

Plant B-D-glucan glucohydrolase enzymes are classified in the GH3 family of glycoside hydrolases
(http://www.cazy.org/) that currently includes nearly 3,000 entries [1]. The majority of these entries
represent nucleotide sequences obtained from sequencing of bacterial genomes. Almost all GH3
entries have two, three or more individually folded domains, while the spatial arrangement of the
domains varies [2,3]. A large proportion of the GH3 entries are enzymes that are variously annotated
as B-D-glucosidases, glucan-1,4-B-D-glucosidases, (1,3)-B-D-glucan exohydrolases, (1,3;1,4)-B-D-
glucan exohydrolases, exo-1,3-1,4-B-D-glucanases, N-acetyl-B-D-glucosaminidases, xylan-1,4-B-D-
xylosidases and a-L-arabinofuranosidases [1]. Although the GH3 family contains predominantly
enzymes, their substrate specificities have not been satisfactorily defined and the most of annotations
are based on sequence similarities with enzymes for which biochemical data are available [4].

We have focused our attention in the past upon the biochemical and structural characterization of
B-D-glucan glucohydrolases from higher plants, in particular on barley B-D-glucan glucohydrolase,
isoenzyme Exol (designated as HvExol). This enzyme was crystallized from a native plant source
obtained from barley seedlings [5], although the procedure for isolation of a crystallisable quality of
HvExol is both time consuming and technically challenging [6]. Over the past ten years several
structures (Protein Data Bank references 1EX1, 11EQ, 1IEV, 1IEW, 11EX, 1J8V, 1LQ2, 1X38, 1X39)
have been solved from the native HvExol crystals with substrate analogues and mechanism-based
inhibitors to explain the enzyme’s catalytic mechanism and substrate specificity [2,7-10]. However, a
few facets of catalytic and substrate binding mechanisms remain to be explained. To this end we are
interested in the specific roles of amino acid residues in the vicinity of the catalytic pair and how
specific structural determinants at the entrance of the catalytic pocket control spatial dispositions of
isomeric oligosaccharides entering the catalytic site. Further, we have been intrigued by so-called
substrate-product trafficking events at the mouth of the catalytic site [2,7]. Here, the glucose product of
the hydrolytic reaction, which is released from the non-reducing termini of substrates, remains bound
to the enzyme’s active site. However, when a new substrate molecule approaches the enzyme, the
glucose product diffuses away from the pocket and the incoming substrate enters the active site [4].
Both events are linked and a precise mechanism, how they proceed, is not known. We presume that the
incoming substrate binds in the vicinity of the active site and could, by some delicate mechanism,
instigate a product for new substrate interchange. We believe that this substrate/product interchange
event represents an ideal model system to study, how products and incoming substrates interact in
and/or near enzymes’ catalytic sites in general.

Recently, we have reported the high level expression of recombinant HvExol (designated as
rHvExol) from a codon-optimized HvExol ¢cDNA in protease-deficient Pichia pastoris under low
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temperature conditions [11]. We expect that rHvExol could be used as a suitable enzyme model to
study the roles of amino acid residues in catalysis and substrate specificity of this enzyme. To this end,
we prepared variants of wild-type rHvExol, altered (into Ala) in the key catalytic and substrate binding
residues Glu220, Trp434 and Argl58/Glul6l by site-directed mutagenesis [12]. From the available
structural data [2,7-10] we would expect that Glu220, Trp434 and Argl58 are surface exposed, while
Glulé61 is buried.

In the current work, we describe the techniques and conditions for preparation of the wild-type and
variant rHvExol crystals that showed excellent diffraction parameters. These crystals were prepared by
the macroseeding and cross-seeding techniques with microcrystals obtained from a native plant
protein. Seeding techniques have previously been used successfully in bio-macromolecular
crystallography [13]. The advantage of these techniques is that they use crystals that provide a
preformed, regular surface, onto which new molecules may be added in a regular fashion, generally at
a lower degree of supersaturation than is required for nucelation [13].

2. Results and Discussion
2.1. Protein Expression and Purification

Protein expression in P. pastoris at a temperature of 293 K, deglycosylation and purification yielded
near-homogenous recombinant rHvExol (Figure 1) with a molecular mass of 67,169 Da [11]. It is of
note that rHvExol contained at its NHj-terminus an 8x-His-tag and additional three Ala residues
flanking the 8x-His-tag (AHHHHHHHHAA). The Ala residues resulted from the ligation-based
cloning process, while the 8x-His-tag was added for protein purification purposes [11]. This 11-residue
tag was not removed from the rHvExol protein that was subjected to crystallisation trials. Expressed
rHvExol was catalytically competent with the catalytic efficiency value ke Ky = 14 mM s towards
4-nitrophenyl B-D-glucoside. This second-order rate constant was similar to that reported for native
fully N-glycosylated HvExol [14] and a recombinant N-deglycosylated form [11]. Further, the
biophysical properties of rHvVExol such as pH optimum and thermostability were also similar to those
reported for native or recombinant HvExol [11,14].

2.2. Protein Crystallisation

The concentrated rHvExol was subjected to four types of crystallisation trials (Figures 2 and 3). We
firstly set-up the microbatch under paraffin oil trials at 277 K and 287 K with the goal to screen
approximately 130 independent conditions, including those that were previously found to be successful
with a native plant enzyme [5]. These conditions (1.7 M ammonium sulfate, 75 mM HEPES-NaOH
buffer, pH 7, containing 7.5 mM sodium acetate and 1.2% (w/v) PEG 400) previously produced
crystals of native plant HvExol that belonged to the primitive tetragonal space group P432,2 and
yielded high-resolution diffraction patterns [2,5,7]. Nevertheless, despite intensive effort, no
diffraction-quality crystals grew, and after approximately 14 days only the formation of a highly
intricate interlaced web of thin needles of approximately 40-60 pum in their longest dimensions was
observed. Figure 2A and its inset show the appearance of these needles that grew from 1.6 M magnesium
sulfate at pH 6.5 and 277 K.
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Our second approach to growing the diffraction quality crystals led us to set-up close to 400 trials at
the Bio21 Collaborative Crystallisation Centre at 281 K and 293 K by a sitting-drop vapour-diffusion
method. After approximately 21 days at 281 K, we could observe formation of short thin
needle-shaped crystals that either remained dispersed throughout the droplets (Figure 2B) or formed
well-organised round balls (Figure 2C). However, after about a month, in some of the droplets with
needles (Figures 2B and 2C) truncated bi-pyramidal crystals formed, which reached dimensions of
80 x 40 x 60 um after about 97 days (Figure 2B). It was of note that these crystals were only observed
at 281 K in droplets with 1.6 to 2.2 M ammonium sulfate, containing 10 mM malate-MES-Tris buffer,
pH 5. These conditions were similar to the conditions that we found previously for native HvExol [5],
except that here the pH value of 5 was more acidic then that used previously (pH 7), and that the
protein concentration was almost twice as high (12.5 mg-mL™" versus 6.8 mg-ml™"). We expected that
these truncated bi-pyramidal crystals could belong to the tetragonal P452,2 space group found for the
native protein crystals [5], although at this stage we were not able to collect their diffraction patterns.
Notably, in an identical screen at a higher temperature of 293 K the bi-pyramidal crystals were not
formed, so it seemed that the temperature was a critical factor for crystal formation of rHvExol.
Thirdly, we also attempted to grow crystals by self-nucleation at 277 K by hanging-drop vapour
diffusion and using the conditions developed for native HvExol [5]. However, we could not observe
crystal formation within 180 days and rHvExol mostly precipitated or the drops remained clear.

Figure 1. SDS-PAGE profile of recombinant wild-type rHvExol (lane 2) used for
crystallisation by self-nucleation and macro- and cross-seeding using hanging-drop and
sitting-drop vapour-diffusion methods. The rHvExol protein (25 pg) was visualised with a
Coomassie Brilliant Blue stain. Protein standards (5 pL of the Precision Plus Protein
Standards’ stock) are indicated in lane 1.
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As no diffraction-quality crystals were obtained with the three crystallisation approaches described
above, we turned our attention to seeding at 277 K using a hanging-drop vapour-diffusion method that
was used successfully for preparation of large well-diffracting crystals of native HvExol [7-10]. We
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first examined, if we could use microcrystals obtained from native HvExol to seed the wild-type
recombinant rHvExol protein, despite the differences between the two proteins. These differences
included the 11 additional residues of the affinity tag at the NH,-terminus, as described above. Further,
the rHvExol protein was N-deglycosylated by endoglycosidase H, such that only one N-linked
N-acetyl-B-D-glucosaminyl residue [12] remained attached to each of the three N-glycosylation sites
Asn221, Asn498 and Asn600 [2,11]. Approximately 48 h after rHvExol was macroseeded with the
native microcrystals of the sizes between 10 x 5 x 7.5 um and 20 x 10 x 15 um, the original native
microcrystals started growing in size. The fully grown crystals of wild-type rHvExol reached
dimensions that varied between 100 x 50 x 75 pm (Figure 3B) and 500 x 250 x 375 um after 5 to 7
days and these crystals had a similar bi-pyramidal morphology as the native microcrystals (Figures
3A). Having succeeded in growing wild-type crystals, using native microcrystal seeds, we prepared
large recombinant crystals of three rHvExol variants, specifically Glu220Ala (Figure 3C), Trp434Ala
and of the double mutant Argl58Ala/Glul61Ala, also using native seed crystals. The newly grown
variant crystals reached sizes of 100 x 50 x 75 um (Figure 3C) to 500 x 250 x 375 um and showed a
similar bi-pyramidal morphology as the native microcrystals. The variant crystals grew slightly slower
and reached their maximum dimensions after 10-14 days.

Figure 2. Crystals of recombinant wild-type rHvExol grown by self-nucleation. Various
forms of crystals grown for 14 (A) and 97 (B-C) days using a microbatch-under-paraffin-
oil technique from 1.6 M magnesium sulfate, pH 6.5 at 277 K (A) or obtained using
sitting-drop vapour-diffusion from 1.8 (B) or 2.2 M (C) ammonium sulfate, both at pH 5
and 281 K. The crystals in (A) formed thin needles of approximately 40-50 pm in their
longest dimensions (inset), while in B and C short thin needles are shown that appeared
within 14 days and after another 30 days the truncated bi-pyramidal crystals grew that

reached dimensions of 80 x 40 x 60 um after 97 days.

2.3. X-ray Diffraction

Single wild-type and variant rHvExol crystals were cryo-protected and subjected to diffraction at
the MX1 beamline of the Australian Synchrotron. All of the X-ray diffraction data sets were virtually
complete beyond 1.57-1.95 A (Figure 4; Table 1). The HKL2000 indexing and systematic absences
calculated that the space groups of the wild-type and variant rHvVExol crystals were consistent with a
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primitive tetragonal space group P432,2 (Figure 4 and Table 1), and as expected, these space group
characteristics were similar to their native counterparts [2,7]. In line with these observations was our
previous finding that the native HvExol microcrystals of the sizes 20 x 10 x 15 pm diffracted beyond
2.80 A on an in-house rotating anode X-ray source and belonged to a primitive tetragonal space group
P452,2 [15]. Thus, our data are in agreement with other reports, where the space group characteristics
of macroseeds and fully grown crystals were identical [16-18], or that as a bonus, the resolution of the
newly grown crystals has improved [18]. On the contrary, other authors have reported that during
seeding trials mutant crystals often crystallized in different space groups than their macroseeds [19].

Figure 3. Microcrystals (10 x 5 x 7.5 um to 20 x 10 x 15 pm) of native HvExol (A) used
to grow the recombinant wild-type (B) and variant Glu220Ala (C) rHvExol crystals that
grew to their full-sizes within 5-14 days. The crystals obtained by seeding in hanging-

drops by vapour-diffusion grew to dimensions of up to 500 x 250 x 375 um at 277 K.

The best diffraction data, to 1.57 A were collected from the wild-type crystals, followed by the
Argl58Ala/Glul61Ala, Glu220Ala and Trp434Ala variants that diffracted to 1.65 A, 1.90 A and
1.95 A, respectively (Figure 4, Table 1). The lattice dimensions of wild-type and variant crystals varied
between a = b = 99.2-100.8 A and ¢ = 183.2-183.6 A, and there appeared to be one molecule in the
asymmetric units, according to the Matthews coefficient calculation [20]. The Matthews coefficients of
recombinant crystals were between 3.4-3.5 A’.Da™ with solvent contents of 63.4% to 64.5%. The
Rumerge Values of 5.6% to 10.1% were obtained with <I/c/(I)> of 37.0 to 71.2, whereas the multiplicity
of the individual datasets was well above 20 and varied between 26 to 29 (Table 1). It was of note that
the completeness for the highest resolution shells of the wild-type and Glu220Ala datasets was lower,
despite the high multiplicity and crystal symmetry, because the data were integrated into the corners of
the detector. Also, the mean <I/o/(I)> values for these datasets indicated that they actually diffracted to
higher resolution than that stated in Table 2. It was not surprising that the most favourable diffraction
statistics was obtained with the wild-type crystals that were seeded with the wild-type native
macroseeds (Figure 4 and Table 1).
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Table 1. Data collection statistics from the wild-type and variant rHvExol crystals,
calculated by the HKL2000 suite of programs.

Wild-type Glu220Ala Trp434Ala Argl58Ala/Glul61Ala
Unique reflections 119968 74171 64460 107601
Resolution * (A) 1.57 (1.6-1.57)  1.90 (1.94-1.90)  1.95 (1.98-1.95)  1.65 (1.68-1.65)
Mean multiplicity ab 29 (26) 27 (16) 27 (16) 26 (12)
Completeness ** (%) | 99 (86) 99 (88) 100 (100) 99.8 (98)
Mean <I/o/(I)> 71.2 (5.6) 54.8 (4.3) 37.0 (2.2) 58.7 (2.3)
Ruerge ™ (%) 6.7 (47) 8.9 (64) 10.1 (87) 5.6 (82)
a=b(A)¢ 99.2 100.2 100.1 100.8
c(A)¢ 183.5 183.2 183.6 183.2

*Numbers in parenthesis represent the values in the highest resolution shell.
® The numbers were rounded to no decimal place.
“Rinerge = 100[ Y (I-<I>)*/Y 1] is summed over all independent reflections.

4The numbers were rounded to the 1* decimal place.

Figure 4. X-ray diffraction patterns of the recombinant wild-type (A), and variant
Glu220Ala (B), Trp434Ala (C) and Argl58Ala/Glul61Ala (D) rHvExol crystals. The left

top insets show diffraction intensities to 1.59-1.89 A (A), 1.99-2.41 A (B and C) and
1.83-2.20 A (D).
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3. Experimental Section
3.1. Expression and Purification of Wild-Type and Variant Forms of rHvExol

Wild-type (GenBank accession No. GU441535) and variant codon-optimized cDNAs, encoding a
mature barley B-D-glucan exohydrolase I (HvExol) inserted in pPICZaBNHg expression vectors, were
expressed in P. pastoris, strain SMD1168H and purified by ion exchange, immobilized metal affinity
chromatography (IMAC), N-deglycosylation by endoglycosidase H and a second round of IMAC, as
described previously [11]. The variant forms included Glu220Ala, Trp434Ala and a double mutant
Argl58Ala/Glul61Ala, for which the constructions of the cDNA fusions will be described elsewhere
[12]. At the final purification step before crystallisation, the N-deglycosylated rHvExol wild-type and
variant enzymes were eluted from a BioGel-P100 size-exclusion column with 50 mM sodium acetate
buffer, pH 5.25 containing 200 mM NaCl and 1 mM dithiothreitol at a liner flow rate of 0.5 cm-h™.
The protein purities of the rHvExol fractions were analyzed by SDS-PAGE, using 12.5% w/v
polyacrylamide and bis-polyacrylamide gels and standard techniques [6]. The protein concentration
was estimated with a Bio-Rad protein assay kit (Bio-Rad Laboratories, Gladesville, New South Wales,
Australia) using bovine serum albumin (Sigma Chemical Company, St. Louis, MO, USA) as a
standard. The protein standards ‘Precision Plus Protein Standards’ used for SDS-PAGE were from
Bio-Rad Laboratories.

3.2. Enzyme Assays

The activities of pooled and concentrated (using 10 kDa cut-off centrifugal filter units (Millipore,
Bedford, MA, USA) wild-type and variant enzymes were assayed against 4-nitrophenyl
B-D-glucopyranoside (Sigma) in 50 mM sodium acetate buffer, pH 5.25.

