4
’

S N D
T R =

FB9mIATUFNY T
Final Report

TA39N15  @NENNWS IZHIWIATIFTIUAZANNINNIZADFUALAINVD LW Lal

wanaladiaalua szpalnaladalalasias 1 uaz 3 i dognglalodlnuzaalsa

Structural Basis for Substrate-Specificity in Glucooligosaccharide Hydrolyzing
B-Glucosidases from Glycosyl Hydrolase Families 1 and 3

lag 6. a3, Lad NONA-A1SHE uazame
By Prof. Dr. James R. Ketudat-Cairns and Team

a9ay 2556



‘"tytyuaﬂn'?i BRG5380017

e mIdeatuany ol
Final Report

TA39N15 AMNANNRS TN ATIFIUALAIMNINIEA DA UFLAINVDILD S Lasa]

wanaladinalua szpalnaladalalasias 1 uaz 3 fidesnglaledlnusaailse

Structural Basis for Substrate-Specificity in Glucooligosaccharide Hydrolyzing
B-Glucosidases from Glycosyl Hydrolase Families 1 and 3

[

ﬂmzqﬁaﬁ' y RINA
Research Team and Affiliations

Prof. Dr. James R. Ketudat-Cairns, Head of Project,
Institute of Science, Suranaree University of Technology

Prof. Dr. M.R. Jisnuson Svasti, Advisor,
Laboratory of Biochemistry, Chulabhorn Research Institute &
Centre for Protein Structure and Function, Faculty of Science,
Mahidol University

Assist. Prof. Dr. Rodjana Opassiri, Coinvestigator in first year,
Institute of Science, Suranaree University of Technology

Dr. Sukanya Luang, Postdoctoral Researcher, 2011-2012
Institute of Science, Suranaree University of Technology

Dr. Salila Pengthaisong, Postdoctoral Researcher, 2012-2013
Institute of Science, Suranaree University of Technology

aﬁfum&u‘[@ﬂéﬁﬁmmﬂ amuaﬁu mgumﬁé“ BLAZNEIINEN| ULﬂﬂIuIaﬁqiuﬁ%
(@nunlunsnuiiduresids

anm. uazmininedemalulaggsus isuiludeaiiudoaue'ly)



Thailand Research Fund Contract Number BRG5380017
Structural Basis for Substrate-Specificity in Glucooligosaccharide Hydrolyzing -
Glucosidases from Glycosyl Hydrolase Families 1 and 3
Final Report

Grant Period: 1 November, 2010- 31 July, 2013.
Project Title: Structural Basis for Substrate-Specificity in Glucooligosaccharide

Hydrolyzing B-Glucosidases from Glycosyl Hydrolase Families 1 and 3

(Thai): anuduRutznivlasahuazanuiumzdesuaanasenlodiudnglofiaslua

szpainaladalalavias 1 uaz 3 Ndesnglaledlnuaaanlsd

Head of Project: Dr. James R. Ketudat-Cairns

Institution: Institute of Science, Schools of Biochemistry and Chemistry,
Suranaree University of Technology
Nakhon Ratchasima 30000, THAILAND

Phone: 044 224304
Fax: 044 224185
Email: cairns@sut.ac.th, jrkcairns@yahoo.com

Advisor: Prof. Dr. M.R. Jisnuson Svasti Centre of Excellence in Protein Structure
and Function & Dept. of Biochemistry
Faculty of Science
Mahidol University
Phayathai, Bangkok 10400
Laboratory of Biochemistry
Chulabhorn Research Institute
Laksi, Bangkok



Abstract

Exoglucanases and [-glucosidases release glucose from the nonreducing end of
oligosaccharides and glycosides and play important roles in biological glucoside turnover, in
addition to have many potential applications. In order to understand the structural basis for
binding oligosaccharides and glycoside substrates by plant enzymes of glycoside hydrolase
(GH) families GH1 and GH3, we utilized a series of functional, mutational and X-ray
crystallographic experiments on rice and barley enzymes. We solved the structure of
Os4BGlul2 in apo form and in complexes with 2,4-dinitrophenyl-p-D-2-deoxy-2-
fluoroglucoside (DNP2FG) and 2-fluoroglucoside (G2F) derived from this inhibitor. The
0s4BGlul2 enzyme was also found to hydrolyze tuberonic acid glucoside (TAG) and other
glycosides, and the structure of the Os4BGlul2 E179Q mutant with TAG was solved at low
resolution. Similarly, Os3BGIlu6é was found to hydrolyze gibberellin A4 3-D-glucose ester
and a structure with a covalent glucose from this substrate was determined. Comparison of
the structures of 0s4BGlul2, 0s3BGIlu6, and Os3BGIlu7 E176Q in complex with
cellopentaose and molecular docking suggested that the Met251 of Os3BGIlu6 may interfere
with cellooligosaccharide binding in Os3BGIlu6, while the His253 in Os4BGlul2 is
compatible with such binding. Mutation of the Os3BGlu6 Met251 to Asn improved
oligosaccharide hydrolysis, whereas conversion of the corresponding Os3BGlu7 and
0s4BGlul2 residues to Met decreased hydrolysis. The roles of apparent oligosaccharide-
binding residues in the active site cleft of Os3BGIu7 in hydrolysis and in the
transglycosylation of long oligosaccharides by the Os3BGIlu7 E386G glycosynthase were
also studied by mutagenesis, kinetic analysis and structure determination. The removal of
Tyr341 had relatively small effects on hydrolysis, due to the binding of cellooligosaccharides
in different positions, depending on the inactivating mutation, while this residue was more
critical for the transglycosylation of long glucooligosaccharides, which require proper
alignment of the B-1,4-linked glucosyl acceptor chain. Although the structures of the
Os3BGIlu7 E386A, E386G and E386S in complexes with a-fluoroglucoside donor substrate
showed little difference, QM/MM suggested the subtle differences in the interactions with a
critical water molecule that helps to stabilize the leaving group can explain the higher relative
activity for Os3BGlu7 compared to E386S and E386A, respectively. Although Os3BGIlu7 8-
glucosidase prefers 4-nitrophenyl [B-D-glucoside (4NPGIc) over 4NP-B-D-mannoside
(4NPMan), Os7BGlu26 B-mannosidase has the opposite preference. The structures of
Os7BGlu26 and its complex with mannose were determined and showed the active site is
very similar to Os3BGIu7 B-glucosidase, though slightly narrower. Docking of 4NPGlc and
4ANPMan substrates into the active site and comparison to related B-glucosidase structures
suggested differences in amino acids interacting with the catalytic acid-base between
enzymes with significant and those with insignificant 3-mannosidase activities. Mutation of
Os7BGIlu26 Tyr334, which is closely linked to the catalytic acid-base, resulted in significant
changes in its activities for 4ANPGIc and 4NPMan. Further studies with gluco- and manno-
configured transition state analogs suggest that the Os7BGIlu26 p-mannosidase may
hydrolyze glucosides and mannosides via different transition state conformations. For GH3
enzymes, analysis of a large number of active site variants of barley HvEXxol at the functional
and structural levels has resulted in a clearer understanding of the broad specificity of the
enzyme and the mechanism of product-substrate exchange, although finalization of these
analyses is still in progress. We have supplemented this with characterization of rice GH3
isoenzymes OsExol, expressed in Pichia pastoris, and OsExoll and OsExolll, expressed in
Escherichia coli. Aside from adding to our understanding of exoglucanase and p-glucosidase
interactions with substrates for future enzyme engineering, these studies have contributed to
9 publications and scientific training for 5 students.
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Executive Summary

Importance:  B-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) Structural determination of inactive mutants of the GH1 enzymes Os3BGlu6 and
0s4BGlul2 in complexes with oligosaccharide and glycoside substrates and comparison
to the structures of Os3BGIu7 in complex with its substrates.

2) Determination of the roles of some active site residues in determining the differences in
activities between Os3BGlu6, Os3BGlu7 and Os4BGlul2 and related rice GH1
isoenzymes by mutagenesis.

3) Elucidation of catalytic and structural differences between GH1 B-glucosidases and (-
mannosidases

4) Investigation of the functional differences in GH3 exoglucanases from barley and rice and
analysis of the structural basis of these difference, based on the barley Exo-I structure.

5) Determination of the functional roles of amino acids in the GH3 exoglucanase and f3-
glucosidase active sites by mutagenesis and evaluation of functional changes.

Methods and Results: The X-ray crystallographic structure of the Os4BGlul2 (-D-
glucosidase was completed, including structues with 2,4-dinitrophenyl-p-D-2-deoxy-2-
fluoroglucoside in Michaelis and covalent intermediate complexes, and a preliminary
structure of the Os4BGlul2 E179Q mutant in complex with tuberonic acid glucoside.
Comparison of the structures of Os3BGIlu7 in complexes with cellooligosaccharides and
those of Os3BGIlu6 and Os4BGlul2 identified the Os3BGIlu7 residue Asn245 as a residue
hydrogen-bonding to oligosaccharides, while the corresponding Os3BGIlué Met251 appeared
to block such binding. Site directed mutagenesis of Os3BGIlu6 Met251 to Asn created a 1,4-
linked B-D-glucosyl binding site in Os3BGIlu6, based on the kinetics of oligosaccharide
hydrolysis, while converting the corresponding residues in Os3BGIu7 and Os4BGlul2 to
Met resulted in decreased binding and hydrolysis. Mutagenesis of this residue and Tyr341 in
0s3BGlu7 and its glycosynthase mutant resulted in differential effects on the hydrolysis and
synthesis of oligosaccharides, and the structure of the Os3BGlu7 Y341A/E386G mutant
showed cellotetraose in the active site in an alternate binding mode, suggesting a high level
of plasticity in oligosaccharide binding by the Os3BGIlu7 3-D-glucosidase. We also observed
that the Os3BGIu7 E386G glycosynthase mutant accepts a diversity of acceptor and donor
substrates, but forms extended oligosaccharides primarily with B-1,4-linked
monosaccharides. Comparison of the X-ray crystal structures of Os3BGlu7 E386G with the
less efficient glycosynthase mutants E386A and E386S showed the structures were very
similar, but quantum mechanical/molecular mechanical (QM/MM) calculations were able to
verify the E386G structure should give more efficient glycosyl transfer, due in part to the
disposition of a critical water molecule that assists in fluoride departure for the o-D-
fluoroglucoside donor substrate. Solving the X-ray crystal structures of the Os7BGIlu26 p3-D-
mannosidase and its complex with mannose allowed identification of residues around the
catalytic acid base, which site-directed mutagenesis confirmed affect the relative activities
toward glucoside and mannoside substrates. For GH3 exoglucanases, we completed several
mutants around the active site and the X-ray crystallographic structures of many complexes
are in progress, while kinetic characterization of 3 rice GH3 exoglucanases was begun.

Output and Benefits: This work elucidated the structural basis of oligosaccharide
hydrolysis, and contributed to 9 international publications and 5 graduate students’ training.
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3. Area of research: Protein Structure and Function (plant enzymes)

4. Problem and Its Importance

The depletion of world oil resources has brought about renewed interest in conversion
of plant carbohydrates into sugars for fuel production. Current production schemes that
largely focus on starch are in conflict with production of food, the need for which is also
increasing. However, cellulose and other B-glucans represent the largest source of
carbohydrate material produced by photosynthesis, and are often found as waste products
from food production. Although the processing of lignocellulosic materials is primarily done
with enzymes from microorganisms, which utilize these materials as a food source at present,
plants have also evolved a system for recycling the cell walls between their cells, which can
be quite rapid during endosperm development and growth.

Degradation of cellulose involves three enzymes in microorganisms, cellulase,
cellobiosidase and B-glucosidase (cellobiase), the activity of which is limiting in many fungal
enzyme preparations (Ketudat Cairns and Esen, 2010). In plants, cellulases and other
endoglucanases also break down cell walls with the help of exoglucanases and exo-acting (-
glucosidases. Many of these cellooligosaccharide exo-B-glucosidases have activity toward
other sugars, such as B-mannosides and B-galactosides, so they may play roles in breakdown
of other cell wall oligosaccharides as well. The plant B-glucosidases and exoglucanases
appear to fall into related families, with most falling in glycoside hydrolase (GH) families
GH1 and GH3. Since these enzymes vary in specificity, recognizing different lengths of
oligosaccharides, different linkages and different types of monosaccharides differentially, it
is useful to understand the structural determinants for these differences in substrate
specificity, so appropriate enzymes may be used and engineered for better usage.

We have solved the structures of three rice (Oryza sativa L.) GH1 B-glucosidases that
have different preferences for linkages and lengths of oligosaccharides and have worked on
the characterization of the barley (Hordeum vulgare L.) GH1 oligosaccharide B-mannosidase
and GH3 exoglucanase Exo I. The structures of these enzymes led to insights into how they
bind oligosaccharide and glycoside substrates differently, and the hypotheses generated from
these insights were assessed by mutagenesis and studies of the structural interactions of these
enzymes with various substrates and inhibitors in this project. Rice is one of the most
important crops in Thailand and a significant source of lignocellulosic waste. The study of
these enzymes from rice and a related grass (barley) may help to develop better enzymes and
strains of rice with more appropriate expression levels of these enzymes to allow efficient
recycling of the rice straw. In addition, the enzymes appear to act on glycoside substrates, as
well as oligosaccharides, assessing how they bind different glycoside substrates differently
may lead to an improved understanding of their roles in rice development, resistance to
disease, and growth that may allow these processes to be improved for higher yield. For
instance, the Os4BGlul2 isoenzyme was found to hydrolyze the phytohormone (-D-
glucosides tuberonic acid glucoside and sialic acid glucoside in collaboration with colleagues
in Hokkaido University. Thus, this work had added to our knowledge of rice phytohormone
metabolism, in addition to knowledge on binding, hydrolysis and synthesis of
oligosaccharides.



5. Objectives
The purpose of this project was to understand the structural basis for substrate
recognition and hydrolysis by plant enzymes that work on f-linked gluco-
oligosaccharides, with the hopes this will lead to improved enzymes in the future. To
meet this goal, we put forth the following objectives:

5.1. Structural determination of inactive mutants of the GH1 enzymes Os3BGIlu6 and
Os4BGlul2 in complexes with oligosaccharide and glycoside substrates and
comparison to the structures of Os3BGlu7 in complex with its substrates.

5.2. Determination of the roles of some active site residues in determining the differences in
activities between Os3BGIlu6, Os3BGlu7 and Os4BGlul2 and related rice GH1
isoenzymes by mutagenesis.

5.3. Elucidation of catalytic and structural differences between GH1 p-glucosidases and (-
mannosidases

5.4. Investigation of the functional differences in GH3 exoglucanases from barley and rice
and analysis of the structural basis of these difference, based on the barley Exo-I
structure.

5.5. Determination of the functional roles of amino acids in the GH3 exoglucanase and (-
glucosidase active sites by mutagenesis and evaluation of functional changes.

6. Activities and Methods:

6.1. Crystal structure of Os4BGlul2 and characterization of the non-fusion-tagged
0Os4BGIlul2 activity.

At the onset of this project, we completed the X-ray crystal structures of Os4BGlul2 in
apo form and in complexes with a noncovalently bound 2,4-dinitrophenyl (3-D-2-deoxy-2-
fluoroglucoside and a covalently bound a-D-2-fluoroglucoside. Previously, we had produced
0s4BGlul2 as an N-terminally thioredoxin and fusion-tagged protein in Escherichia coli,
purified it by immobilized metal affinity chromatography (IMAC) followed by removal of
the fusion tag by enterokinase digest and a second IMAC step to adsorb the tag, and
crystallized it (Sansenya et al., 2010). Crystals of Os4BGlul2 and its complex with 2,4-
dinitrophenyl B-p-2-fluoroglucoside (ANPG2F) were used to diffract X-rays, the diffraction
patterns were processed to derive the structure factors, and the preliminary structures were
solved by molecular replacement. The complex with dNPG2F was found when the protein
was crystallized in the presence of dNPG2F and soaked in cryoprotectant with high DNPG2F
concentration prior to freezing. In this project, we cocrystallized in the presence of
DNPG2F, as before, but soaked the crystals in cryoprotectant solution without this slowly
hydrolyzed substrate. The crystals were diffracted at the National Synchrotron Radiation
Research Center, Hsinchu, Taiwan, and the structure solved as before, to find that the protein
was covalently bound through its nucleophile with a-D-2-F-glucoside (G2F), as originally
intended. We further refined the structures of the native enzyme, dNPG2F and G2F
complexes with Refmac5 (Murshudov et al., 1999), checked their qualities with PROCHECK
(Laskowsky et al., 1993) and Molprobity (Chen et al., 2010), submitted the structures and
published them in Sansenya et al. (2011).

Because Os4BGlul2 had been identified as a tuberonic acid glucoside (TAG) B-
glucosidase (Wakuta et al., 2011) and protein produced in Pichia pastoris had differences in
activity compared to that reported for Os4BGlul2 fusion protein, we purified the Os4BGlul2
protein after removing the tag, as done for crystallography, and characterized the activity
(Himeno et al., 2013). The protein activity was assessed by measuring the velocity for
hydrolysis of following substrates (2 mM): 4-nitrophenyl (4NP) B-D-glucopyranoside



(4NPGilc), 2-nitrophenyl (2NP) B-D-glucopyranoside (2NPGlIc), 4NP B-D-fucopyranoside,
4NP  B-D-galactopyranoside, 4NP  [B-D-xylopyranoside, 4NP B-D-mannopyranoside
(4NPMan), TAG, helicin, sialyic acid glucoside (2-SAG), 3-hydroxysialic acid (3-SAG, also
called 3-hydroxybenzoic acid), 4-hydroxy sialic acid (4-SAG or 4 hydroxybenzoic acid),
cellobiose, cellotriose, cellotetraose, sophorose, laminaribiose, and gentiobiose. Reaction
velocities toward 4-nitrophenyl B-glycosides and 2NPGIlc were measured were determined
based on Ases. In the reactions towards B-glucosides other than 4NPGlc and 2NPGlc, the
enzyme reactions were stopped by adding 200 uL of 2 M Tris-HCI buffer (pH 7.0), and D-
glucose liberated was measured by the glucose oxidase-peroxidase method using a Sigma
PGO kit (Opassiri et al., 2003). Kinetic parameters for various substrates were determined
by fitting the initial velocities at various concentrations of substrates to the Michaelis-Menten
equation with the Grafit version 7.0.2 computer program (Erithacus Software).

6.2. Mutagenesis of barley and rice B-glucosidases and B-glucosidase/pB-mannosidases.

6.2.1. Design of subsite 2 mutations. ~ With the structures of the rice Os3BGIu7 (BGlul),
0s3BGlu6, and Os4BGIlul2 p-glucosidases determined, along with previous analysis of their
activity differences, the amino acids around the active sites of these enzymes were inspected
to generate hypotheses for their roles in determining substrate specificity differences.

When the structures of the Os3BGIlu7 E176Q mutant in complexes with cellotetraose and
cellopentaose (Chuenchor et al., 2011) were superimposed on the Os3BGlu6 complex with
octyl-B-D-thioglucoside and Os4BGlul2 in complex with 2,4-dinitrophenyl -D-2-deoxy-2-
fluoroglucoside, the Os3BGIu7 residue Asn245, which is important for binding the third
glucosyl residue in cellooligosaccharides, was observed to be replaced by Met251, which
extends into the active site and blocks binding of these oligosaccharides, in Os3BGIlu6, while
the corresponding His253 in Os4BGlul2 was positioned to hydrogen bond with the
oligosaccharides. Therefore, computational docking with Autodoc was used to confirm that
the oligosaccharides would form different binding complexes with these enzymes, and
0s3BGlué Met251 was mutated to Asn (M251N), while the corresponding residues were
mutated to Met in Os3BGIlu7 (N245M) and Os4BGlul2 (H253M). Kinetic analysis of
cellooligosaccharide hydrolysis was used to calculate the differences in glucosyl moiety
binding energies caused by these mutants. Activity against p-nitrophenyl (pNP) B-D-
glucoside (pNPGIc) was used to evaluate the overall effects of the mutations on enzyme
activities.

6.2.2. Enzyme production and kinetic analysis.  As previously described (Opassiri et al.,
2003, 2006, Seshadri et al. 2009), the enzymes were expressed as thioredoxin fusion proteins
in Escherichia coli, and mutations made by the QuikChange method (Stratagene). The
activities toward 4NP glycosides will be determined by measuring the 405 nm absorbance of
the released 4-nitrophenolate at high pH, while the glucose released from
cellooligosaccharides can be measured by the glucose oxidase assay. In each case,
appropriate standard curves were used to calculate the amounts of products released. Kinetic
parameters were determined with triplicate activity measurements, after the initial velocity
had been carefully checked. The substrate concentrations were chosen to bracket the
apparent K, at approximately 0.2 to 5 times the Kp,.. Inhibition constants for substrates that
are not hydrolyzed by active mutants were determined by Dixon plots, after a series of
Lineweaver-Burk plots at different inhibitor concentrations was inspected to ensure
competitive inhibition. Subsite mapping calculations to check the effects on various glucosyl
residue subsites were done as previously described (Hiromi et al., 1973; Opassiri et al.,
2004), while AAG for the effects of mutations on transition state binding were assessed as



described by Fersht et al (1987) from the equation AAGs<mut = -RT[IN(Keat! Km)mutant —
IN(Keat/ Km)wildtype:  TO test the effects of the mutations on pK, of important active site residues
(catalytic acid/base and nucleophile), the optimum pH was determined for each mutated
protein.

6.2.3. Os7BGIlu26 B-mannosidase production and mutagenesis.  To improve the expression
of Os7BGIlu26 B-p-mannosidase, the pET32a/0Os7BGIu26 plasmid, which includes the
Os7BGlu26 cDNA in frame to produce an N-terminally thioredoxin and His-tagged
0Os7BGIlu26 fusion protein (Kuntothom et al., 2009), was transformed into E. coli strain
Rosetta-gami(DE3) cells. The cells were cultured in low salt LB (Lennox) media containing
50 upg/ml ampicillin, 15 pg/ml kanamycin, 12.5 ug/ml tetracyclin and 34 pug/mi
chloramphenicol. When the culture optical density at 600 nm reached 0.4-0.5, protein
expression was induced with 0.3 mM IPTG for 24 h, at 20°C. Cell pellets were collected by
centrifugation and suspended in the extraction buffer (50 mM Tris-HCI, pH 8.0, 150 mM
sodium chloride, 200 pg/ml lysozyme, 1% (v/v) Triton-X 100 mM, 1 mM PMSF, 4 ug/ml
DNase 1) at approximately 25 °C, 30 min. After removing the insoluble debris by
centrifugation, the protein was purified from the soluble extract by IMAC on cobalt-
equilibrated IMAC resin (GE Healthcare). The resin was washed with the equilibration
buffer (150 mM NaCl, 50 mM Tris-HCI, pH 8.0), followed by 20 mM imidazole in the
equilibration buffer, and eluted with 250 mM imidazole in the equilibration buffer. The
fractions of Os7BGlu26 containing pB-D-glucosidase activity, as judged by 4NPGlc
hydrolysis, were pooled and imidazole removed by dialysis in 150 mM NaCl, 20 mM Tris-
HCI buffer, pH 8.0. The dialysed preparation was concentrated in a 30 kDa molecular mass
cut off (MWCO) Centricon centrifugal filter (Millipore). The N-terminal fusion tag was
removed from the Os7BGIlu26 fusion protein by cleavage with 2 ng enterokinase (New
England Biolabs) per 1 mg of a fusion protein at 23°C for 18 h, followed by a second round
of IMAC. The flow-through fractions containing p-glucosidase activity were pooled and the
protein purity was analysed by SDS-PAGE. The Os7BGIlu26 was dialysed and concentrated
with a 30 kDa MWCO Centricon filter to obtain approximately 6 mg/mL Os7BGIlu26 protein
in the 150 mM NacCl, 20 mM Tris-HCI buffer, pH 8.0.

After inspecting the Os7BGIlu26 structure (see below), its superposition with the covalent
2-fluoroglucoside complex structures of Os3BGIlu6, Os3BGIu7 and Os4BGlul2 and docking
of substrates into the active sive, mutations were designed and created by Quikchange
mutagenesis, as described above. Due to the need to consider different glucosyl and
mannosy| moiety structures for the docking, we collaborated with Prof. Dr. Carme Rovira to
dock four different conformations (*Ss, Ss, *So, *S1) of glucosyl and mannosyl groups in
4ANPGIc and 4NPMan into the active site of the Os7BGIlu26 structure with the Autodock 4.2
program (Morris et al., 2009). Based on the docked structures of the glycosides with the 'S;
and Ss sugars that had lowest energies, the surrounding amino acids were evaluated. Based
on these observations the following variants were generated: Os7BGIlu26 E179Q and E179A
(catalytic acid-base mutants), Os7BGIlu26 Y134W, Os7BGlu26 Y134F, Os7BGlu26 C182A,
and Os7BGIlu26 C182T. These mutants were assessed for the effects of the mutations on the
kinetics of 4ANPGIc and 4NPMan hydrolysis, as described above.

6.3. Crystal structures of mutants and substrate complexes.

The structures of the Os3BGIlu6, Os3BGIlu7, and Os4BGlul2 mutants that had the
catalytic acid-base or nucleophile removed to allow substrate binding without hydrolysis or
had unusual activities that suggested rearrangements of residues in the active site or different
substrate binding modes were solved by X-ray crystallography. The proteins were
crystallized by screening in hanging drop screens around the same conditions as previously
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described for the wildtype proteins (Chuenchor et al., 2006, 2008, Seshadri et al., 2009;
Sansenya et al., 2011).
6.3.1. Os3BGIlu7 E386G glycosynthase and its active site cleft mutants.

In the past, we made glycosynthase mutations of Os3BGlu7 and showed that this enzyme
can synthesize long oligosaccharides starting from 4-nitrophenyl-cellobioside (4NPC2) and
a-D-glucosyl fluoride (a-GlcF), which appeared to be related to its long cellooligosaccharide
binding cleft (Hommalai et al., 2007). To analyze the relationship of the long cleft to
glycosynthase products, we solved the structure of the Os3BGlu7 E386G glycosynthase with
cellotetraose and cellopentaose, as well as those of two binding cleft mutants of this
glycosynthase, E386G/S334A and E386G/Y341A. The crystals cocrystallized with 2 mM
cellotetraose were soaked with saturated cellotetraose in cryoprotectant prior to cooling
(Pengthaisong et al., 2012a). To analyze the differences in relative transglycosylation
activities of different glycosynthase mutants, the E386G, E386A and E386S glycosynthase
mutant proteins were also crystallized in apo forms and with 2-fluoroglucoside. Attempts
were also made to cocrystallize these mutants with both 2-fluoroglucoside and 4NP-
cellobioside or cellotriose or to soak these compounds into the crystals as specified for
cellotetraose above. We then evaluated the differences of activity of the Os3BGIu7 E386G,
E386A, and E386S glycosynthases by sending their crystal structures with a-fluoryl
glucoside to Prof. Liu and his student to conduct Quantum Mechanics/Molecular Mechanics
(QM/MM) simulations on the glycosynthase reactions for these three enzymes to evaluate the
activation energy and apparent transition state structure in each case (Wang et al., 2013).

In addition, we evaluated the contamination of wild type Os3BGIu7 in the Os3BGIlu7
E386G glycosynthase by cyclophelitol inhibition. We also evaluated the activity of a less
mutable glycosynthase, Os3BGlu7 E386G2, in which the codon was changed from GAA to
GGC instead of the original GGA, so that it required 2 mutations or misread bases to revert
back to encode the Glu catalytic nucleophile. Evaluation of the products formed with the new
mutant and with inclusion of cyclophelitol allowed identification of the true glycosynthase
products (Pengthaisong et al., 2012b).

In order to assess the functional effects of the mutations, the same mutations were made in
the Os3BGIu7 wildtype enzyme and an acid-base mutant that has transglycosylation acitivity
with 4NPGIc donor and acetate or azide acceptor, Os3BGIlu7 E176Q. The kinetics of the
hydrolysis of Os3BGIlu7 mutants hydrolysis of cellotriose, cellotetraose and cellopentaose
and the inhibition of Os3BGIu E176Q use of 4NPGlc by these oligosaccharides was
evaluated to determine the effects on that active site cleft binding of oligosaccharides.
Further mutations of the active site cleft and secondary oligosaccharide binding residues
GIn187, Argl78, and Trp337 were also made alone and in combinantion with the other
mutations and evaluated for effects on oligosaccharide binding and hydrolysis and synthesis
of 4NP-oligosaccharides by the glycosynthase combinantion mutants.

6.3.2. Binding of substrates by Os3BGlu6 and Os4BGlul2.  In order to determine the
interactions between the proteins and their substrates, the catalytic acid-base of Os3BGIlu6
was mutated from glutamate to glutamine (E178Q) and aspartate (E178D), and its catalytic
nucleophile similarly mutated to glutamine (E389Q) and aspartate (E389D), as previously
done for Os3BGIlu7 (Chuenchor et al., 2011). The Os4BGlul2 acid-base was similarly
mutated to glutamine (E179Q). The crystals were grown as described for the wildtype
enzymes (Seshadri et al., 2009; Sansenya et al., 2011) in the presence and absence of natural
substrates. The Os3BGIlu6 E178Q mutant was complexed with gibberellin GA4 glucose ester
(GA4GE) and 4NPGlIc, while the Os3BGIlu6 E389D mutant was also produced in the
presence of GA4GE. The Os4BGlul2 E179Q mutant was crystallized in the presence of and
the crytals soaked in trycin 5-O-glucoside and 7-O-glucoside, which we and Dr. Prasat
Kittakoop had purified from rice extracts, as well as tuberillic acid glucoside (TAG) provided
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by Prof. H. Matsui of Hokkaido University. Before rapid cooling of the crystals in liquid
nitrogen, the crystals were soaked in mother liquor and/or cryoprotectant solutions that
contain the substrates at high concentrations.

6.3.3. Crystal structure solution.  The crystals were soaked in cryoprotectant that is
optimized for the crystals, starting from around 18% glycerol in 110% precipitant. They
were then flash cooled in liquid nitrogen and stored in liquid nitrogen or a dry shipper until
data collection. Preliminary data was collected on the rotating anode source in-house system
at the Synchrotron Light Research Institute. Higher resolution data collection was collected
at the National Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan, on the
PX 13B beamline. The data was processed with HKL2000 (Otwinowski and Minor, 1997),
then the scaled data was converted to .mtz files for phase solution in the CCP4 computer
suite (CCP4, 1994). The structures from crystals that are isomorphous with wildtype protein
crystals were solved by rigid body refinement in Refmac5 (Murdushov et al., 1997), while
those from nonisomorphous crystals were solved by molecular replacement with MolRep
(Vagin and Teplyakov, 1997) in the CCP4 suite. The structures were refined by iterative
model building in coot (Emsley and Cowtan, 2004) and refinement with Refmac5. Final
structures were checked for reasonable structures with PROCHECK (Laskowski et al., 1993),
Molprobity (Chen et al., 2010) and other available quality assessment programs and
submitted to the Protein Data Bank at the time of paper submission.

6.4. Attempts to determine the structure of related GH1 enzymes and Os7BGlu26
structure.

Since our laboratory is trying to characterize members of other GH1 clusters and GH1 B-
mannosidases, several proteins were screened for crystallization by the microbatch method,
including Os1BGlu4 cytosolic B-D-glucosidase, Os7BGlu26 B-D-mannosidase, HvBII B-D-
mannosidase, and Os9BGIlu31 transglucosidase, although only Os7BGlu26 (3-D-mannosidase
was successfully and reproducibly crystallized. Crystallization was screened by microbatch
under oil with commercial screening kits from Hampton Research, Emerald Biosciences, and
others and the PEG/salt screen of Dr. Jirandorn Yuvaniyama (Mahidol University).
Conditions that yield crystals were optimized in hanging drop vapor diffusion experiments by
varying precipitant concentrations, protein concentration, pH, and other parameters, and
microseeding were used to improve crystal quality for Os7BGIlu26.

After optimization of the crystallization conditions, the crystals were grown in 0.8 M
K,Na tartrate, 0.1 M Na HEPES, pH 7.5. The Os7BGlu26 3-mannosidase, the proteins may
also be cocrystallized with 2-deoxy-2-fluoromannoside (from Stephen G. Withers, University
of British Columbia, Canada), but it was rapidly hydrolyzed. The enzyme was also
crystallized and soaked with this inhibitor or 4NPGIlc, 4NPMan, b-mannose or D-glucose for
crystallization trials and/or optimization. For the complex with ligand, the crystals were
soaked in 100 or 400 mM D-mannose in the precipitant solution. Prior to data collection, the
crystals were soaked in cryoprotectant containing the precipitant, 100 or 400 mM D-mannose
and 20% (v/v) glycerol. The crystals were flash vitrified and stored in liquid nitrogen. In
addition, the Os7BGIlu26 -D-mannosidase was mutated at the catalytic acid-base to change
glutamate to glutamine (Os7BGIlu26 E179Q), and attempts were made to crystallize this
protein with various mannoside and glucoside substrates, however, attempts to determine
these structures are still underway. The structures of Os7BGlu26 alone and with mannose
and various inhibitors were solved, refined and verified as described in Section 6.3.
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6.5. Analysis of putative transition state analog inhibitors binding and structures.

Because the structure of the Os7BGIlu26 active site was very similar to that of the
0Os3BGlu7 p-D-glucosidase and analysis of substrate and product binding did not generate a
complete ratioinale for their differences, we needed to consider the structures bound to the
transition state. In other glycoside hydrolase families, f-mannosidases have been shown to
hydrolyze B-p-mannoside substrates via a conformational trajectory from a 'Ss skew boat, in
the Michaelis complex, to a B,s boat, near the transition state, to a °S, skew boat, at the
covalent intermediate, while B-D-glucosides follow a 'S; skew boat to *Hs half chair or *E
envelope transition state to a “C; chair covalent intermediate trajectory (Davies et al., 2003).
Putative transition state analog inhibitors were obtained from Prof. Spencer Williams,
including glucoimidazole, mannosimidazole, glucotetrazole, and isofagamine, Prof. Yves
Blerot, who provided the locked boat inhibitors shown in Figure 1, and Prof. Maria Hrmova,
who provided phenethylglucoimidazole, which she had from a previous study. In addition,
we acquired the commercially available putative inhibitors nojiramycin sulphate, 1-deoxy-
nojiramycin and 1-deoxy-mannojirimycin, shown in Figure 1. After an initial test of
inhibition by these compounds at 0.1 mM concentrations, competitive inhibition of
0s7BGlu26, Os3BGIlu7 and HvBII was verified by inspection of Lineweaver-Burk plots for
those compounds that inhibited, and the competitive K; values were determined with Dixon
plots. Furthermore, binding to Os3BGIu7 was assessed for glucoimidazole, mannoimidazole
and isofagamine by microcalorimetry. Attempts were made to do a similar microcalorimetric
analysis for Os7BGlu26, but the protein precipitated in the assay buffer at the concentrations
required for the analysis.  Furthermore, the mannoimidazole, glucoimidazole and
isofagamine were soaked into Os7BGlu26 and Os3BGlu7 crystals, and X-ray diffraction data
collection.  Preliminary structures were calculated, although structure refinement and
finalization is still underway.
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Figure 1 Structures of transition-state analogue candidates studied.
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6.6. Expression, functional and structural studies of GH3 exoglucanases.

In previous work, we had made several mutations of HvExol, which we previously
expressed from an optimized cDNA as a secreted protein in Pichia pastoris (Luang et al.,
2010a). It can be purified by an initial precipitation or chromatography step (ie hydrophobic
interaction), followed by immobilized metal affinity chromatography (IMAC) and desalting
in a centrifugal concentrator. The protein was deglycosylated with Endoglycosidase H for
crystallization or left in glycosylated form for most enzymatic work. In the previous project,
we made the mutations: D95N, 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. In this project, we made additional mutants by site-directed
mutagenesis, including D285G, D285S, K206A, E220D, W286F, W434F, W286F/W434F,
W286F/W434A and W286A/W434A, studied their activities and crystallized some of these
alone or in complex with thio-linked oligosaccharide inhibitors.

Previously, we crystallized the recombinant Exol mutant and those of a few mutants and
collected preliminary X-ray diffraction data (Luang et al., 2010b). In this project, we have
collected more data sets and refined the structures to near completion, including for
structures for the HVExol mutants R158A, E161A, E161Q, R158A/E161A, W286A, W434A
and W286A/W434A alone and with thio-linked glucooligosaccharides with p-1,3, 1,4- and
1,6- linkages. In most cases, crystal seeds generated serially from the original native crystal
were used, and all crystals were isomorphous with these crystals (Hrmova et al., 1998;
Varghese et al., 1999).

In the previous project, we had cloned a cDNA for the rice GH3 gene OsExoll (gene locus
0s03g0749300) and made a synthestic cDNA for OsExol (0s03g0749500), so we continued
to express the proteins from these genes. The OsExoll protein was expressed as a
thioredoxin fusion protein with a six histidine tag from a pET32a-derived vector in E. coli
strain Origami(DE3), while the optimized OsExol was also expressed as a secreted protein in
Pichia pastoris from pPICZaBNH8 (Toonkool et al., 2006). The activity of the purified
proteins were tested against 4NP-glycosides by release of 4NP and against the
polysaccharides laminarin, barley (1,3)(1,4)-B-glucan and lichenan and gluco-
oligosaccharides by quantifying released glucose with the glucose oxidase assay.

An additional cDNA for the third GH3 exoglucanase, designated OsExolll (gene locus
0s01g0771900, cDNA Genbank accession AK066300), was cloned into a pET32a-derived
E. coli expression vector. The protein was expressed and a preliminary purification
conducted with tests for activity. Attempts were also made to clone the Os03g0749100
(putative exoglucanase) and 0s0290752200 (putative P-D-xylosidase) locus cDNA, but
without success.
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Figure 2. Phylogenetic tree of GH3 enzymes in rice and related enzymes. The tree is
based on a multiple protein sequence alignment generated with the MUSCLE algorithm
implemented in the MEGAS program suite, and drawn by the distance-based neighbor
joining method. The rice enzymes are denoted by their gene’s locus number. The
proteins/genes targeted in this research are labeled and they or the corresponding barley
enzyme from which the putative activity was derived are highlighted with arrows. The upper
box represents putative exoglucanases, while the lower box indicates B-D-xylosidase/o.-L-
arabinosidase-like enzymes. The fungal tomatinase enzyme was used as an outgroup to root
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7. Results:
7.1. Crystal structure of Os4BGlul2 and its complexes with 2,4ADNPG and G2F

During this project, we completed the structures of Os4BGlul2 B-glucosidase and its
Michaelis complex with 2,4-dinitrophenyl 2-deoxy-2-fluro-B-D-glucoside, and generated a
structure with a covalent intermediate with alpha-linked 2-deoxy-2-fluoroglucoside (G2F), as
reported in Sansenya et al. (2011). The final data and structure statistics for these three
structures are given in Table 1.  The structure was found to have two protein molecules in
the asymmetric unit, and these two molecules bound a Zn molecule asymmetrically between
them, as shown in Figure 3. As can be seen in the figure, the overall structure of each protein
is a typical (B/a)s-barrel (or triose phosphate isomerase, TIM, barrel), as seen in other GH1
enzyme structures. The four variable loops that determine the different shapes of GH1 active
sites are highlighted. One difference between Os4BGlul2 and other plant GH1 enzymes is
that it has two disulfide bonds stabilizing the structure of the variable loop C, while most
GH1 enzymes that have been described have a single disulfide bond in this loop (see the two
noted bonds in Figure 3). At first, this was considered to correlate to the higher stability of
0s4BGlul2 compared to Os3BGIlu7, but heating the two enzymes in the absence and
presence of reducing agents showed that the Os3BGIu7 stability was more dependent on the
presence of the disulfide bond than Os4BGlul2 (Sansenya et al., 2011).

The noncovalent complex was found indicated the residues surrounding the sugars in the
active site (Figure 4). All of the residues surrounding the glucosyl residue were conserved
with other GH1 enzymes with known structures and made essentially the same hydrogen
bonds. In the aglycone-binding site, the residues were less conserved, although the
conserved tryptophan (Trp365), which serves as a platform to bind sugars and nonpolar
aglycons is conserved. His252 made a polar contact through a water to the nitrosyl group of
2,4-dinitrophenyl, suggesting it may mediate polar contacts to substrate aglycones, similar to
the corresponding Asn245 of Os3BGIlu7 (Figure 5 C), which hydrogen bonds to
oligosaccharide substrates. The covalent complex of the Os4BGlul2 enzyme with o-D-2-
fluoroglucoside, the nucleophile was displaced less than the nucleophile in similar complexes
of Os3BGIlu6 and Os3BGIlu7. Since this small displacement was similar to that seen in the
covalent complex with myrosinase, a thioglucosidase, the hydrolysis of the thio-linked
substrates 4NP-B-D-thioglucoside and octyl-p-D-thioglucoside was tested and it was found
that Os4BGIlul2 had significant hydrolysis activity for these substrates, while Os3BGIlu6 and
0s3BGlu7 did not (Sansenya et al., 2011). Thus, the intermediate structure seemed to
correlate with the catalytic ability of the enzyme.
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Table 1 Refinement statistics for the structures of Os4BGlul2 apoenzyme and its complexes

with G2F and DNP2FG.

0s4BGlul? 0s4BGlul2
Dataset 0s4BGlul2 G2F “DNP2FG
PDB code 3PTK 3PTM 3PTQ
Beamline BL13B1 BL13B1 BL13B1
Wavelength (A) 1.00 1.00 1.00
Space group P452,2 P452,2 P4;2,2
a=112.7 a=114.0 a=1141
Unit-cell parameters (A) b=112.7 b=114.0 b=114.1
c=182.8 c=184.1 c=184.5
Resolution range (A) 30-2.50 30-2.40 30-2.45
Resolution outer shell(A) 2.50-2.49 2.49-2.40 2.51-2.45
No. Unique reflections 39533 48334 43131
No. Observed reflections 408534 329557 381316
Completeness (%) 100.0 (99.9) 99.6 (99.9) 100.0 (99.9)
Average redundancy per shell 9.7 (10.0) 6.8 (6.2) 8.4 (8.6)
1/o(1) 19.6 (6.4) 17.5(3.4) 21.7 (4.4)
R (merge) (%0) 10.6 (41.7) 10.4 (53.7) 9.4 (49.9)
Riactor (%0) 20.25 19.58 20.90
Riree (%) 24.76 23.43 25.07
No. of residues in protein 486 (2 486 (2 486 (2
molecules) molecules) molecules)
. 7720 (2 7720 (2 7720 (2
No. protein atoms
molecules) molecules) molecules)
No. Ligand atoms 16 (Tris) 22 (G2F) 48 (DNP2FG)
No. Other hetero atoms 1(Zn) 37 (GOL, Zn) 31 (GOL, Zn)
No. waters 228 511 280
Mean B-factor
Protein 32.47 28.31 33.18
. . 62.69
Ligand 52.70 (Tris) 21.47 (G2F) (DNP2FG)
51.20 (GOL), 45.04 (GOL),
Other hetero atoms 24.23(Zn) 22.40 (Zn) 22.75 (Zn)
Waters 32.18 30.40 31.60
r.m.s. bond deviations 0.009 0.006 0.010
(length)
r.m.s angle deviations (degrees) 1.192 1.015 1.264
Ramachandran plot 88.4 89.5 89.4
Residues in most favorable regions (%) 96 9.4
Residues in additional allowed regions 10.5 ' '
(%) 0.9 12
Residues in generously allowed regions 1.1 ' '
(%)
Residues in disallowed regions (%) 0 0 0

Numbers in parentheses are statistics for the outer resolution shell. Ramachandran values were
determined from PROCHECK (Laskowski et al., 1993). Table is from Sansenya et al. (2011).
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Figure 3 Structure of the asymmetric unit of Os4BGlul2. Two molecules of Os4BGlul2
B-glucosidase were seen in the asymmetric unit, asymmetrically binding a Zn ion between
them. The four variable loops are labeled, along with the two disulfide bonds and catalytic
acid/base (E179) and nucleophile (E393). The Zn ion binding is not physiological, since the
protein is monomeric in solution. (Sansenya et al., 2011).
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Figure 4. Protein-ligand interactions in the active site of the Os4BGlul2 DNP2FG
complex. (A) Electron density (2Fons-Fcaic map contoured at the 1 o level) of DNP2FG,
calculated with a model from which DNP2FG was omitted. (B) Superimposition of
0s4BGlul2_DNP2FG (cyan carbons in the electronic version) with Os3BGlu6 with n-octyl-
SD-thioglucopyranoside (gray carbons). The ligands are shown in ball and stick
representations, with pink carbons for DNP2FG and yellow carbons for n-octyl-f-D-
thioglucopyranoside in the electronic version. (D) Superimposition of the protein ligand
binding of Os4BGIlul2 with DNP2FG (yellow carbons) and Os3BGlu7 (3F5K) with
cellopentaose (purple carbons) and the ligand carbons drawn in green and cyan for DNP2FG
and cellopentaose, respectively (in the electronic version). (Sansenya et al., 2011).
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Figure 5. The active site region of the covalent complex of Os4BGlul2 with G2F. (A)
Protein ligand binding of the monomer A (0Os4BGlul2/G2F complex) amino acids
surrounding the ligand are represented as sticks with carbons colored cyan. The ligands are
represented in ball and stick and include G2F and glycerol of the complex. (B)
Superimposition of nucleophile and sugar residues of glycosyl-enzyme intermediates of the
Os4BGlul2/G2F complex with those of S. alba myrosinase and rice Os3BGIlu7. In the
electronic version, carbons are shown in cyan for Os4BGlul2/G2F, in pink for rice
0s3BGlu7 (2RGM) and in yellow for S. alba myrosinase (1E73). (C) Fops-Fcarc €lectron
density map of glycosyl-enzyme intermediate showing the two conformations of Tyr322 in
the structure of Os4BGIlul2 with G2F. The map is contoured at the 3 o level. (Sansenya et
al., 2011)
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7.2. Mutational analysis of subsite +2 binding residue effect on oligosaccharide binding.

When the structures of Os3BGIlu6 and Os4BGlul2 were compared to the structure of
0s3BGIlu7 E176Q bound to oligosaccharides, it was clear that Os3BGIu7 Asn245 made
direct hydrogen bonds to 3-1,3- and p-1,4-linked oligosaccharides in Os3BGlu7, and His253
could play a similar role in Os4BGlul3, but Met251 in Os3BGIlu6 could not and might block
cellotriose binding (Figure 6 A). We conducted computational docking to identify the
probable cellotriose binding position in Os3BGIu6 and Os4BGlul2. As seen in Figure 6 B-
D, the position of the cellotriose docked into Os4BGlul2 was similar to that of cellotetraose
and cellopentaose in their complexes with Os3BGIlu7, while the nonreducing end of the
cellotriose docked into Os3BGlu6 was displaced and flipped over compared to the
oligosaccharide in Os3BGlu7, with poorer binding energy (Sansenya et al., 2012). We
investigated the Kinetic effect of mutation of Os3BGIu6 Met251 to Asn (Figure 2A), which
showed improved hydrolysis of laminaribiose and cellobiose, cellotriose, cellotetraose and
cellopentaose (Table 2). We furthermore showed that mutation of the corresponding residues
in Os3BGIlu7 (N245M) and Os4BGlul2 (H252M) reduced oligosaccharide hydrolysis by
these enzymes (Table 2). In the case of Os3BGlu7 N245M, the effect was larger than that
previously seen in Os3BGIu7 N245V (Figure 7), corroborating some role for the steric
hindrance of the Met suggested by the Os3BGIlu6 structure (Ketudat Cairns et al., 2012).