3.3. Crystallisation of Wild-Type and Variant Forms of rHvExol

Near-homogenous N-deglycosylated wild-type and variant rHvExol proteins were concentrated to
12.5 mg-mL" in 20 mM sodium acetate pH 5.25 and filtered through a 0.22 pm filter (Millipore).
Screening of crystallisation conditions was performed by four experimental approaches. Firstly, initial
crystallisation conditions were screened using a microbatch under paraffin oil technique. Here,
1 uL of precipitant solutions and 1 pL of the solution containing 12.5 mg-mL™" of rHvExol were added
into 10 pL of 100% Paraffin oil (Hampton Research, Aliso Viejo, CA, USA) that was previously
dispensed in microbatch 72 well Greiner (Terasaki style) plates (Hampton Research). The formulations
of Crystal Screen 2, Crystal Screen Lite and Grid Screen Ammonium Sulfate (Hampton Research)
were used as precipitants and the crystals grew at 277 K or 287 K in a vibration-free crystallographic
cabinet (Molecular Dimensions, Suffolk, UK). Secondly, crystallisation trials were set-up robotically
(Phoenix Nano-Dispenser, Art Robbins Instruments, Sunnyvale, CA, USA) in sitting drops, in which
300 nL droplets of rHvExol were mixed with the same volumes of precipitants and crystal growth
proceeded at 281 K and 293 K at the Bio21 Collaborative Crystallisation Centre (CSIRO, Parkville,
Australia) [21]. The precipitants from the PSS 1 Com5 and PS gradient-mid range formulation
screens were used, whereas both screens were prepared in-house at the Bio2l Centre
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(http://www.csiro.au/c3/Facility/c3 centre robotic crystal.htm), following the recommendation from
Emerald BioSystems (Bainbridge Island, WA, USA) for the first screen and those reported by
Newman [22] for the second screen. The PSS 1 Com5 screen uses the inorganic precipitants such as
sulfates, chlorides, citrates and phosphates, but also 2-methyl-2,4-pentanediol, glycerol and
polyethyleneglycols (PEGs) in the pH ranges of 5-8.7. On the other hand, the PS gradient-mid range
formulation relies on ammonium sulfate and sodium malonate as precipitants in a 10 mM malate-
MES-Tris buffer system in the pH ranges of 4.5-9 [22]. Thirdly, attempts were made to grow crystals
under the conditions developed for native HvExol at 277 K using a hanging-drop vapour diffusion
method [5]. Lastly, and most importantly, the rHvExol crystals were grown in hanging drops at 277 K
that were seeded with the native HvExol microcrystals prepared as described previously [5]. The sizes
of the microcrystals for the latter conditions varied between 10 x 5 x 7.5 um and 20 x 10 x 15 um. The
hanging drops were prepared at 277 K as follows. The volume of 4 to 6 uL of rHvExol at
12.5 mg-mL" was added to 4 puL of the precipitant solution A (100 mM HEPES-NaOH buffer pH 7,
2.4% (w/v) PEG 400, 1.6 M ammonium sulfate) on 22-mm siliconized circular glass cover slips
(Hampton Research). A few microcrystals of native HvExol were transferred into the hanging drop
with a cat whisker. Here, the whisker gently touched the surface of a macroseed stock of native
HvExol and subsequently the whisker was swiftly immersed into a new rHvExol drop. The cover slips
with the seeded hanging drops were placed over 1 mL of reservoir solutions (1.7 M ammonium sulfate
in 50 mM HEPES-NaOH buffer, pH 7) contained in the 24 well Linbro plates (Hampton Research),
and the wells were sealed with vacuum grease (Dow Corning Corporation, Midland, MI, USA).
Crystals from the seeded drops appeared within 5-14 days and were suitable for X-ray data collection.
The crystals were photographed through a Leica Laser Microdissection microscope (Leica, North
Ryde, Australia) equipped with fluorescence and differential interference contrast.

3.4. X-ray Data Collection and Processing

Single enzyme crystals with the longest dimensions of 100 to 500 um were cryo-protected in
20% (v/v) glycerol concentration in solution A (as specified above in Section 3.3.) [10] and flash
cooled in the cold N; stream at the beamline MX1 of the Australian Synchrotron. X-ray diffraction
data sets were collected at 0.5° oscillations (1 sec exposures) through 360° on the ADSC Quantum
210r Detector [23]. The data were processed with the HKL2000 suite of programs [24].

4. Conclusions

In summary, excellent X-ray diffraction data were obtained from the recombinant wild-type and
variant rHvExol crystals grown by seeding from a native plant source protein in hanging-drops by
vapour-diffusion. The recombinant crystals grew relatively fast and within 5-14 days reached
dimensions of up to 500 x 250 x 375 um. The fully grown recombinant crystals retained the space
group characteristics of their native macroseeds and diffracted beyond 1.57 A to 1.95 A. As reported
for other proteins, this technique could be valuable, where a limited amount of variant proteins is
available precluding crystallisation trials, or where variant protein forms could not be crystallized. We
project that cross-seeding using native protein as a source of microcrystals could be successfully used
for generation of large recombinant wild-type and variant crystals that could potentially yield high



Int. J. Mol. Sci. 2010, 11 2768

resolution diffraction patterns. Lastly, the diffraction data collected from the wild-type and variant
rHvExol crystals reported here could be used successfully for structure solution. The structural data are
currently being prepared for publication [12].
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ABSTRACT: Predominantly, rice Os3BGlu7 operates as a f-p-glucosidase (EC 3.2.1.21), while barley HvBII
acts as a f-p-mannosidase (EC 3.2.1.25). Saturation transfer difference nuclear magnetic resonance (STD
NMR) and transferred nuclear Overhauser effect (trNOE) spectroscopy in conjunction with quantum
mechanics/molecular mechanics (QM/MM) modeling and docking at the 6-314+G* level were used to
investigate binding of S- and O-linked gluco- and manno-configured aryl-f-p-glycosides to Os3BGlu7 and
HvBII. Kinetic analyses with 4-nitrophenyl 5-p-thioglucoside (4NP-S-Glc) and 4-nitrophenyl 5-p-thioman-
noside (4NP-S-Man) indicated that the inhibitions were competitive with apparent K; constants of 664 and
710 uM for Os3BGIu7 and 95 and 266 uM for HvBII, respectively. The STD NMR and trNOESY
experiments revedled that 4NP-S-Glc and 4NP-S-Man bound weakly in *C, conformatlons to Os3BGlu7;
4NP-S-Glc adopted *Ss (B3 o) or 'S (**B) conformations, and 4NP-S-Man preferred *C, geometry, when
bound to HvBII. The QM modeling and docking, based on GLIDE scores, predicted that 4NP-O-Glc, 4NP-
O-Man, and 4NP-S-Man bound preferentially in 'S5 geometries to both enzymes, contrary to 4NP-S-Glc that
could also adopt a *C, conformation, although in a “flipped-down” ring position. The experimental and
computational data suggested that in glycoside recognition and substrate specificity of Os3BGlu7 and HvBII,
a combination of the following determinants is likely to play key roles: (i) the inherent conformational and
spatial flexibilities of gluco- and manno-configured substrates in the enzymes’ active sites, (ii) the subtle
differences in the spatial disposition of active site residues and their capacities to form interactions with
specific groups of substrates, and (iii) the small variations in the charge distributions and shapes of the

catalytic sites.

The glycoside hydrolase GH1 family includes enzymes with
approximately 20 known substrate specificities (1), including
p-p-glucosidases (EC 3.2.1.21), 6-phospho-f-p-glucosidases (EC
3.2.1.86), p-p-mannosidases (EC 3.2.1.25), f-p-galactosidases
(EC 3.2.1.23), 5-p-glucuronidases (EC 3.2.1.31), and others (2).
A detailed examination of the substrate specificity of the barley
p-p-glucosidase isoenzyme SII (HVBII) (3, 4), also designated
HvfMannosl (5), revealed that it exhibits a marked preference
for manno-oligosaccharides and that the rate of hydrolysis
increases with the degree of polymerization of both cello- and
manno-oligosaccharides (3—6). Hence, the substrate specificity and
action patterns of HvBII are characteristic of an oligosaccharide
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exohydrolase, rather than of an enzyme with a preference for low-
molecular mass cello-oligosaccharides. Similar conclusions were
drawn for an Os3BGlu7 B-p-glucosidase from rice (also called
BGlul), although binding energies at individual subsites differ
somewhat (6, 7). Both plant enzymes are capable of catalyzing
transglycosylation reactions with 4NP-O-Glc' (3, 4, 6, 7), but not
with 4NP-O-Man. The presence of an extended series of subsites in
these two plant fS-p-glycosidases indicates that their biological

' Abbreviations: CAZy, Carbohydrate-Active enZymes; DP, degree
of polymerization; CORCEMA, Complete Relaxation and Conforma-
tional Exchange Matrix; DPFGSE, double pulse field-gradient spin-
echo; EA, catalytic nucleophile; EB, catalytic acid/base; ESP, electro-
static potential; GH, glycoside hydrolase; HDO, hydrogen/deuterium
water; ISPA, isolated spin-pair approximation; NOEs, nuclear Over-
hauser effects; PDB, Protein Data Bank; rmsd, root-mean-square
deviation; QM/MM, quantum mechanics/molecular mechanics; STD
NMR, saturation transfer difference nuclear magnetic resonance;
trNOESY, transferred nuclear Overhauser effect spectroscopy; 1D,
one-dimensional; 2D, two-dimensional; 3D, three-dimensional; 4NP,
4-nitrophenyl; 4NP-O-Glc, 4-nitrophenyl S-p-glucopyranoside; 4NP-
O-Man, 4-nitrophenyl -p-mannopyranoside; 4NP-S-Glc, 4-nitrophe-
nyl -p-thioglucopyranoside; 4NP-S-Man, 4-nitrophenyl S-p-thioman-
nopyranoside.
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functions could lie in the hydrolysis of longer oligosaccharides,
possibly derived from cell wall (1,3;1,4)-glucans and (1,4)-
p-D-(gluco)mannans (3—6, §).

Substrate hydrolysis in the GH1 family proceeds with reten-
tion of anomeric configuration in a two-step double-displace-
ment catalytic mechanism (9). The catalytic event advances with
participation of a pair of glutamate residues, a catalytic acid/base
and a catalytic nucleophile. The exceptions to this rule in the GH1
family are plant myrosinases, for example, that from Sinapsis
alba (10), which do not have proton donors. Most information
about the catalytic mechanism of the GH1 S-p-glucosidases has
been derived from chemical modification (77, 12), mutagen-
esis (/3), molecular modeling (3, /4), or X-ray diffraction studies
(e.g., refs 15 and 16). The catalysts in a range of 5-p-glucosidases
were determined using mechanism-based inhibitors; e.g., the
catalytic nucleophile in the Agrobacterium sp. p-p-glucosidase
(17) and rice Os3BGlu7 (16) were identified with 2’.4'-dinitro-
phenyl 2-deoxy-2-fluoro-S-p-glucoside, while conduritol B
epoxide was used with the Aspergillus wentii f-p-glucosidase (18)
and barley HvBII (3). In the HVBII enzyme, the two catalytic
amino acid residues, Glu179 and Glu386, are positioned near the
bottom of the substrate-binding pocket and are separated by
approximately 5—6 A, although it is not clear how the nonredu-
cing end of the substrate is preferably recognized versus the
reducing end by the active site residues (3). It is also not apparent
how the remainder of the substrate dissociates from the active site
after glucose is cleaved, to provide sufficient space for the product
to diffuse out of the pocket.

Approximately 30 unique three-dimensional (3D) structures
or molecular models (/) have been reported for the GH1 enzymes
that fold into (8/a)g barrel projections. In contrast to the open
cleft structures of endohydrolases, plant and microbial [-p-
glucosidases align their glycosidic substrate in dead-end fun-
nels (3, 19). The substrates are brought into juxtaposition with
the catalytic pairs close to a glycosidic linkage at the nonreducing
terminal residue (8, 15, 20). Much attention has been devoted to
dissecting structural features that are responsible for glycon and
aglycon substrate specificities in the GH1 group of enzymes (e.g.,
refs 8, 12, 15, and 20). However, despite this effort, so far we have
not been able to dissect what precise conformations the gluco-
and manno-configured substrates adopt in bound states in the
active sites of plant GH1 f-p-glucosidases and S-pD-mannosi-
dases, what transition states develop during their catalytic cycles,
and what structural determinants underlie the substrate specifi-
cities of these two closely related 5-p-glycosidases.

One approach that has previously been fruitful for descriptions
of hydrolase—glycoside interactions is to use thio analogues
that mimic natural substrates (e.g., refs (2/—23)). In the work
presented here, we have used the S-linked gluco- and manno-
configured aryl-f-p-glycosides and the GH1 enzymes Os3BGlu7
from rice and HvBII from barley. These enzymes represent two
types of 5-p-glycosidases with distinct substrate specificities; i.e.,
these catalysts prefer to hydrolyze [-p-glucosides and S-p-
mannosides, respectively (3, 4, 6, 7, 24). But contrary to employ-
ing X-ray crystallography as an experimental tool that has been
used in the majority of previous studies, here we interchangeably
used saturation transfer difference nuclear magnetic resonance
(STD NMR) with transferred nuclear Overhauser effect (trNOE)
spectroscopy, in conjunction with predictive computational
quantum mechanics/molecular mechanics (QM/MM) calcula-
tions. The approaches specified above determined that O- and
S-linked gluco- and manno-configured aryl-S-p-glycosides
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adopted a range of conformations. The resultant data are dis-
cussed in relation to the substrate preferences of the Os3BGlu7
and HvBII enzymes.

EXPERIMENTAL PROCEDURES

Materials. 4-Nitrophenyl -p-glucopyranoside (4NP-O-Glc)
and 4-nitrophenyl S-p-mannopyranoside (4NP-O-Man) were
obtained from Sigma Chemical Co. (St. Louis, MO), and 4NP-
S-Glc and 4NP-S-Man were prepared through the published
organo-synthetic procedures for 1-thioglycosides (25). The source
of all other chemicals was specified elsewhere (4, 6).

Cloning, Heterologous Expression, and Purification. The
cDNAs encoding Os3BGlu7 and HvBII were subcloned into the
pET32a expression vector encoding a thioredoxin folding partner
protein (Novagen, Madison, WI), at the Ncol and X#ol restriction
sites as described previously (6). The HvBIT and Os3BGlu7 cDNAs
encoding mature proteins corresponded to the EU807965 and
U28047 sequences, respectively. Protein expression was conducted
after chemical transformation in Escherichia coli Origami(DE3)
cells (Novagen) and selection on Luria-Bertani agar containing 50
ug/mL ampicillin, 15 ug/mL kanamycin, and 12.5 ug/mL tetra-
cycline. The selected clones were induced for 8 h at 20 °C with 0.3
mM isopropyl 5-p-thiogalactopyranoside as previously described
(24). The Os3BGlu7 and HvBII enzymes were synthesized as Hisg-
tagged fusion proteins that were purified by immobilized metal
affinity chromatography using a Talon resin (Invitrogen Life
Technologies, Carlsbad, CA). The NH,-terminal thioredoxin-His
tags were removed by digestion with enterokinase (New England
Biolabs, Beverly, MA) (6, 26). The recombinant enzymes were
reconstituted in 50 mM sodium acetate buffer at their pH optima,
ie., at pH 5.0 for Os3BGlu7 and pH 4.0 for HvBII (6, 7).

Kinetic Constants and Inactivation by Thio Inhibitors.
Kinetic constants of Os3BGlu7 and HvBII were determined as
previously detailed (6). The reaction mixtures contained 0.038—
1.5 mM (0.2—3 times the K, value) 4NP-O-Glc or 0.042—3.81
mM (0.2-3 times the K, value) 4NP-O-Man, 0.016% (w/v)
BSA, and 2—4 pmol (24—48 nM) of Os3BGlu7 or HvBII in 50
mM sodium acetate buffer at pH 5.0 or 4.0, respectively. The
enzyme inactivation constants were determined using 0—600 uM
4NP-S-Glc or 4NP-S-Man. Each inhibitor was tested at four
concentrations that were 0.4—3 times the individual K; (dissocia-
tion constant of the enzyme—inhibitor complex) values. The
reactions were developed with 2 M Na,COs;, and the amount
of 4-nitrophenol (4NP) released was measured in microtiter
plates using a PolarStar Optima Plate Reader (BMG LabTech,
Offenburg, Germany). The enzyme activity was monitored at
405 nm, and the K; values were determined from Dixon plots
(inhibitor concentrations vs 1/v). Substrate hydrolyses during
incubations never exceeded 10% of their initial concentrations,
and kinetic constants were determined in triplicate at 30 °C.
Hydrolytic and inhibition parameters were calculated by non-
linear regression of the Michaelis—Menten curves with Grafit
version 5.0 (Erithacus Software, Horley, Surrey, U.K.).

STD NMR. STD NMR experiments were performed in a
phosphate buffer of two different pH values as specified below
(D,0, uncorrected for isotope effects), between 290 and 300 K
without saturation of a residual HDO (hydrogen/deuterium
water) signal at 4NP-S-Glc or 4NP-S-Man to enzyme molar
ratios between 20:1 and 50:1. A train of Gaussian-shaped pulses
of 50 ms for each measurement was employed, with a total
saturation time of the protein envelope of 2 s and a maximum B1
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field strength of 50 Hz. An off-resonance frequency (0) of 40 ppm
and an on-resonance frequency (0) of —1.0 ppm (protein aliphatic
signal region) were applied. In all cases, the line broadening of
inhibitor protons was monitored. In each case, the intensities were
normalized with respect to the strongest response, which always
corresponded to one of the H2 protons. The STD NMR experi-
ments were repeated twice and the results averaged.

For the nuclear Overhauser effects (NOEs) in free states,
selective experiments that employed a double-pulse field-gradient
spin-echo (DPFGSE) module were conducted. NOE intensities
were normalized with respect to the diagonal peak at zero mixing
time. Selective 7 measurements were performed on anomeric
and several other protons to obtain the values mentioned above.
Experimental NOEs were fitted to the double-exponential func-
tion f{t) = po(e "")(1 — e "), as described previously (27, 28),
where po, p1, and p, are adjustable parameters. The initial slope
was determined from the first derivative at time zero [f{0) = popa].
Interproton distances were obtained from the initial slopes by
employing the isolated spin-pair approximation (ISPA).