¥/ cin176
Gusse LTS
Glu3od4

Glu393 Asn245 Met251 His252

Met  Asn Met

!\“ - |

Figure 6. Comparison of celloligosaccharide binding in the active sites of Os3BGlu7,
0Os3BGIu6 and Os4BGlul2. A. shows a superposition of the active sites of the crystal
structures of Os3BGIu7 complexed with cellopentaose, Os3BGlu6 complexed with octyl
thioglucoside, and Os4BGlul2 complexed with 2,4-dinitrophenyl [-D-2-deoxy-2-
fluoroglucoside in stereo view. The mutations made in the respective enzymes are written
under the residues. B. The active site cleft of the structure of Os3BGIu7 in complex with
cellopentaose. C. The active site cleft of Os3BGlu6 with cellotriose docked into the active
site with Autodoc superimposed with the cellotetraose ligand in the X-ray crystal structure of
its complex with Os3BGIlu7. D. The active site cleft of Os4BGlul2 with cellotriose docked
into the active site superimposed with the cellotetraose from its structure with Os3BGlu7, as
in C. The figure was made with Pymol and is from Sansenya et al. (2012).
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Table 2 Kinetic constants of Os3BGlu6, 0Os3BGIu6M251N, 0Os3BGlu7
Os3BGIu7N245M  and 0Os4BGlul2, Os4BGlul2H252M  for  hydrolysis  of
oligosaccharides.
Substate Kinetic parameters*® 0s3BGlu6 0s3BGlu6 0s3BGlu7® 0s3BGlu7 0Os4BGlul2 0Os4BGlul2
M251N N245M H252M
Laminaribiose K, (MM) 8.7+0.07 3.50 +0.20 205010  447+028 51%02 7.24+ 0.44
(B-1,3-linked Glc,)
keat () 1.64+006  9.90+050 31.9+31 958+034  23%1 10.58+ 0.33
Keat!Km (MM 57) 0.18 2.83 15.7 2.41 45 1.46
AAGssmyt (kJ mol™) -6.9 +4.7 +13
Cellobiose K (MM) 17.52 4027  14.3#12 315+1.6 4617+25  27.02+2.13  22.68+1.87
keat (87) 0.27£0.004  1.97 £0.09 1524013  118+009  592+037  242+011
keat!Km (MM 5%) 0.015 0.14 0.05 0.03 0.22 0.11
AAG gy (kI mol™) 56 +1.3 +1.7
Cellotriose K (MM) 25144077 320020 0.72£0.002  1.51+010  501+049  11.17+0.40
keat (87) 0.41+0.014 1.32£0.12 18.1+ 0.4 216+0.13  44.28+029  41.92+0.13
keat!Km (MMt 52) 0.017 0.41 25.4 1.43 8.82 3.58
AAGgmy (kI mol™) -8.0 +7.2 +2.3
Cellotetraose Km (MM) 20.25+0.28  3.86+0.23 0.28+0.01 1.78 +0.16 5.94+0.53 23.35+0.16
keat (87) 0.54+0.004 1.62+0.10 17.3£06 548+020  89.0£25 87.82+£0.20
Keat! K (MMt 572) 0.027 0.42 61.1 3.08 14.98 5.76
AAGgrm (kI mol™) 6.9 +75 2.4
Cellopentaose K, (MM) 27.0340.49  457+0.40 0.24+ 0.01 1324011  553+035 20.25+0.11
keat () 0.25+0.003  0.62 +0.04 16.9+ 0.1 6.66+050  105+9 62.13 +0.50
Kead K (MMt 570 0.009 0.14 72 5.05 19.0 3.07
AAGgmyt (kI mol™) -6.9 +6.7 +4.6
Cellohexaose K (MM) ND? ND 0.11+0.01 1.52 +0.08 ND ND
Keat (87%) ND ND 16.9+ 0.3 773040 ND ND
Keat!Km (MMt 52) ND ND 153 5.10 ND ND
AAGsp s (kI mol™) +8.6

4 ND means not determine

b Kinetics constants were taken from Opassiri et al., 2004.

¢ The change in Gibbs free energy for transition state binding by the mutants compared to the
wildtype enzyme was calculated as AAGs+mut = -RT[IN (Keat/ Kim)mutant — 1N (Keat/ Km)witdtype]

(Fersht et al., 1987), so a negative value indicates stronger binding by the mutant, while a
positive value indicates poorer transition state binding.
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Figure 7. Comparison of the k../Km for cellooligosaccharides of different degrees of
polymerization by Os3BGIu7 and its N245V and N245M mutants. C2 represents
cellobiose, for which the activities were too low to see on this scale, while C3 is cellotriose,
C4 is cellotetraose and C5 is cellopentaose. (Ketudat-Cairns et al., 2012).

7.3. Characterization of Os4BGlul2 activity after removal of the N-terminal fusion tag.

During characterization of the Os4BGlul2 B-glucosidase by our colleagues in Prof. H.
Matsui’s group in Hokkaido University, it was noted that the reported activity from the
protein expressed in E. coli was much lower and had some differences. The Matsui group
had previously identified Os4BGlul2 and its close homologue Os4BGlul3 as tuberonic acid
glucoside (TAG) B-glucosidases (TAGG) (Wakuta et al., 2010, 2011). Since all the previous
work was using the protein that still had the N-terminal thioredoxin, Hiss and S-tags on it, we
prepared protein without the tag, as is used for crystallography, and tested the activity toward
various substrates for a more appropriate comparison. As can be seen, the Os4BGlul2
enzyme without the N-terminal tag had 4.9-fold higher activity than that with the N-terminal
tag removed for 4ANPGIc and similarly higher activity toward almost all substrates. However,
the activity of the tag-free E. coli protein was still lower than the protein produced in P.
pastoris and purified from rice for most substrates.

The overall glycon (nonreducing end sugar) specificity seemed to be similar for the
enzyme produced in all three systems, but there were some striking differences in aglycon
specificities in the glucosides, such as 2NPGIc being a better substrate for the enzymes from
rice and P. pastoris and some natural substrates also showing differences between the
different enzymes. In this respect, there was variation in terms of which recombinant
enzyme was more similar to native. For instance, the native and the E. coli derived enzymes
had relatively more activity toward cellooligosaccharides than the enzyme from P. pastoris.
In contrast, the native and P. pastoris enzymes had high activity toward salicin compared to
what could be detected with the E. coli derived enzyme. It is not clear whether, for some
substrates like salicin, the difference is actually derived from differences in the glucose
oxidase assays used to measure the glucose released in the two labs involved in the study,
since compounds with antioxidant activities may have different effects in different assays.
Because of this, salicin was not included in the final paper (Himeno et al., 2013). Overall,
the recombinant enzymes give a reasonable overall view of the native enzyme activity with a
few significant differences.
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Table 3. Hydrolytic Velocities of Os4BGIlul2 toward Various Substrates

rBGlul2P rBGlul2E? rBGIlul2E Native
new BGlul2
Substrate Relativev | (%) Relativev | (%) Relativev | (%) | Relative | (%)
v
4NP B-D- 182+6 100 124 100 60.7+1.1 100 171+7 100
Glucoside
2NP B-D- 182 +4 100 N. D. N. D. 23.0+16 |341 |300+14 | 175
Glucoside
4NP B-D- 300+6 165 13.1 106 96.7+9.9 159 138+6 80.7
Fucoside
4NP B-D- 459+0.8 25.2 6.14 49,5 430+45 |708 |184+1 108
Galactoside
4NP B-D- 6.77 +0.38 3.72 4.66 37.6 134+032 | 221 | 153+ 8.95
Xyloside 0.2
4NP B-D- 1.55+0.03 0.852 N. H. N. H. 0.37+0.03 | 1.2 1.18+ 0.69
Mannoside 0.18
TAG 44515 24.5 N. D. N. D. 50.1+1.0 82.5 253+ 14.8
0.3
Arbutin 2.08 + 1.14 N. D. N. D. N.H. - 7.00 £ 4.09
0.42 1.53
Helicin 179+4 98.4 N. D. N. D. 186.1 + 3.0 | 306 2745 160
Salicin 88.9+3.0 48.8 N. H. N. H. 0.16 + 0.26 | 194+3 113
0.009
SAG 201 +38 110 N. D. N. D. 60.3+14 |99 118+ 4 69.0
3-SAG 180 + 10 98.9 N. D. N. D. 61.0+3.3 100 130 + 10 76.0
4 -SAG 164 +8 90.1 N. D. N. D. 104.7+49 | 173 157 £ 4 91.8
Cellobiose 0.0925 + 0.0508 0.116 0.935 | 0.52 + 0.86 | N.H. N. H.
0.138 0.003
Cellotriose 7.33+ 4.02 3.17 25.6 155+0.49 | 255 | 36.8+ 215
0.07 3.9
Cellotetraose 13.8+0.4 7.58 3.84 31.0 26.1+1.2 43 456 + 26.7
2.9
Sophorose 3.32+ 1.82 1.42 115 428+0.33 | 7.06 | 199+ 11.6
0.37 0.5
Laminaribiose 11.6+0.6 6.37 5.63 45.4 28.8+0.24 | 474 | 61.7 36.1
6.2
Gentiobiose 0.117 + 0.0643 | N. H. N. H. 0.45 + 0.74 | 0.86 + 0.502
0.008 0.006 0.15

Relative activities are shown for Os4BGlul2 enzymes recombinantly expressed in P. pastoris
(rBGIu12P), recombinantly expressed in E. coli with the N-terminal tag (rBGIul2E, Opassiri et al.,
2010) and with the tag removed (rBGIul2E new), as well as native enzyme purified from rice panicle
(Native BGlul2). The activities were measured with 2 mM substrates and are given as pmol
product/min/mg protein. Data are mean + SD of three independent experiments. Percents are relative
to 4NPGlc. “calculated from the kinetic paramerters shown in Opassiri et al. (2010). N. D., not
determined. N. H., not hydrolyzed. The table is modified from Himeno et al. (2013).

7.4. Structures of Os3BGIlu6 and Os4BGlul2 Mutants with Substrates.

Although Os3BGIu7 and Os4BGlul2 hydrolyze oligosaccharides well, they are also
known to hydrolyze glycoside substrates, as is Os3BGlu6 (Opassiri et al., 2003; 2010;
Seshadri et al.; 2009, Wakuta et al., 2011; Himeno et al., 2013). During the course of another
project identifying gibberellin glucosyl ester B-glucosidases, we identified Os3BGIu6 as the
enzyme expressed in our lab that has the highest activity toward gibberellin GA4 glucosyl
ester (GA,GE). When we attempted to solve the crystal structure of the Os3BGIu6 E178Q
(catalytic acid/base) mutant with GA4,GE and 4NPGIc, we found that both substrates gave
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glucose covalently bound to the catalytic nucleophile in the covalent intermediate of the two
step retaining hydrolysis mechanism (Figure 8, Hua et al., 2013). These structures gave a
clear view of how the 2-hydroxyl of the glucosyl moiety interacts with the surrounding
amino acid residues and a critical water molecule, since previous structures of plant GH1
covalent complexes had 2-fluoroglucose, so these interactions were somewhat unclear.

Since we did not get the desired Michaelis complex of GA4;GE with the Os3BGIlu6 E178Q
mutant, we mutated the acid/base to Ala (Os3BGIlu6 E178A) and the nucleophile to Asp
(E392D) and GIn (E392Q). A crystal of Os3BGIlu6 E394D with GA,GE diffracted X-rays to
2.25 A resolution, and showed density for the ligand in the active site. However, the density
for the GA4,GE was somewhat disordered, so its exact position could not be clearly
determined. Although the E392Q mutant crystals did not give adequate diffraction in the first
attempt, it is hoped they can be used in the future, since this mutant showed the lowest rate of
GAGE cleavage.

Since Wakuta et al. (2011) identified Os4BGlul2 as a tuberonic acid glucoside
(TAG) B-glucosidase, TAGG2, we tried to solve the structure of Os4BGlul2 E179Q with
tuberonic acid and tuberonic acid glucoside. Unfortunately, Os4BGlul2 crystals give quite
variable and not very high resolution diffraction, but we managed to collect one dataset with
TAG at 3.2 A resolution. This structure was solved by rigid body refinement with the free
0s4BGlul2 structure, and it showed strong electron density for the TAG in the active site.
The model was built and refined and showed the general position of TAG binding, and then
the structure was shared with Prof. Matsui’s group in Hokkaido.

Aside from these datasets, we also collected several datasets with crystals of
0s3BGIlu6 E178Q, 0s3BGIu7 E176Q and 0s4BGlul2 E179Q crystals soaked with saturated
trycin-5-O-glucoside and trycin-7-O-glucoside. However, due to the low solubility of these
compounds, their electron densities were not observed in the data.

7.5. Structural and Functional Analysis of Os3BGIu7 Glycosynthases.

In this, we completed our analysis of what types of donor and acceptor substrates
the Os3BGIu7 E386G glycosynthase can make, by using cyclophellitol to inhibit native
activity. The TLC analysis of Os3BGlu7 E386G glycosynthase indicated that it was
producing hydrolysis products and transglycosylation products of the acceptor substrate, such
as 4NP-Glc-Glc, when 4NPGIc was used as the acceptor and a-fluoro-B-b-fucoside was used
as the donor substrate. Since the glycosynthase should not transfer sugars from this donor, it
suggested contamination with wildtype Os3BGIlu7. Preincubation of the enzyme with the
mechanism-based covalent inhibitor cyclophellitol for 2 h was shown to prevent formation of
the hydrolysis and wild type transglucosylation products verifying that the Os3BGlu7 E386G
was contaminated with wild type enzyme, either from mutational reversion or misreading of
the codon on the ribosome. A new mutant, E386G2, with the codon GGC instead of GGA,
which requires two bases to be changed or mismatched to bind to Glu tRNA decreased the
wild type activity to the point that it was insignificant in the glycosynthase assay. The
0s3BGlu7 E386G2 glycosynthase could use a range of donor and acceptor substrates,
verifying the broad specificity of this enzyme, however, it required an equatorial 4-hydroxyl
on the acceptor substrate in order to efficiently catalyze multiple transfers (Pengthaisong et
al., 2012b).

To determine the structural reason for Os3BGlu7 E386G is a more efficient
glycosynthase than Os3BGlu7 E386S and E386A, we determined the structures of these
0s3BGIlu7 glycosynthase mutants alone and with a-fluoroglucoside. Since these structures
were very similar and showed a similarly positioned water molecule to help with fluoride
departure (Figure 9), we began collaboration with Prof. Yongjun Liu and Jinhu Wang on
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determining the structural reasons for different catalytic rates of our Os3BGlu7 E386G,
E386S and E386A glycosynthases by QM/MM simulations starting from our crystal
structures for the three enzymes and their complexes with donor substrate. The studies were
able to calculate activation energies at the transition state that replicated the order of reaction
rates in the three enzymes. They also showed that distances between the fluorine atom that
acts as a leaving group and a conserved ordered water molecule followed the energy order,
suggesting this is a key interaction in the glycosyl transfer reaction (Figure 10)
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Figure 8. Comparison of the active site region of Os3BGIlu6 bound with G2F (A) and
those of the structures of Os3BGlu6 E178Q soaked with 4NPGlc (B) and Os3BGIu6
E178Q soaked with GA,GE (C). The G2F and glucosyl moieties are represented as balls
and sticks with carbon in pink for G2F, in yellow for Os3BGlu6 E178Q soaked with pNPGIc
and cyan for Os3BGIlu6 E178Q soaked with GA,GE, oxygen in red and fluorine in pale cyan,
(colors in the electronic version). The amino acid residues surrounding the ligands are
represented by sticks with carbons in gray, nitrogens in dark blue and oxygens in red for all
three structures. D. Superpositioin of the three structures in A, B and C, showing the
nucleophile residues covalently bound to the glucosyl moiety at the -1 subsite of the
0s3BGIU6E178Q structures soaked with 4NPGlc (yellow carbons in the electronic version)
and GA,GE (cyan carbons in the electronic version) and to the G2F moiety in Os3BGIlu6
(3GNP, pink carbons in the electronic version). The unbound position of the nucleophile is
represented by the alternative conformation of Os3BGIlu6 E178Q soaked with GA,GE. The
molecules are represented as in A-C, except for the protein carbon colors.
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$386

Figure 9. Active sites of the crystal structures of Os3BGlu7 E386G (A), E386A (B) and
E386S (C) in complexes with a-fluoroglucoside. A fixed water found in each structure is
shown as an unattached sphere for the oxygen molecule. The distances between the water
molecule and the surrounding polar or mutated side chain atoms are shown as numbers next
to the dotted lines connecting the atoms. D shows the superposition of the three structures,
showing the postions of the atoms involved in hydrolysis near the missing nucleophile
residue are very similar. The figure is essentially as presented in Wang et al. (2013).

27



=
=
~—
—

Energy/{(keal mol)

g
=
.

!
oo [ i

0y —

Reaction coordinate

D

Figure 10. Optimized structures of the Os3BGIu7 E386G active site during the
glycosynthase reaction in QM/MM simulations. A shows the computed substrate
complex, including the a-fluoroglucoside from the crystal complex and a docked 4NP-
cellobioside acceptor substrate. B shows the computed transition state configuration, and C
shows the product at the completion of the reaction. The relative energies of the TS and
product relative to the substrate complex are shown in D. Note that the calculated activation
energy of 19.9 kcal/mol is lower than those computed for the Os3BGIlu7 E386S (21.5
kcal/mol) and Os3BGIu7 E386A (21.9 kcal/mol) glycosynthases, in accordance with its
higher reaction rate. The figure is from Wang et al. (2013).

7.6. Analysis of binding cleft residues binding cellooligosaccharides for hydrolysis and
transglycosylation.

In this project, we characterized the activity and structure of rice Os3BGIu7 (BGlul)
E386G glycosynthase variants that had mutations of the putative cellooligosaccharide
binding residues in the active site cleft, including the residues Asn245, Ser334 and Tyr341 in
subsites +2, +3 and +4. We showed that the mutation of Tyr341 appeared to have larger
effects on synthesis of long oligosaccharides by the glycosynthase than on hydrolysis of
oligosaccharides by Os3BGIlu7 (Pengthaisong et al., 2012a). The structure of the Os3BGIu7
E386G/Y341A mutant complexed with cellotetraose showed that the oligosaccharide bound
in a different mode, with the glycosidic bond still in position for hydrolysis, suggesting a
great plasticity in oligosaccharide binding for hydrolysis (Figure 11). The glucosyl residues
in the +1 to +3 positions were moved to hydrogen bond to GIn183 on the opposite side of the
cleft. To see whether this glutamine residue-binding mode was important to normal
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hydrolysis and glycosynthase reactions, we have also mutated the GIn187 residue (Q187A).
We found that this mutation had little effect on cellooligosaccharide hydrolysis on its own,
and also had little effect on B-glucosidase and glycosynthase activity when in combination
with Y341A (Table 4). Inspection of the structures of Os3BGIu7 variants with the active site
cleft mutations Y341A/Q187A in combination with either the E176Q or E386G inactivating
mutations showed that the mutations with E386G still bound in a position similar to that seen
in Y341A/E386G, while the Y341A or Y341A/Q187A mutations in the context of the E176Q
showed movement of the cellotetraose in the opposite direction to bind in a position behind
the normal position of the missing Tyr341 (Figure 12). We continue to work on identifying
the alternative binding residues and determine their significance, as indicated in Table 4. Itis
notable that Argl78 and Trp337 mutations (R178A and W337A) have significant effects
when made in combination with the Tyr341 mutation Y341A. This corresponds to the fact
that in the varients with E176Q and Y341 mutations, the structures with cellotetraose showed
the sugar chain moves to interact closely with Arg178 and for the nonreducing end glucosyl
residue to stack on Trp337. Thus, the enzyme is able to adjust and form new binding sites to
make up for the loss of oligosaccharide-binding residue functional groups.

E176 ( .
Q17e 179 4 % . =
R178 % |i f 5334
Y131 L1831 182 \q1s7

Figure 11. Cellooligosaccharide binding in the active site of Os3BGIu7 E386G
glycosynthase and its active site cleft mutants. A. The electron density for the
cellopentaose seen in the Os3BGlu7 E386G active site is shown in the context of the final
refined structure for the cellopentaose and surrounding amino acid residues. B. The electron
density for cellotetraose is shown, as in A. C. The structures of cellopentaose in the active
sites of the Os3BGIu7 E176Q and E386G catalytic residue mutants are superimposed. The
structures are very similar, but a subtle shift in the -1 subsite glucose results in a change in
position and hydrogen bonding of Asn245 and slightly different reducing end residue
positions between the two. In D, the structures of cellotetraose complexes of Os3BGIlu7
E386G, E386G/S334A, and E386G/Y341A are superimposed to show the +1, +2, and +3
subsites are shifted in the E386G/Y341A mutant, so that these glucosyl residues are flipped
and the fourth forms a hydrogen bond with GIn187.
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Figure 12: Comparison of Cellotetraose Binding in Os3BGIu7 variants with E386G or
E176Q in combination with Y341A and Q187A mutations. The cellotetroase molecules
are shown in ball and stick, while the surrounding amino acid residues are shown in stick
representations. The central position of the cellotetraose is seen in E386G alone and is
similar to that in E176Q alone. The lower two cellotetraose positions are seen in
E386G/Y341A and E386G/Y341A/Q187A variants. The upper cellotetraose positions are
seen in the E176Q/Y341A and E176Q/Y341A/Q187A variants. Thus, the subtle changes in
binding in the -1 to +1 subsite between the E176Q and E386G mutants determine the
alternative binding mode seen in the absence of Tyr341.
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7.7. Investigation of structural differences between plant f-mannosidases and B-
glucosidases.

In the previous grant, we tried to crystallize the barley HvBIl B-
mannosidase/p-glucosidase without success, so we crystallized the closely related rice
Os7BGlu26 B-mannosidase/B-glucosidase instead and solved a preliminary structure.
In the present work, we finalized the structure and solved a structure with a mannose
molecule bound in the active site, as well as preliminary structures with the putative
transition state analog inhibitors mannoimidazole, glucoimidazole, and isofagamine,
which were identified from a larger set of putative inhibitors that we tested for
inhibition against Os3BGIlu7 B-glucosidase, Os7BGIlu26 3-mannosidase and HvBII B-
mannosidase. Similar structures are being generated with Os3BGIu7 B-glucosidase,
which will be completed in the next project.

Initially, we solved the structure of the Os7BGlu26 3-mannosidase, based on a
dataset at 2.20 A resolution (Table 5). Attempts to soak the crystals of this protein
with 2,4-dinitrophenyl B-D-2-deoxy-2-fluoromannoside and DNP2FG failed to
generate covalent intermediates and the yellow color of the drops indicated that these
putative inhibitors were cleaved by the enzyme. In fact, assays in solution showed
these 2-fluoroglycosides did not significantly inhibit the enzyme and were rapidly
turned over as substrates. We also attempted to soak with 100 mM D-mannose, and
got electron density for mannose in the active site, which appeared to be bound to the
HEPES usually found in the active site at the relatively low resolution of the structure
(2.9 A). Because it was unclear and later analysis suggested the mannose was a free
sugar in the active site, we attempted to soak more crytals with 400 mM mannose and
obtained a structure from a dataset cutoff at 2.45 A (Table 5), which showed the free
mannose and was the first structure of a product complex for a mannosidase. The
crystals gave essentially isomorphic unit cells in the P2,2,2, space group with one
protein molecule per asymmetric unit. Both structures were refined and the structures
analyzed and compared to other plant family GH1 enzymes with known structures,
since these are the first GH1 B-mannosidase structures (Tankrathok et al., In Press).

The fold of the structure of Os7BGIlu26 is a classic TIM (B/a)s-barrel, similar
to other GH1 enzymes (Fig. 13A, Tankrathok et al., In Press). The structure placed
the highly conserved E179 and E389 at the C-terminal ends of B-strands 4 and 7,
respectively. These residues are positioned at the bottom of the active site cleft, as
observed for the catalytic acid/base and nucleophile residues in other members of GH
clan A (Jenkins et al., 1995; Henrissat et al., 1995). Further, nucleophilic rescue of
mutants of the corresponding residues confirmed they are the catalytic residues in the
closely related Os3BGIlu7 B-D-glucosidase (Hommalai et al., 2007: Chuenchor et al.,
2011). The four variable loops that have been reported to account for much of GH1
structural and functional diversity (Sanz-Aparicio et al., 1998) were identified as loop
A (A28-D68), loop B (E179-T209), loop C (H317-P366) and loop D (N390-D406)
(Figs 13A). Although, no electron density was observed for the 14-residues from the
N-terminal fusion tag and the five C-terminal residues of the Os7BGIlu26 protein, five
amino acid residues of the fusion protein linker region (A-A-P-F-T) and residues 1-
478 of the mature Os7BGIlu26 gave clear electron density for the structure. Two cis-
peptide bonds were found between A194 and P195, and between W436 and S437, as
seen in other plant GH1 enzymes (Barrett et al., 1995). The conserved disulfide bond
found in nearly all plant GH1 enzymes was present on loop B between C198 and
C201. The main chain torsion angles of the conserved active site tryptophan, Trp444,
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fell in the outlier region of the Ramachandran plot in the model, but it is found in a
similar outlier or borderline region in other GH1 enzymes (Czjzek et al., 2000;
Chuenchor et al., 2008). Overall, the Ramachandran statistics were similar to those of
other plant GH1 structures.

B.