The trNOESY experiments with HvBII were performed with
freshly prepared mixtures containing HvBII and 4NP-S-Glc or
4NP-S-Man inhibitors, at approximately 30:1 molar ratios, in 20
mM phosphate buffer (pH 5.0) (near the pH optimum), with
mixing times of 50, 100, 150, and 200 ms (28), resulting in final
thio inhibitor concentrations of approximately 2—3 mM. No
purging spin-lock period was employed to remove the NMR
signals arising from the HvBII background, because typically the
background signals are not observed with large proteins such as
HvBIL. First, line broadening of the inhibitor protons was
monitored after the addition of the enzyme. The theoretical
analysis of the trNOEs of 4NP-S-Glc or 4NP-S-Man protons was
performed using Complete Relaxation and Conformational
Exchange Matrix (CORCEMA), and a relaxation matrix with
exchange as described previously (28). Varying exchange rate
constants were employed to obtain optimal matches between the
experimental and theoretical results of the methylene protons of
4NP-S-Glc or 4NP-S-Man at the C6 atoms, which could be
separated by a fixed distance of 1.8 A. The overall correlation
time (t.) for the free states of inhibitors was always set to 50 ps for
the monosaccharides, while 7, was set to 10 ns for bound states.
To fit the experimental trNOE intensities, off-rate constants
between 100 and 10005~ ' were tested. An optimal agreement was
achieved for a ko of 100—300 s~ .

Interactions of Os3BGlu7 with 4NP-S-Glc and 4NP-S-Man
were investigated as described above, except that 20 mM Tris-
HCI buffer (pH 8.0) or 20 mM phosphate buffer (pH 6.0) (near
the pH optimum) was used, to avoid protons in NMR spectra in
the latter case. The other experimental details used were as
specified for HvBII.

All spectra were recorded between 290 and 300 K on a Bruker
AVANCE 500 MHz spectrometer, equipped with a triple-channel
'H, N, "*N gradient probe and processed with the Topspin
Bruker software.

Homology Modeling of HvBII. A rice p-p-glucosidase
Os3BGlu7 [PDB entry 2RGL (/6)] was used as a structural
template. The template sequence was aligned with that of HvBII
using ClustalW (29), and the alignment was checked manually to
maintain the integrity of secondary structure elements (30). The
levels of sequence similarity and identity between HvBII and
2RGL were 92 and 66%, respectively. The structurally aligned
sequences were used as input parameters to generate 200 models
of HvBII with Modeler 9v2 (31). The top five models with the

Biochemistry, Vol. 49, No. 40, 2010 8781

lowest value of the Modeler 9v2 Objective Function were assessed
by the DOPE module of Modeler 9v2, and the model with the
most favorable value was chosen for evaluation. The overall G
factors (estimates of stereochemical parameters) in both coordi-
nate files, assessed by PROCHECK (32), were 0.31 and 0.04 for
2RGL and HvBII, respectively, with 99.8 and 0.2% of the resi-
dues in the favored, additional, and generously allowed regions
and disallowed regions, respectively. WHATIF (33) evaluated
the packing environment in the structures and returned quality
control values of —0.97 and —0.77 for 2RGL and HvBII, respec-
tively, while Verify 3D (34), which scores the fitness of protein
sequences in their 3D environment, showed that 98.3% (2RGL)
and 97.7% (HvBII) of the residues had an acceptable 3D—1D
score. The z score values (35) reflecting combined statistical
potential energy for 2RGL and HvBII were —11.59 and —12.38,
respectively. The rmsd value in the Ca positions between the
model and its template was 0.147 A over 470 residues, from a
total of 474 and 479 residues in 2RGL and HvBII, respectively, as
determined with Stamp (36). Surfaces of Os3BGlu7 and HvBII
were calculated with PyMol (37) with a probe radius of 1.4 A,
electrostatic potentials with the Adaptive Poisson—Boltzmann
Solver (the dielectric constants of the solvent and solute were 80
and 2, respectively) (http://apbs.sourceforge.net/) implemented
in PyMol as a plugin, and mapped on the protein molecular
surfaces. The overall buriedness parameters of the HvBII and
2RGL active site funnels were calculated by the PocketPicker
plugin (38) in PyMol. Molecular graphics were generated
with PyMol and the Maestro graphical interface within the
Schrodinger software suite (39).

Computational Docking of 4NP-O- and 4N P-S-Glyco-
sides. Twelve starting structures for 4NP-Glc, 4NP-Man, 4NP-
S-Glc, and 4NP-S-Man were constructed (39). For 1-O- and 1-S-
gluco- and -mannopyranosides, three ring conformations were
considered, namely, 'S; ("“B) (1B, 2B, 3B, and 4B), *S5 (B o) (1S,
28, 38, and 4S), and 4C1 (1C, 2C, 3C, and 4C). All 12 structures
were fully optimized using the DFT/M05-2X method (40—42) at
the 6-31+G* basis. The electrostatic potential (ESP) charges
fitted to the atom centers were calculated at the same level of
theory that was used for the optimized structures. Calculations
were conducted using Jaguar (39).

The 12 optimized structures of 5-p-glycosides were docked in
the active sites of the crystal structure of Os3BGIu7 (PDB entry
2RGM) and the HvBII model. The preparation of proteins for
docking consisted of the following steps. First, both protein
structures were reduced to single monomeric units, and water and
bound inhibitor molecules were removed. The protein prepara-
tion utility within the Schrodinger suite was used to add hydrogen
atoms, explicitly define disulfide linkages, and assign protonation
states of residues. The structures of both proteins were minimized
through 1000 cycles with MacroModel (39) using the OPLS-AA
force field (43). The last structures from minimizations were
selected for the calculation of the ESP charges for the residues in
the active sites utilizing the hybrid QM/MM approach, as imple-
mented in the QSite subroutine (39). For this purpose, the DFT/
MO05-2X method with the lacvp basis set was used for calcula-
tions, over the QM region that consisted of residues within an
~4 A radius around the —1 subsite. The MM part contained the
remainder of the proteins that were treated with an OPLS-AA all-
atom force field approximation. The QM/MM boundaries
were treated with a hydrogen capping approach. Both proteins
were assigned charges from the QM/MM calculations that were
used to construct the grid models for docking. The docking sites



8782  Biochemistry, Vol. 49, No. 40, 2010

Kuntothom et al.

Table 1: Kinetic Constants for Hydrolysis and Inhibition by Os3BGlu7 and HvBII

K (mM) keat 571 keakn " (57! mM ™ K; (uM) AG (kJ mol™")

0Os3BGlu7

4NP-0O-Gle 0.23 £ 0.02 7.90 + 0.4 351+ 1.0

4NP-O-Man 1.30 + 0.1 1.32+0.05 1.01£0.02

4NP-S-Gle 664.3+64.4 —18.4

4NP-S-Man 7103+ 115.1 -18.3
HvBII

4NP-O-Gle 0.50 + 0.03 0.50 & 0.07 1.040.05

4NP-O-Man 0.25 £ 0.01 3.10+0.02 12.7+0.2

4NP-S-Gle 94.7416.8 -233

4NP-S-Man 2659+ 57.2 -20.7

“Rounded to a single decimal digit, when higher than 1.0. Data from refs 6 and 7. “Calculated according to the equation AG = —RT In(1/K;) (59).

were restricted to a cube with a 12 A radius around the active site;
no additional constraints were defined, and all 12 S-p-glycosides
structures were docked into the active sites of both enzymes. The
GLIDE program from the Schrodinger suite (39, 44) was used to
calculate and evaluate descriptors for docking fitness. The
resultant complexes were inspected for proper orientations and
distances of bound substrates with respect to the corresponding
active site residues.

RESULTS

Kinetic Parameters for Inhibition by 3-p-Thioglycosides.
The parameters K; and AG resulting from measurements of
inhibition kinetics of rice Os3BGIu7 and barley HvBII with
4NP-S-Glc and 4NP-S-Man are listed in Table 1. The values of
the K; constants varied between 95 and 710 x 10~® M with both
enzymes, and the thioglycosides exhibited competitive-type inhi-
bition (data not shown). Hence, the v = (V0 S)/[Kin(1 + I/K;) +
S] equation was used for calculations of K; constants. The AG
values of inactivation for HvBII with 4NP-S-Glc and 4NP-
S-Man were approximately 2—5 kJ/mol more favorable than the
respective values for Os3BGlu7. This difference represented a small
but significant variation between the two enzymes (Table 1). Table 1
also contains the k., and K, values for hydrolysis of 4NP-O-Glc
and 4NP-O-Man that were previously determined (4, 6, 7), but for
comparison to our work, these constants are included. The catalytic
efficiency factor for Os3BGlu7 with 4NP-O-Glc was ~35-fold
higher than that for 4NP-O-Man (6, 7), while for HvBII, this
second-order rate constant (ke Km ') was ~13-fold higher with
4NP-O-Man than with 4NP-O-Glc (Table 1).

STD and trNOESY NMR Investigations. As a first step,
the conformations of free thio inhibitors 4NP-S-Glc and 4NP-
S-Man were investigated (Figure 1). The analysis of vicinal
proton—proton coupling constants permitted deduction of the
exclusive existence of *Cy(D) chair conformations for both
inhibitors in solution, as expected. In these cases, NOE experi-
ments were performed to measure the cross relaxation rates that
could be correlated with interproton distances. Positive NOEs
were obtained at a variety of mixing times from 200 to 1000 ms
(Figure 1), as expected for small molecules that display fast
tumbling in solution. Excellent agreement was found between
the experimentally estimated distances from NOE signals and
those measured for the MM 3*-minimized *C,(D) 4NP-S-Glc and
4NP-S-Man chair geometries (data not shown).

The STD NMR experiments with HvBII permitted the
unambiguous deduction of that the enzyme recognized both
inhibitor molecules, because clear STD signals were observed for
all the protons in 4NP-S-Glc and 4NP-S-Man (Figure 2; the data
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FIGURE 1: Nuclear Overhauser effects observed for free 4NP-S-Glc.
(A) The 500 MHz NMR spectrum of 4NP-S-Glc in a free state.
Overlapping of H2 and H4 occurs at the high field signal (6 3.40).
(B) NOE enhancements (mixing time of 600 ms) measured upon
inversion of an anomeric signal (0 4.98). Positive NOEs at the ortho-
4NP, H5, H3, and H2/4 protons are clearly observed. (C) Expansion of
the ring sugar protons, showing that the signal for the HI—H5 NOE
was slightly larger than that for the H1—H3 proton pair. The latter pair
was significantly larger than that for the H1—H2/4 proton pair. The
observations were valid for all mixing times between 200 and 1000 ms.

shown for 4NP-S-Glc). Because of the small size of the thio inhi-
bitors, a clear quantitative definition of the inhibitor epitopes was
not attempted, as it was expected that the entire ring of thio-
glycosides would be recognized by HvBII. Here, a small transfer
of saturation to the hydroxymethyl protons was observed with
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FiGurE 2: Binding of 4NP-S-Glc to HvBII. (A) The 500 MHz NMR
spectrum of 4NP-S-Glc in the free state. The arrows indicate the
positions of the H1—HS5, HI—H3, and H1—H2/4 proton pairs. The
overlapping of H2 and H4 occurred at a high field signal (6 3.40).
(B) Section of the NOESY spectrum showing the NOE enhancements
(mixing time of 600 ms) measured upon inversion of the anomeric
signal of free 4NP-S-Glc (0 4.98). Positive NOEs at the HI—HS5,
H1—H3, and H1—H2/4 proton pairs were observed. The NOE signal
for the HI—HS5 proton pair was slightly larger than that for the
H1—H3 proton pair, which was significantly larger than that for the
H1—H2 proton pair. (C) Section of the trNOESY spectrum (4NP-
S-Glc:HvBII molar ratio of 30:1, mixing time of 100 ms) showing the
trNOE enhancements measured upon inversion of the anomeric
signal of free 4NP-S-Glc (0 4.98). (D) Negative NOEs at the HI—
H3 and HI—H2/4 proton pairs. The signal for the HI—HS proton
pair was weaker and the signal for the HI—H3 proton pair similar to
that of the H1—H2/4 proton pair.

both thio inhibitors, while strong STD signals were observed for
the 4NP protons, indicating that this moiety also binds to the
HvBII active site (Figure 2A,B; the data shown for 4NP-S-Glc).

Further, strong and negative trNOESY cross-peaks were
observed for both inhibitors at a 30:1 ligand:enzyme molar ratio
(Figure 2C) with the 100 ms NOE mixing time, as well as at other
regimes of 50—200 ms (data not shown). The data for 4NP-S-Glc
contrasted with those of 4NP-S-Glc in a free state, where the
NOE cross-peaks were positive (cf. Figures 1 and 2). This change
from positive to negative cross-peaks upon addition of the
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enzyme again indicated binding and that, importantly, these
trNOESY experiments could be used to deduce the conforma-
tions of bound 4NP-S-Glc and 4NP-S-Man. A CORCEMA-
based full-relaxation matrix analysis of the cross-peaks was
performed to deduce the experimental proton—proton distances
in the bound state, and these cross-peaks were then compared
with those that were estimated for all possible chair and skew
boat conformers of both inhibitors (Table S1 of the Supporting
Information). It was evident that for 4NP-S-Glc, the relative
cross-relaxation rates (o) were rather different from those
observed in a free state. Here, the o values were measured for
the H1—H2 pair (01,), and the data indicated that these values
were similar to oy3 but were larger than o5 (Table S1 of the
Supporting Information). These observations contrasted with
those obtained for free 4NP-S-Glc. In this case, 015 was larger
than o3, which in turn was 2-fold larger than ;,. On the basis of
these data, we concluded that, in the state bound to HvBII, 4NP-
S-Glc could adopt a geometry for which the interproton HI—H2
distance was similar to the H1—H3 distance but was shorter than
that between the HI and HS5 protons. These analyses suggested
that a conformational change of the six-member ring of 4NP-
S-Glc had occurred upon binding to HvBII, and thus, the 4NP-
S-Gle inhibitor in the bound state no longer adopted a *C; chair
conformation (Table S1 of the Supporting Information).

In contrast, 4NP-S-Man bound to HvBII had very similar
relative cross-relaxation rates for the key proton pairs oy, 013,
and o5 (Table S2 of the Supporting Information). Essentially,
identical cross-relaxation rates were observed for both free and
bound states, although they had different signs, a negative one for
a bound state and a positive one for a free state. This quantitative
data suggested that, in principle, no changes in the interproton
distances occurred in 4NP-S-Man, when bound to HvBII, and
thus no significant conformational geometry changes from the
ground *C, conformation occurred during the molecular recog-
nition by HvBII (Table S2 of the Supporting Information).

The nature of the distortion of the pyranose ring of 4NP-S-Glc
upon binding to HVBII was assessed by comparison of the
experimental interproton distances of bound 4NP-S-Glc with
those measured in the MM3*-minimized geometries of the
pseudorotational itinerary of 4NP-S-Glc. Here, we considered
two extreme chair geometries, “C,(D) and 'C4(D), and five skew
boat conformers, 082, 1S3, 3 Ss, 4SO, and 1S5. Obviously, a chair
conformation could not explain the observed NOE enhance-
ments and the corresponding cross-relaxation rates (Table S1
of the Supporting Information). The best match between the
observed and computed distances was found for the *Ss skew
boat conformer (Table S1 of the Supporting Information and
Figure 3A), although given that there were intrinsic uncertainties
for the trNOESY experiments and for the conversion of the
cross-relaxation rates into distances, the existence of the 'Ss
geometry for bound 4NP-S-Glc could not completely be excluded
(Figure 3B). It was characteristic to observe that, for the S5 and
'S geometries, the anomeric C—S bond adopted a pseudoaxial
orientation with a proper orientation for the aglycone moiety to
depart. The same pseudoequatorial arrangement was also
adopted by the hydroxyl groups at the C2, C3, and C4 atoms
of the glucose ring. The major difference between the 'S and *Ss
conformers of 4NP-S-Glc is in the orientation of the C6 hydro-
xymethyl group, which is pseudoaxial for the *Ss conformer and
pseudoequatorial for the 'Sy geometry (Figure 3A,B).

The analogous STD NMR and trNOESY analyses for 4NP-
S-Man showed that no major distortion occurred upon binding
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to HvBII, because the estimated interproton distances were in full
agreement with those computed for the *C,(D) chair conformer
(Figure 3C). Our findings indicated that the data obtained for
4NP-S-Man could function as an “additional internal reference
point” for validating the conclusions deduced for the conforma-
tional changes of bound 4NP-S-Glc, given that both experiments
were performed under identical experimental conditions.

The STD experiments with Os3BGlu7 interacting with 4NP-
S-Gle provided weak transferred signals (data not shown). These
experiments proceeded in 20 mM Tris-HCI buffer at a pH value
of 8.0 that was similar to the pH value at which the crystal
structure of Os3BGlu7 was determined [PDB entry 2RGL (/6)].
A high magnetization transfer was observed only for the aro-
matic ring protons, while the peaks in the carbohydrate part of
4NP-S-Glc were barely visible. Also, the two-dimensional (2D)
trNOESY method did not provide cross-peaks for the 4NP-S-Glc
bound to Os3BGlu7 at a molar ratio of 20:1 or 50:1. We have
further investigated 1D selective NOESY on H1 of the glucose
residue using different mixing times; however, no NOESY peaks
were observed in the carbohydrate or aromatic regions of the
spectra (data not shown). Hence, we concluded that a rather
weak binding of 4NP-S-Glc to OS3BGIu7 could be responsible
for a lack of measurable signals. These conclusions were sup-
ported by the weak K; constant (664 uM) for binding of 4NP-
S-Glc to Os3BGlu7 (Table 1).

One of the reasons that explains why we did not detect the
measurable NOE signals with Os3BGlu7 and 4NP-S-Glc at
pH 8.0 could be that at this particular pH value, the enzyme’s
affinity for the thio inhibitor could be low. Hence, the measure-
ments were repeated at pH 6.0 in 20 mM phosphate buffer,
whereas under these conditions, the pH value was closer to the
pH optimum of 5.0 of Os3BGlu7 (7). Nevertheless, under these
conditions, Os3BGlu7 unexpectedly hydrolyzed 4NP-S-Glc to a

A 385 4NP-S-Glc B

183 4NP-5-Glc C  4Cq 4NP-S-Man

FIGURE 3: Geometries of 4NP-S-Glc and 4NP-S-Man bound to
HVBII, as identified by STD NMR. 4NP-S-Glc is shown in the S5
(A) and 'S; (B) conformations, while 4NP-S-Man is in the *C,
conformation (C).
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small extent, as evidenced by the appearance of new spectral
peaks that corresponded to hydrolytic products of 4NP-S-Glc
(data not shown). Hence, it could be concluded that with
0Os3BGlu7, 4NP-S-Glc should be cautiously used as a substrate
mimic for investigations of binding interactions.

To investigate binding of 4NP-S-Man to Os3BGlu7, the
experimental approach used for binding of 4NP-S-Glc to Os3B-
Glu7 was adopted, where we first used 20 mM Tris-HCI buffer
(pH 8.0) and then 20 mM phosphate buffer (pH 6.0). The STD
and transferred NOESY experiments conducted at pH 8.0 with
4NP-S-Man and Os3BGlu7 produced better signals at a molar
ratio of 50:1 than at 20:1 (data not shown). A major saturation
transfer was again observed on the aromatic protons, followed by
the HI and H2 protons of the mannosyl residue (data not
shown). As indicated in Figure 4, in 20 mM phosphate buffer
(pH 6) using 1D selective trNOESY conditions, the cross-peaks
from HI to H2, H3, and H5 exhibited the same intensity, as seen
for the free inhibitor. These data suggested that no major
distortion of the mannosyl *C, chair ring had occurred.

OM Modeling and Docking Simulations. The geometry
optimizations of the starting 'S, *Ss, and *C, conformers of the
O- and S-linked 4NP-Glc and 4NP-Man were conducted at the
MO05-2X/6-31+G* level of theory, and the calculations yielded
the p-p-glycoside conformers in their local minima (Figure 5).
The optimized values of selected bond lengths, bond angles, and
dihedral angles and ESP partial charges of conformers are sum-
marized in Table S3 of the Supporting Information. A compar-
ison of the structural features of the O- and S-linked 4NP-Glc and
4NP-Man conformers revealed that the glycosides displayed the
following structural characteristics. The ESP partial charge on
the anomeric carbon of the O-linked glycosides was less negative
than the charges on the S-linked glycosides, ranging from 0.36 to
0 for the O-linked versus 0.05 to —0.51 for the S-linked glyco-
sides. Further, the ESP charge on the glycosidic linkage atoms
was less negative for the S-linkage (—0.01 to —0.24) than for the
O-linkage (—0.29 to —0.54). The partial charge of the endocyclic
oxygen was similar for both types of glycosides (—0.36 to —0.53
and —0.22 to —0.40 for the O- and the S-linked glycosides,
respectively). The lengths of the C1—-O1 linkages in the O-linked
glycosides were approximately 0.4—0.5 A shorter than the lengths
of the C1-SI linkages. Hence, the distances in the O-linked
glycosides were between 1.41 and 1.44 A, while the same distances
in the S-linked glycosides were between 1.85 and 1.92 A (Table S3
of the Supporting Information). The same trend was observed for
the lengths of the O1—C7 linkages, which were shorter by approxi-
mately 0.44 A than the lengths of the S1—C7 linkages (Table S3 of
the Supporting Information). The calculated C1—X1—C7 angles

FiGure 4: Binding of 4NP-S-Man to Os3BGlu7 at a molar ratio of 10:1. In the 2D spectrum, the circled cross-peaks between the anomeric proton
and the H2, H3, and H5 protons of 4NP-S-Man showed similar intensities, suggesting that the glycoside was bound in the *C; conformation.
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D 183 (4B) 4NP-S-Man
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4C1 (1C) 4NP-O-Gle

4C1 (2C) 4NP-S-Glc

FIGURE 5: Optimized pyranose ring conformations of the gluco- and manno-configured aryl-glycosides in their local minima that were used for
docking: (A) 4NP-O-Glcin 'S5 (1B), *s5(1S) and ‘c,(10); (B) 4NP-S-Glcin 1S5 (2B), *S5(2S), and *C; (2C); (C) 4NP-O-Man in 'S; (3B), >S5 (39),
and *C; (3C); and (D) 4NP-S-Man in 'S5 (4B), 3Ss (4S), and *C; (4C). The contours denote surfaces and their electrostatic potentials derived from

the ESP charges.

of the glycosidic linkages also varied significantly, whereby the
C1-S1—-C7 bond angles were sharper by as much as 21—30° than
the C1—O1—C7 angles. The values were between 87° and 95° for
the C1—S1—C7 angle and between 116° and 118° for the C1-O1—
C7 angle (Table S3 of the Supporting Information). The minima
around the C1—X1 linkages of all aryl-glycoside conformers,
predefining their dihedral angles ©, ®, and W, corresponded to the
synclinal (sc) orientations of the phenyl groups with respect to
the pyranose rings, and to the antiperiplanar (ap) orientations at
the C2 atoms, in agreement with the exoanomeric effect (45).
Twelve optimized aryl-glycosides in 'S5, °Ss, and *C, geome-
tries, that is, 4NP-O-Glc in 1B, 1S, and 1C, 4NP-S-Glc in 2B, 28,
and 2C, 4NP-O-Man in 3B, 3S, and 3C, and 4NP-S-Man in 4B,
48, and 4C, were docked in the active sites of Os3BGlu7 and
HvBII, using GLIDE (Table 2 and Figures 6—8). As expected for
a glico-O-configured aryl-glucoside, the 'Sy conformer, also
known as the '“B (1B) skew boat conformer, fitted most
favorably in Os3BGlu7 and HvBI], as supported by the GLIDE
score values of —7.2 kcal/mol in both instances; these scores were
the highest from all conformers for both enzymes (Table 2). The
predicted affinities for the 3S5 conformer, also known as B3 (1)

and *C, (1C) conformers of 4NP-O-Glc, were between —5.2 and
—06.0 kcal/mol for Os3BGlu7 and HvBII (Table 2). However,
a similar GLIDE score value was predicted for the 'Sy (2B) (—6.7
keal/mol) and *C; (2C) (—6.8 kcal/mol) conformers of 4NP-
S-Gle docked in Os3BGlu7. Here the difference between the 'S,
and “C, conformers of 4NP-S-Glc was smaller than the precision
of the scoring function. Therefore, on the basis of the GLIDE
scores, we concluded that the 'Ss (2B) or *C; (2C) conformers of
4NP-S-Glc could equally be fitted in Os3BGlu7 (Table 2). On the
other hand, for 4NP-S-Glc bound to HvBII, the higher scores
were predicted for the 'Sy and *C, conformers (—5.8 and —5.7
keal/mol, respectively) than for the *Ss conformer (—4.9 kcal/
mol). Similarly, for the manno-configured aryl-glycosides, the
best predicted score values were obtained for the 'Sy conforma-
tions. In the case of 4NP-O-Man in 'S; (3B), the binding to
Os3BGlu7 was slightly more favorable than that to HvBII, with
scores of —7.3 kcal/mol versus —6.9 kcal/mol, while 4NP-O-Man
in the °Ss and *C; conformers bound less favorably, with
affinities of —6.3 kcal/mol for Os3BGlu7 versus —35.6 kcal/mol
for HVBII, and —5.5 kcal/mol for Os3BGlu7 versus —5.4 kcal/
mol for HvBII (Table 2). The predicted affinities for 4NP-S-Man
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Table 2: Summary of Docking of 4NP-O-Gle ('S, *Ss, and *C; or 1B, 1S, and 1C), 4NP-S-Glc ('S, *Ss, and *C; or 2B, 28, and 2C), 4NP-O-Man ('S5, *Ss, and
4C, or 3B, 38, and 3C), and 4NP-S-Man ('S, *Ss, and “C; or 4B, 4S, and 4C) in Os3BGlu7 and HvBII, Illustrating the Relative Conformational “Strain”
Energy (AE) of Docked Conformers at the M05-2X/6-31+G* Level of Theory

GLIDE score d (Cl---Ogp") d* (01/S1+++Ogg") d* (HO,- - -Ogg") strain energy (AE")

0s3BGlu7 HvBII 0s3BGlu7 HvBII 0s3BGlu7 HvBII 0s3BGlu7 HvBII 0s3BGlu? HvBII
1B —7.24 -7.15 3.19 2.89 3.64 3.42 1.61 3.20 17.21 18.31
1S —6.02 —5.34 3.51 3.33 3.47 3.16 1.60 1.46 30.90 2.72
1C —-5.82 —5.20 5.13 5.02 4.38 4.02 7.27 3.39 24.05 16.45
2B —6.66 -5.77 4.67 4.66 4.32 4.03 437 3.14 26.30 26.83
28 —6.43 —4.86 4.64 3.48 3.40 3.37 7.08 1.50 26.58 33.80
2C —6.76 —5.74 3.84 4.82 4.37 4.90 7.25 3.85 23.30 24.29
3B -7.28 —6.89 3.33 3.00 4.22 3.69 4.10 3.01 30.44 26.10
3 -6.33 —5.57 3.87 3.40 3.89 3.23 4.49 3.12 21.21 14.84
3C -5.51 —5.36 4.39 4.92 3.51 3.87 4.8 2.46 25.61 21.80
4B -7.56 -17.26 3.10 2.95 3.59 3.27 1.47 1.56 1531 22.46
48 -5.97 —5.70 4.96 4.40 3.13 4.46 421 5.20 26.39 15.66
4C —6.61 —5.68 4.42 4.72 5.93 3.14 5.01 1.70 27.35 26.38

“Lengths (d) in angstroms and GLIDE scores and strain energies (AE) in kilocalories per mole. “EA denotes the catalytic nucleophile residues Glu386 in
0s3BGlu7 and Glu389 in HvBII, and EB denotes the catalytic acid/base residues Glul76 in Os3BGlu7 and Glul79 in HvBII.

‘4
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FIiGURE 6: Predicted binding positions of 4NP-O-Glc in the active sites of Os3BGlu7 (A) and HvBII (B). The positions of 4NP-O-Glc (A) [left
panel, in 'S5 (cpk); middle panel, in 'S5 (cpk) and 3Ss (cpk cyan); right panel, in 'S5 (cpk) and *C, (cpk green)] were predicted by GLIDE. The
separations between the catalytic nucleophiles E386 (Os3BGlu7) and E389 (HvBII) and acid/base residues E176 (Os3BGlu7) and E179 (HvBII),
and the O1 and C1 atoms in 4NP-O-Glc, respectively, are shown as yellow and black dashes. Blue dashes indicate separations between the O atom
of the 4NP group and the nearest amino acid residue. Blue and red patches indicate electropositive and electronegative areas contoured at +5
and —10kT/e, respectively. Electrostatic potentials were calculated with Adaptive Poisson—Boltzmann Solver implemented in PyMol.

in the *C, (4B) conformer were very similar to those of 3B
with both enzymes, whereas the highest values of —7.6 kcal/
mol (Os3BGlu7) and —7.3 kcal/mol (HvBII) were calculated
for 4NP-S-Man in the 'Sy conformer. The GLIDE scores of
4NP-S-Man in the *S5 conformer with Os3BGlu7 (—6.0 kcal/
mol) and HvBII (—5.7 kcal/mol) ranked relatively close to
each other, although 4NP-S-Man bound in the “C, conformer

was more favored for Os3BGlu7 (—6.6 kcal/mol) than HvBII
(—5.7 kcal/mol).

To evaluate the predicted orientations of docked gluco- and
manno-configured O- and S-linked 4NP-glycosides, closer inspec-
tions that are summarized in Figures 6—8 were conducted. The
best docking positions of 4NP-O-Glc in the 'S (1B) geometry
indicated that the pyranose rings were located in the intermediate



Article

Biochemistry, Vol. 49, No. 40, 2010 8787

Tl Ve W

- Wass

FiGure 7: Predicted binding positions of 4NP-S-Glc in the active sites of Os3BGlu7 (A) and HvBII (B). In panel A, the positions of 4NP-S-Glc in
(left) 'S5 (cpk), (middle) 'S5 (cpk) and Ss (cpk cyan), and (right) 'S5 (cpk) and *C, (cpk green) were predicted by GLIDE. The separations between
the catalytic nucleophiles E386 (Os3BGlu7) and E389 (HvBII) and acid/base residues E176 (Os3BGlu7) and E179 (HvBII), and the S1 and C1
atoms in 4NP-S-Glc, are shown as yellow and black dashes, respectively. Blue dashes indicate the separations between the O atom of the 4NP

group and the nearest residue.

-

FiGURrEe 8: Stereoviews of predicted binding positions of 4NP-O-
Man and 4NP-S-Man in the active sites of Os3BGlu7 (A) and HvBII
(B). The positions of 4NP-O-Man (cpk) and 4NP-S-Man in the *C;
conformer (cpk cyan) were predicted by GLIDE. The separations
between the catalytic nucleophiles E386 (Os3BGlu7), and E389
(HvBII) and acid/base residues E176 (Os3BGlu7) and E179
(HVBII), and the O1 (S1 for 4NP-S-Man) and C1 atoms in 4NP-
mannosides, respectively, are shown as yellow and black dashes. Blue
dashes indicate the separations between the O atom of the 4NP group
and the nearest residue.

positions in the active sites of both enzymes and formed networks
of hydrogen bonds with the surrounding residues (Figure 6). The
4NP aglycon of 4NP-O-Glc in 'S; was in a favorable orientation in
the aromatic/hydrophobic funnel, although it did not stretch
through its entire length (Figure 6A, right panels). The distances
between the anomeric carbons of 4NP-O-Glc and one of the
oxygen atoms of the catalytic nucleophiles (EA) Glu386 and
Glu389 were 3.2 and 2.9 A in Os3BGlu7 and HvBII, respectively.
The predicted C1—Ogy distances in the complexes of Os3BGlu7
and HvBII with 4NP-O-Glc in the 'S conformer (black dashes in
Figure 6A,B, left panels) suggested that the anomeric carbons were
positioned optimally for nucleophilic attacks by the oxygen atoms
of catalytic nucleophiles. Further, the glycosidic oxygens in 'S,
were in the reasonable proximities of the catalytic acid/base
residues (EB) Glul76 and Glul79, with O1—Ogp distances of
3.6 and 3.4 A in Os3BGlu7 and HvBII, respectively. In addition,
the hydrogen atoms of the C2-OH groups pointed to the oxygen
atoms of the catalytic acid/base residues. The separations between
the protons and the oxygen atoms of EB (HO2—Ogp) were 1.6 and
3.2 A for Os3BGlu7 and HvBII, respectively. However, in the case
of HvBII, the hydrogen atom was rotated toward Glu389, forming
a strong hydrogen bond that was shorter than the HO2—Ogp
distance of 3.2 A. These rather short distances suggested that
exceptionally strong hydrogen bonds were formed between the
participating atoms that may potentially stabilize the enzyme—
substrate complex and contribute to the higher affinity of the 'S,
conformer of 4NP-O-Glc to both enzymes, as predicted by
GLIDE (Table 2). It was also clear from Table 2 that the affinities
of 4NP-O-Glc in the *Ss and *C; geometries were less favorable.
Here, the distances between the catalytic residues and C1, O1, and
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C2-OH were significantly longer (Table 2). It was remarkable to
observe that the 4NP aglycons of 4NP-O-Glc in the *Ss and *C,
geometries stretched further through the pocket than that of the
'S, conformer; in particular, the 4NP aglycon of the “C; con-
former stretched all the way through the length of the HvBII active
site (cf. Figure 6A,B, middle and right panels). While the confor-
mational penalty of the 'Sy conformer was by only 1 kecal/mol
lower for Os3BGlu7 than for HvBII, the penalties of the *Ss and
*C, conformers of 4NP-O-Glc were clearly higher for HvBIL with
energy differences of 8.2 and 7.6 kcal/mol, respectively (cf. AE
values in Table 2, rows 3 and 4).

In Os3BGlu7, GLIDE predicted a different binding mode for
4NP-S-Glc in the 'Sy geometry (Figure 7). In this instance, the
predicted position of the pyranose ring of 4NP-S-Glc overlapped
well with that of 2-deoxy-2-fluoroglucoside, observed in the
crystal structure of Os3BGlu7 (16). However, upon comparison
of the positions of the pyranose rings of 4NP-S-Glc with that of
4NP-O-Glc in the 'S; geometries in both enzymes, the pyranose
rings of the S-linked 4NP-glycoside were slightly “out of align-
ment” in the active sites (Figures 6 and 7, right panels). More-
over, it could be observed that unlike the 'Sy geometry of 4NP-
O-Glc, the 'Sy conformer of 4NP-S-Glc in Os3BGlu7 adopted a
more “equatorial-like” orientation for the glycosidic linkage with
respect to the pyranose ring. However, in HvBII, the *Ss and *C,
geometries of 4NP-S-Glc had the glycosidic linkages in equatorial
orientations with respect to the pyranose rings, and these linkage
orientations seemed to be optimally predisposed for hydrolysis
(Figure 7). Here, the distances between C1 of 4NP-S-Glc in 'S,
and O atoms of the catalytic nucleophiles stretched to 4.7 Ain
both enzymes, and the distances between S1 of 4NP-S-Glc and O
atoms of catalytic acid/base residues were 4.3 and 4.0 A for
Os3BGlu7 and HvVBII, respectively. Further, the distances be-
tween the C2-OH groups of 4NP-S-Glc and the O atoms of
catalytic acid/base residues were 4.4 and 3.1 A in Os3BGlu7 and
HvBII, respectively (Table 2). In summary, the distances between
the C1 and S1 atoms of 4NP-S-Glc in 'S5 (2B) conformer and the
catalytic residues in both enzymes were significantly longer than
those between the C1 and O1 atoms of 4NP-O-Glc in the 'S5 (1B)
conformer (Table 2).