Figure 13. Structure of rice Os7BGlu26 B-pD-mannosidase. A) Cartoon
representation of the overall structure of rice Os7BGlu26. The catalytic nucleophile
and acid/base residues are represented as sticks (E389 and E179), glycerol and
HEPES are represented as ball-and-sticks, respectively. Loops A, B, C and D are
indicated in red, green, orange and magenta, respectively, in the electronic version.
(B) Amino acid residues around the -1 subsite, with contacts to a glycerol and water
molecules occupying this site mediated through hydrogen bonds with distances
between 2.4 and 3.1 A, are indicated as dashed lines. (C) Amino acid residues
interacting with the HEPES molecule in two alternate positions in the aglycon-
binding region of the active site. The contacts through hydrogen bonds between the
protein and HEPES are indicated as dashed lines. The figure is from Tankrathok et al.
(In Press).
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Table 5. Data-collection and processing statistics for Os7BGIu26 B-mannosidase

structures.
Native Os7BGlu26 0s7BGlu26/mannose complex
PDB code 4JHO 4JIE
Wavelength (A) 1.00 1.00

Resolution range (A)
Completeness (%)
Average redundancy per shell
Ruerge' (%)

{/s()}

Space group

Unit cell parameters (A)
No. of unique reflections
No. of observed reflections
No. of molecules per ASU
Reactor (%)

Riree' | (%)

No. of protein atoms

No. of water molecules
No. of ligand atoms

No. of non solvent hetero atoms
r.m.s.d. bonds (A)

r.m.s.d. angles (°)

Mean B-factor

- Protein

- non solvent hetero atom

- solvent

- D-mannose
Ramachandran plot (%)
Most favored

Allowed region

Outlier region

30-2.20 (2.28 - 2.20)
99.9 (99.9)

5.5 (5.5)

8.8 (49.4)

18.0 (3.2)

P2,2,2;
a=68.1,b=71.7,c=1367
34370

188040

1

17.6

21.9

3955

305

None

51

0.010

1.155

22.9
45.0
32.8

None

88.5
11.3
0.2

30 - 2.45 (2.54 - 2.45)
95.8 (79.9)

6.1 (4.4)

14.9 (45.6)

11.9 (3.2)

P2,2:2,
a=68.0,b=73.6,c=134.0
24116

147585

1

15.3

19.5

3960

234

12

51

0.010

1.212

23.7
46.9
30.8
314

88.0
117
0.2

T Bierge ™ Sagp Sl thkid = Lr(hii8 ¢ Zpp Z Ip(RkE). Values in parentheses are for the outer shell.
""Riree represents the residual factor calculated from approximately 5% of the data that was not

used in the refinement. Data are from Tankrathok et al. (In Press).
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In the structure of Os7BGIlu26 with b-mannose in the active site, the b-mannose fit
the density best is a *Ss skew boat, which is the shape expected for a D-mannose
product in the active site in mannose active enzymes from other families, if the
deglycosylation step follows a trajectory the reverse of the 'Ss skew boat to B, s boat
to ©S, skew boat proposed for the glycosylation step of hydrolysis in those enzymes
(Figure 14 A). Since in the double displacement retaining mechanism, the enzymes
go through the first glycosylation step to transfer the glucose to the enzyme
nucleophile and the second deglycosylation step to transfer the glucose to a water
(Rye and Withers, 2000), this deglycosylation step would be expected to be
essentially the the reverse of the glycosylation step. The distorted shape of the
mannose was evidently supported by the set of strong, direct hydrogen bonds to the
surrounding amino acid residues (Figure 14 B). When the apo and mannose complex
structures were superimposed, no major changes were observed in the active site
residue side chain positions upon binding the mannose (Figure 14 C). When the
0s7BGIlu26 structure with mannose was superimposed with the Os3BGIu7 structure
with cellopentaose, the sugars in the -1 subsite were positioned very similarly, while
the HEPES in the Os7BGIlu26 strucure was found to align with the glucosyl residues
in the +1, +2 and +3 subsites of the Os3BGIlu7 E176Q cellopentaose complex
structure (Figure 14 D). Many of the residues surrounding the active site cleft were
similar in the two enzymes, reflecting the fact that both enzymes hydrolyze B-1,4-
linked oligosaccharides with similar kinetic properties (Kuntothom et al., 2009).
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Figure 14. The structure of rice Os7BGlu26 in complex with B-D-mannose. A.
An unbiased F, - F. (OMIT) map of B-D-mannose is represented as a mesh contoured
at 3o. B. Amino acid residues interacting with B-D-mannose in the active site. The
contacts through hydrogen bonds between the protein and $-D-mannose are indicated
by dashed lines, while B-D-mannose is shown in ball-and-stick representation. The
superimposition of the Os7BGIu26/p-D-mannose complex (orange, in the electronic
version) over the native Os7BGIu26 structure (blue in the electronic version) is shown
in C. The superimposition of the Os7BGIlu26/p-D-mannose complex (carbons in blue
in the electronic version) with the cellopentaose/Os3BGIlu7 complex (carbons in
violet in the electronic version) is shown in (D). B-D-mannoside, HEPES and
cellopentaose are indicated in ball-and-stick representations. The glucosyl residue-
binding subsites observed in the cellopentaose complex are marked by -1, +1, +2, +3,
and +4.
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To further explore the localization of substrates and surrounding residues in the
active site, 3 approaches were taken: 1) the structures were superimposed with GH1
B-glucosidase structures complexed with substrates as described above; 2) the
structures were superimposed with covalent intermediates of plant GH1 -
glucosidases (Os3BGlu6, Os3BGIlu7 and Os4BGlul2 with G2F); and the 4NPGlc and
4ANPMan substrates were computationally docked into the active site of the
Os7BGIlu26 structure. To avoid bias in assigning the sugar structures in the active
site, the sugars were docked in four relatively low energy skew boat conformations,
15, 185, ©S,, and 3S;, and the energies of the lowest energy complexes compared
(Figure 15). The lowest energy forms, 'S; Glc and 'Ss Man, are shown in Figure 15.
From these three methods, the residues surrounding the sugars in the -1 subsite were
compared between B-glucosidase and -mannosidase enzymes. It was noted that in
the enzymes with significant mannosidase activities, a Tyr (Tyrl34 in Os7BGlu26
and Tyrl133 in Os3BGIu7) was found with its phenoic hydroxyl very close to the
catalytic acid base, while this residue was replaced by Trp in Os3BGIlu6 and
0Os4BGlul2, which have negligible B-mannosidase activities, and other GH1 B-
glucosidases with known structures. The catalytic acid-base in Os7BGlu26 and
0Os3BGIu7 makes a short hydrogen bond to this group, while in Os3BGIlu6,
0s4BGlul2 and most other B-glucosidases with known structures, the catalytic acid-
base is turned to hydrogen bond to a Thr in the active site cleft instead, which is in the
position occupied by Cys182 in Os7BGIlu26 and 1le179 in Os3BGIlu7, while Val is
found in this position in barley HvBII, Arabidopsis and tomato 3-mannosidases. Thus,
these residues around the catalytic acid-base of Os7BGIlu26 were targeted for
mutagenesis.

As shown in Table 6, conversion of Os7BGIlu26 residues had differential effects on
4ANPGIc and 4NPMan hydrolysis. Although mutation of the catalytic acid-base to Gin
decreased the activity toward both substrates, it showed a slightly larger effect on
4NPMan than 4NPGlc. Conversion of Tyr134 to Trp increased the enzyme’s Kea/Kn
toward both substrates, the the change was much more substantial for the 4NPGlc, the
Km of which was lowered, compared to 4NPMan, for which the ke, increased. This
resulted in nearly equivalent ke/Kn ratios for 4NPMan and 4NPGIc in the
Os7BGlu26 W134Y variant, although the maximum rate was still low for 4NPGlc.
Converting Cys182 to Thr, allowing the acid/base to hydrogen bond to this position
showed a decrease in kea/ Kry for both glucoside and mannoside, but had a larger effect
4NPMan than 4NPGlc, so the ratio of B-mannosidase to B-glucosidase activity was
reduced to approx. 2 from 3 in the wild type. The conversion of this residue to Ala
had much smaller effects on ke./Km, as predicted from the hypothesis that catalytic
acid-base hydrogen bonding to the Thr was affecting the activity. Combining the
W134Y and C182T mutations had nonadditive effects on the free energies of
transition state binding (AAGsmut), as expected for mutations of two residues that act
on the same facet of catalysis (Mildvan et al., 1992). To see whether the removal of
the hydrogen bonding group or the size of the aroumatic group was the critical factor
affecting the activity of the Y341W mutation, we also mutated Tyr341 to Phe. To our
surprise, the mutation increased the ke and kea/Km toward both substrates, and
especially toward 4NPMan, so that the Os7BGlu26 enzyme is a much more effective
B-mannosidase with a ratio of kca/Km for 4ANPMan over 4NPGlIc of 35, compared to 3
in the wildtype. Thus, by modifying the residues around the catalytic acid/base, we
were able to modify the relative f-mannosidase versus 3-glucosidase activity.
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Figure 15. Computational docking of 4NPMan and 4NPGlc with different
pyranose sugar conformations into the active site of the Os7BGlu26 pB-
mannosidase. A shows the structure of 4NPMan docked with a 1Ss skew boat
mannosyl moiety conformation, while B shows 4NPGlc docked with a *S; glucosyl
conformation. The distance between the carboxylic hydrogen atom of the catalytic
acid/base residue (E179) and the glycosidic oxygen is 3.08 A the glucoside and 3.58
A for the mannoside. The distance between the Oe1 of the nucleophile (E389) and the
anomeric carbon is 2.98 A for the glucoside and 3.0 A for the mannoside. The binding
energies of different conformers of 4NPMan and 4NPGIc in complex with
Os7BGlu26 are shown in C. The figure was generated by Javier Iglesias-Fernandez
and Carme Rovira for Tankrathok et al. (In Press).
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Table 6. Kinetic parameters of wild type Os7BGlu26 and its mutants using the
4ANPMan and 4NPGIc substrates.

Mutant/wild type  AAGgrmut
Km kcat kcat/Km
Substrate Keat/Kin (kImol™)
(mM) 6" (s'mM™) .
ratio
Wild type 4NPMan 0.48 £0.003 0.35+0.004 0.714
4NPGIc  0.124 + 0.029 £0.0001 0.237
0.002
E179Q 4NPMan 0.40£0.003 0.008 +0.0004 0.02 0.028 +9.0
4NPGIc  1.07+0.02 0.0102 + 0.0095 0.040 +8.1
0.0004
Y134W 4NPMan 2.37+0.04 2.4+0.09 1.01 1.4 -0.9
4NPGIc  0.032+ 0.0306 + 0.959 4.0 -3.5
0.002 0.0006
C182T ANPMan 12.4+0.78 0.51+£0.03 0.043 0.060 +7.1
4NPGIc  3.7+0.14 0.078+ 0.005 0.021 0.089 +6.1
Y134W/C182T 4NPMan 11.56+1.70 0.30+0.03 0.026 0.036 +8.3
4NPGIc 295+0.17 0.058+0.005 0.0198 0.084 +6.3
Y134F 4NPMan 0.45+0.02 125+0.6 21.7 39 -9.2
4ANPGIc  0.167 £ 0.127 £ 0.003 0.759 3.2 -2.9
0.009
C182A 4NPMan 246+0.23 1.02+0.07 0.414 0.58 +1.4
4NPGIlc  1.39+0.11 0.242 +0.016 0.174 0.73 +0.8

AAG‘S"mu’r = 'RT[In(kcat/Km)mutant - In(kcat/Km)wildtype] (FerSht et al-v 1987)-
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Since the structure of the Os7BGlu26 B-mannosidase and its complex with the
mannose product did not give a complete picture of how B-D-glucosides and B-D-
mannosides are distinguished by enzymes with different glycon specificities, we
decided to investigate possible differences in the transition state. Thus, we collected
the putative inhibitors shown in Figure 1 and tested their inhibition of Os7BGIlu26 and
HvBII B-p-mannosidases and Os3BGIlu7 B-D-glucosidase, as shown in Table 7. Of
those shown in Figure 1, only the inhibitors shown in Table 7 had significant
inhibition at 100 uM on the enzymes tested. As shown, the mannoimidazole was a
much less effective inhibitor than the glucoimidazole for all three enzymes, even
though the Os7BGIlu26 and rHvBII enzymes prefer mannoside to glucoside.
However, the glucoimidazoles had lower inhibition constants (greater energy of
binding) in Os3BGlu7 B-glucosidase than in the f-mannosidases. Binding of these
inhibitors to Os3BGIu7 was also verified by microcalorimetry, which showed that
binding of glucoimidazole and isofagamine was driven by enthalpy, while the much
weaker binding of mannoimidazole appeared to be entropy driven (data not shown).

Table 7. Inhibition of Os7BGIlu26, Os3BGlu7 and rHvBII by putative transition
state mimics.

Os7BGlu26 Os3BGlu7 rHvBI|I

AG AG AG

M gamoy M gamon KM gamon

Mannoimidazole 1. - 106 283  38x10° -31.4 106x10° -28.9

Glucolmidazole ) 7x10° 422  80x10° 470 568x10° -42.0

Phenethyl-

Glﬁggmﬁdamle 180x10° -449 62x10° -476 165x10° -451
Isofagomine 207x10° 321 058x10° -362 0.10x10° -40.6
t':'i‘s’fj'l';'irt';yc'” >100 X 10°  >-232 17.3x10°  -276  5.05x10°  -30.7

The three inhibitors which had low inhibition constants and for which we had
sufficient amounts were soaked into crystals of Os3BGIlu7 pB-glucosidase and
Os7BGlu26 B-mannosidase. As shown in Figure 16, the crystal structure of
mannoimidazole showed its ring was distorted between a 5. skew boat and a Bs
boat, which is proposed to be the transition state conformation of mannosides.
Glucoimidazole also had distortion to a “E envelope conformation, which is close to
the *Hs half chair transition state proposed for glucosides. When the structure of
Os7BGlu26 in complex with isofagamine was solved, this inhibitor seemed to bind in
a relaxed *C; chair conformation. For comparison, we tried to solve the crystal
structure of Os3BGIlu7 B-glucosidase with the same inhibitors. We were able to solve
the structure of Os3BGIu7 in complex with glucoimidazole, which also appeared to
be close to a *Hs half-chair conformation, as predicted for glucosyl transition states.
Similarly, the structure of the isofagamine also formed a “C, relaxed chair, as in
Os7BGlu26.  When the structure of an Os3BGlu7 crystal soaked with
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mannoimidazole was solved, the structure appeared to be glucoimidazole instead of
mannoimidazole. When a second batch of mannoimidazole that was carefully
synthesized was tested, it also gave a shape that was either unclear for the trajectory
of the 2 hydroxyl (in molecule A of the asymmetric unit) or appeared to be
glucoimidazole (in molecule B). Because the two inhibitors are synthesized together,
we initially thought that this is a trace of glucoimidazole contaminant (estimated at
0.2% from the kinetic studies) was able to bind in the active site and outcompete the
mannoimidazole present at about 500-fold higher concentration. Since
mannoimidazole was clearly seen in the active site of Os7BGlu26 B-D-mannosidase,
this shows a clear difference between these enzymes, despite the fact that they both
bind glucoimidazole more tightly. However, it is still unclear whether this difference
is really due to the presence of glucoimidazole at low concentration or a problem with
the structure refinement of the mannoimidazole and an unusual shape that is not easily
fit in this refinement process. We continue to work on these structures and to await
for QM/MM and free energy landscape analysis from Prof. Carme Rovira and her
student, which should be completed in the next project.
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Figure 16. Shapes of glucoimidazole and mannoimidazole in the Os7BGIlu26
active site. A. The electron density (2Fo-Fc maps) around the inhibitor position in the
active sites for mannoimidazole (top) and glucoimidazole (bottom) calculated before
insertion of the inhibitor models mapped into the active site with the final models. B.
The models of the mannoimidazole (top) and glucoimidazole (bottom) in the active
site from above the ring, showing the hydrogen bonding interactions with active site
residues. C. The view of the inhibitors from the imidazole ring, demonstrating the
B, 5 boat shape of mannoimidazole (top) and “E shape of glucoimidazole (bottom).

7.8. Structural and functional studies on barley and rice family GH3 enzymes

7.8.1. Effects of barley GH3 Exo | active site residues on substrate binding and
hydrolysis.

In the previous project, we expressed barley HvExol GH3 exoglucanase in P.
pastoris, purified it, and crystallized it (Luang et al., 2010b), as well as making a
series of active site mutations, including D95N, D95A, E220Q, E220A, E161A,
E161Q, R158A, K206V, and R158A/E161A to test residues in the -1 subsite for
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substrate binding and W286A and W434A in the +1 subsite. The expressed enzyme
had very similar properties to that expressed in barley (Hrmova et al., 1996), and the
crystals were isomorphous with those of native protein (Hrmova et al., 1998;
Varghese et al., 1999). In this grant, we have continued this work by refining the
crystal structures of the initial crystals, completing kinetic analysis of mutants and
making more mutations, such as K206A and H207A and combination mutations of
W286A/F and W434A/F in determining the -1 subsite substrate specificity, and these
mutants were crystallized with p-1,2-, p-1,3-, pB-1,4- and p-1,6- thio-linked
oligosaccharides to see how they affect the binding of oligosaccharides with different
linkages. We made a few more mutations of the Trp434 to Tyr (W434Y) and His
(W434H) and found these to have small but significant activities.

To discern the roles of Trp286 and Trp434, the W286F and W434F mutants were
tested, since the corresponding Ala mutant of Trp286 had no detectable activity and
that of Trp434 had low activity. As seen in Table 8, the activities of these mutants
were considerably higher, but still compromised compared to wild type HvEXxol.
Crystal structures were also determined for wild type HvExol and the HvEXxol
W434A mutant in complexes with thio-linked analogues of laminaritriose,
cellohexaose, and gentiobiose. These structures showed that the without the Trp434,
the catalytic acid/base, Glu491, lost a stabilizing hydrogen bond, thereby allowing it
to take two alternate positions in the active site complexes with oligosaccharides, such
as the complex with S-laminaritriose shown in Figure 17.  The various
oligosaccharides took different positions in the HvExol W434A active site compared
to the wildtype HvEXxol, suggesting the substrates may bind less tightly in less optimal
positions, accounting for the increased K, and decreased Kk for hydrolysis of
laminaribiose with the W434A mutation.

Figure 17. Structural comparison among wild type (grey) and Trp434Ala mutant
(green) HvExol in complex with S-laminaritriose. The superpositioned structures
are shown in (A). In the active site of wild type HvExol, Trp434 stabilizes the
catalytic acid/base Glu491 and affects interactions between Glu491 and the S-
glycosidic linkage (B). In the Trp434Ala variant, this stabilization is no longer
possible and Glu491 occurs in two rotamers (C).
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7.8.2. Characterization of rice GH3 enzymes

In this project, we produced the the OsExol protein (derived from the Os03g0749500
gene locus and AK073110 cDNA) in recombinant P. pastoris yeast and the OsExoll protein
(from the 0s03g0749300 gene locus and NCBI Genbank accession AK065044 cDNA
sequence and 0s.59407 Unigene entry) and OsExolll (from the Os01g0771900 locus) in
recombinant E. coli and characterized the expressed enzymes. The OsExol and OsExoll
enzymes’ pH (pH 5.5) and temperature (approx. 35 °C) optima were estabilished and they
were tested for hydrolysis of 4NP glycosides. As shown in Table 9, both hydrolyzed 4NPGIc
much better than 4NP-a-L-arabinoside, 4NP-3-D-galactoside, 4NP-B-p-fucoside and 4NP-{3-
D-xyloside (4NPXyl), but the activity of OsExol toward 4NPXyl was more significant,
roughly 11% of its activity toward 4NPGIc. Upon checking hydrolysis of oligosaccharides
and polysaccharides, OsExol and OsExoll were shown to have similar relative activities for
-D-gluco-oligosaccharides of various linkages. Table 10 shows the kinetic parameters for
OsExoll with various lengths of B-(1,3)- and B-(1,4)-linked oligosaccharides, but was much
more efficient at hydrolyzing 4NPGIc and the polysaccharides laminarin and barley f-
(1,3),(1,4)-glucan than oligosaccharides. Although OsExol has not been fully characterized
yet, due to it being more difficult to produce in P. pastoris than it is to produce OsExoll in E.
coli, it did show a significantly better hydrolysis of the p-(1,3)-linked disaccharide
laminaribiose than the B-(1,4)-linked disaccharide cellobiose, due to a much higher ke, value
with the former.

Although the cDNA encoding the mature protein for OsExolll has been cloned into the
PET32a vector and the protein expressed in Origami(DE3) E. coli, we have only shown that
the expressed protein has activity to hydrolyze 4NPGlc, so further characterization is planned
in the future.

Table 9. Relative activities of OsExol and OsExoll against 4NP-glycosides and
polysaccharides.

Percent Relative Activity
Substrate OsExol OsExaoll
4NP-glycosides®
4NP-B-D-glucoside 100 100
4NP-B-D-fucoside 1.95 1.67
4ANP-[B-D-galactoside 2.0 2.3
4NP-B-D-xyloside 10.9 1.97
4NP-a-L-arabinoside 1.54 2.0
Polysaccharides”
laminarin 100 100
barley (1,3)(1,4)-B-glucan 110 110
lichenan 61 57

®Assays were done with 1 mM 4NP-glycosides and activity toward 4NPGlc was designated
as 100% for each enzyme.

®Assays were done with 1% polysaccharides by measuring glucose release and the activity
toward laminarin was designated as 100% for each enzyme.



Table 10. Kinetic parameters for hydroysis of oligosaccharides by OsExol and OsExoll.

Substrate Kinetics parameters
OsExol OsExoll
Km (MM) 2.0 0.57
ANPGIc Keat (5™ 27.7 33.3
Keat/ K (MMs™) 13.9 58.4
Km (MM) 1.2 0.4
Cellobiose Keat (%) 4.2 1.10
Keat/Km (MM's™) 3.5 2.75
Km (MM) nm 0.57
Cellotriose Keat (5 nm 1.16
Keat/Km (MM s) nm 2.03
Km (mM) nm 0.59
Cellotetraose Keat (54 nm 1.19
Keat/ K (MM nm 2.01
K (MM) 13 0.45
Laminaribiose Keat (%) 54.2 1.50
Keat/Km (MM™s™) 41.2 3.33
Km (MM) nm 0.62
Laminaritriose  [Kear () nm 1.63
Keat/Km (MM's™) nm 2.62
Km (MM) nm 0.65
Laminaritetraose [Keat (s™) nm 1.65
Keat/Km (MM s) nm 2.53
Km (MM) nm 0.12
Laminarin Keat (5 nm 56.3
Keat/Kim (MM™s™) nm 469
Barley (1,3;1,4)-[3-5m (”_‘1'\") nm 0.15
D-glucan cat (S7) i nm 76.5
Keat/ Kmn (MM™5™) nm 510

*nm means “not measured”.
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8. Conclusions and Benefits
8.1. Scientific Conclusions and Benefits

In this project, we have increased the knowledge of how plant B-glucosidases,
exoglucanases and -mannosidases interact with their substrates and gain selectivity for one
substrate over another. We have also shown that the determinants for specificity are subtle,
but that single mutations can cause significant effects on relative activities toward substrates
with different glycons or aglycons (Ketudat Cairns et al., 2012). Evolutionarily, this also
suggests that relatively few amino acid changes are needed to change the selectivity from one
substrate to another, so that global sequence similarity cannot always be trusted to indicate
specific functions. On the other hand, the specificity for oligosaccharides or glycon may
depend on the overall shape of the active site, as much or more than on the residues that line
the active site and directly interact with the substrate.

The X-ray structure of Os4BGlul2, a rice B-D-glucosidase that acts on oligosaccharides
and a large variety of glycosides, was determined and compared to other plant glycoside
hydrolase family GH1 enzymes (Sansenya et al., 2011). The structures of its covalent
complex with 2-deoxy-2-fluoroglucoside (G2F) and Michaelis complex with an as yet
unreacted 2,4-dinitrophenyl B-D-2-deoxy-2-fluoroglucoside allowed comparison of the
substrate-binding residues with other GH1 enzymes, to show the glycon-binding residues
were similar, but aglycon-binding residues divergent. It was also found that the catalytic
nucleophile of Os4BGlul2 bound to G2F was in a position similar to white mustard
myrosionase, and significantly different from other -D-glucosidases, which correlated to a
significant thioglucosidase activity for this enzyme.

Characterization of the activity of the Os4BGlul2 enzyme prepared for crystallography
from recombinant E. coli with the previous data for the activity of the fusion protein and the
activities of Os4BGlul2 enzyme expressed in P. pastoris and purified from the plant
indicated that removal of the fusion tag increased the activity of the enzyme, but it was still
somewhat lower than enzymes purified from the rice and yeast for 4NP-glycosides (Himeno
et al., 2013). In general, the relative activities from the different systems were similar, but
with a few substrates, enzyme from one system would have significantly different relative
activity. The 0s4BGlul2 from all systems hydrolyzed helicin and the phytohormone
glycosides SAG and TAG better than oligosaccharides, supporting a biological role in
hydrolysis of these glycosides. We also established that Os3BGlu6 hydrolysis of a glucosyl
ester, that of the gibberellin GA,, appears to utilize the same mechanistic pathway, with the
same glucosyl-enzyme intermediate seen in glucosides, and provided the structure of this
intermediate in an acid-base mutant to clarify the interactions beween the covalently linked
glucose and surrounding residues (Hua et al., 2013).

A comparison of the active site cleft in the Os4BGlul2 structure with those of Os3BGIlu6
and Os3BGlu7, showed that Os3BGIlu6 has a bump in the active site cleft surface at Met251,
which replaces the hydrogen-bonding residues Asn245 in Os3BGlu7 and His253 in
0s4BGlul2. Replacing Met251 in Os3BGIu6 with Asn significantly increased binding of
the third glucosyl residue of cellotriose, promoting its hydrolysis, while converting
0s3BGIlu7 Asn245 and Os4BGlul2 His253 to Met significantly decreased binding and
hydrolysis of oligosaccharides (Sansenya et al., 2012). Thus, we were able to add or cripple
a glucosyl residue binding site in the active site cleft based on observing the structures and
comparing the activities.

We had previously observed that Os3BGlu7 E386G glycosynthase mutant catalyzes more
rapid transglycosylation from o.-fluoroglucoside to 4NP-cellooligosaccharides substrates than
the Os3BGIlu7 E386A and E386S mutants (Hommalai et al., 2007). Previously, it had been
supposed that the replacement of the serine hydroxyl with a water molecule that is more
flexibly positions might account for this, but density for only one water was found in this part
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of the active site of the structures in all three enzymes, suggesting more subtle differences
affect the relative activities (Wang et al., 2013). QM/MM calculations starting from our
structures were able to replicate the relative rates in terms of activation barriers for the three
enzymes, and suggested that the positioning of the observed water is one of the key factors.

Further exploration of the ability of the Os3BGIlu7 E386G glycosynthase to catalyze
transfer reactions indicated that the enzyme can accept a broad range of donors and acceptors
(Pengthaisong et al., 2012b). However, early studies were found to produce some products
by wild type enzyme transglycosylation reactions, indicating a contamination with the wild
type enzyme, which could be decreased to an acceptable level with a new construct that
utilized a codon for the Gly that has two nucleotides different from that encoding Glu. The
new construct was used for further analysis, which indicated the enzyme could transfer
monosaccharide moieties to various sugar linkages, but only 1,4-linked chains were
efficiently extended.

To verify the apparent glucosyl-binding residues in the outer subsites of Os3BGlu7 and
see whether they were responsible for the synthesis of long chains by the Os3BGIlu7 E386G
glycosynthase, the residue that appeared to form stacking interactions with the fourth and
fifth glucosyl residues, Tyr341, and a residue that seemed to contribute to the water-mediated
hydrogen bonding network, Ser334, were mutated (Pengthaisong et al., 2012a). The Y341L
and Y341A mutations seemed to cause only small effects on hydrolysis of oligosaccharides,
but had a significant effect on the synthesis of long-chain oligosaccharides by the
glycosynthase. The relatively small effect of the Y341A mutation seemed to be explained by
the crystal structure of the Os3BGIlu7 E386G/Y341A mutant in complex with cellotetraose,
which showed that the 3 outer glucosyl residues were flipped and the fourth was hydrogen
bonding to GIn187 on the opposite side of the active site. However, mutating GIn187 in the
Q187A/Y341A mutant appeared to have little effect on hydrolysis or even the position of the
oligosaccharide in the active site. The cellotetraose binding position appears to be dependent
on the type of inactivating mutation as combining Y341A with E176Q resulted in binding of
the outer glucosyl residues in the space created by removing the Y341 sidechain, where the
sugars interacted with Argl78 and stacked on Trp337. Thus, the Os3BGIlu7 enzyme shows a
great plasticity in its cellooligosaccharide binding, such that when one interacting residue is
removed, a new interaction can take its place. This may suggest the shape of the active site
cleft and its overall mixture of polar, aromatic and nonpolar character may be the critical
issue for cellooligosaccharide binding. Such information may be useful for engineering
glucan-derived oligosaccharide hydrolyzing enzymes for biomass conversion and biofuel
production in the future.

In terms of the relative activities of plant glycoside hydrolase family GH1 enzymes
toward mannosides versus glucosides, we have identified the residues around the catalytic
acid/base residue as having a profound effect on the hydrolysis of 4NPMan, as well as
exploring the structural basis for substrate selection (Tankrathok et al., In Press). The
structure of the Os7BGIlu26 B-D-mannosidase had a somewhat narrower active site pocket
than related Os3BGlu7 B-D-glucosidase and other plant B-D-glucosidases, suggesting the role
of surrounding residues in the second and third shells in establishing the glycon specificity,
since all the residues making direct contact with the glycon are conserved. The enzyme
seems to use two different conformational trajectories and transition state shapes for
hydrolysis of B-D-glucosides and p-D-mannosides, so we continue to explore the effect of
transition state binding on the relative glycon specificities of related enzymes. Since the -
mannosidase-like enzymes are highly expressed in developing cereal grains, understanding
how they hydrolyze the manno- and gluco- oligosaccharides may help in determining their
role in development and whether they should be targeted to increase grain yields.
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For glycoside hydrolase GH3 enzymes, we have collected a large amount of functional and
structural data on barley HvExol mutants and their complexes with various substrates and
thio-oligosaccharide substrate analogs, in collaboration with Prof. Maria Hrmova in the
University of Adelaide, Australia. These are helping to elucidate the basis for broad
specificity of the HVEXol enzyme for oligosaccharides with different linkages and the role of
the retained glucose product in catalysis and the mechanism for its exchange with a new
substrate. Although these barley HvExol studies have largely moved to Prof. Hrmova’s
laboratory with the move of Dr. Sukanya Luang from our group to hers, we continue to work
on the rice GH3 exoglucanases. The rice OsExoll has been extensively characterized to
show the kinetic parameters for its hydrolysis of oligosaccharides and the OsExol enzyme is
also in the process of kinetic characterization. We anticipate that the characterization of
these enzymes will show whether they are likely to play the same roles as the barley enzymes
or to have characteristic properties for rice that help to establish different kinetics of
carbohydrate turnover in rice compared to barley. In addition, characterization of a third
isoenzyme, OsExolll, may yield more insights into glucan turnover in rice, which may
impact on engineering rice development and the use of rice waste feedstocks in biomass
conversion.

On the whole, we have generated a significant body of new knowledge on the substrate
recognition of oligosaccharide-active exoglucanases, B-glucosidases, and B-mannosidases.
This includes not only their action on oligosaccharides, but also on glycosides, including
those of bioactive aglycons, such as phytohormones and flavonoids. This work will provide
the basis for future studies to increase our understanding further and to engineer the GH1 and
GH3 enzymes both for the release of glucose from carbohydrate feed stocks and for the
production of glycosides with novel activities.

8.2. Other benefits.

This work has contributed to the publication of eight research papers and one invited
review and to the training of five graduate students and one and a half postdoctoral fellows.
It has also generated a large body of reserve data that will be completed in the new future and
should provide the basis for another 4-5 international publications when supplemented with a
few completing experiments. Indeed, we are in the process of completing one manuscript
with Maria Hrmova’s group, and others are anticipated soon.

8.3. Future benefits.

As noted above, our work has provided a basis for understanding oligosaccharide and
other substrate binding that can guide further exploration of enzyme function and
engineering. Since the world faces a shortage of fuels and food with the rapidly expanding
world population, and concern about the release of carbon dioxide and other greenhouse
gases causing global warming, our work serves to guide many scientists looking to improve
biofuel and food production. Computational chemistry groups have used our structural
models (Chuenchor et al., 2011) as the basis for simulating gluco-oligosaccharide hydrolysis,
in the hopes of providing new information that can be used to engineer more efficient
enzymes and conversion processes (Wang et al, 2011, 2013; Badieyan et al., 2012). We
anticipate this will continue in the future, and that more efforts to engineer carbohydrate
active enzymes will take advantage of this information. For our part, we plan to utilize the
information gained to apply the enzymes for the production of novel glycosides, as well as
the use of glucan feed stocks for this purpose.

In addition to the work providing a large portion of the data for an additional 4-5
international papers, as mentioned above, it allows us to continue to explore both substrate
binding and the application of glycosynthases and active site cleft mutants to synthesize
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novel products in the next project. In addition, the students, postdoctoral fellows and
research assistants trained in this work have already started to make their marks as
researchers both within Thailand and abroad, so this training will continue to have impact in
both related and unrelated investigations. Some have also become instructors, so their
abilities to investigate scientific problems will help them to instill the scientific method and
analytical thinking in new generations of science students. This is a major benefit of basic
research that can feed into its appreciation and application in the future. Therefore, we
anticipate that this project will continue to benefit Thailand and the world for some time to
come.
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Rice Os4BGlu12, a glycoside hydrolase family 1 (GH1) B-glucosidase, hydrolyzes B-(1,4)-linked oligosac-
charides of 3-6 glucosyl residues and the p-(1,3)-linked disaccharide laminaribiose, as well as certain
glycosides. The crystal structures of apo Os4BGlul12, and its complexes with 2,4-dinitrophenyl-2-
deoxyl-2-fluoroglucoside (DNP2FG) and 2-deoxy-2-fluoroglucose (G2F) were solved at 2.50, 2.45 and
2.40 A resolution, respectively. The overall structure of rice Os4BGlu12 is typical of GH1 enzymes, but
it contains an extra disulfide bridge in the loop B region. The glucose ring of the G2F in the covalent inter-
mediate was found in a C; chair conformation, while that of the noncovalently bound DNP2FG had a 'S,
skew boat, consistent with hydrolysis via a “Hs half-chair transition state. The position of the catalytic
nucleophile (Glu393) in the G2F structure was more similar to that of the Sinapsis alba myrosinase
G2F complex than to that in covalent intermediates of other O-glucosidases, such as rice Os3BGlu6
and 0s3BGlu7 B-glucosidases. This correlated with a significant thioglucosidase activity for 0s4BGlu12,
although with 200- to 1200-fold lower kc.¢/Kr, values for S-glucosides than the comparable O-glucosides,
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while hydrolysis of S-glucosides was undetectable for Os3BGlu6 and Os3BGlu7.

© 2011 Elsevier Inc. All rights reserved.

Introduction

B-Glucosidases (3.2.1.21) catalyze the hydrolysis of glycosidic
bonds between a nonreducing terminal B-p-glucosyl residue and
an aglycon moiety, which may be an oligosaccharide or aryl or al-
kyl alcohol. According to the amino acid-sequence-based classifi-
cation of Henrissat [1], PB-glucosidases have been found in
glycoside hydrolase (GH)! families GH1, GH3, GH5, GH9, GH30
and GH116 [2,3]. Of these, the greatest diversity of specificities has
been reported in GH1, due in part to the large number of GH1 isoen-
zymes with different specificities found in plants [4,5]. In addition to
B-p-glucosidases, GH1 also includes enzymes with B-p-phosphogal-
actosidase, B-p-phosphoglucosidase, pB-b-thioglucosidase, p-p-man-

* Corresponding author. Fax: +66 44 224185.

E-mail address: cairns@sut.ac.th (J.R. Ketudat Cairns).

! Abbreviations used: DNP2FG, dinitrophenyl 2-deoxy-2-fluoro--b-glucopyrano-
side; G2F, 2-fluoroglucopyranoside; GH, glycoside hydrolase; GH1, glycoside hydro-
lase family 1; GOL, glycerol; IMAC, immobilized metal affinity chromatography;
0s3BGlu6, Oryza sativa B-glucosidase isoenzyme Os3BGlu6; Os3BGlu7, O. sativa
B-glucosidase isoenzyme Os3BGlu7; Os4BGlu12, O. sativa p-glucosidase isoenzyme
0s4BGlu12; pNP, para-nitrophenol; pNPGlc, pNP B-p-glucopyranoside; SbDhr1,
Sorghum bicolor dhurrinase isoenzyme 1; ZmGlu1, Zea mays B-glucosidase isoenzyme
Glul.

0003-9861/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.abb.2011.04.005

nosidase, B-p-fucosidase, B-p-galactosidase, 6-O-linked disaccha-
ridase and hydroxyisourate hydrolase activities. Thus, GH1 serves
as an excellent model system for investigating substrate specificity
and the protein-carbohydrate and protein-aglycon interactions
involved in determining this specificity.

The GH1 enzymes, along with GH5 and GH30, belong to the GH
Clan A, all members of which have catalytic domains consisting of
a (B/o)g or triose phosphate isomerase (TIM) barrel, which typically
have the catalytic acid/base residing at the end of B-strand 4 and
the nucleophile at the end of B-stand 7 [6,7]. These residues are
found near the bottom of a cleft or crater-shaped active site at
the carboxy-terminal end of the B-strands of the central barrel
[2,3]. These enzymes act via a retaining double-displacement
mechanism involving two carboxylate residues, as shown in
Fig. 1 [8,9]. In the glycosylation step (the first reaction in Fig. 1),
the catalytic acid protonates the aglycon leaving group as the
nucleophile attacks the anomeric carbon to displace the aglycon
and form a covalent intermediate. In the deglycosylation step
(the second reaction in Fig. 1), an incoming water molecule is
deprotonated by the catalytic acid/base and attacks the anomeric
carbon to displace the enzyme from the glucose. Both steps are
thought to involve the formation of oxocarbenium cation-like tran-
sitions states. In plant thioglucosidases, such as the white mustard
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Fig. 1. Mechanism of retaining B-glycosidases, as seen in rice 0s4BGlu12. Upon formation of the Michaelis complex between enzyme and substrate, the reaction proceeds via
two steps, glycosylation to form the covalent intermediate, and deglycosylation to release the sugar from the protein. In Os4BGlu12, Glu179 serves as the catalytic acid/base,

while Glu393 serves as the catalytic nucleophile.

(Sinapis alba) myrosinase, the catalytic acid/base is missing, since
acid assistance is not necessary for cleavage of the S-glycosidic
linkage and the base function is provided by ascorbate [10,11].
However, aphid myrosinase retains the acid/base in the conserved
location [12].

Structural studies of the broad specificity bacterial Sulfolobus
solfataricus B-glycosidase S and archaeal Thermatoga maritima
B-glucosidase BglA in complexes with substrates, transition state
analogues, and covalent intermediates have supported a conforma-
tional itinerary for the glucose that goes from a !S; skew boat
Michaelis complex to a 4H; half chair transition state to a relaxed
4C; chair in the covalent intermediate [13-15]. The observations
of the #C; chair shape of the covalent intermediate in white mus-
tard myrosinase [10], plant B-glucosidases [16,17] and human
cytoplasmic p-glucosidase [18], the !S; skew boat in complexes
of the sorghum (Sorghum bicolor) dhurrinase 1 mutant Glu189Asp
with dhurrin and rice Os3BGlu6 with octyl-thioglucoside, and the
4H; half chair in glucotetrazole in white mustard myrosinase [11]
and maize (Zea mays) Glul B-glucosidase (ZmGlul) [19] suggest
this itinerary holds for eukaryotic enzymes as well. This is consis-
tent with the fact that the glycon-binding residues are conserved in
GH1 enzymes from all domains of living organisms.

Plant GH1 enzymes play a wide range of functions, including
roles in defense, phytohormone activation, lignification, degrada-
tion of cell wall oligosaccharides, secondary metabolism and re-
lease of volatiles [3]. As such, regulation of many of the functions
mentioned above dictates that these plant B-glucosidases should
have at least some substrate selectivity. This is in contrast to many
microbial and animal GH1 hydrolases, which tend to have rather
broad aglycon specificities, in line with their release of glucose
from nutritional sources. Thus, the structures of plant GH1
enzymes allow dissection of the interactions leading to aglycon
specificity. Structures are available for eight plant GH1 enzymes
with different specificities [9,10,16,17,19-23], the phylogenetic
distribution of which is shown in Fig. 2. Aglycon specificity has
been most thoroughly compared between ZmGlul and SbDhr1,
since they share 70% amino-acid sequence identity and ZmGlul
hydrolyzes a rather broad array of substrates, but not dhurrin,
while SbDhr1 hydrolyzes dhurrin nearly exclusively [24]. Struc-
tural studies have shown that ZmGlul sandwiches its aglycon be-
tween the conserved Trp378 on one side and the nonconserved
Phe198, Phe205, and Phe466 on the other side, while SbDhr1 inter-
acts through the hydrophobic and aromatic stacking interactions
with the corresponding Trp376, Val196, and Leu203, but also forms
indirect hydrogen bonds between the phenolic hydroxyl of dhurrin
and Ser462 and Asn259 [19]. Surprisingly, the aglycon-binding res-
idues in the wheat and rye hydroxaminic acid B-glucosidases,

which hydrolyze the same natural substrates as ZmGlu1, are not
conserved with that of ZmGlul, except for the conserved trypto-
phan [21,22]. These studies suggest that aglycon-binding is com-
plex and the active site shape may play at least as critical a role
as the surface residues.

Of the 34 GH1 genes in the rice genome that are likely to form
active glycosidases [5], Os4BGlu12 showed the highest similarity
to the cell wall associated B-glucosidase that had been previously
characterized and shown to hydrolyze p-(1,3)- and B-(1,4)-linked
gluco-oligosaccharides [25]. Os4BGlu12 expressed in recombinant
Escherichia coli similarly hydrolyzed gluco-oligosaccharides, as
well as certain glucosides with large rather apolar aglycons, such
as apigenin 7-0-B-glucoside and deoxycorticosterone 21-p-gluco-
side [5,26]. It was also shown to be wounding induced and hydro-
lyze the p-(1,3),(1,4)-mixed linkage oligosaccharides released by a
wounding induced B-glucanase. In contrast to rice Os3BGlu7 (also
called rice BGlu 1) and its close relatives Os3BGlu8 and Os7BGlu26,
which have clear increases in catalytic efficiencies (kc./Km) as the
lengths of B-1,4-linked gluco-oligosaccharides are increased from
cellotriose to cellohexaose [27,28], 0s4BGlu12 shows only a slight
increase in going from cellotriose to cellopentaose, and drops at
cellohexaose [26]. On the other hand, Os3BGlu6, which hydrolyzes
B-(1,2)- and B-(1,3)-linked disaccharides and alkyl glycosides,
barely hydrolyzes cello-oligosaccharides, with highest activity for
cellobiose [17]. Recently, Os4BGlu13, the rice isoenzyme that is
most closely related to 0s4BGlu12, was identified as a tuberonic
acid glucoside B-glucosidase (OsTAGG1) [29], and 0Os4BGlu12 was
also found to act on this phytohormone [30].

In order to determine the basis for its unique behavior in bind-
ing and hydrolyzing oligosaccharides and apolar glycosides, we
have determined the structures of 0s4BGlu12 B-glucosidase and
its noncovalent complex with 2,4-dinitrophenyl 2-deoxy-2-
fluoroglucoside (DNP2FG) and covalent complex with 2-deoxy-2-
fluoroglucoside (G2F).

Materials and methods
Expression, purification and crystallization of Os4BGlu12

Rice 0Os4BGlu12 B-glucosidase was expressed in E. coli strain
Origami B(DE3) and purified by immobilized metal affinity chro-
matography (IMAC), cleavage of the N-terminal thioredoxin and
Hise tags with enterokinase, and removal of the fusion tag by IMAC,
as described previously [31]. Crystals of Os4BGlul12 and its com-
plexes were grown at 288 K by hanging drop vapor diffusion with
a stock of 3.5 mgml~! purified 0s4BGlu12. The crystallization of
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Fig. 2. Sequence-based phylogenetic tree of Plant GH1 Enzymes. The Minimum Evolution tree was computed with MEGA5 [53]. The optimal tree with the sum of branch
length = 22.74 is shown. The confidence probability (multiplied by 100) that the interior branch length is greater than 0, as estimated using the bootstrap test (1000
replicates) is shown next to the branches for the branches with >50% support. The evolutionary distances were computed using the p-distance method [54] and are in the
units of the number of amino acid differences per site. The ME tree was searched using the Close-Neighbor-Interchange (CNI) algorithm at a search level of 0. The initial tree
was generated by the Neighbor-joining method. The analysis involved 131 amino acid sequences, aligned by the MUSCLE algorithm [55]. All ambiguous positions were
removed for each sequence pair. There were a total of 907 positions in the final dataset. The SFR2 (Sensitive-to-Freezing 2) cluster (homologues from Arabidopsis, rice and the
moss Physcomitrella patens (Pp)) serves to root the rest of the tree. Arabidopsis and rice sequences are named according to [4] and [5], respectively, papaya CpTGG2
myrosinase is named according to Ref. [52], proteins with known 3D structures are marked by representative PDB codes and underlined, and other sequences are given as
their genus and species letters and Genbank accession numbers. The eight phylogenetic clusters containing both Arabidopsis and rice sequences (At/Os) and two crucifer-
specific clusters, At I and At II (classic myrosinases) are designated according to [5].

apo enzyme and its complex with DNP2FG was reported previously crystallized in the presence of 2 mM DNP2FG (Sigma, St. Louis,
[31]. For the 0s4BGlu12 complex with DNP2FG, Os4BGlu12 was MO, USA), and the crystal was soaked in the 23% (w/v) PEG 3350,
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0.12 M Tris-HCl, pH 8.5, 0.27 M NaCl and 28% (v/v) glycerol cryo-
protectant containing 10 mM DNP2FG before vitrification. Because
this protocol resulted in the noncovalent complex, the co-crystal
with G2F was soaked in the same cryoprotectant without the
inhibitor for 15 s before flash vitrification in liquid nitrogen and
X-ray diffraction in order to obtain the covalent glucosyl-enzyme
intermediate.

Data collection

The crystals of 0Os4BGlu12 apo enzyme and the complex with
DNP2FG diffracted X-rays to 2.50 and 2.45 A, respectively, and be-
long to space group P452:2 with cell parameters and statistics for
the two X-ray data sets, as described previously [28] and shown
in Table 1. Diffraction data for the Os4BGlu12 complex with G2F
was collected on an ADSC Quantum 315 CCD detector with
1.00 A X-rays from beamline BL13B1 at the National Synchrotron
Radiation Research Center (NSRRC), Taiwan. The data was indexed,
integrated and scaled with HKL-2000 [32]. Data collection statistics
are shown in Table 1.

Structure solution and refinement

The crystal structure of the 0s4BGlu12 apo enzyme was solved
by molecular replacement with the MOLREP program [33] with the
structure of cyanogenic B-glucosidase from white clover [9] (PDB
code 1CBG, residues 14-490; 63% identical to Os4BGlu12) as the
search model. The crystals for the structures of 0s4BGlu12 with
DNP2FG and G2F were isomorphous with that for the apo Os4B-
Glu12 structure, allowing the structures to be solved by rigid body
refinement with the native structure as a search model in the Ref-
mac 5.0 program [34]. The three structures were also refined with

Table 1

Refmac 5.0. The analysis of the electron density and model building
were done in the Coot program [35]. The occupancies of the
DNP2FG molecules binding in each of the active sites were refined
to 0.8, by setting the occupancy at different values and refining the
structures to determine which value gave the minimum values of
the temperature factors (B-factors) of the ligand and Rgee. The ste-
reochemistry of the final model was checked with PROCHECK [36]
and MolProbity [37]. The refinement and model statistics are given
in Table 1. The structural superimposition and figures were pro-
duced with PyMol [38].

Kinetic analysis

p-Nitrophenyl B-p-glucopyranoside (pNPGIc), n-octyl-p-p-
glucopyranoside, and n-heptyl-pB-b-glucopyranoside were pur-
chased from Sigma. p-Nitrophenyl-B-p-thioglucoside was provided
by Ms. Yanling Hua (Center for Scientific and Technological Equip-
ment, Suranaree University of Technology). All kinetic parameters
were calculated from triplicate assays done at 30 °C, in 50 mM so-
dium acetate, pH 5.0. Activities on p-nitrophenol (pNP) glycosides
were determined by measuring the released p-nitrophenolate, and
activities on n-octyl-p-p-glucoside, n-heptyl-p-nb-glucoside, and
n-octyl-p-p-thioglucopyranoside were determined by measuring
glucose released by the glucose oxidase/peroxidase-coupled assay,
as described previously [39]. The initial velocities were determined
at time points and enzyme concentrations (0.1 pug per assay for
O-glycosides and 1.0 pg for S-glycosides) where the reaction rate
was linear and the absorbance value was in the range of 0.1 to
1.0, and used to calculate the kinetic constants. Substrate concen-
trations over a range of approximately one-third to three times the
apparent K, were included in calculations of kinetic parameters.
Kinetic parameters were calculated by nonlinear regression of

Refinement statistics for the structures of Os4BGlu12 apoenzyme and its complexes with G2F and DNP2FG.