Clear differences in the binding of 4NP-S-Glc in the *Ss
geometry were observed between Os3BGlu7 and HvBII (Table 2
and Figure 7, middle panels). In Os3BGlu7, the participating
respective distances of 4.6 and 3.4 A between the EA and EB
catalysts and the C1 atoms of 4NP-S-Glc in *Ss were slightly
shorter than those for the 'Sy conformer. Further, the pyranose
ring of 4NP-S-Glc in the *S5 conformer adopted a “ﬂlpped down”
orientation compared to that of 4NP-O-Glc in 'S,, as demon-
strated by the HO2—Ogp distance of 7.1 A (Table 2). Notably, this
conformation posed steric limitations for the interactions between
the C1 atom of 4NP-S-Glc in S5 and the O1 atom of Glu386 in
0Os3BGlu7. On the other hand, the C1 atom in the HvBII complex
with 4NP-S-Glc in the *Ss geometry showed a better associative
power with EA and EB than 4NP-S-Glc in the 'S; geometry. Here,
the corresponding C1—Oga, S1—Ogg, and HO2—Ogp distances
were 3.5,3.4,and 1.5 A, respectively (Table 2). However, the large
conformational penalty of 34 kcal/mol for the HvBII complex
with 4NP-S-Glc in the *Ss geometry most likely contributed to a
low GLIDE score of —4.9 kcal/mol for this docking position
(Table 2). Finally, binding of 4NP-S-Glc in the *C; geometry to
both enzymes resulted in scores similar to those that were
calculated for 4NP-S-Glc in the 'Sy conformer, although these
conformations again adopted the flipped-down pyranose ring
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orientations. The latter orientations produced longer separations
between the C1 atom of 4NP-S-Glc and the O atoms of the EA
and EB catalysts and also generated steric hindrances between C1
of 4NP-S-Glc and EA in both enzymes (Figure 7, right panels).

The binding modes of the *C; conformers of 4NP-O-Man and
4NP-S-Man in Os3BGlu7 and HvBII that were predicted by
GLIDE are illustrated in Figure 8. The stereoviews of binding
modes revealed that the two manno-configured O- and S-linked
4NP-glycosides adopted very different positions in both enzymes,
although the 4NP aglycon moieties of 4NP-O-Man and 4NP-
S-Man overlapped reasonably well. As illustrated in Figure 8B,
the binding modes of manno-configured O- and S-linked 4NP-
glycosides in HvBII were almost identical, while in Os3BGlu7,
the 4NP aglycons adopted different orientations (Figure 8A).
Compared to the 'Sy mannose geometry, the pyranose rings of
4NP-O-Man in the *C, geometry in both enzymes adopted
flipped-down orientations, where the C1—Oga, O1—Ogg, and
HO2—-Ogp distances were 4.4 and 4.9 A 3.5and 3.9 A, and
43and 2.5 A in Os3BGlu7 and HvBII, respectively. The confor-
mational penalty of 4NP-O-Man in the *C; conformer favored
the HVBII complex over that of Os3BGlu7, as illustrated by the
energy difference of nearly 4 kcal/mol (Table 2). On the other
hand, the *C; conformer of 4NP-S-Man scored slightly better
with both enzymes, although the binding modes were dissimilar.
In Os3BGlu7, 4NP-S-Man in the *C; conformer adopted an
orientation that was similar to that of 4NP-O-Glc in the 'S,
conformer, and where the C1 and S1 atoms interacted weakly
with EA and EB, as denoted by the C1—Oga, S1-Ogp ,and
HO2—-Ogg distances of 4.4, 5.9, and 5.0 A, respectively (Table 2).
However, in HvBII, although the C1 atom of 4NP-S-Man in *C,
interacted weakly with EA at a C1—Ogy distance of 4.7 A the S1
atom and the C2-OH group of 4NP-S-Man formed strong inter-
actions with EB with S1—Ogp and HO2—Ogp distances of 3.1
and 1.7 A, respectively. Hence, in the HVBII complexes with
4NP-O-Man and 4NP-S-Man in the *C; geometry, the axial
hydroxyl groups in the C2 positions and the oxygens of EB
formed strong interactions, as indicated by their respective
separations of 1.7 and 2.5 A (Table 2 and Figure 8). Noteworthy
is the fact that the conformational penalty with 4NP-S-Man in
4C, was similar for both Os3BGlu7 and HvBII, regardless of the
separations between the axial hydroxyl groups in the C2 positions
and the EB oxygens (Table 2).

DISCUSSION

A detailed knowledge of binding of -p-glycosides has para-
mount importance for understanding of hydrolytic processes.
Naturally, the deduction of molecular features of glycosidase—
substrate complexes is a complex task as substrates are trans-
formed into products at fast rates. To dissect how binding of
p-p-glycosides proceeds at atomistic levels and in particular what
specific sugar geometries participate during hydrolysis, mechanism-
based inhibitors and substrate analogues have been used to
mimic natural glycoside substrates (46). In other approaches,
variant enzymes containing mutated active site residues have
been employed (e.g., ref 47). The information gained from these
studies is critical for glycosidase inhibitor design that has
applications in a wide range of biotechnologies, including food
and dietary fiber processing and production of pharmaceuticals,
nutraceuticals, paper, pulp, wood, and biofuels.

There is mounting evidence that enzymes recognize substrates
with a preferential conformational selection mechanism and that
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in the absence of substrates, a dynamic equilibrium exists between
substrate-free and substrate-bound configurations (48). It has been
suggested that the most realistic information for substrate binding
events is obtained with probes resembling putative transition
states (46, 49). Here, binding of transition-state probes is linked
to energy gains, resulting from binding of high-energy conformers
on a transition-state itinerary of hydrolytic enzymes, where
oxocarbonium ion-like-shaped intermediates have been suggested
to play key roles (/7). These events have been investigated predo-
minantly by X-ray diffraction (e.g., refs /5 and (5052)), although
STD NMR techniques have contributed significantly (27, 28, 53).

Against this background, the goal of our study was to shed
light on the structural basis of binding of S- and O-linked gluco-
and manno-configured aryl-f-p-glycosides to the Os3BGlu7 and
HvBII enzymes that preferentially hydrolyze f-p-glucoside and
p-p-mannoside substrates, respectively (3—7). Our aim was also
to understand how chemical and structural features in substrates
and enzymes’ active sites underlie the substrate specificity of
these enzymes that are classified in the GH-A clan of CAZy
classification (7).

We first determined and compared kinetic parameters of
inhibition (K;) and hydrolysis (K;,,) with S- and O-linked gluco-
and manno-configured aryl-p-p-glycosides (Table 1). The com-
parisons of the kinetic data of HvBII and Os3BGlu7, using the
corresponding O-glycoside substrates, revealed that the observed
trends in K; values of the thio analogues did not necessarily follow
those in the K, values. For example, with Os3BGlu7, where both
thio inhibitors were almost equally effective, the K, values for
4NP-O-Glc and 4NP-O-Man differed by a factor of ~6. This
conclusion was also valid for HvBII, where, while 4NP-S-Glc was
nearly 3-fold more potent than 4NP-S-Man, the K, value for the
O-linked glucoside was 2 times higher than that for 4NP-O-Man
(Table 1). Overall, the inhibition experiments clearly demon-
strated that HvBII was far more sensitive to the inhibition by
4NP-S-Glc and 4NP-S-Man than Os3BGlu7 and that the K,
and K; values with O- and S-linked gluco- and manno-configured
aryl-p-p-glycosides could not be correlated.

To reconcile the differences in binding of the O- and S-linked
aryl glycosides that serve as respective substrates and inhibitors in
Os3BGlu7 and HvBII, STD NMR and trNOESY investigations
coupled with QM/MM modeling and docking experiments were
undertaken. Here, we aimed to investigate precise conformations
of S-linked gluco- and manno-configured aryl-$-p-glycosides in
bound states, and if the distortions from the *C, ground states
could be observed by STD NMR and trNOESY spectroscopy.
These studies were complemented with predictive molecular
modeling approaches. We surmised that these two approaches
could provide useful insights, in particular, when crystal struc-
tures of inhibitor—ligand complexes are not available. The
former technique has become a powerful tool in recent years
for the characterization of binding of mechanistic probes to
proteins (e.g., refs 27 and 28) and relies on saturation transfer
from protein to ligand molecules. Thus, when a protein is selec-
tively irradiated, the ligand between bound and free forms also
becomes saturated in a bound state. Subtraction of the spectra
acquired with off-resonance irradiation readily reveals confor-
mations of a bound ligand, and the differential STD effects
within a ligand molecule provide the information about the
proximity of individual protons present in the vicinity of a
protein. The advantage of this technique is that it is rapid and
does not require isotope labeling of proteins or excessively large
quantities of protein.
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The STD NMR and trNOESY experiments were set up in
several stages. As previously shown (28), when ligands bind
weakly and when exchange rates between free and bound states
occur at reasonably fast rates, trNOESY signals could provide
adequate means for determining conformations of glycosides.
After the S-linked gluco- and manno-configured aryl-5-p-glyco-
sides were incubated with HvBII, strong negative NOE cross-
peaks were observed, indicating binding of inhibitors to the
enzymes, in contrast to the free states of inhibitors. Via the
trNOESY experiments with HvBII, we could unambiguously
deduce conformational changes of the six-member rings of 4NP-
S-Glc and 4NP-S-Man. Upon comparison of the experimental
interproton distances of bound 4NP-S-Glc with those measured
in the MM3*-minimized geometries, we concluded that 4NP-
S-Glc adopted the S5 or 'Sy skew boat geometry, while 4NP-
S-Man did not deviate from a starting low-energy *C; geometry.
The analogous STD NMR and trNOESY analyses for 4NP-
S-Glc and 4NP-S-Man bound to Os3BGlu7 were also performed
and showed that both thioglycosides remained in the ground *C;
conformations and that major saturation transfers were observed
only on aromatic protons. The latter conclusions were supported
by inhibition kinetics indicating that both S-p-thioglycosides
were rather weak inhibitors (Table 1). The existence of no major
contacts with the enzyme, in principle, suggests that no distortion
of the ring is taking place upon binding. Further, the lack of
observable NOESY cross-peaks for the sugar part during binding
of 4NP-S-Glc and 4NP-S-Man to Os3BuGlu7 may also suggest
that future experiments with other inhibitors such as S-alkyl or
S-benzyl derivatives are necessary and will ultimately clarify if
the distortions of 4NP-S-glycosides upon binding to Os3BGlu7
occur.

The STD NMR and trNOESY experiments were complemen-
ted with QM/MM docking computations. During the docking
procedure, the geometry of active site side chains was optimized,
and this approach coupled with the QM-derived partial charges
provided a basis for binding predictions by molecular docking.
For these computations, we used a crystal structure of Os3BGlu7
(PDB entry 2RGM), while a homology model was constructed
for HvBII, in the absence of its 3D structure. During the docking
procedure, the orientations of the key amino acid residues in both
proteins were sufficiently relaxed for the docked molecules to
adjust. Although caution should be exercised in interpreting the
computational data using homology models, as subtle errors
in modeled HvBII could lead to erroneous miscalculations of
docked positions and docking energies, in our experience the
docking procedure using reliable homology models leads to
reasonable predictions. Nevertheless, the use of the same models
of, e.g., variant enzymes, where large conformational changes or
variations in partial charges of amino acid residues occur, must
be interpreted carefully because they could lead to erroneous
prediction of binding affinities.

For docking of f-p-glycosides, we used as a guide an experi-
mentally determined position of 2-deoxy-2-fluoroglucoside in
Os3BGIu7 (16). When the characteristics of the active sites of
Os3BGlu7 and HvBII were compared, it became obvious that
they contained a plethora of charged and hydrophobic residues,
where the catalytic nucleophiles Glu386 (Os3BGlu7) and Glu389
(HvBII) (4, 16) at subsite —1 were expected to form covalent
linkages with the anomeric carbons of the substrates during
formation of glycosyl—enzyme intermediates. The other impor-
tant catalysts in the active sites of Os3BGlu7 and HvBII are the
catalytic acid/base residues Glul76 (Os3BGlu7) and Glul79
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FIGURE 9: Shapes and buriedness of active site funnels of Os3BGlu7 and HvBII. The positions of 4NP-S-Glc (cpk) are shown in preferred
geometries, “C; for Os3BGlu7 (A) or 'S, for HvBII (B), as identified by STD NMR. The catalytic nucleophiles E386 (Os3BGlu7) and E389
(HvBII) and acid/base residues E176 (Os3BGlu7) and E179 (HvBII) are shown in cpk. Binding sites are given in the PocketPicker descriptors (38),

with darker spheres indicating greater buriedness.

(HvBII) that, according to the canonical mechanism, should
protonate glycosidic oxygens during hydrolysis. Moreover, in
0Os3BGlu7, the catalytic site is surrounded by a series of bulky
hydrophobic/aromatic residues, namely, Trp433 and Trp44l,
and other residues such as Trp358 and Tyr315 that form a
hydrophobic funnel (1/6). Here, a particular emphasis is placed on
Trp433 positioned at the bottom of the active site pocket that
mediates stacking interactions with the pyranose ring of 2-deoxy-
2-fluoroglucoside (16).

One would expect that these interactions might be one of the
major forces that keep substrates in favorable orientations for a
nucleophilic attack. Further, at subsite 1, residues Ile179, Leu183,
Tyr315, and Trp358 formed a hydrophobic funnel that presum-
ably could accommodate the aglycon moieties of substrates.
Thus, it would be expected that a specific and characteristic
shape, buriedness, and geometry of active sites are required for
particular conformations of substrates to bind in the active site
regions. Here, a comparison of shape properties, using Pocket-
Picker descriptors (38), indicated that both enzymes had very
similar shapes, depths, and geometries of active site funnels
(Figure 9). One would also expect that significant differences in
conformations and charges in O- and S-linked 4NP-Glc and
4NP-Man might have serious consequences for the shapes of
electrostatic surfaces of glycosides that could influence binding
modes of substrates in enzymes’ active sites, in particular those in
subsites —1 and 1. These features are summarized in Figures 5
and 9 and in Table S3 of the Supporting Information, collectively
indicating that O- and S-linked aryl-3-p-glycosides exhibit cer-
tain characteristic electrostatic potentials, and that these poten-
tials are dependent on geometries of the individual pyranose
rings. In particular, the data in Table S3 of the Supporting
Information indicated that significant differences in the ESP
charge distributions in the O- and S-linked glycosides occurred in
the vicinity of their anomeric C1 atoms. It was therefore not
unexpected that, after the glycosidic oxygens were replaced with
sulfurs, the ESP charges on the C1 atoms changed from the
positive values to the negative ones in all conformers (Table S3 of
the Supporting Information). On the other hand, the overall ESP
charges on the X1 and O4 atoms became less negative (Table S3
of the Supporting Information).

A few observations from the modeling experiments are worth
analyzing. It seemed that in addition to characteristic positions of
the S-linked gluco- and manno-configured aryl-f-p-glycoside

conformers in the active site funnels, defined by their separations
from the respective active site residues, the overall sidedness of
the pyranose ring orientations varied. The so-called flipped-down
*C, conformations of 4NP-S-Glc and 4NP-O-Man were adopted
in Os3BGlu7 and HvBII (Figures 6 and 8), and a similar
orientation was also seen in the *Ss conformer of 4NP-S-Glc
that bound to Os3BGlu7 (Figure 7A, middle panel), compared to
a 2-deoxy-2-fluoroglucoside moiety in the covalent complex of
Os3BGlu7 (16). These flipped-down conformations resulted in
unusually long C2-OH—Ogg separations of more than 7 A in
Os3BGIu7 (Table 2), except for that of 4NP-O-Man, and were
also associated with longer separations between f-p-glycosides
and respective active site residues EA and EB. This observation
indicated that both enzymes could select incorrect orientations of
incoming substrates that bind less favorably in their catalytic
funnels. The importance of hydrogen bonds between the C2-OH
group and catalytic residues was emphasized in a theoretical
study of the catalytic mechanisms of 3-p-glycoside hydrolases,
where Bras and co-workers (52) concluded that the C2-OH—Og,
hydrogen bond is responsible for a low-energy activation barrier
in the E. coli p-galactosidase catalytic mechanism.

Further, scoring algorithms that evaluate the accuracy of
docking (Figures 6—8 and Table 2) and that could distinguish
between various binding modes of ligands deserve mentioning,
although the accuracy of predicting precise affinities in quanti-
tative terms could be relatively low (44, 54). Nevertheless, the
data from our modeling experiments clearly demonstrated that
binding behavior of 4NP-S-Glc and 4NP-S-Man differed be-
tween the two plant enzymes. In was noteworthy that the bound
O- and S-linked gluco- and manno-configured aryl-B-p-glycosides
did not adopt necessarily their lowest-energy conformations in
bound states (Table 2). To estimate the strain energy imposed by
the active site environments, we calculated the energy differences
of bound aryl-f-p-glycosides at the M05-2X/6-31+G* level of
theory. These energy differences arose from the differences
between their local minima in free and bound states (Table 2).
From these values, one could infer how binding of O- and
S-linked gluco- and manno-configured aryl-3-p-glycosides in
the higher-energy states influences the hydrolytic activation
barrier.

Finally, it has been suggested for the members of the GH26
group of f-pD-mannanases and (1,3;1,4)-5-p-glucan endohydro-
lases, which like the f-p-glucosidases and f-p-mannosidases
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studied here are the members of clan GH-A, that while the
interactions around the C1 and C2-OH groups were similar,
environments around C3-OH groups could contribute to the
specificity of the reaction coordinate (55). The authors further
suggested that although the chemistry of the bound sugar is
important, it does not dominate substrate specificity; whereas for
manno-configured substrates, both B, s and 3H, transition states
participate, for gluco-configured substrates, the *Hs and B>’
transition states participate (55). Subsequently, a Michaelis com-
plex of a GH2 f-p-mannosidase BtMan2A was published, which
suggested that a boatlike transition state develops on a lS5—B2,5—
98, itinerary in this class of hydrolases (56). However, in the work
described here, we concluded that other conformations, such as
those participating in the 1SS—BZ,S—OSZ itinerary for BtMan2A,
are highly unlikely.

Our computational data indeed showed that the so-called
flipped-down *C; conformation of 4NP-O-Man was adopted
in Os3BGlu7 and HvBIIL. On the other hand, the QM/MM
modeling experiments indicated that the most favorable geo-
metry for 4NP-O-Man with both Os3BGlu7 and HvBII was
'S; (Table 2). Here we did not test the significance of 'Ss
geometry, although we presume that geometrical interconver-
sions between 'Ss and 'S should be less significant than those
between °Ss and 'S;, and thus, the 'S; conformer could be
considered as an intermediate between the >Ss (B3,0) and IS;
conformers. The 'S; geometry was also identified in 4NP-O-
Glc with both 5-p-glycosidases through the QM modeling and
docking experiments, although STD NMR and trNOESY
experiments confirmed its existence only with 4NP-S-Glc.
To complicate the matters even further, it has recently been
reported with a f-p-glucosidase from a soil metagenome
library (57) that in addition to the glycon, the nature of the
aglycon could contribute to substrate specificity. Similar obser-
vations were previously reported with a maize S-glucosidase (20)
and diverse -p-mannanases (58).

In summary, STD NMR and trNOESY experiments in
conjunction with molecular docking simulations provided infor-
mation about binding of S- and O-linked gluco- and manno-
configured aryl-p-p-glycosides to rice Os3BGlu7 and barley
HvBII that operate predominantly as a f-p-glucosidase and
p-p-mannosidase, respectively. Kinetic analyses with 4NP-
S-Gle and 4NP-S-Man indicated that the inhibitions were
competitive. The STD NMR and trNOESY experiments re-
vealed that 4NP-S-Glc and 4NP-S-Man bound weakly in *C;
conformations to Os3BGlu7, 4NP-S-Glc adopted the *Ss or 'S,
conformation, and 4NP-S-Man preferred ‘C; geometry with
HvBII. The docking and modeling studies predicted that 4NP-
0O-Glc, 4NP-O-Man, and 4NP-S-Man bound preferentially in the
'S, geometries to both enzymes, contrary to 4NP-S-Glc that
could adopt a range of geometries ('S, Ss, or *Cy). Although
NMR, kinetic, and QM/MM examinations presented in this
study provide valuable information about the conformations of
sugars bound by the two plant S-p-glycosidases with distinct
substrate specificities, we further surmise that the depth of infor-
mation could be further enhanced via X-ray crystallography, and
thus the amalgamation of the four techniques would ideally
represent the most powerful approach for evaluation of binding
affinities (60).

We conclude that in the plant f-p-glucoside hydrolase
Os3BGlu7 and f-p-mannoside hydrolase HvBII a combination
of determinants is likely to play roles in substrate recognition,
such as (i) the inherent conformational and spatial flexibilities of
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gluco- and manno-configured substrates in the enzymes’ active
sites, (ii) the subtle spatial differences in the disposition of active
site residues and their capacities to form interactions with specific
groups of substrates, and (iii) the small variations in charge
distributions and shapes of the catalytic sites. We anticipate that
the combination of these determinants may collectively drive the
key interactions between the active site residues and gluco- and
manno-configured substrates and underlie the enzymes’ substrate
specificities.
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Rice BGlu1 B-glucosidase is an oligosaccharide exoglucosidase that binds to six B-(1—4)-linked glucosyl
residues in its active site cleft. Here, we demonstrate that a BGlu1 E176Q active site mutant can be effec-
tively rescued by small nucleophiles, such as acetate, azide and ascorbate, for hydrolysis of aryl glycosides
in a pH-independent manner above pH 5, consistent with the role of E176 as the catalytic acid-base. Cel-
lotriose, cellotetraose, cellopentaose, cellohexaose and laminaribiose are not hydrolyzed by the mutant
and instead exhibit competitive inhibition. The structures of the BGlu1l E176Q, its complexes with cello-
tetraose, cellopentaose and laminaribiose, and its covalent intermediate with 2-deoxy-2-fluoroglucoside
were determined at 1.65, 1.95, 1.80, 2.80, and 1.90 A resolution, respectively. The Q176 N& was found to
hydrogen bond to the glycosidic oxygen of the scissile bond, thereby explaining its high activity. The
enzyme interacts with cellooligosaccharides through direct hydrogen bonds to the nonreducing terminal
glucosyl residue. However, interaction with the other glucosyl residues is predominantly mediated
through water molecules, with the exception of a direct hydrogen bond from N245 to glucosyl residue
3, consistent with the apparent high binding energy at this residue. Hydrophobic interactions with the
aromatic sidechain of W358 appear to orient glucosyl residues 2 and 3, while Y341 orients glucosyl res-
idues 4 and 5. In contrast, laminaribiose has its second glucosyl residue positioned to allow direct hydro-
gen bonding between its 02 and Q176 O¢ and O1 and N245. These are the first GH1 glycoside hydrolase

family structures to show oligosaccharide binding in the hydrolytic configuration.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

B-Glucosidases (E.C. 3.2.1.21, B-p-glucopyranosidases) hydro-
lyze B-glycosidic bonds to release nonreducing terminal p-gluco-
pyranosyl residues from oligosaccharides and glycosides (Ketudat
Cairns and Esen, 2010). As such, they have become much studied
due to their potential use in biomass conversion of cellulosic waste,
together with cellulases and exoglucanases, which break the long
cellulose chains into shorter (1—4)-p-linked glucooligosaccharides

Abbreviations: Abg, Agrobacterium sp. B-glucosidase; dNPGlc, 2,4-dinitrophenyl
B-p-glucopyranoside; G2F, 2-deoxy-2-fluoro-glucoside; GH1, glycoside hydrolase
family 1; Glc, glucosyl residue; pNPGlc, para-nitrophenyl pB-p-glucopyranoside.
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that are favored substrates for certain B-glucosidases (Sticklin,
2006). Microbial B-glucosidases, which have evolved to take advan-
tage of the vast cellulosic energy pool of plant cell wall materials,
are typically used for biomass conversion applications. However,
plants have separately evolved their own B-glucosidases for
(1-4)-B-linked oligosaccharides generated in the process of cell
wall recycling within the plant. One of the most well-studied of
these plant enzymes is rice (Oryza sativa L.) BGlu1, systematically
named Os3BGlu7, which was identified as a highly expressed
isoenzyme in rice seedlings and subsequently noted to be the most
abundantly expressed glycoside hydrolase family GH1 (Henrissat,
1991) member in rice (Opassiri et al., 2003; Opassiri, 2006).

GH1 proteins, including rice BGlu1, are members of glycoside
hydrolase clan A, which consists of several families of glycoside
hydrolases with catalytic domains that have a (B/at)s barrel struc-
ture and two conserved carboxylic acid residues on B-strands 4
and 7 of the B-barrel, which serve as the catalytic acid-base and
nucleophile, respectively (Fig. 1A) (Jenkins et al., 1995; Henrissat
et al,, 1995). These enzymes are thought to act through a double
displacement mechanism (Fig. 1B), whereby the glycosidic oxygen
is protonated by the catalytic acid-base and the -catalytic
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Fig. 1. Overall structure and double displacement mechanism proposed for
glycoysl hydrolase family 1 B-d-glucosidases. (A). Cartoon diagram of the rice
BGlu1 E176Q structural model (PDB entry 3F4V) with the catalytic acid-base (A/B)
and nucleophile (Nuc) shown in stick representation. Note that in this acid/base
mutant, the catalytic acid/base has been substituted with Gln, but it should
normally be Glu. (B). In the double displacement mechanism, the p-glucoside
substrate binds with the glycone in a distorted ('S; skew boat) conformation with
the anomeric carbon between the acid-base glutamic acid (A/B) and the
nucleophile glutamate (Nuc), located on beta-strands B4 and B7 of the (B/o)s
barrel, respectively. Protonation of the leaving group allows the nucleophile to
displace the aglycone from the glucosyl residue via an oxocarbenium ion-like
transition state to form a covalent intermediate in the glycosylation step.
Deglycosylation occurs when the intermediate is hydrolyzed by water, which is
activated by extraction of a proton by the catalytic acid-base, essentially reversing
the glycosylation step.

nucleophile attacks the anomeric carbon in the glycosylation step
to form an a-linked covalent intermediate, followed by deglycosy-
lation, in which a water or another nucleophile attacks at the ano-
meric carbon with basic assistance from the catalytic acid-base to
displace the nucleophile and release the B-p-glucopyranose. Evi-
dence for the formation of the covalent intermediate and the iden-
tity of the nucleophile was first provided by the trapping the GH1
Agrobacterium sp. B-glucosidase (Abg) linked to a 2-fluoroglucosyl
residue, in which the electron withdrawal by the fluorine atom
destabilizes the oxocarbenium cation-like transition state, greatly
slowing both stages of the reaction (Withers et al., 1990). The
use of a highly ionizable 2,4-dinitrophenolate as the leaving group
of the glycoside substrate allowed the glycosylation to proceed rel-
atively rapidly, while the deglycosylation half-reaction was slowed
to trap the covalent intermediate. This covalent intermediate has
since been observed in a number of GH1 enzyme crystal structures
(Burmeister et al., 1997; Zechel et al., 2003; Gloster et al., 2004;
Isorna et al., 2007; Chuenchor et al., 2008).

Mutagenesis to replace the catalytic nucleophile with small
non-nucleophilic residues changed the GH1 mechanism to allow
direct attack on B-linked substrates by small nucleophiles to form
a-linked products or the use of a-fluoroglucoside as a surrogate for

the covalent intermediate in transglycosylation reactions
(Mackenzie et al.,, 1998). Similarly, mutations of the catalytic
acid-base validate its identity by providing catalysis when sub-
strates with good leaving groups, like 2,4-dinitrophenolate, that
do not require acid-assistance are used. These substrates allow
the glycosylation step to proceed, and small anionic nucleophiles
and sulfhydryls are provided to displace the enzyme from the glu-
cosyl group in the deglycosylation step (Wang et al., 1995). The use
of such acid-base mutants has allowed the trapping of unmodified
glucosyl residues on the enzyme, as recently shown for the GH1
human cytoplasmic B-glucosidase E165Q mutant (Noguchi et al.,
2008). Interestingly, a natural example of the rescue of an acid-
base mutant occurs in the GH1 myrosinases (B-p-thioglucosidases),
where the acid-base is replaced with glutamine and ascorbate
seems to serve in the catalytic base function (Burmeister et al.,
2000).

Recently, crystal structures have been determined for bacte-
rial, fungal and plant GH1 enzymes that act on cellooligosaccha-
rides (Isorna et al., 2007; Nijikken et al., 2007; Chuenchor et al.,
2008). Rice BGlul has evolved separately from the microbial en-
zymes and is more closely related to plant enzymes that act on
other substrates than to the microbial enzymes that act on cello-
oligosaccharides. X-ray crystal structures have been determined
for a number of plant GH1 enzymes (Barrett et al., 1995; Burmei-
ster et al., 1997; Czjzek et al., 2000, 2001; Verdoucq et al., 2004;
Sue et al., 2006; Barleben et al., 2007; Seshadri et al., 2009), but
none of the plant GH1 B-glucosidases with known structures is
known to hydrolyze cellooligosaccharides efficiently, other than
rice BGlul. The aglycone specificity of the maize, sorghum and
wheat B-glucosidases has been extensively studied by mutagene-
sis and structural studies of mutants with substrates or inhibitors
(Czjzek et al., 2000, 2001; Zouhar et al., 2001; Verdoucq et al.,
2003, 2004; Sue et al., 2006; Dopitova et al., 2008). These studies
suggest that a conserved Trp, corresponding to rice BGlul W358,
and several variable residues around the active site pocket are
important for substrate aglycone binding. However, no general
rule for how to identify the substrate specificity from the active
site residues has emerged.

BGlul, like a closely related B-mannosidase/B-glucosidase
from barley and its closely related rice isoenzymes Os3BGlu8
and Os7BGlu26, has been shown to hydrolyze cellooligosaccha-
rides with up to 6 glucosyl residues in length with increasing
efficiency, although the barley enzyme hydrolyzed cellobiose
more rapidly than cellotriose (Hrmova et al., 1996; Hrmova
et al., 1998; Opassiri et al, 2004; Kuntothom et al., 2009).
Kinetic subsite mapping suggested that this difference was pri-
marily due to the relative affinities at subsites +1 and +2 (which
bind cellooligosaccharide glucosyl residues 2 and 3, respectively).
Both enzymes hydrolyze laminaribiose with high efficiency, but
show decreasing rates of hydrolysis of longer p-(1—3)-linked oli-
gosaccharides as the degree of polymerization increases. The
structures of BGlul and its covalent complex with 2-fluoroglu-
cose showed a wide slot running out of the active site, which
could act to bind oligosaccharides (Chuenchor et al., 2008).
Mutagenesis of 1179, N190 and N245, which line this slot af-
fected the efficiency of hydrolysis of cellobiose and cellotriose,
but computational docking of a cellotriose molecule into the
active site was not precise enough to allow the interactions
involved to be defined. To better understand the basis for hydro-
lysis of oligosaccharides, we have identified a catalytic acid-base
mutant of rice BGlul (E176Q) that has relatively high activity for
p-nitrophenyl-B-d-glucopyranoside (pNPGIc) substrate compared
to other catalytic residue mutants, but cannot hydrolyze oligo-
saccharides. This mutant enzyme allowed binding of oligosaccha-
rides to be studied by inhibition kinetics and X-ray
crystallography.
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2. Materials and methods
2.1. Mutagenesis and protein expression

The E176Q mutation of the rice bglul cDNA was done by the
overlap extension method (Wurch et al., 1998) with the T7 promoter
(5'-TAATACGACTCACTATAGGG-3'), E176Qr (5-CCTTGGCTGATTA
AATGTAAA-3"), E176Qf (5'-TTTAATCAGCCAAGGATAGTA-3’), and
EcoRlIr (5-TTCGATGAATTCTCAGTGCTT-3’) primers. The cDNA was
then subcloned into pET32a(+) as previously described (Opassiri
et al., 2003). All other mutations of the rice bglul cDNA were made
in the pET32/BGlul expression plasmid by the Quikchange method
(Stratagene), as described by the supplier. The oligonucleotides for
mutagenesis had the following sequences and their reverse compli-
ments, for E176A: 5-CACTGGTTTACATTTAATGCGCCAAGGATAGT
AGCAC-3', for E176D: 5-GCACTGGTTTACATTTAATGACCCAAGGAT
AGTAGCACT-5', for E386D: 5'-GACAGTCGTCATAACTGACAACGGA
ATGGATCAAC-5', and for E386Q: 5'-CCGACAGTCGTCATAACTCAGA
ACGGAATGGATCAACCT-5'. All mutations were verified by sequenc-
ing the full cDNA to ensure that each had only the desired mutation.
The proteins were expressed and purified as previously described
(Opassiri et al., 2003; Chuenchor et al., 2006).

Enzyme rates were determined in triplicate reactions, as previ-
ously described (Chuenchor et al., 2008), with a time course to en-
sure linearity. The pH dependence of the wildtype BGlul and the
E176 mutants was determined with p-nitrophenol g-b-glucopyran-
oside (pNPGIc) as a substrate in universal pH buffer (0.2 M boric
acid, 0.05 M citric acid mixed with 0.05 M tri-sodium phosphate
to achieve the pH values). Relative activities of wildtype BGlul
and BGlul E176 mutants were determined in 50 mM buffer: so-
dium acetate, MES, phosphate or universal buffer, and 50 mM
nucleophiles after adjustment of the reaction solution (without en-
zyme and substrate) to pH 5.0. Kinetic parameters (K, and appar-
ent k.) of wildtype BGlul and BGlul E176 mutants in the
presence of 50 mM sodium azide were calculated from nonlinear
regression of Michaelis—-Menten curves with Grafit 5.0 (Leatherbar-
row et al., 2001). The competitive inhibition constants (K;) were
determined from the plots of the apparent Ky,,/Vimax Vs. the inhibitor
(oligosaccharide) concentration in the presence of 50 mM sodium
azide, and were taken to be the apparent dissociation constants
(Kp) of the inhibitors. The association constants were calculated
as Ka=1/Kp; and Gibbs free energies of binding were calculated
as AGpinding = —RTInK,, where R is the gas constant (8.314] K!
mol ') and T is the absolute temperature (303 K). Relative inhibitor
potencies were calculated by setting that of cellohexaose at 100%,
dividing the association constants of the oligosaccharides by that
of cellohexaose and multiplying by 100%.

2.2. X-ray crystallography

Prior to crystallization trials, BGlul E176Q protein was released
from its N-terminal thioredoxin tag by enterokinase digestion and
further purified by adsorption of the tag to immobilized cobalt re-
sin, followed by S200 gel filtration chromatography of the tag-free
BGlul E176Q protein, as previously described for wildtype BGlul
(Chuenchor et al., 2006, 2008). The protein was crystallized alone
and in the presence of 1 mM 2,4-dinitrophenyl 2-deoxy-2-fluorog-
lucoside, up to 100 mM cellobiose, 2 mM cellotetraose, 1 mM cello-
pentaose or 0.5 mM cellohexaose under conditions similar to those
reported for wildtype BGlul (2 mg/mL protein, 20-23% PEG 5000
MME, 0.18-0.22 M (NH4),SO4, 0.1 M MES, pH 6.7, with microsee-
ding). Apo BGlul E176Q crystals were also soaked with 1 and
10 mM laminaribiose (crystals soaked with 1 mM laminaribiose
diffracted to 1.37 A resolution, but had low occupancy of laminar-
ibiose, while those soaked with 10 mM diffracted to 2.8 A and had

higher occupancy, so it was used for the ligand structure building).
The crystals were flash vitrified in liquid nitrogen after soaking in
precipitant solution supplemented by 18% glycerol with the same
concentrations of ligands. Data were collected with the crystals
cooled by a 105 K nitrogen stream at the BL13B and BL13C beam-
lines of the National Synchrotron Radiation Research Center, Hsin-
chu, Taiwan, with 1.0 A wavelength X-rays and ADSC Quantum 210
(BL13C) and Quantum 315 (BL13B) detectors. Data were indexed,
refined and scaled with HKL2000 (Otwinowski and Minor, 1997).