Dataset 0s4BGlu12 0s4BGlu12_G2F 0s4BGlu12_DNP2FG
PDB code 3PTK 3PTM 3PTQ

Beamline BL13B1 BL13B1 BL13B1

Wavelength (A) 1.00 1.00 1.00

Space group P432,2 P432,2 P432,2

Unit-cell parameters (A)
Resolution range (A)

a=b=112.7c=182.8
30-2.49

Resolution outer shell (A) 2.56-2.49
No. unique reflections 39533

No. observed reflections 408534
Completeness (%) 100.0 (99.9)
Average redundancy per shell 9.7 (10.0)
/o (I) 19.6 (6.4)
R(merge) (%) 10.6 (41.7)
Rfactor (%) 203

Reree (%) 24.8

No. of residues in protein
No. protein atoms

486 (2 molecules)
7720 (2 molecules)

a=b=114.0 c=184.1
30-2.40

2.49-2.40

48334

329557

99.6 (99.9)

6.8 (6.2)

17.5 (3.4)

104 (53.7)

19.6

234

486 (2 molecules)
7720 (2 molecules)
22 (G2F)

37 (GOL, Zn)

511

2831
21.47 (G2F)

51.20 (GOL), 22.40 (Zn)
30.40

a=b=114.1c=1845
30-2.45

2.51-2.45

43131

381316

100.0 (99.9)

8.4 (8.6)

21.7 (4.4)

9.4 (49.9)

20.9

25.1

486 (2 molecules)
7720 (2 molecules)
48 (DNP2FG)

31 (GOL, Zn)

280

33.18

62.69 (DNP2FG)

45.04 (GOL), 22.75 (Zn)
31.60

No. ligand atoms 16 (Tris)
No. other hetero atoms 1 (Zn)
No. waters 228
Mean B-factor

Protein 3247
Ligand 52.70 (Tris)
Other hetero atoms 24.23(Zn)
Waters 32.18
r.m.s. bond deviations (length) 0.009
r.m.s angle deviations (degrees) 1.19
Ramachandran plot

Residues in most favorable regions (%) 88.4
Residues in additional allowed regions (%) 10.5
Residues in generously allowed regions (%) 1.1
Residues in disallowed regions (%) 0

0.006 0.010
1.02 1.26
89.5 89.4
9.6 9.4
0.9 1.2

0 0

Numbers in parentheses are statistics for the outer resolution shell. Ramachandran values were determined from PROCHECK [35]. For the ligands, DNP2FG stands for
dinitrophenyl 2-deoxy-2-fluoro-p-p-glucopyranoside, G2F for 2-fluoroglucopyranoside and GOL for glycerol.



66 S. Sansenya et al./Archives of Biochemistry and Biophysics 510 (2011) 62-72

the Michaelis-Menten curves with Grafit 5.0 (Erithacus Software,
Horley, Surrey, UK).

Competitive K; values for Tris—HCI were determined by incubat-
ing 0.5 pg enzyme with 10 different concentrations of the Tris (0-
200 mM) and 0.1, 0.3, 0.5, 1.0, 3.0 and 5.0 mM pNPGlc as the sub-
strate, under the reaction conditions described above. A series of
Lineweaver-Burk plots were drawn to verify the inhibition was
competitive, then Dixon plots were used to calculate the inhibition
constants [40].

Temperature stability assays

For comparison of thermostability with Os4BGlu12, free Os3B-
Glu7 was expressed from the pET32 plasmid and expressed in Ori-
gami(DE3) cells, and purified with removal of the fusion tag, as
previously described [39,16]. In 50 pL reactions, 0.5 pug of Os4B-
Glu12 or 0s3BGlu7 enzyme was incubated with or without 1 mM
dithiothreitol (DTT) in 50 mM sodium acetate, pH 5.0, for 60 min
at temperatures ranging from 0 to 60 °C. The enzyme was then
cooled on ice and then assayed at 30 °C with 0.3 mM pNPGIc as
substrate, as described above, for 10 min.

Structure accessions

The coordinate and structure factor files for the structures
determined in this work were deposited in the Protein Data Bank
(PDB) as accessions 3PTK (apo 0s4BGlu12), 3PTM (complex with
G2F), and 3PTQ (complex with DNP2FG).

Results and discussion
Model quality and overall structure

The crystal structures of apo 0s4BGlu12, and 0s4BGlu12 com-
plexes with DNP2FG and G2F were solved by molecular replace-
ment and refined at 250, 245 and 240A resolution,
respectively. The crystals belonged to space group P432,2, with
the unit-cell parameters a=b=112.7 A, c=182.8 A for the native
structure, and with slightly larger unit cells for the isomorphous
DNP2FG and G2F complexes (Table 1). As seen in Fig. 3, two protein
molecules were found in the asymmetric unit with a Matthews
coefficient (V;,,) of 2.46 A>Da~! and solvent content of 50% for
apo 0s4BGlu12, while the crystals of Os4BGlu12 with DNP2FG
and G2F had solvent contents of 54-55%, due to their slightly larger
unit cell volumes. The refinement statistics are shown in Table 1.

In general, the electron density of almost all residues was seen
clearly in the final models of all structures. The electron density for
residues 9-486 were observed in the apo enzyme and the DNP2FG
and G2F complex structures, but eight residues from 0s4BGlu12,
including Alal, Tyr2, Asn3, Ser4, Ala5, Gly6, Glu7 and Pro8, and
19 amino acid residues remaining from the N-terminal fusion
tag (Ala-Met-Ala-Asp-Ile-Thr-Ser-Leu-Tyr-Lys-Lys-Ala-Gly-Ser-Ala-
Ala-Ala-Pro-Phe) were not visible. At the C-terminus, the side
chains of Lys486 in all three structures were poorly defined due
to poor electron densities. Residues Ser333, Asn334, Gly335,
Leu336 and Asn337 in the loop C region had weak density, espe-
cially for molecule B, and the surface residues Arg76, Glu108,
Glu228, Glu306 and Ile355 did not have defined electron densities
for their side chains in all three structures. In fact, the poorly de-
fined part of loop C sits at the entrance to the active site and was
found to be cut between Asn334 and Gly335 in the protein purified
from rice plants, the same position as proteolysis of OsTAGG1
[29,30], although no evidence of cleavage of this site was seen in
the crystallized recombinant protein. Part of loop C was also found
in two conformations in Os3BGlu7 B-glucosidase, and binding to

cellooligosaccharide substrates was found to stabilize one of these
conformations [41]. So, it is possible that the unstructured nature
of this loop reflects the lack of modification and that the
proteolytic modification of this loop plays a role in substrate
recognition.

The overall structure of Os4BGlul12 portrayed in Fig. 3 shows
478 residues for each monomer, starting at residue 9 after the pre-
dicted mature protein N-terminus and ending with residue 486 as
the last well defined residue. The typical GH1 (B/a)s-barrel struc-
ture shown in Fig. 3 placed the putative catalytic acid/base,
Glu179, and nucleophile, Glu393, at the C-terminal ends of
B-strands 4 and 7, respectively, on opposite sides of the glucose
ring at the bottom of the active site, as expected for a GH A enzyme
[6,7]. The substrate binding pocket of Os4BGlu12 is shaped primar-
ily by the four extended variable loops connecting strands and
helices at the C-terminal side of the barrel in Fig. 1: loop A
(Ser25-Asp66, between B1 and ao1), loop B (Glu179-Arg213, be-
tween B4 and o4), loop C (Trp321-Pro370, between B6 and o6)
and loop D (Asn394-Asp412, between B7 and o7). The structures
of monomers A and B in the asymmetric unit are nearly identical,
with an RMSD of 0.06 A over all atoms.

For structural comparison, cyanogenic pB-glucosidase from
Trifolium repens (1CBG) [9], rice Os3BGlu7 B-glucosidase (2RGM)
and 0s3BGlu6 (3GNO) [16,17] and myrosinase from Sinapis alba
(1IMYR) [10] were superimposed on the 0s4BGlul2 structure, as
shown in Supplementary Fig. 1. The 1CBG, 2RGM and 3GNO struc-
tures represent plant O-glucosidases, and 1TMYR is a plant S-glyco-
sidase. Os4BGlu12 showed the highest amino-acid sequence
identity with 1CBG (63%), followed by 3GNO (53%), 2RGM (51%)
and 1MYR (43%). The C, atoms of molecule A from the 1CBG,
3GNO, 2RGL and 1MYR structures superimposed to rice 0s4BGlu12
molecule A with RMSD of 0.61, 0.71, 0.77 and 0.78 A for 444, 431,
428 and 413 C, atoms, respectively. The main-chain trace of loop C
of 0s4BGlu12 differs significantly from that of other GH1 struc-
tures. This agrees with previous reports that this loop is less
conserved [10]. Loop C and its neighboring loops are mainly
responsible for formation of the aglycon-binding site and thus con-
tribute to the substrate specificity among GH1 enzymes
[10,12,16,21,42].

Enzyme stability

As shown in Fig. 3, the monomer structure of Os4BGlu12 con-
tains two disulfide bridges between Cys198-Cys206, located in
loop B, and Cys184-Cys219, connecting the a-helix at the begin-
ning of loop B and a-helix 4 of the (B/a)s barrel, which follows
loop B. The disulfide bond between Cys198-Cys206 is conserved
among the known structures of plant plastid and secretory path-
way-targeted GH1 enzymes [9,10,16,17,19,21,42]. Most of these
GH1 proteins have only this one disulfide bridge, but S. alba
myrosinase (1MYR) has another two disulfide bridges between
its N-terminal region and helix 7 of the (B/a)s-barrel (shown in
Supplementary Fig. 1), which probably confer additional stability
to the enzyme [10]. The conserved disulfide bond was also re-
ported to be necessary for proper folding of maize ZmGlu [43].
It was hypothesized that the presence two disulfide bridges in
the loop B region might help explain the fact that Os4BGlu12
has higher temperature stability than rice Os3BGlu7, which has
only one disulfide bond [39]. Fig. 4 shows the activity levels for
0s4BGlu12 (Fig. 4A) and Os3BGlu7 (Fig. 4B) after preincubation
at temperatures of 0-90 °C for 60 min. The 04BGlu12 activity re-
mained stable after incubation at 20-50 °C for 60 min, whereas
the activity dropped about 5% at 60 °C after 60 min. Inclusion of
DTT in the enzyme solution resulted in decreases in the enzyme
activity of 26% at 40 °C, and 80% at 60 °C, In contrast, Os3BGlu7
began to lose activity at 40°C and was inactive at higher



S. Sansenya et al./Archives of Biochemistry and Biophysics 510 (2011) 62-72 67

Cys198-Cys206
Cys184-Cys219

E393

Cys184-Cys219
Cys198-Cys206

Fig. 3. Ribbon diagram representation of the asymmetric unit of the Os4BGlu12 apo protein structure. The catalytic acid/base, Glu179, and nucleophile, Glu393, are labeled
and shown as sticks, colored in red for oxygen, purple for carbon in the online version. The four variable loops between the B-strands and o-helices of the (B/a)g barrel are
labeled and colored green for loop A, magenta for loop B, blue for loop C, and orange for loop D (including variable helices and strands that fall in these loop regions), in the
online version. The Zn?* ion between the A and B protein molecules in asymmetric unit is shown as a red sphere. Two molecules of Tris associated with the A and B molecules
in the asymmetric unit of the Os4BGlu12 structure are represented by sticks with carbon in cyan, oxygen in red and nitrogen in blue. Two disulfide bridges located in the loop
B region are represented by a thick bond (in gold with carbons in cyan). The Cys198-Cys206 disulfide bond is present in other structures of GH1 enzymes, while the Cys184-
Cys219 bond is not observed in other GH1 enzymes but is located in the same loop region. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

temperatures, while inclusion of DTT resulted in a decrease in the
enzyme activity of 25% at 10 °C and 90% at 30 °C suggesting that
0s3BGlu7 stability was more sensitive to reduction of the disul-
fide bonds than Os4BGlu12 (Fig. 4A and B). Thus, although the
conserved and nonconserved disulfide bonds may contribute
slightly to Os4BGlul12 stability, other factors appear to explain
its higher stability than Os3BGlu7.

Aside from the disulfide bonds, the structure of 0s4BGlu12 con-
tains several salt bridges and hydrogen bonds that contribute to its
stability. Of the 25 arginine residues, 18 residues form direct salt
bridges with other residues within the same monomer, while 15
of 30 lysine residues and 3 of 10 histidine residues form such salt
bridges. Fifteen salt bridges are obtained from 27 aspartate resi-
dues, while 15 are formed by the 20 glutamate residues. For com-
parison, the structure of rice Os3BGlu7 (PDB entry 2RGM) has only
8 of 21 arginine residues, 5 of 25 lysine residues, 3 of 11 histidine
residues, 14 of 24 aspartate residues, and 4 of 12 glutamate resi-
dues involved in intramolecular salt bridges. Thermophilic proteins
have been observed to have more salt bridges than their meso-
philic relatives [44], so the greater number of salt bridges in Os4B-
Glu12 may contribute to its greater stability than Os3BGlu7, along
with other factors.

In the asymmetric unit of 0s4BGlu12 crystals, His69 of both
molecules and Asp66 of molecule A and Asp36 of molecule B che-
late a Zn ion asymmetrically between the two protein molecules,
as seen in Fig. 3, and shown in detail in Supplementary Fig. 2,
but this stabilizing interaction is not expected to occur in solution.
0s4BGlu12 is a monomeric protein in solution, as judged by gel-
filtration and DLS (data not shown), and the maximum interface
of 488 A% between molecules A and B, 2.7% of the average mono-
mer surface area of 18,307 A2, is predicted to not result in a dimer
in solution by the PISA program [45]. The Zn" ion appears to have
been a fortuitous contaminant in the purification solution or
precipitant, which facilitated the contacts between the proteins
in the crystal matrix, similar to our previous experience with
0s3BGlu7 [16].

The binding of ligands in the active site

The active site of 0s4BGlul2 is located at the bottom of an
approximately 20 A deep, slot-like pocket, with two walls approxi-
mately 8 A apart at the narrowest point. As seen in Fig. 3, a Tris mol-
ecule was observed at the bottom of the active site of the apo
0s4BGlul12 structure in two different conformations in molecules
A and B of the asymmetric unit. To support this assignment, Tris
was found to be a competitive inhibitor, although with a high K;
of 144 + 0.1 mM. Because Tris was present at 0.1 M in the crystalli-
zation condition, it could be found in the active site of the apo
enzyme of 0s4BGlu12, despite its low affinity, but was not likely
to compete effectively with specific ligands. Tris is commonly a
weak inhibitor of B-glucosidases, and it was previously reported
that the active site of the apo enzyme of Os3BGlu6 (PDB accession
3GNO) contained Tris [17], which was a component of the storage
buffer of the protein and a competitive inhibitor with a K; of
5.1 mM.

When 0s4BGlul2 was crystallized with precipitant solution
containing 2 mM DNP2FG then soaked in cryoprotectant contain-
ing 10 mM DNP2FG before cooling and X-ray diffraction, the antic-
ipated covalent intermediate of a-2-deoxy-2-fluoroglucoside was
not observed in the electron density. Instead, electron density
map of Molecule A clearly revealed the presence of the 2-deoxy-
2-fluoroglucose ring in a PB-linkage to a weak density for the
2,4-dinitrophenol group, as shown in Fig. 5A and B. The whole
ligand had a high average B-factor of 72 A2 at full occupancy and
refined to a partial occupancy of 0.8 with the B-factor of 63 A?, in
line with the transient nature of the Michaelis complex. The sugar
ring was better defined than the nitrophenyl ring, and molecule B
had poor density for the aglycone and higher B-factors, suggesting
the active site may be partially occupied with covalently linked or
free 2-F-glucose, with different occupancies for the two molecules.
However, the glucosyl moiety fit the electron density better in the
1S5 skew-boat conformation previously observed for noncovalent
B-glucosidase/substrate intermediates than in a relaxed “C; chair
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Fig. 4. Comparison of the thermostability of 0s4BGlu12 and Os3BGlu7. The enzyme activities were measured in the standard assay (0.3 mM pNPGlc in 50 mM sodium
acetate, pH 5.0, for 10 min) after incubation of enzyme with (®) and without () 1 mM of DTT for 1 h at the designated temperatures in 50 mM sodium acetate, pH 5.0.

conformation, which has generally been observed for covalent
intermediates [10,14,16-18,41,42,46,47].

Previously, DNP2FG was used to show that the enzymatic
mechanism of retaining glycosidases proceeds via a covalent glu-
cosyl-enzyme intermediate, because the electron withdrawal by
the 2-fluoro group slows both the glycosylation and deglycosyla-
tion steps (the first and second reactions of Fig. 1, respectively),
but the use of a good leaving group (2,4-dinitrophenolate) as
the aglycon allows the covalent intermediate with the nucleophile
residue to form faster than hydrolysis [8]. However, it has been
shown that acceptors for transglycosylation may allow rescue of
the enzyme by accepting the 2-fluoroglucosyl moiety [47-49].
Therefore, the inclusion of 10 mM DNP2FG in the cryoprotectant
might have allowed rescue of the enzyme, and resulted in the
unhydrolyzed DNP2FG being seen in the active site. When the
co-crystals were flash cooled after a 15 s incubation in cryoprotec-
tant without DNP2FG, their diffraction yielded an electron
diffraction map that showed the covalent intermediate of a-2-flu-
oroglucoside (G2F) bound to the Og2 of the catalytic nucleophile,
Glu393, in a relaxed “C; chair (Fig. 6A and B). Thus, the use of

different cryoprotectant conditions allowed solution of the struc-
tures of both the Michaelis complex of DNP2FG and the covalent
intermediate with G2F, which supported the postulated confor-
mational trajectory of the glucosyl residue through a 'S; skew
boat to a *Hj half chair transition state to the “C; chair covalent
intermediate.

Michaelis complex of Os4BGlu12 with DNP2FG

Fig. 5A shows the 0s4BGlu12 Michaelis complex with DNP2FG,
in which the Glu393 Og1 was hydrogen bonded with 05 (3.09 A)
and within 3.2 A of the anomeric carbon of the sugar ring. The
0g2 of Glu393 was within hydrogen bond distance of the F2
(2.62 A), suggesting it would likely hydrogen bond to the 02 atom
of a normal glucosyl moiety. The distance between Og2 of the cat-
alytic acid/base residue Glu179 and O1 of DNP2FG was 3.30 A.
Thus, the 'S; conformation of the Michaelis complex placed the
substrate in position for nucleophilic attack and protonation by
the catalytic acid. The glycon residue formed hydrogen bonds with
6 residues around the —1 subsite (GIn29, His133, Tyr322, Glu393,
GIn449 and Trp450). In addition to the interactions described
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Fig. 5. Protein-ligand interactions in the active site of the Os4BGlu12 DNP2FG complex. (A) The amino acid residues surrounding DNP2FG are represented in stick
representation, with carbon, nitrogen and oxygen atoms colored in cyan, blue and red, respectively. DNP2FG is drawn in ball and stick representation in the same colors,
except carbon atoms are in yellow and fluorine in green. (B) Stereio view of the electron density (2Fyps—Fcaic map contoured at the 1o level) of DNP2FG, calculated with a
model from which DNP2FG was omitted. (C) Superimposition of 0s4BGlu12_DNP2FG (cyan carbons) with Os3BGlu6 with n-octyl-g-b-thioglucopyranoside (gray carbons).
The ligands are shown in ball and stick representations, with pink carbons for DNP2FG and yellow carbons for n-octyl-g-p-thioglucopyranoside. (D) Superimposition of the
protein ligand binding of 0s4BGlu12 with DNP2FG (cyan carbons) and Os3BGlu7 (3F5K) with cellopentaose (green carbons) and the ligand carbons drawn in yellow and blue

for DNP2FG and cellopentaose, respectively.

above, O3 of the 2-F-glucose was hydrogen bonded with
His133Ne2 (2.88 A), Glu29 O¢1 (2.75 A) and Trp450Ne1 (2.82 A).
04 hydrogen bonds with GIn29Ne2 (2.71A) and Glu449 Ocl
(2.54 A), while 05 hydrogen bonds with Tyr322 (2.80 A) and 06
with Glu449 0g2 (2.63 A). These hydrogen bonds between the glu-
cose and the active site residues have been observed for other GH1
B-glucosidase/substrate complexes [19]. Other conserved residues
making up the glycon binding site include Trp134, Asn178,
Asn320, Trp365, Trp442 and Phe458. The aglycon binding site is
occupied by hydrophobic residues and a few polar residues. The
2,4-dinitrophenol group was bound by hydrophobic and aromatic
stacking interactions with Trp181 and Phe193 on one side and
Trp365 on the other. The polar residues found in the aglycon bind-
ing subsite include Thr182, Asn186 and Asn325 and Asn452. In
GH1, Trp365 is a conserved residue, which corresponds to
Trp358 in 0s3BGlu7 and Trp366 in Os3BGlu6 (Fig. 5C and D).

The covalent intermediate of Os4BGlu12 with G2F

In the structure of Os4BGlu12 with a covalent bond between
the anomeric carbon of G2F and the Glu393 nucleophile residue
Og1, the *C; chair conformation of the G2F ring was observed in
subsite —1 (Fig. 6A and B). Aside from the covalent bonding of
the nucleophile, the glucose is bound by hydrogen bonds similar
to the Michaelis complex. Fig. 6B shows that the density was clear
and Tyr322 was seen to have an alternative conformation in which
it can hydrogen bond to the catalytic nucleophile in this complex,
in addition to a conformation hydrogen bonding to 05, similar to

the noncovalent complex. The major structural differences be-
tween the apoenzyme and complex of many GH1 enzymes are
the positions of nucleophilic residues. In the complex structures
of the P. polymyxa, S. solfataricus, T. maritima, rice Os3BGlu®6, rice
0s3BGlu7, and human cytosolic pB-glucosidases, the side-chain po-
sition of the nucleophilic residue has moved to link with anomeric
carbon of G2F. For example, a displacement of C5 by 1.5-1.6 A is
observed when the rice Os3BGlu7 covalent complex, 2RGM (pink
structure in Fig. 6C), is compared to the apoenzyme structure,
2RGL [16]. In these structures, the angles between the sugar ano-
meric carbon, Og1 and C3 of the nucleophilic residue, fall in the
range of 113-117°. In 0s4BGlu12, the C5 is only displaced 0.3 A
(molecule B) to 0.7 A (molecule A), and the angle between the su-
gar anomeric carbon and Glu393 O¢1 and C3§ is strained (142°).
This is similar to the S. alba myrosinase (shown in yellow in
Fig. 6C), an S-glycosidase, where the displacement of C3 is only
0.2 A in the covalent G2F complex (PDB accession 1E73) compared
to the apo protein (1MYR) and the angle is similarly wide (138°)
[11].

Thioglucosidase activity

The similarity of the covalent intermediate of 0s4BGlu12 to that
of S. alba myrosinase suggested that Os4BGlu12 might show mech-
anistic similarities to the myrosinase, so its ability to hydrolyze
thioglucosides was tested. Os4BGlu12 could hydrolyze the S-glyco-
sides pNP-thioglucoside and n-octyl-B-p-thioglucoside, as shown
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Y322

28 E386
? E409
E393

Fig. 6. The active site region of the covalent complex of Os4BGlu12 with G2F. (A)
Protein ligand binding of the monomer A (0Os4BGlu12/G2F complex) amino acids
surrounding the ligand are represented as sticks with carbons colored cyan. The
ligands are represented in ball and stick and include G2F and glycerol of the
complex with carbons in pink and yellow, respectively. (B) Fops—Fcaic €lectron
density map of glycosyl-enzyme intermediate showing the two conformations of
Tyr322 in the structure of Os4BGlu12 with G2F. The map is contoured at the 3o
level. (C) Superimposition of nucleophile and sugar residues of glycosyl-enzyme
intermediates of the Os4BGlu12/G2F complex with those of S. alba myrosinase and
rice Os3BGlu7. Carbons are shown in cyan for Os4BGlu12/G2F, in pink for rice
0s3BGlu7 (2RGM) and in yellow for S. alba myrosinase (1E73). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this paper.)

in Table 2. Os4BGlu12 B-glucosidase catalyzed the hydrolysis of
n-octyl-B-p-thioglucopyranoside, although with about 1000-fold
lower efficiency (Kca/Km of 1.80 x 1072 mM~! s~ ') than it hydro-
lyzed n-octyl-p-p-glucopyranoside (keat/Km of 22.03 mM~!s71),
0s4BGlu12 hydrolyzed pNP-B-p-thioglucoside about 200-fold less
efficiently (Kcat/Km of 0.17 mM~! s~1) than it hydrolyzed pNP-p-p-
glucoside (Kcat/Km of 33 mM~!s™1). The K;, values of S-glycosides
were similar (1.61 mM for n-octyl-p-p-thioglucopyranoside and
1.64 mM for pNP-thioglucoside) but were higher than the corre-
sponding O-glycosides by about 3-fold.

Table 2
Hydrolysis of O-glucosides and S-glucosides by Os4BGlu12.

Commercial sweet almond B-glucosidase has been shown to
have thioglycohydrolase activities similar to Os4BGlu12, the K,
values for the S- and O-glycosidase are similar (0.9 mM for pNP-
B-p-fucoside and 1.6 for pNP-B-p-thiofucoside), while the kea/Km,
value was about 1000-fold lower for the S-glycoside [50]. In con-
trast, Os3BGlu6 and Os3BGlu7 exhibited no significant hydrolysis
of pNP-B-p-thioglucoside under the conditions of the assay (data
not shown), although a slight hydrolysis of pNP-B-p-thioglucoside
by Os3BGlu7 was recently reported at high concentrations of sub-
strate and enzyme in NMR [51]. This is consistent with the fact that
their covalent intermediate structures were different from myrosi-
nase and Os4BGlu12, but the reason for this correlation remains
unclear.

It has been suggested in the myrosinase literature that classic
myrosinases are derived from the defense-related B-glucosidases,
such as cyanogenic p-glucosidases [52]. Indeed, the minimum evo-
lution-based phylogenetic tree in Fig. 2 shows the myrosinases
group with cluster At/Os7, which contains the cyanogenic B-gluco-
sidases, although in our previous analyses [5] and distance-based
neighbor-joining and maximum likelihood trees of the same se-
quences failed to show a significance to this association (data not
shown). The structural similarity of the covalent intermediate to
that of S. alba myrosinase and the higher thioglucosidase activity
of 0s4BGlul12 and almond B-glucosidase [50] compared to the
more distantly related Os3BGlu6 and Os3BGlu7 provide mechanis-
tic support for this similarity.

Comparison of oligosaccharide binding by rice B-glucosidases

The three rice B-glucosidases for which structures have been
determined, Os3BGlu6 (Fig. 5C), Os3BGlu7 (Fig. 5D) and Os4B-
Glu12, come from three distinct phylogenetic branches of plant
GH1 enzymes, yet all hydrolyze oligosaccharides and glycosides,
although with different preferences. Os3BGlu6 only hydrolyzes
B-1,2- and B-(1,3)-linked disaccharides (sophorose and laminaribi-
ose) efficiently, while Os3BGlu7 and Os4BGlu12 efficiently hydro-
lyze B-(1,4)-linked gluco-oligosaccharides (cellooligosaccharides)
of 3-6 residues, as well as laminaribiose [26]. The superimposition
of rice Os3BGIu6 and 0s3BGIu7 found that Asn245 at the sub-
site + 2 for binding cellooligosaccharides in Os3BGlu7 (Fig. 5D) is
replaced with Met251 in Os3BGlu6 (Fig. 5C) [17]. This Met251 ap-
peared to block the third glucosyl residue of cellooligosaccharides
from binding to Os3BGlu6 in the same position as in Os3BGlu7, and
the Os3BGlu7 N245V mutation gave a kc,/Ky, value for hydrolysis
of cellotriose 15 times lower than wild type Os3BGlu7, due to a 42-
fold increase in Ky, [16]. These effects show the importance of
Asn245 in Os3BGlu7 binding of the third glucosyl residue in cello-
oligosaccharides [41]. The corresponding residue in Os4BGlu12 is
His252 (Fig. 5A, C and D), which also has the potential to hydrogen
bond to the third glucosyl residue in glucooligosaccharides, there-
by explaining the binding of Os4BGlu12 to cellotriose and longer
oligosaccharides.

The efficiency of hydrolysis increases with the length of cellooli-
gosaccharides from 3 to 6 for Os3BGlu7, but shows little change as
the length increases with Os4BGlu12, which maintains a rather

Substrate Vinax (umol min~! mg~! protein) Kin (mM) keat® (s71) keat/Km (MM~ s71)
pNPG 20.1+0.6 0.56+0.03 18.5+0.15 33

PNPSG 0.29 + 0.007 1.64£0.10 0.27 £0.015 0.17
n-Heptyl-g-p-glucoside 13.2+0.13 0.91 £0.07 12.1£0.05 13
n-Octyl-B-p-glucoside 10.7+0.3 0.44 +0.015 9.8+0.2 22
n-Octyl-g-p-thioglucopyranoside 4.00 x 1072 +£0.003 1.61£0.10 3.76 x 1072 £ 0.004 2.34 x 1072

@ The ke, values given are apparent values calculated by division of the Vy,.x by the molar amount of Os4BGlu12 protein.
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high K, of approximately 5 mM for all these cellooligosaccharides
[26]. The distance from the deepest part of the active site slot to the
surface entrance of 0s4BGlu12 is approximately 20 A, but the lack
of increase in affinity for longer cellooligosaccharides suggests the
outer parts of this cleft have little interaction with these cellooligo-
saccharides. Fig. 5D shows that superimposition of the structures
of 0Os4BGlu12 with DNP2FG and Os3BGlu7 with cellopentaose
(3F5K) [41] indicated that, while all residues in the —1 subsite of
these two enzymes are the same, except for the Trp134 in Os4B-
Glu12 being replaced by Tyr131 in Os3BGlu7, their aglycon-bind-
ing sites show little similarity. Although both contain the
conserved Trp at the +1 and +2 subsites (Trp 365 in Os4BGlu12,
Trp 358 in 0s3BGlu7), the aglycon subsite residues Trp181,
Thr182, Ser185, Asn186, Thr190, Phe193, Phe254 and His252, in
0s4BGlul12 are replaced by Arg178, Ile179, Leu182, Leul83,
GIn187, Asn190, Asn245 and Tyr247, respectively, in Os3BGlu7.
The Tyr341 residue, which stacks the residues in the +3 and +4
subsites in Os3BGlu7 [41] is replaced by Leu348 in Os4BGlul2,
which may explain the relatively poor binding of cellotetraose
and longer oligosaccharides in Os4BGlu12 compared to 0s3BGlu7
[26].

0s4BGlu12 had a 2-fold higher K, for n-heptyl-p-p-glucopyran-
oside than for n-octyl-B-p-glucopyranoside, suggesting that Os4B-
Glu12 may prefer glycosides with more extensive apolar regions.
This is similar to Os3BGlu6, which showed a similar preference
for octyl over heptyl glucoside, but Os4BGlu12 is over 10 times
more efficient at hydrolyzing both substrates than Os3BGlu6.
0s4BGlu12 was previously noted to efficiently hydrolyze the large,
hydrophobic deoxycoricosteroid glucoside (keay/
Km=20.1 mM~!s71)[26]. This seems to reflect the presence of var-
ious nonpolar groups in the active site, as mentioned above,
although 0s3BGIu6 and 0s4BGlul2 show little difference in the
overall polarity of the aglycone binding site, as seen in Fig. 5C.

Conclusion

In summary, the overall structure of Os4BGlu12 exhibits the (B/
o)g barrel fold characteristic of GH1 enzymes, but contains two
disulfide bridges (non-conserved Cys184-Cys219 and conserved
Cys198-Cys206), located in loop B, while most plant GH1 B-gluco-
sidases only have the conserved one. However, the extra disulfide
bond did not appear to explain the higher stability of 0s4BGlu12,
compared to Os3BGlu7 produced in the same system. Both the
Michaelis complex with DNP2FG (Fig. 1 left structure and Fig. 5)
and the subsequent covalent intermediate with G2F (Fig. 1 middle
structure and Fig. 6) could be observed by including or omitting
DNP2FG from the cryoprotectant, respectively. In the complex
structures, the surrounding conserved amino acid residues and
the glucosyl group formed hydrogen bonds similar to those seen
in other GH1 enzymes. The position of the catalytic nucleophile,
Glu393, in the Os4BGlu12/G2F complex was similar to that of the
nucleophile in the S. alba myrosinase, an S-glycosidase, consistent
with its catalysis of the hydrolysis of S-glycosides. The apparent
0s4BGlu12 aglycon-binding site included both aromatic and polar
amino acids, accounting for its ability to hydrolyze glycosides with
a range of hydrophobic and polar aglycons. The aglycon-binding
cleft of Os4BGlu12 appears to be less adapted for binding long cel-
looligosaccharides than Os3BGlu7, so it represents a broad specific-
ity, generalist B-glucosidase. Os4BGlu12 should serve as a good
model for understanding the binding of large apolar aglycons, such
as the phytohormone tuberonic acid [30].
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Abstract: Rice BGlul p-glucosidase nucleophile mutant E386G is a glycosynthase that can synthesize
p-nitrophenyl (pNP)-cellooligosaccharides of up to 11 residues. The X-ray crystal structures of the
E386G glycosynthase with and without a-glucosyl fluoride were solved and the a-glucosyl fluoride
complex was found to contain an ordered water molecule near the position of the nucleophile of the
BGlu1 native structure, which is likely to stabilize the departing fluoride. The structures of E386G
glycosynthase in complexes with cellotetraose and cellopentaose confirmed that the side chains of
N245, S334, and Y341 interact with glucosyl residues in cellooligosaccharide binding subsites +2, +3,
and +4. Mutants in which these residues were replaced in BGlu1 p-glucosidase hydrolyzed
cellotetraose and cellopentaose with k..i/K,, values similar to those of the wild type enzyme.
However, the Y341A, Y341L, and N245V mutants of the E386G glycosynthase synthesize shorter pNP-
cellooligosaccharides than do the E386G glycosynthase and its S334A mutant, suggesting that Y341
and N245 play important roles in the synthesis of long oligosaccharides. X-ray structural studies
revealed that cellotetraose binds to the Y341A mutant of the glycosynthase in a very different,
alternative mode not seen in complexes with the E386G glycosynthase, possibly explaining the similar
hydrolysis, but poorer synthesis of longer oligosaccharides by Y341 mutants.
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Figure 1. Mechanism of rice BGlu1 E386G glycosynthase.

Introduction
Glycosynthases are mutants of glycosidases in which
the catalytic nucleophile of a retaining glycosidase
has been replaced. They can be used for the synthe-
sis of specific oligosaccharides in quite attractive
yields. The catalytic nucleophile of these mutants is
typically replaced by a nonnucleophilic residue such
that the mutant cannot form a reactive glycosyl—
enzyme intermediate for hydrolysis or transglycosy-
lation.! However, when a glycosyl fluoride of the op-
posite anomeric configuration to that of the parent
substrate is present as a glycosyl donor, the mutant
enzymes are able to transfer the glycosyl moiety to
acceptor alcohols without hydrolysis of the products?
(Fig. 1). Moreover, a glycosynthase was recently
derived from an inverting glycosidase, which ordi-
narily hydrolyzes the glycosidic bond by a single dis-
placement mechanism.? While high yields and selec-
tivities are key features of the glycosynthase
reaction, mutagenesis can also play an important
role in the improvement and alteration of the cata-
lytic activities of glycosynthases.*™®

Exoglycosynthases, glycosynthases derived from
exoglycosidases, have moderate substrate specificity
and regioselectivity and can synthesize short chain
oligosaccharides (di-, tri-, and tetra-oligosaccharides)
that have various glycosidic linkages.!*'? Endogly-
cosynthases, which are derived from endoglycosi-
dases, generally have high regioselectivity and can
catalyze the synthesis of specific glycosidic linkages.
They can synthesize longer oligosaccharides than
exoglycosynthases because they have long glycone-
binding sites that accommodate longer glycosyl do-
nor substrates.1®1¢

A glycoside hydrolase family 1 B-p-glucosidase
from rice (BGlul, systematically called Os3BGlu7)
has been expressed in Escherichia coli and charac-
terized.!” Rice BGlul hydrolyzes B-1,3- and B-1,4-
linked oligosaccharides and pyridoxine 5’-O-f-p-glu-
coside, and also has high transglucosylation activity
to produce these same compounds as products.'®
Moreover, kinetic subsite analysis of cellooligosac-
charide hydrolysis indicated that rice BGlul has
subsites for binding of at least six $-1,4-linked p-glu-
cosyl residues. Glycine, alanine, and serine mutants
of rice BGlul nucleophile, E386, have been gener-
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ated and the E386G mutant, acting as glycosyn-
thase, catalyzed the most rapid accumulation of
transglycosylation products.'® The unique property
of this enzyme compared to previous glycosynthases
derived from exoglycosidases is that it could synthe-
size much longer chains (of at least 11 B-1,4-linked
glucosyl residues) than do other exoglycosidase-
derived glycosynthases. This was hypothesized to be
a consequence of an extended active site in rice
BGlul, as represented by the outer subsites in
Figure 1. The X-ray crystal structures of wild type
BGlul and of its E176Q acid—base mutant in com-
plexes with oligosaccharides revealed that the gluco-
syl residues were primarily bound by aromatic-sugar
stacking interactions and water-mediated hydrogen
bonds with several residues along a long active site
cleft, except for the nonreducing terminal glucosyl
residue that was distorted through strong hydrogen
bonding interactions with the surrounding amino
acids.2%2!

To assess the role of the long oligosaccharide-
binding cleft of rice BGlul E386G glycosynthase in
synthesis of long oligosaccharides, its structures
alone and in complexes with the donor substrate o-
glucosyl fluoride or the products cellotetraose and
cellopentaose were determined by X-ray crystallogra-
phy. The importance of the interactions in the long
oligosaccharide binding cleft for hydrolysis and gly-
cosynthase production of long cellooligosaccharides
was investigated by site-directed mutagenesis of res-
idues in this cleft in the wild type BGlul and BGlul
E386G glycosynthase. Enzymatic and structural
analysis of these mutants showed flexibility in the
binding of cellooligosaccharides for hydrolysis, while
synthesis of long cellooligosaccharides by the glyco-
synthase appeared more sensitive to loss of an outer
glucosyl-residue binding amino acid.

Results and Discussion

3D structures of BGlu1 E386G glycosynthase
complexed with substrates

To assess the structural basis for the efficient glyco-
synthase activity of BGlul E386G, its structures
alone and in complex with o-glucosyl fluoride (o-
GlcF) were determined by X-ray crystallography.
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Crystals of the apo BGlul E386G glycosynthase and
= of its complexes were isomorphous with wild type
283 BGlul crystals.?® Diffraction data statistics and
S S e model parameters for the structures are summarized
g s g in Tables I and II.

Structures of the E386G glycosynthase, both
cocrystallized and soaked with 10 mM pNP-B-cello-
bioside (pNPC2), an acceptor substrate, as well as
with both 10 mM o-GlcF and 10 mM pNPC2 were
determined, but pNPC2 was not observed in the
. ) g active site. Nonetheless, a-GlcF was observed in the
NSRSINANY active site of ternary complex crystals and, if the
crystals were soaked for longer periods, the crystal
mosaicities generally increased and the crystals
broke down after soaking for ~3 h, suggesting they
may have produced long oligosaccharides that
pushed the crystal matrix apart.

The o-GlcF complex structure is the first
description of an o-GlcF donor substrate complex
with a glycosynthase. The o-GlcF binds to the glyco-
synthase in a relaxed *C; chair conformation
stacked onto the indole ring of W433 at the -1 sub-
site in the same position as the 2-deoxy-2-fluoro-o-n-
glucosyl moiety (G2F) in its covalent complex with
wild type BGlul (PDB: 2RGM)?° and made all the
hydrogen bonds previously observed for that com-
plex. The active site residues R86, N175, and N313,
as well as the fluorine and O2 of the o-GlcF sub-
strate interact with a single water molecule [Fig.
2(A,B)] that is also found in the structure of the
covalent intermediate of BGlul with G2F, at the
same position as the nucleophile carboxylate oxygen
of apo wild type BGlul [Fig. 2(C), PDB: 2RGL].2°

The BGlul E386G glycosynthase activity was
threefold higher than that of E386S and 19-fold
higher than E386A glycosynthases.!® It was previ-
ously speculated that the high activity of the glycine
glycosynthase of Agrobacterium sp. B-glucosidase*
may be due to binding of a water in a position simi-
lar to that of the serine glycosynthase hydroxyl
group. However, there was no evidence for a water
molecule in this position in the BGlul E386G struc-
tures. The position of the one water molecule found
near the o-GlcF ligand was conserved with that of a
water observed to stabilize the covalent complex of
the BGlul with 2-deoxy-2-fluoroglucose and was
similar to that of the water in the structure of
Man26A B-mannanase E320G glycosynthase com-
plexed with mannobiose.?® The BGlul E386G mu-
tant is likely an efficient glycosynthase due to the
flexible positioning of this water molecule and sur-
rounding protein atoms, as well as other dynamic
issues that cannot be fully understood from the cur-
rent static X-ray crystallographic structural model of
the initial Michaelis complex structure.?*

Removal of either the catalytic base that acti-
vates the nucleophilic water or the hydroxyl that
coordinates binding of the same water molecule to
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Table I. Data Collection Statistics

No. of molecules per ASU

Resolution range (A)

No. of unique observations

Numbers in parentheses are outer shell parameters.
? Roym= Znia%i | Li(hkl) — (I(hkD) | /Zpq Z; I(hk]).

Unit cell parameters ([o\, °)
Redundancy

Completeness (%)

Space group
I/s(I)

PDB code
Rsym (%)a
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Table II.  Refinement Statistics

E386G
E386G a-GlcF E386G_C4 E386G_C5 S334A_C4 Y341A_C4
PDB code 3SCN 3SCO 3SCT 3SCU 3SCV 3SCW
Resolution range A) 30-2.20 30-1.95 30-1.60 30-1.58 30-2.10 30-1.90
No. of amino-acid residues 944 944 944 944 944 944
No. of protein atoms 7608 7608 7608 7608 7606 7594
No. of water molecules 651 833 912 922 781 902
Refined carbohydrate None o-GlcF Cellotetraose Cellopentaose Cellotetraose Cellotetraose
No. of carbohydrate atoms None 24 135 112 135 135
No. of other hetero atoms 35 47 35 35 35 35
Reactor (%)* 19.8 17.2 19.1 17.4 17.4 17.0
Riree (%)° 24.0 20.7 20.8 19.2 20.6 19.8
Ramachandran statistics®
Most favored regions (%) 88.7 89.8 89.1 89.4 90.0 89.3
Additionally allowed regions (%) 11.3 10.2 10.9 10.6 10.0 10.7
Outlier regions (%) 0.0 0.0 0.0 0.0 0.0 0.0
R.m.s.d. from ideality
Bond distances (A) 0.011 0.013 0.008 0.010 0.010 0.010
Bond angle (°) 1.35 1.39 1.36 1.38 1.33 1.32
Mean B factors (A%)
All protein atoms 16.0 16.6 13.5 11.3 10.6 11.1
Waters 25.1 28.5 27.6 24.9 21.3 25.5
Hetero atoms 35.5 33.0 24.3 19.9 27.5 26.1
Carbohydrate atoms None 14.0 42.9 37.6 36.1 30.3
Subsite —1 (A/B) None 14.0/13.9 30.5/31.2 21.8/21.9 28.5/33.0 18.6/19.5
Subsite +1 (A/B) None None 39.9/39.6 33.0/34.8 35.4/37.6 21.8/23.9
Subsite +2 (A/B) None None 42.5/42.1 38.8/41.1 40.1/40.7 27.0/27.4
Subsite +3 (A/B) None None 45.7/46.1 42.5/44.0 43.5/44.3 40.3/40.9
Subsite +4 (A/B) None None None 46.9/48.2 None None

= (SIF,| — |FI/SIF,1).

a
R factor

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

¢ Ramachandran values were determined from PROCHECK.??

disrupt hydrolysis but allow transglycosylation, can
produce a glycosynthase from an inverting glycosi-
dase.?® The prominent position of the water stabiliz-
ing the a-GlcF suggests that modulating binding of a
critical water molecule may be important for produc-
tion of an efficient glycosynthase from a retaining
glycosidase, as well.

Structures of BGlu1 E386G glycosynthase
complexed with cellooligosaccharides

The oligosaccharides cellotetraose and cellopentaose,
which could serve as glycosynthase acceptors or
products, were soaked into the E386G crystals and
the structures were determined, with the X-ray dif-
fraction statistics shown in Tables I and II. The
observed electron densities, shown in Figure 3(A),
and Supporting Information Figures S1 and S2, indi-
cated that these oligosaccharides bound with the
nonreducing residue in the -1 site as glycosynthase
products or hydrolase substrates, as previously seen
for the E176Q acid-base mutant,?! rather than in
the position of acceptor substrates. To obtain suffi-
cient ligand occupancies in the active site, the crys-
tals were soaked in cryoprotectant saturated with
the cellotetraose or cellopentaose, rather than the 2
mM cellotetraose and 1 mM cellopentaose used for
the E176Q mutant. This resulted in the binding of
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an extracellotetraose on the surface of the protein
between Molecule A of one asymmetric unit and
Molecule B of another asymmetric unit, but this is
unlikely to be of any biological significance.

The comparisons of the structures of BGlul
E386G in complex with cellotetraose and cellopen-
taose with those of the BGlul E176Q mutant in
complex with cellotetraose and cellopentaose (PDB:
3F5J and 3F5K)?! in Figure 3(B) and Supporting In-
formation Figure S3(A) reveal very similar positions
of the amino acid residues, except the E176 (the
acid/base, which is mutated to glutamine in the
BGlul E176Q complex structures) and N245 side
chain positions were shifted slightly. Likewise the
Glel, Gle2, Gle3, and Gle4 glucosyl residues from
the nonreducing ends of cellotetraose and cellopen-
taose at subsites —1, +1, +2, and +3 in the active
site of BGlul E386G adopt similar positions in the
two complexes, although Glc5 in the active site of
BGlul E386G had lower electron density than that
in the cellopentaose complex with BGlul E176Q,
and a slightly different position [Fig. 3(B)].

Hydrogen bonding interactions between the glu-
cosyl residues of cellotetraose or cellopentaose, or-
dered water molecules and amino acid residues in
the active site of BGlul E386G are shown in Figure
3(C). The hydrogen bonds and aromatic-sugar
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Figure 2. Comparison of active sites of rice BGlu1 E386G glycosynthase and free BGlu1 and its 2-fluoroglucosyl enzyme
intermediate. (A) The electron densities of o-GlcF and water in the active sites of E386G (yellow carbons). The electron
density (F, - Fo) maps were calculated with all heteroatoms omitted from the active site, and are shown in brown mesh at
+3c. An active site water molecule is seen in the wild type covalent intermediate as well as in the glycosynthase mutant
complex with a-GlIcF. This water is bound at the same location as the catalytic nucleophile in the apo wild type enzyme. The
superimposition of rice BGlu1 E386G (yellow carbons) and apo BGlu1 (gray carbons) with the structure of the 2-fluoroglucosyl
enzyme intermediate (purple carbons) is shown in wall-eyed stereo in (C). The a-GIcF is represented as balls and sticks and
the water molecule is represented as a ball. Oxygen is shown in red, nitrogen in blue, and fluorine in green. Distances (in A)
are shown from the one water molecule to the surrounding polar groups and the mutated residue. No other water molecules

were observed in this part of the active site.

stacking interactions of the Glc3, Glc4, and Glc5 resi-
dues at subsites +2, +3, and +4 are similar to those
in the BGlul E176Q complex with cellopentaose. The
slight shifts in the positions of the oligosaccharide
sugar moiety and of the N245 side chain allowed the
N245 N6 to form hydrogen bonds with Gle2 06, at
subsite +1, and Gle3 02, at subsite +2, rather than
the bonds to Gle3 O2 and O3 observed in the E176Q
complexes.?! This shift reflects an inherent plasticity
in oligosaccharide binding by this enzyme, as demon-
strated by the hydrogen bonding of N245 to sugars in
either the +1 subsite (in BGlul E176Q with laminar-
ibiose) or the +2 subsite (in BGlul E176Q with cello-
pentaose and cellotetraose),?! or both (in the BGlul
E386G structures presented here).

Other residues that make obvious interactions
with the oligosaccharides include S334 and Y341, res-
idues that interact primarily with Gle4 and Glc5 at
the +3 and +4 subsites. The Y341 residue interacts
via a water-mediated hydrogen bond to the glycosidic
oxygen between subsite +2 and 43 and aromatic-
sugar stacking interactions at subsites +3 and +4,
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while the side chain and a-carbonyl of S334 form
water-mediated hydrogen bonds at subsite +3.