The crystals of BGlul E176Q were isomorphous with those of
previously reported wildtype BGlul crystals, allowing the struc-
tures to be solved by simple rigid body refinement with the wild-
type structure (PDB code 2RGL) in Refmac 5.0 (Collaborative
Computing Project Number 4, 1994; Murshudov et al., 1999). The
structures were refined by restrained refinement with the same
program and rebuilt with O (Jones et al., 1991). The occupancy of
two possible modes of binding of cellopentaose in the active site
was refined by setting the total occupancy at 1.0 and testing differ-
ent fractions of each ligand position to determine which gave the
lowest ligand temperature (B) factor and Rgee value. In doing so,
a glycerol molecule was included at either the —1 or +5 subsite,
for the+1 to+5 and —1 to+4 binding modes, respectively. The
structural parameters of the final models were validated with PRO-
CHECK (Laskowski et al., 1993), and are shown in Tables 3 and 4.
Superimposed structures were viewed and structural figures were
drawn with Pymol (Schrodinger, LLC). Pymol was also used to mea-
sure sugar torsion angles, while Cremer-Pople analysis of sugar
puckering to identify the ring form (Cremer and Pople, 1975) was
done via the Cremer-Pople calculator website of Shinya Fushinobu
(Univ. of Tokyo).

2.3. Accession numbers

Coordinates and structure factors have been deposited in the
Protein Data Bank under the accession numbers 3F4 V (apo BGlul
E176Q), 3AHV (BGlul E176Q with G2F), 3F5] (BGlul E176Q with
cellotetraose), 3F5K (BGlul E176Q with cellopentaose), and
3AHT and 3F5L (BGlul E176Q with laminaribiose).

3. Results
3.1. Catalytic residue mutation activities

In order to identify rice BGlu1 mutants appropriate for produc-
ing structures in complex with oligosaccharides, three mutations
of the putative acid-base, E176A, E176D and E176Q were gener-
ated, along with two mutations of the catalytic nucleophile,
E386D and E386Q. The mutant enzymes were produced as soluble
proteins and their circular dichroism spectra were nearly identical
to wildtype (data not shown). Under standard assay conditions, the
activity of the nucleophile mutants was undetectable, and assays
at increased enzyme concentrations and times showed that
E386D and E386Q mutants were at least 3000- and 60,000-fold less
active than wildtype BGlu1 in pNPGlc hydrolysis, respectively.

The acid-base mutations also had decreased activity, however,
for E176Q, hydrolysis of pNPGlc was still significant in the standard
assay. As acid-base mutants of retaining p-glycosidases are ex-
pected to be rescued by small nucleophiles (Wang et al., 1995),
the activity of the enzymes in the presence of several buffers and
nucleophiles was tested, as shown in Table 1. The E176Q basal
activity in MES buffer was over 3-fold and 6-fold higher than the
E176D and E176A mutants, respectively, and the E176Q activity in-
creased greater than 7-fold and 13-fold in the presence of acetate
and azide, respectively. The E176A activity also increased 2-3-fold
in the presence of acetate and azide, but E176D was not rescued by
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Table 3
Data collection statistics.
3F4V 3AHV 3F5] 3F5 K 3AHT
Space group P212:24 P212:24 P2:2124 P2:2124 P212124
Unit cell parameter (A,") a=79.8 a=79.2 a=79.7 a=79.8 a=79.7
b=101.0 b=100.4 b=100.8 b=101.2 b=101.5
c=127.6 c=1274 c=1275 c=1274 c=1283
oa=p=y=90 oa=p=y=90 a=p=7=90 a=p=y=90 a=p=y=90
No. of molecules per ASU 2 2 2 2 2
Resolution range (A) 30-1.65 30-1.90 30-1.95 30-1.80 30-2.80
(1.71-1.65) (1.97-1.90) (2.02-1.95) (1.86-1.80) (2.90-2.80)
No. of observations 636,554 560,709 462,300 429,830 158,410
No. of unique observations 124,448 79,635 73,603 94,774 24,681
Redundancy 5.1 (5.0) 7.0 (6.7) 6.3 (5.8) 4.5 (3.6) 6.1 (6.3)
Completeness (%) 99.9 (99.9) 99.1 (98.9) 97.4 (93.7) 98.9 (93.3) 99.8 (99.8)
I[o(I) 24.5 (4.5) 233 (6.1) 19.2 (6.9) 17.9 (2.7) 16.1 (5.8)
Rym (%)* 6.2 (36.5) 8.3 (35.2) 8.3(29.2) 8.3 (45.6) 11.7 (34.1)
Numbers in parentheses are outer shell parameters.
* Rsym = Znia Zi [L(hkD)—d(hkl)|/Zp Z; T (hkl).
Table 4
Refinement statistics.
3F4V 3F5I1 3F5] 3F5 K 3AHT
Resolution range (A) 30-1.65 26.29-1.90 30-1.95 30-1.80 30-2.80
No. of amino-acid residues 944 944 944 944 942
No. of protein atoms 7618 7618 7618 7618 7602
No. of water molecules 901 668 727 801 71
Refined carbohydrate None G2F Cellotetraose Cellopentaose Laminaribiose
No. of carbohydrate atoms None 22 920 112 46
No. of other hetero atoms 53 53 35 47 35
Reactor (%)° 17.5 18.6 18.0 17.8 20.7
Rfree (%)° 19.6 189 214 21.0 24.8
Ramachandran statistics
Favored region (%) 97.4 97.6 97.6 98.0 95.6
Allowed region (%) 2.6 2.4 2.4 2.0 4.4
Outlier region (%) 0 0 0 0 0
R.m.s.d. from ideality
Bond distances (A) 0.011 0.014 0.018 0.015 0.008
Bond angle () 1.357 1.461 1.585 1.512 1.057
Mean B factors (A?)
All protein atoms 12.03 14.43 9.15 14.74 21.874
Waters 24.43 27.35 19.10 26.88 31.87
Hetero atoms 19.54 28.44 20.59 34.49 46.97
Carbohydrate atoms None 9.84 24.29 32.71 43.16
Subsite —1 (A/B) None 9.67/10.01 20.32/19.58 26.09/23.99 41.20/41.93
Subsite +1 (A/B) None None 21.73/21.57 29.75/29.06 44.69/44.59
Subsite +2 (A/B) None None 21.94/21.82 26.97/26.94 None
Subsite +3 (A/B) None None 32.87/32.90 32.91/32.66 None
Subsite +4 (A/B) None None None 49.01/46.49 None

b Reactor = (ZlFollecl/ZlFol)-

¢ Based on 5% of the unique observations not included in the refinement.

any anionic nucleophiles. Formate and cyanate could also slightly
rescue E176Q activity. Ascorbate was found in the active site of
white mustard myrosinase, which also has GIn in the place of the
catalytic acid-base (Burmeister et al., 2000), so rescue with
50 mM ascorbate was attempted. The E176 activity increased
15-18-fold in the presence of ascorbate, while E176A activity
was increased 3-4-fold, E176D was not affected, and wildtype
BGlul appeared to be inhibited. However, due to the instability
of ascorbate, azide was used for further kinetic analysis.

In the presence of 50 mM azide, the apparent k¢, values of the
E176Q and E176A mutants were nearly independent of the pH
from pH 5-10, while those of the wildtype and E176D enzymes de-
creased 30- and 8-fold, respectively, as the pH increased from 5 to
10 (Fig. 2). The pH dependence over the acidic range of 3-5 was
maintained in the mutants and wildtype enzyme. These data con-
firmed that E176 is the catalytic acid-base, and suggest that E176Q
is unusually active with a high capacity to transglycosylate anionic

nucleophiles, whereas E176D appears to maintain an acid catalyst
that is weakened by its greater distance from the substrate due to
the shortened sidechain.

While wildtype BGlul hydrolyzed 2,4-dinitrophenyl-B-p-gluco-
side (dNPGIc), which has an aglycone with a pK, of 3.96, with an
apparent ke, of 9.1 0.7 s~! compared to 4.7 0.3 s~! for pNPGlc
(pK, 7.18), the BGlul E176Q mutant had essentially the same
apparent kg, for both substrates in the presence of azide
(1.320.01 s~! for dNPGlc with 0.2 M azide and 1.84 #0.055"!
for pNPGIc with 0.32 M azide). In contrast, hydrolysis of oligosac-
charides by BGlul E176Q was not observed.

3.2. Oligosaccharide binding by BGlul E176Q
The availability of a semi-active mutant that could be efficiently

rescued by small nucleophiles for aryl glycosides, but not
oligosaccharides, allowed kinetic investigation of the binding of
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Table 1
Relative activities of wildtype and acid-base mutants of BGlul in the presence and
absence of nucleophiles.

Buffer Specific activity (pumol/mg/min)

WT E176Q E176A E176D
MES n.d. 0.070 0.011 0.022
Acetate/MES 6.8 0.51 0.028 0.029
Azide/MES 7.2 0.89 0.031 0.028
Ascorbate/MES 5.6 1.06 0.040 0.029
Formate/MES 7.7 0.111 0.014 0.026
TFA/MES 7.5 0.046 0.005 0.028
KF/MES 5.8 0.072 0.008 0.022
Cyanate/MES 7.2 0.036 0.007 0.027
Acetate/UB 7.3 033 0.021 0.024
Azide/UB 7.3 0.84 0.030 0.025
Ascorbate/UB 5.1 0.95 0.036 0.026
UB 7.9 0.052 0.013 0.028

*All anionic nucleophiles and MES buffer, were prepared 50 mM, pH 5.0. Universal
buffer (UB) was 0.2 M boric acid, 0.05 mM citric acid mixed with 0.05 M tri-sodium
phosphate to attain pH 5.0. Assays were performed with 1 mM pNPGlc, as described
in the methods. “n.d.” means not determined.
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Fig. 2. Comparison of pH dependence of the BGlul wild type, E176Q, E176A, and
E176D enzymes in 50 mM azide in universal pH buffer. The semi-log plot of the kca¢
against the pH for each of the four enzymes to show that the E176Q and E176A
mutants show little dependence of the rate on the pH between six and ten, whereas
the wildtype and E176D mutant proteins have 10-100-fold decreases in k., over
this range.

oligosaccharides to the BGlu1 E176Q active site by inhibition stud-
ies. Cellotriose, cellotetraose, cellopentaose, cellohexaose, and lam-
inaribiose gave predominantly competitive inhibition (Table 2).
From the competitive inhibition constants, apparent association
constants for each oligosaccharide encompassing all possible bind-
ing modes could be calculated, along with the apparent overall

Table 2
Inhibition of BGlul E176Q hydrolysis of pNPGlc by gluco-oligosaccharides.

energy of binding. However, cellobiose was a very weak inhibitor
that showed mixed inhibition, so only maximal values could be
estimated for the competitive inhibition constant and association
constant.

3.3. X-ray crystallographic structures of E176Q complexes

Binding of BGlul E176Q to oligosaccharides was also investi-
gated by X-ray crystallography. Five structures were determined,
including the apo BGlul E176Q mutant protein (PDB code 3F4V),
its covalent complex with 2-fluoroglucoside (G2F, PDB code
3AHV), and its noncovalent complexes with cellotetraose (3F5]),
cellopentaose (3F5K), and laminaribiose (3AHT). Attempts to
cocrystallize or soak the crystals with cellobiose concentrations
up to 100 mM resulted in no significant density in the active site
and crystals with cellohexaose could not be obtained by co-crystal-
lization. Diffraction and model parameters for the 5 structures can
be found in Tables 3 and 4.

The apo BGlul E176Q (3F4 V) and BGlul E176Q covalent inter-
mediate with G2F (3AHV) structures were nearly identical to the
structures of wildtype BGlul (2RGL) and its complex with G2F
(2RGM) (12), with an RMSD of 2RGL to 3F4 V of 0.163 A over 926
Cot atoms and for 2RGM to 3AHV of 0.245 A over 925 atoms. For
comparison, the wildtype structures (2RGL and 2RGM) had RMSD
of 0.121 over 881 atoms, and the E176Q mutant structures
(3F4V and 3AHV) also had RMSD of 0.121 over 881 atoms.

3.4. Structural analysis of oligosaccharide binding

Fig. 3 shows the electron density omit maps (Fo-Fc maps calcu-
lated with the ligands removed) for the active site glycerol in the
apo enzyme (A), and o-2-deoxy-2-F-glucoside (B), laminaribiose
(C) cellotetraose (D) and cellopentaose (E) in their complexes with
BGIul E176Q. Although the electron density for the reducing and
nonreducing end glucosyl residues in the cellotetraose and cello-
pentaose complexes is less well defined, that for residues 2, 3
and 4 (in the cellopentaose structure) is clear. The nonreducing ter-
minal residue was clearly found in the —1 subsite, since the density
was more extensive than the glycerol in the apo enzyme active site,
which superimposes on C2, 02, C3, 03, and C4, but not 04, C5, 05,
C6 and 06 (Fig. 3 and Supplementary Fig. 1). The density for C1 was
very weak, but the nonreducing glucosyl residue could be refined
best when a glucosyl residue in a !S; skew boat conformation
was inserted and the C2-C1-05-C5 dihedral angles refined to val-
ues of +3.5° for laminaribiose,+29° for cellotetraose and +24° for
cellopentaose. This puts one O¢ of E386 nearly directly in line with
the glycosidic bond for its nucleophilic attack, at a distance of
3.15A in the cellopentaose structure, while the other E386 O¢
makes a strong H-bond (2.53 A) with the neighboring C2 OH (Fig
5 A). The cellopentaose nonreducing glucosyl residue with a C2-
C1-05-C5 angle of +24° appears to be somewhere between the

Oligosaccharide Type of inhibition Apparent K; (mM)

Apparent K (M)

Apparent AGpinding Relative inhibitor potency (percent)

Cellobiose Mixed 44 +3 23
Cellotriose Competitive 0.48 +0.03 2,100
Cellotetraose Competitive 0.052 +0.006 19,200
Cellopentaose Competitive 0.024 +0.002 41,700
Cellohexaose Competitive 0.018 +0.001 56,000
Laminaribiose Competitive 0.191 +0.02 5,200

-7.9" 0.04
-19.3 3.8
-24.8 34.6
-26.8 75.0
-27.5 100
-21.6 9.4

* The apparent Ka and AGpinding are calculated based on the assumption of purely competitive inhibition. As such, they represent maximal values. The equations used to
calculate these values were: Kp = 1/Kp = 1/Ki; AGpinding = —RTIn K, where R is the gas constant (8.314] K~'mol~!) and T is the absolute temperature (303 K). The relative
inhibitor potency was calculated by dividing the apparent K, by that of the most potent inhibitor (cellohexaose) and multiplying by 100%.

" Since cellobiose gave mixed inhibition, the apparent K, is expected to be an overestimate of the maximal value. The AGpinding is therefore more energetically favorable than

is realistic.
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Fig. 3. The electron densities in the active sites of BGlu1l E176Q and its ligand complexes. The electron density (Fo-Fc) maps were calculated for each structure with all
heteroatoms omitted from the active site, and are shown in blue mesh at +2¢. The ligands from the final structures are superimposed on these electron density maps and
shown in ball and stick representation. (A) shows the BGlu1l E176Q apo enzyme to which no ligands were added, but in which 2 glycerol (carbons in silver) are seen in the
active site. (B) shows the BGlu1l E176Q complex with 2-deoxy-2-fluoroglucoside, which is found in an alpha-linkage with the catalytic nucleophile. (C) shows the BGlu1l
E176Q complex with laminaribiose, (D) shows the complex with cellotetraose, and (E) shows the complex with cellopentaose. The ligand glucosyl residues are color coded
with carbons in yellow for the nonreducing glucosyl residue, blue for the second, green for the third, orange for the fourth and pink for the fifth. Oxygen is shown in red and
fluoride in green. Direct overlays of the glycerol densities on those of cellopentaose and laminaribiose are shown in Supplementary Fig. 1.

1S5 skew boat (C2-C1-05-C5 dihedral angle of +45° (Biarnes et al.,
2006) and the expected “Hs half chair transition state or the closely
related “E envelope (C2-C1-05-C5 dihedral angle of 0°), whereas
this dihedral angle in other glucosyl residues was close to the re-
laxed “C; chair value of —45°. Calculation of the Cremer-Pople
parameters (Cremer and Pople, 1975) for these glucosyl rings gave
@ =240°, 6=58° and Q = 0.605 for laminaribiose, ¢ =227°, § = 70°
and Q=0.723 for cellotetraose, and ¢ =231°, 0=58° and
Q=0.675 for cellopentaose, which were all closest to the values
for a “E envelope, though with higher puckering amplitudes (Q).
This suggested the initially inserted 'S; skew boats had been sub-
stantially moved toward a “E structure, which is closely related to
the #H; half chair and might act as a transition state, by the refine-
ment. The weak density for C1 is consistent with movement be-
tween these ring structures in the complex.

The structure of BGlu1 with cellotetraose was close to that with
cellopentaose with an RMSD of 0.078 A (911 residues). The gluco-
syl residues of cellotetraose and cellopentaose bound to BGlul
E176Q in the same positions for the first four residues (Fig. 4A),
in line with the subsite model of oligosaccharide binding. The
interactions between the five glucosyl residues of cellopentaose
with the surrounding amino acids are mapped on the interaction
diagram shown in Fig. 5A. Aside from the interaction of the cata-
lytic nucleophile, mentioned above, several other direct interac-
tions with Glc1 (the nonreducing terminal glucosyl residue) are
found, in common with other GH1 structures (Sanz-Aparicio
et al., 1998). No water molecules in position to interact with Glc1
were found in the —1 subsite, in contrast to all other subsites,

where nearly all polar interactions are mediated by water mole-
cules. As seen in Fig. 5A, the only direct hydrogen bond between
cellopentaose (and cellotetraose) Glc2 to Glc5 and BGlul E176Q
is that between N3 of N245 and 02 of Glc3, and the Glc3 03 atom
is also 3.3 A from this nitrogen, suggesting it may also form a
hydrogen bond to N245. These interactions may help explain the
strong binding at this subsite (Opassiri et al., 2004) (demonstrated
in Table 2). Glucose residues Glc2 and Glc3 are aligned to stack
onto the indole ring of W358, while the oligosaccharide twists
nearly 90° between Glc3 and Glc4 to stack Glc4 and Glc5 along
the face of the Y341 phenol ring (Fig 4B). It is notable that in the
apo enzyme structure Y341 and its neighbors in the flexible C loop,
V342 and F343, are found in two possible positions, while they are
stabilized in the one position by interactions with either cellotetra-
ose or cellopentaose.

The poor density of the nonreducing end glucosyl residue of cel-
lopentaose in the —1 subsite, together with some diffuse density in
the apparent +5 site of the cellopentaose structure (Fig. 3E), led us
to suppose that the cellopentaose was found in two binding modes
in the crystal. Therefore, the cellopentaose model was built in both
the productive position occupying subsites —1 to+4 and in the
unproductive position occupying subsites +1 to +5, with a glycerol
in the —1 subsite, as seen in the apo protein crystal structure. How-
ever, when the occupancy was refined to find the percent binding
in each position that gave the lowest Rgee and ligand temperature
(B) factor, the best solution was one in which the occupancy in the
productive position was at least 95% (with 5% binding from the +1
to +5 subsites). In fact, the density in the +5 site could be fit to a
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Q176
B

C E167 Q176

Fig. 4. Superpostion of oligosaccharides in the active site. (A). Relative positions of cellotetraose, cellopentaose, and laminaribiose in the superimposed active sites of their
E176Q mutant complexes. The sugar conformations fit into the density for each residue (*C; chair or 3S; skew boat) and the C2-C1-05-C5 dihedral angles for glucosyl
residues 1 and 2 from the nonreducing end in cellotetraose (Cel4), cellopentaose (Cel5) and laminaribiose (Lam2) are shown below that residue. Cremer-Pople analysis
indicated that the refinement moved all 3S; skew boats to be best fit to “E envelope rings in the final structures, while those residues in relaxed chairs stayed in that
conformation. Cellotetraose (blue) and cellopentaose (yellow) were nearly completely superimposed, while the laminaribose (red) Glc2 was flipped to lie on the opposite face,
in addition to being connected to Glc1 C1 by O3 instead of O4. (B) Aromatic-sugar interactions most critical for stacking the sugars in their places. The Cel4, Cel5 and Lam2 are
drawn as in A, while the residues W433 upon, which the —1 subsite glucosyl residue stacks, W358, upon which the +1 subsite, and to a lesser extent +2 subsite, glucosyl
residues stack, and Tyr341, upon which the +3 subsite, and to a lesser extent +4 subsite, glucosyl residues stack, along with the catalytic residues, are drawn with gray
carbons. Two alternate conformations of Y341 (I and II) were seen in the electron densities generated from the high resolution data of the apo enzyme and its complexes with
G2F and low occupancy Lam2, but Y341 is locked into position I by interactions with cellotetraose and cellopentaose. The +1 substite glucosyl residue of Lam2 is flipped 180°
compared to the cellooligosaccharides, thereby allowing the C1, C3, and C5 hydrogens to interact with the indole ring of W358. (C) Superimposition of rice BGlu1 (green) and
Paenibacillus polymyxa B-glucosidase B (PpBGluB, yellow) structures in complex with cellotetraose. Cellotetraose in complex with rice BGlu1 is colored blue, while it is sand
colored in its complex from PpBGIluB. It can be seen that, whereas BGlu1 E386 is 3.2 A from the C1 (colored green) of the nonreducing glucosyl residue of cellotetraose in its
complex, the catalytic nucleophile of PpBGluB, E356, is 6.3 A away and blocked from making a direct attack on the anomeric carbon (C1, colored yellow) by C3. In addition to
the catalytic acid-base and nucleophile, the aromatic amino acid side chains that stack the 2nd and 3rd glucosyl residues (Trp258) and 4th and 5th glucosyl residues (Tyr341)
in BGlu1l and the corresponding residues in PpBGluB are shown. The glucosyl residue-binding subsites (—1 to +3) are marked above the sugars.

glycerol better than a glucosyl residue, so little evidence was seen
for unproductive binding. Therefore, it was deduced that, under the
conditions in the crystals at the time of flash cooling, at least 95% of
the cellopentoase bound in the —1 to +4 position. Cellotetraose was
similarly largely in the productive position.

In the complex of BGlu1l E176Q with laminaribiose, the nonre-
ducing sugar is in nearly the same position as in those with cello-

tetraose and cellopentaose, with the largest differences occurring
at the positions of 05 and C1. The positions of these atoms and
its glycosidic linkage to the C3 of the reducing glucosyl residue
placed this reducing end residue in a distinct position (Fig. 4A)
and the ring was flipped 180° compared to the Glc2 of the cellooli-
gosaccharides. This orientation positioned the C1, C3 and C5 pro-
tons, which are expected to have a weak positive dipole due to
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Fig. 5. Polar interactions between the BGlul E176Q mutant active site residues and cellopentaose (A) and laminaribiose (B). The diagram in A shows that all apparent
hydrogen bonds (dotted lines shown where the distance is <3.2 A) are directly between the cellopentaose Glc1 and the protein, but are mediated through water for all other
residues, except for one direct hydrogen bond between N245 and Glc3 03. In contrast, (B) shows that, in addition to water-mediated hydrogen bonds, laminaribiose forms
three direct hydrogen bonds to the protein at Glc2, while Glc1 makes the same direct hydrogen bonds to the protein as does cellopentaose Glc1.

the sigma withdrawal of electrons to the sugar oxygen atoms, to
make weakly polar interactions (sometimes called soft hydrogen
bonds (Weiss et al., 2001)) with the aromatic electron cloud of
the Trp358 indole ring to stack this sugar on that ring (Fig. 4B).
The B-conformation required for this positioning of the C1
hydrogen, also facilitated the formation of a direct hydrogen bond
between the C1 OH and the N245 sidechain, as well as a water-
mediated hydrogen bond between the Glc2 01 and the same side-
chain (Fig. 5B).

4. Discussion
4.1. Analysis of catalytic residue mutants

The identity of the catalytic acid-base and nucleophile were
already known, due to their conservation with those of other
GH1 B-glucosidases and their positions in the structure. Additional
evidence for the catalytic nucleophile was provided by the glyco-
synthase activity of E386A, E386G and E386S mutants (Hommalai
et al., 2007), and the covalent labeling of the E386 with G2F

(Chuenchor et al., 2008), so loss of activity in the E386D and
E386Q mutants was expected. The loss of activity in the E176 mu-
tants, the rescue of E176A and E176Q by anionic nucleophiles, and
the loss of the basic shoulder of the pH-activity profiles of these
two mutants provided support for the identification of E176 as
the acid-base catalyst, as noted previously for the corresponding
Agrobacterium sp. B-glucosidase Abg mutants (Wang et al., 1995;
Miilegger et al., 2005). It is notable that these mutations were most
highly active in the presence of ascorbate, a cofactor for the hydro-
lysis of thioglucosides by myrosinase, which also has a Gln in the
position corresponding to the GH1 catalytic acid-base (Burmeister
et al., 2000). The hydrolysis of thioglucoside by almond B-glucosi-
dase has also been shown to be promoted by low concentrations of
ascorbate, but inhibited by high concentrations (Shen and Byers,
2007). Wildtype BGlu1 also shows inhibition by ascorbate (Table 1)
and higher concentrations of ascorbate inhibited BGlu1l E176Q, but
hydrolysis of pNP-B-b-thioglucoside was not detected under
standard assay conditions (data not shown).

A similarly high activity to that seen with the BGlul E176Q
mutant was seen with the corresponding mutation of Abg,
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although that enzyme appeared to show more rapid hydrolysis of
dNPGIc (keae =16 s71) than pNPGIc (keae=1 s™1) (Miilegger et al.,
2005). It has been noted previously that the Agrobacterium enzyme
seemed to have a higher requirement for acid-assistance than
other enzymes, such as Cellulomas fimi Cex (Wang et al., 1995),
and, as shown here, rice BGlu1. The occurrence of the G2F covalent
intermediate confirms that the 2,4-dinitrophenolate does not re-
quire acid-assistance in its departure, since glycosylation takes
place despite the destabilization of the presumed oxycarbenium
cation-like transition state by the electron withdrawal by the fluo-
rine at C2. Recently, a similar covalent intermediate with an
unmodified glucosyl residue (without a fluorine atom) with the
acid-base E to Q mutant of human cytosolic B-glucosidase has
been reported (Noguchi et al., 2008). Attempts by our group to pro-
duce a similar covalent intermediate with BGlu1 E176Q have so far
failed to show noticeable density in the active site, perhaps due to
the unusually high activity of this mutant of BGlul.

Miilegger et al. (2005) suggested that the high activity of the
Abg acid-base E to Q mutant may have resulted from a hydrogen
bond made by the glutamine. Indeed, the Q176 N¢ and the glyco-
sidic oxygen of the scissile bond are within hydrogen bonding
distance in both the covalent G2F intermediate and Michaelis-
complex-like oligosaccharide complexes with BGlul E176Q
(Fig. 4), as was seen the corresponding mutants of human cytoplas-
mic and strictosidine B-glucosidases (Noguchi et al., 2008; Barle-
ben et al, 2007). In fact, despite not being hydrolyzed, the
oligosaccharide complexes showed distortion of the nonreducing
glucosyl residue between the !S; skew boat and a planar transition
state most similar to the “E envelope, based on the Cremer-Pople
parameters and C2-C1-05-C5 torsion angles for the refined struc-
tures. Movement between these structures may account for the
poor electron density for the anomeric carbon (C1).

4.2. Comparison of substrate binding to other GH1 structures

The glycone moiety is bound by the conserved residues found in
other GH1 B-glucosidases (Czjzek et al., 2000; Verdoucq et al.,
2004; Sanz-Aparacio et al., 1998), as seen in the G2F-labeled wild-
type enzyme (Chuenchor et al., 2008), but the aglycone-binding
residues are variable among these enzymes, reflecting their differ-
ent substrate specificities. Previously, the conserved Trp corre-
sponding to W358 has been noted to be critical for binding of
aglycones, and variability in its position has been noted to reflect
substrate specificity (Czjzek et al., 2000, 2001; Zouhar et al,,
2001; Verdoucq et al., 2003, 2004; Barleben et al., 2007). Other res-
idues found to interact with the aglycone in maize Glul included
F198, F205, and F466, which correspond to L183, N190, and L442
in rice BGlul. In sorghum SbDhr1, V196 and L203, corresponding
to the former two of these residues, formed hydrophobic interac-
tions with the dhurrin phenolic ring, but S462, corresponding
BGlu1 L442, was most critical in forming a water-mediated hydro-
gen bond to the aglycone phenolic oxygen (Czjzek et al., 2000; Ver-
doucq et al., 2004). Similar to SbDhr1, rice BGlul residue L183
appears to form a hydrophobic interaction with Glc residue 3.
However, N190 is over 6 A away and interacts only indirectly,
while the substrate turns away from L442. Mutagenesis of 1442
had no affect on catalytic activity (Chuenchor et al., 2008). F261
in SbDhr1 appears to restrict the active site, while M251 in this po-
sition has a similar effect on the rice Os3BGlu6 active site (Seshadri
et al., 2009). In contrast, the corresponding BGlu1 N245 forms two
hydrogen bonds to Glc residue 3, and its polar sidechain has been
shown to contribute to hydrolysis of pNPGIc, as well as celloligo-
saccharides (Chuenchor et al., 2008). Since the cellooligosaccharide
substrates of BGlu1 are longer, the BGlu1 active site is more exten-
sive than the other plant enzymes and includes residues further

out, such as Y341 and S334, which interact with the last two glu-
cosyl residues.

4.3. Analysis of oligosaccharide binding

The increase in the value of the apparent association constant
(Ka) for up to 6 residues, supports the previous prediction of 6 glu-
cosyl residue-binding subsites based on subsite mapping by kinetic
analysis of hydrolysis of oligosaccharides by BGlu1 (Opassiri et al.,
2004). Since cellotetraose and cellopentaose appeared to bind
predominantly in the productive positions with the four common
glucosyl residues in the same positions, it is likely that the differ-
ences in binding energies for, at least, the AGypindingcellohexaose —
AGbincling,celIopentaose and AGbinding,cellopentaose_AGbinding,cellotetraose
are reasonable estimates of the energy of binding subsites +5
and +4, respectively. In general, the changes of free energy of bind-
ing upon addition of a glucosyl residue correlate well with the
number of direct interactions and water-mediated hydrogen bonds
at the subsite to which that residue binds when the nonreducing
end is bound to subsite —1. If the assumption is made that the
binding of cellotriose to cellohexaose is overwhelmingly in the
position that would be productive for hydrolysis in the wildtype
enzyme with the nonreducing glucosyl residue in the —1 site, then
subsite affinities of >11.4 k]J/mol for the +2 subsite, 4.5 k]/mol for
the +3 subsite, 2 kJ/mol for the +4 subsite and 0.7 kJ/mol for
the +5 subsite can be calculated for binding of the (1—4)-B-linked
p-glucosyl residues of cellooligosaccharides. The relative energies
of interaction for the different subsites are similar to those calcu-
lated from subsite mapping (Opassiri et al., 2004).

The strong interactions between the reducing end glucosyl res-
idue and N245 may explain why the binding of laminaribiose is
more than 2 kJ/mol more energetically favorable than cellotriose.
These interactions could only be formed for the B-anomer of the
reducing glucosyl residue, demonstrating an apparent preference
for the chirality of this residue. An initial high resolution (1.37 A)
dataset from a crystal soaked with 1 mM laminaribiose showed
partial occupancy for the laminaribiose (PDB code 3F5L). Since
the protein without ligands (3F4 V) had 2 glycerol molecules in
subsites —1 and +1 that overlapped with the laminaribiose posi-
tion, their strong partial occupancies may have biased the laminar-
ibiose placement. However, the dataset from a crystal that had
been soaked in 10 mM laminaribiose collected to 2.8 A resolution
(PDB code 3AHT) had more substantial laminaribiose density.

4.4. Comparison to the complex of cellotetraose with Paaenobacillus
polymyxa p-glucosidase B

Isorna et al. (2007) reported the structure of P. polymyxa B-glu-
cosidase B with cellotetraose bound into the active site (PDB code
3Z18S), based on the partial electron density observed in the active
site after a short incubation and flash freezing. In that case, the en-
zyme was fully active, unlike BGlu1 E176Q, which is active toward
aryl B-glucosides with good leaving groups, but inactive toward
oligosaccharides. In that structure, the catalytic nucleophile was
6.3 A away from the anomeric carbon of the nonreducing sugar,
which was in a relaxed chair conformation and out of position
for a direct nucleophilic attack (Fig 4C). In contrast, in the BGlu1
E176Q oligosaccharide complexes, E386 is within 3.2 A of the ano-
meric carbon, and directly opposite and inline with the glycosidic
bond due to the distorted conformation of the nonreducing gluco-
syl residue. The position and distortion of cellotetraose and cello-
pentaose in the BGlul E176Q complexes appear to be indicative
of a Michaelis complex, while the cellotetraose in the P. polymyxa
BgluB model appears to bind with the glucosyl residues half way
between the productive binding subsites, which is likely why it
could be observed in an enzyme that is competent to hydrolyze
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it. The fact that it could be observed may indicate that binding in
this position is somewhat stable, which suggests that it may be a
staging site for binding of substrates before insertion into the cat-
alytic pocket and may have implications for the mechanism of such
insertion of oligosaccharides. We have yet to observe such a stag-
ing position in rice BGlu1, but it may occur transiently in BGlul
and other GH1 B-glucosidases.

5. Conclusions

The complexes of rice BGlul E176Q with gluco-oligosaccharide
appear to be the first for a family GH1 hydrolase with oligosaccha-
rides in productive positions for hydrolysis. The determination of
the glucosyl residue binding sites in BGlu1 is critical for under-
standing how plant B-glucosidases have adapted to the job of cel-
looligosaccharide binding and hydrolysis. The demonstration that
BGlul binds to the nonreducing terminal residue directly, yet
interacts with the remaining glucosyl residues predominantly
through water-mediated hydrogen bonds and weakly polar stack-
ing interactions between aromatic residues and glucosyl CH
groups, indicates the interaction involves dehydration of Glcl,
while other glucosyl residues remain hydrated. It is possible that
the transition from hydrated to hydrogen bonded requires a bound
intermediate, which may have been observed in P. polymyxa BgluB
(Isorna et al., 2007), but further investigation is needed to see if
such an intermediate can be observed in plant family 1 glycoside
hydrolases.
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