Oligosaccharide-binding residue mutants

Based on the observed interactions between S334 and
Y341 and the oligosaccharides, the BGlul mutants
S334A, Y341A, and Y341L were generated to investi-
gate how they would affect hydrolysis and synthesis
of cellooligosaccharides. The activity of the N245V
mutant, which was previously shown to have higher
K., values for pNP-B-p-glucopyranoside (pNPGlc), cel-
lobiose, and cellotriose than does wild type BGlul,?!
was also investigated with longer oligosaccharides.
Only slightly higher values of K, and slightly lower
catalytic efficiency values (k../K,,) for cellotriose, cel-
lotetraose, and cellopentaose were seen for the BGlul
S334A, Y341A, and Y341L mutants compared to wild
type BGlul (Table III). The BGlul N245V mutant
had a 10-fold lower k../K., value than wild type for
cellotriose, but only threefold lower for cellotetraose
and cellopentaose. Kinetic subsite analysis by the
method of Hiromi et al.?® (with the assumption of an

Rice BGlu1 E386G Glycosynthase Oligosaccharide Binding
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Figure 3. Cellooligosaccharide binding in the active site of BGlu1 E386G and BGlu1 E386G/Y341A. (A) The 2F, - F, electron
density in the active site of BGlu1 E386G with cellopentaose. The 2F, - F. map was calculated with heteroatoms in the active sites,
and are shown in green mesh at +1c. The ligands from the final structures are shown in ball and stick representation. The carbons
are colored in yellow and oxygen is shown in red. The interacting amino acids in the active sites are shown with carbons in pink. (B)
Superimposition of the active sites of the BGlu1 E386G glycosynthase complex with cellopentaose (pink) and the BGlu1 E176Q
acid-base mutant complex with cellopentaose (cyan). Superimposition of these structures with the cellotetraose complexes can be
seen in Supporting Information Figure S3(A). (C) Diagram of the strong hydrogen bonds between the glucose residues of
cellopentaose, surrounding amino acid residues and the network of water molecules (W) in the active site of BGlu1 E386G.
Hydrogen bonds with measured distances of 3.2 A or less are shown as dashed lines to indicate the hydrophilic interactions. The
direct hydrogen bond between N245 and Gic2, which is not seen in the complexes of cellotetraose and cellopentaose with BGlu1
E176Q, is shown as a darker dashed line. Hydrogen bonding for the cellotetraose complex was similar, as shown in Supporting
Information Figure S3(B). (D) The 2F, - F, electron density in the active site of BGlu1 E386G/Y341A with cellotetraose. (E)
Superimposition of the active sites of BGlu1 E386G (violet carbons), BGlu1 E386G/S334A (yellow carbons) and BGlu1 E386G/Y341A
(green carbons) in complexes with cellotetraose. The direct hydrogen bonds between the glucosyl moieties in the +1 to +3 subsites
of the active site of BGlu1 E386G/Y341A were identified as O6 of Glc4 with GIn187 Ne and O¢ and a weak interaction of O3 of Glc2
with Asn245 N§, which are shown as dashed lines. The ligands are represented as balls and sticks. (F) Diagram of the strong
hydrogen bonds in active site of the complex of the E386G/Y341A mutant with cellotetraose, showing the flip of the glucosyl
residues in subsites +1 to +3 that results in a completely different network. The direct hydrogen bonds with Q187 and shortened
hydrogen bonds from N175 and Y315 are shown in darkened dashed lines with their distances in A marked on the lines.

intrinsic k) verified that the S334A, Y341A, and  efficiency of the N245V mutant in the hydrolysis of

Y341L mutations had little effect on the apparent af-  cellotriose appeared to be compensated by binding
finity at the +3 and +4 subsites. Even the very low  subsequent glucosyl residues in cellotetraose and
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Table III.

Kinetic Parameters of BGlul Wild Type and Mutants for Hydrolysis of Cellotriose, Cellotetraose, and

Cellopentaose
Substrate Kinetic parameters BGlul S334A Y341A Y341L N245V
Cellotriose K, (mM) 0.50 = 0.05 0.62 = 0.05 0.97 = 0.07 0.97 = 0.05 11.2 = 0.8
Feat (571 15.6 = 0.6 20.3 + 0.7 26.5 + 0.7 23.3 £ 0.5 36.1 = 0.9
keat/Km M1 s7h 31,000 33,000 27,000 24,000 3,230
Cellotetraose K., (mM) 0.37 = 0.04 0.52 = 0.04 0.70 = 0.05 0.54 = 0.03 53*0.2
Feat (871 23.7 + 1.1 29.1 = 1.2 35.56 = 1.0 26.5 + 0.4 103.5 = 1.6
keat/Km M1 s7h 64,000 56,000 58,000 49,000 20,000
Subsite affinity 1.8 1.4 1.6 1.8 4.5
(subsite +3, kJ mol™1)
Cellopentaose K, (mM) 0.28 = 0.02 0.36 = 0.03 0.44 = 0.02 0.36 = 0.02 3.83 £ 0.18
Feat (571 275 = 1.2 31.8 1.5 32.3 = 0.6 25.6 = 0.4 139 = 3
keat/Km M 1 s™h 98,000 88,000 73,000 71,000 36,300
Subsite affinity 1.1 1.1 0.93 0.93 1.6
(subsite +4, kJ mol™1)
Subsite affinities were calculated by the method of Hiromi et al.?®
A; = —AG = RTIn[(keot/ Ki)n/(keat/ Kim)n — 1] @s a means of estimating the effect of each successive sugar residue.

cellopentaose, giving the mutant a high apparent
subsite +3 affinity.

Transglycosylation
Previously, we hypothesized that the long cellooligo-
saccharide-binding cleft of rice BGlul allowed its
glycosynthase to synthesize longer oligosaccharides
than do other exoglycosidase-based glycosynthases.'®
Because the mutations generated were in the oligo-
saccharide binding site and had small effects on cel-
looligosaccharide hydrolysis, the same mutations of
E386G glycosynthase were tested to see whether
they affected the production of long oligosaccharides
in transglycosylation reactions with o-GlcF donor
and pNPC2 acceptor. When the E386G glycosyn-
thase and its four mutants, S334A, Y341A, Y341L,
and N245V, were compared with o-GlcF donor and
pNPC2 acceptor at molar ratios of 1:2, 1:1, 2:1, and
5:1 transparent product solutions resulted for
E386G/Y341A, E386G/Y341L, and E386G/N245V,
but the reactions of 2:1 donor:acceptor with E386G
and 5:1 donor to acceptor with E386G and E386G/
S334A resulted in precipitated products (data not
shown). These insoluble products were previously
shown to comprise cellooligosaccharides of up to 11
glucosyl residues for the E386G glycosynthase.'®
The soluble products were monitored by thin-
layer chromatography (TLC, Fig. 4 and Supporting
Information Fig. S4) and HPLC (Supporting Infor-
mation Table SI and Supporting Information Fig.
S5). The S334A mutant has similar glycosynthase
activity to E386G and synthesized long pNP-oligo-
saccharide products up to pNP-B-cellonanaoside
(pNPC9), as judged by LC-MS analysis (Supporting
Information Fig. S5). In TLC, the longer products
appeared as a dark spot at the origin. The N245V
mutant synthesizes small but significant amounts of
pNP-B-cellopentaoside (pNPC5) for all reactions and
longer pNP-cellooligosaccharides for the reaction at
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the 5:1 donor:acceptor ratio, based on TLC (Support-
ing Information Fig. S4), but pNP-celloheptaoside
(pNPC7) was the longest product detected in the
soluble products of the 1:1 ratio reaction (Supporting

123456789

PpNPC2
a-GlcF

pNPC3

Glc
pNPC4

pNPC5

Figure 4. TLC detection of products of transglucosylation
reactions between a-GlcF donor and pNPC2 acceptor at a
molar ratio of 1:1. The reactions were incubated with
E386G and E386G mutants in NH4;HCO;3 (pH 7.0) at 30°C
for 16 h. The soluble products were separated by TLC,
using EtOAc-MeOH-water (7:2.5:1) as a developing solvent
and detected by exposure to 10% sulfuric acid in ethanol
followed by charring to detect carbohydrates. Lane 1,
glucose; Lane 2, a-GicF; Lane 3, pNPC2; Lane 4, control
reaction without enzyme; Lanes 5-9, reactions with
glycosynthase enzymes: Lane 5, E386G; Lane 6, E386G/
S334A; Lane 7, E386G/Y341A; Lane 8, E386G/Y341L; and
Lane 9, E386G/N245V. The TLC detection of the products
of the reactions between a-GlcF donor and pNPC2
acceptor at molar ratios of 1:2, 2:1, and 5:1 are shown in
Supporting Information Figure S4. Based on the LC-MS
analysis (Supporting Information Table S| and Supporting
Information Fig. S5) and Hommalai et al.,'® the products
were identified as pNPC3, pNPC4, pNPC5 and longer pNP-
cellooligosaccharides. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Information Table SI). However, the Y341A and
Y341L mutants synthesized only very small amounts
of longer products (pNPC5) unless the donor to
acceptor ratio was increased to 5:1, although a tiny
peak of pNPC6 could be detected by LC-MS of the 1:1
ratio reactions (Supporting Information Table SI).
Small and similar amounts of the hydrolysis product
pNPGlc were also seen in the HPLC of E386G glyco-
synthase and its mutants, due to ~0.1% BGlul E386
B-glucosidase contamination in the expression system
(Pengthaisong et al., unpublished). Thus, the BGlul
E386G/Y341A, E386G/Y341L, and E386G/N245V gly-
cosynthases synthesize shorter pNP-cellooligosacchar-
ides than does the unmodified E386G glycosynthase
and the E386G/S334A mutant glycosynthase under
the same conditions.

Another hydrolysis product, glucose, which is pro-
duced from both o-GlcF and pNP-oligosaccharides,
was more evident in the aglycone binding -cleft
mutants (Fig. 4). Because only a small amount of
pNPGlc was produced from pNPC2 hydrolysis in each
case (<1% of the total pNP-oligosaccharides, Support-
ing Information Table SI), and the binding site
mutants of the hydrolase are slightly less efficient at
release of Gle from pNP-oligosaccharides, this is
unlikely to result from hydrolysis of pNP oligosaccha-
rides. Therefore, the extra glucose in the mutants is
likely a result of the less efficient acceptor binding,
resulting in an increased partitioning of the reaction
to hydrolysis of a-GlcF relative to transglycosylation.

Structures of oligosaccharide-binding site
mutants

The relatively small effects of mutation of Y341 on
the hydrolysis of oligosaccharides was initially sur-
prising, particularly for those with glucose residues
that would stack on its aromatic ring at subsites +3
and +4. To explain the effects of these mutations,
the X-ray crystal structures of E386G glycosynthase
mutants complexed with cellotetraose and cellopen-
taose were investigated by X-ray crystallography.
Cellotetraose was observed in the active site of the
BGlul E386G/S334A and E386G/Y341A mutants.
The glucosyl residues of cellotetraose and amino
acid residues in the active site of the structure of
the BGlul E386G/S334A glycosynthase mutant were
similar to those in the cellotetraose complex of
BGlul E386G [Fig. 3(E)], while the Glc2, Glec3, and
Glc4 residues at subsites +1, +2, and +3 in the
structure of the Y341A glycosynthase mutant were
flipped nearly 180° compared to the structure of
BGlul E386G with cellotetraose [Fig. 3(D-F)]. The
Glc3 and Glc4 residues in the active site of the
BGlul E386G/Y341A mutant moved from their posi-
tions in the active site of BGlul E386G, so that 06
of Gle4 directly hydrogen bonds to Q187 Ne at the
new subsite +3, while N245 may now form only a
weak interaction with Gle2 O3 (3.3 A), rather than
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the hydrogen bonds with Glc2 and Glc3 observed in
the E386G complex described earlier.

The alternative binding mode observed for cello-
tetraose in the structures of the Y341A glycosyn-
thase mutant appears to allow the hydrolytic reac-
tion to occur, since the -1 subsite is filled correctly.
However, synthesis of oligosaccharides by glycosyn-
thase requires the oligosaccharide acceptor to bind
with the nonreducing residue in the weakly binding
+1 subsite, where the shift in position may be more
destabilizing. The fact that only the initial binding
mode is observed in BGlul E176Q and E386G crys-
tals without additional mutations suggests that it is
the most stable binding mode. However, the small
effects of the Y341 mutants on hydrolysis suggest
that the energy of binding in the second mode
observed in the BGlul E386G/Y341A mutant com-
plex with cellotetraose may be only slightly less
favorable than that in the previously observed mode.
This suggests that the wild type BGlul can bind cel-
looligosaccharides in more than one position, which
may allow efficient funneling of these substrates
into the active site.

Conclusion

In conclusion, the crystal structure of the BGlul
E386G glycosynthase with o-GlcF showed a stabi-
lizing water molecule at the position of the nucleo-
phile of apo BGlul B-glucosidase, the flexible posi-
tioning of which is likely the key to high activity in
the E386G glycosynthase. Plasticity of the active
site also appears to be important for binding oligo-
saccharides, since N245 can make direct hydrogen
bonds in either the +1 or +2 subsite, and cellote-
traose glucosyl residues may bind with their faces
in different orientations. The greater effect of loss
of Y341 on glycosynthase activity suggests that the
binding of acceptors is not as flexible, so the effects
of mutation of aglycone-binding residues on hydro-
lysis and transfer reactions may not be strictly
comparable.

Materials and Methods

Mutation of rice BGlu1 and BGlu1 E386G

The mutations for BGlul N245V and the BGlul
E386G (previously designated E414G, based on its
position in the BGlul precursor protein) have been
described previously.'”!® The mutations S334A,
Y341A, Y341L, E386G/S334A, E386G/Y341A,
E386G/Y341L, and E386G/N245V were made in the
rice bglul and rice bglul E386G cDNA'"'? with the
QuikChange site-directed mutagenesis kit (Strata-
gene, La Jolla, CA). The primers used were as fol-
lows: 5-G ACA CCG ACG AGT TAC GCA GCC
GAT TGG CAG-3' and its reverse complement for
S334A; 5'-C GAT TGG CAG GTT ACC GCT GTT
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TTT GCG AAA AAC GGC-3' and its reverse comple-
ment for Y341A; 5-CC GAT TGG CAG GTT ACC
CTT GTT TTT GCG AAA AAC GGC-3' and its
reverse complement for Y341L; and 5-AA GTT
GGA ATA GTT CTG GAC TTC GTA TGG TAT GAA
GCT CTT TCC AAC TC-3' and its reverse comple-
ment for N245V (the mutated nucleotides are
underlined).

Protein expression, purification, and
crystallization
The recombinant proteins of BGlul, its glycosyn-
thase mutants and the mutants described above
were expressed and purified as previously described
for wild type BGlul.'"?° The purified protein con-
centration was determined by measuring absorb-
ance at 280 nm. Extinction coefficients e959 of
113,560 M~ ! em™! for most of the BGlul proteins
and egg0 of 112,280 M~ em ™! for BGlul Y341A and
Y341L were calculated by the method of Gill and
von Hippel.2

The BGlul E386G and its mutants were crystal-
lized with and without ligands, including 10 mM o-
GlcF, 10 mM pNPC2, both 10 mM o-GlcF and 10
mM pNPC2, 2 mM cellotetraose and 2 mM cellopen-
taose by hanging drop vapor diffusion with micro-
seeding, optimized in 16-26%, polyethylene glycol
monomethyl ether (PEG MME) 5000, 0.12-0.26 M
(NH,)2SO,4, and 2-5 mg mL ™! rice BGlul in 0.1M
MES (pH 6.7) at 288 K, as previously described.?°
Before flash cooling in liquid nitrogen, the crystals
with 10 mM o-GlcF, 10 mM pNPC2, and both 10
mM o-GlcF and 10 mM pNPC2 were soaked in cryo-
solution (18% (v/v) glycerol in precipitant solution)
containing the same concentrations of ligands for 1-
5 min, while the crystals with cellotetraose and cel-
lopentaose were soaked in cryo solution saturated
with the ligands (~75-100 mM cellotetraose or 25
mM cellopentaose).

Data collection and processing

Preliminarily, diffraction was tested in a nitrogen
cryostream from a 700 series Cryostream Cooler
(Oxford Cryosystems, Oxford, England), using a Cu
Ko rotating anode source mounted on a MicroSTAR
generator operating at 45 kV and 60 mA connected
to Rayonix SX-165 CCD detector at the Synchrotron
Light Research Institute (SLRI, Nakhon Ratcha-
sima, Thailand). Datasets were collected with 1.0 A
wavelength X-rays and an ADSC Quantum 315
CCD detector on the BL13B1 beamline at the
National Synchrotron Radiation Research Center
(NSRRC in Hsinschu, Taiwan). The crystals were
maintained at 105 K during data collection with a
nitrogen cold stream (Oxford Instruments). Data
were processed and scaled with the HKL-2000
package.?’
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Structure solution and refinement

The crystals of glycosynthases were isomorphous
with wild type BGlul crystals,?® allowing the struc-
tures to be solved by rigid body refinement with the
free BGlul structure (PDB: 2RGL) in REFMAC5%®
with the two molecules in the asymmetric unit
refined as independent domains. The refinement
was executed with REFMACS5 with tight noncrystal-
lographic symmetry (NCS) restraints and model
building with Coot.2® Water molecules were added
with the Coot and ARP/WARP programs in the
CCP4 suite. Glucosyl residues were built into the
electron densities in the shapes that fit the densities
best (*C; relaxed chairs or 'S; skew boats) and
refined. The refined sugar residue coordinates were
assigned their final conformation designation accord-
ing to their Cremer-Pople parameters,®® calculated by
the Cremer-Pople parameter calculator of Dr. Shinya
Fushinobu (University of Tokyo, http:/www.ric.hi-
ho.ne jp/asfushi/). The occupancy of cellopentaose
binding in the active site of E386G was refined to 0.7
by setting at different values and refining to find the
occupancy that minimized the values of the tempera-
ture factors (B-factors) of the ligand and the free re-
sidual factor (Rgee). The final models were analyzed
with PROCHECK?? and MolProbity.?! The figures of
protein  structures generated in PyMol
(Schrodinger LC).

were

Oligosaccharide hydrolysis

Wild type and mutant BGlul enzymes were purified
by immobilized metal affinity chromatography
(IMAC), enterokinase digestion and IMAC, as previ-
ously described.?’ The activities of the enzymes to-
ward cellotriose, cellotetraose, and cellopentaose
were assayed in 50 mM sodium acetate buffer (pH
5.0) at 30°C, as previously described.!” The kinetic
parameters V.. and K,, were calculated by nonlin-
ear regression of Michaelis—Menten plots with the
Grafit 5.0 computer program (Erithacus Software,
Horley, UK) and divided by the protein concentra-
tions to determine the apparent k.; and ke./Kpn.
Relative subsite affinities were determined by the
method of Hiromi et al.?®

Oligosaccharide synthesis by BGlu1
glycosynthase enzymes

The BGlul E386G glycosynthase and its four
mutants, BGlul E386G/S334A, BGlul E386G/
Y341A, BGlul E386G/Y341L, and BGlul E386G/
N245V, were purified as described above and the
buffer was exchanged with 50 mM phosphate buffer
(pH 6.0). The proteins were incubated with o-GlcF
donor and pNPC2 acceptor in 150 mM ammonium
bicarbonate buffer (pH 7.0) at 30°C for 16 h.'® The
reaction mixture was centrifuged at 13,000g for 5
min. The enzymes in the supernatant were removed
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by centrifugal filtration (Microcon YM-10, Millipore,
USA) and the soluble products were analyzed by
electrospray ionization-mass spectrometry (ESI-MS)
and monitored by TLC (silica gel 60 Fa54, Merck,
Germany) using 7:2.5:1 ethyl acetate (EtOAc)-meth-
anol (MeOH)-water as solvent. Plates were visual-
ized under ultraviolet (UV) light and by exposure to
10% sulfuric acid in ethanol followed by charring.
Five microliters of the products from the reactions
with 1:1 molar ratios of o-GlcF donor:;pNPC2
acceptor were loaded onto a ZORBAX carbohydrate
column (4.6 mm x 250 mm, Agilent, USA) connected
to an Agilent 1100 series LC-MS. The column was
eluted with a linear gradient from 90 to 50% aceto-
nitrile in water over 30 min at a flow rate of 1 mL
min~'. The eluted peaks were detected at 300 nm
with a UV-visible diode array detector and the prod-
uct masses determined by mass spectrometry.
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ABSTRACT

0s3BGlu6, Os3BGlu7, and Os4BGlu12 are rice glycoside hydrolase family 1 B-glucosidases, the structures
of which have been solved by X-ray crystallography. In complex structures, Os3BGlu7 residue Asn245
hydrogen bonds to the second sugar in the +1 subsite for laminaribiose and the third sugar in the +2
subsite for cellotetraose and cellopentaose. The corresponding Os3BGlu6 residue, Met251, appears to
block the binding of cellooligosaccharides at the +2 subsite, whereas His252 in this position in Os4BGlu12
could hydrogen bond to oligosaccharides. Mutation of Os3BGlu6 Met251 to Asn resulted in a 15-fold
increased kc,i/Km value for hydrolysis of laminaribiose compared to wild type Os3BGlu6 and 9 to 24-fold
increases for cellooligosaccharides with degrees of polymerization (DP) of 2-5. On the other hand, muta-
tion of Os3BGlu7 Asn245 to Met decreased the k.,/K:, of hydrolysis by 6.5-fold for laminaribiose and 17
to 30-fold for cellooligosaccharides with DP >2, while mutation of 0s4BGlu12 His252 to Met decreased

Kinetics the corresponding k¢,/Kp, values 2 to 6-fold.

© 2012 Elsevier Ltd. All rights reserved.

In plants, glycosyl hydrolase family 1 (GH1) pB-glucosidases act
in many processes, such as chemical defense against herbivores,
hydrolysis of cell wall-derived oligosaccharides, phytohormone
regulation and lignification."? In order to carry out their various
functions in plants, GH1 enzymes must have diverse specificities.
The basis for these diverse substrate specificities in GH1 has been
probed by many structural and functional studies, especially in the
monocot plastid B-glucosidases maize (Zea mays) Glul (ZmGlu1),
sorghum (Sorghum bicolor) dhurrinase 1 (SbDhr1), wheat (Triticum
aestivum) TaGlulb, and rye (Secale cereale).>"® In general these
studies identified nonconserved binding cleft residues that interact
with the specific substrates, but these residues varied in different
enzymes, even among those with similar substrate specificities.
Both surface residues and underlying residues that shape the ac-
tive site determine aglycone-binding, as also appears to be the case
for glycone specificity.’

The 40 rice (Oryza sativa)'® and 48 Arabidopsis (Arabidopsis
thaliana)'' genes found in genomic sequences have been divided
into eight protein-sequence-based phylogenetic clusters that

Abbreviations: DP, degree of polymerization; GH1, glycoside hydrolase family 1;
Glc, glucose.
* Corresponding author. Tel.: +66 44 224304; fax: +66 44 224185.
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contain both rice and Arabidopsis proteins.'® To date, only a few
rice GH1 B-glucosidase isoenzymes have been characterized for
their possible functions, which include hydrolyzing gibberellin
glucoconjugates,'? cell wall-derived oligosaccharides,'® and tube-
ronic acid p-glucoside.!® Rice GH1 enzymes characterized at the
molecular and structural level include Os3BGlu6, 0s3BGlu7 (also
called rice BGIu1l), and 0Os4BGlu12, which all hydrolyze oligosac-
charides and glycosides and share 51-53% sequence identity but
represent separate phylogenentic clusters.!®1>-18

Rice Os3BGlu7 and the other members of its phylogenetic clus-
ter that have been characterized hydrolyze cellooligosaccharides
with increasing efficiency as the degree of polymerization (DP)
increases up to six.'®2° 0s4BGlu12 shows a similar trend, but with
a lower dependency on the DP of cellooligosaccharides with DP
greater than 2. Os4BGlu12 has very low efficiency in hydrolysis
of cellobiose, but 40-fold higher efficiency for cellotriose and a
slight increase in the k../Ky, value as the DP of cellooligosaccha-
rides rises from 3 to 5.!° In contrast, the Os3BGlu6 enzyme effi-
ciently hydrolyzes the B-(1,3)-linked disaccharide laminaribiose,
but hydrolyzes p-(1,4)-linked oligosaccharides very poorly.'”

Native and complex structures of rice Os3BGlu6, Os3BGlu7, and
0s4BGlu12 p-glucosidases have been reported.'”?'-23 These in-
clude covalent intermediates of all three enzymes with 2-fluorog-
lucoside, oligosaccharide-bound complexes of an inactive
0Os3BGlu7 mutant, and substrate-like inhibitor complexes with
0s3BGlu6 and Os4BGlu12. These structures are all typical (B/ot)s-
barrels with the active site at the C-terminal ends of the internal
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B-strands, as seen for all GH1 structures.?* The amino acid residues
surrounding the nonreducing end glucosyl residue in the —1 subsite
of the three enzymes are all conserved, while their aglycone binding
subsites are not.

One important position for aglycone binding is that of Os3BGlu7
Asn245, which was seen to make hydrogen bonds to the glucosyl
residue in subsite +2 in cellooligosaccharides and to that in subsite
+1 in laminaribiose.?? A comparison of the cellooligosaccharide
complex structures with Os3BGIu6 shows that the Met251 at the
position corresponding to Os3BGlu7 Asn245 extends into the
active site cleft in a position that would sterically block the binding
of B-(1,4)-linked oligosaccharides in the same position in Os3BGlu6
(Fig. 1A).17?2 In contrast 0s4BGlu12 has His252 in this position,
which may be able to form hydrogen bonds to the cellooligosac-
charides.?® To assess the effects of the residue corresponding to
0s3BGlu6 Met251 and Os3BGlu7 Asn245, the kinetic constants
for hydrolysis of the B-(1,3)-linked disaccharide laminaribiose
and B-(1,4)-linked cellooligosaccharides (DP 2-6) were determined
for Os3BGlu6 M251N, Os3BGlu7 N245M, and Os4BGlu12 H252M,
and compared to the wild type enzymes, as shown in Table 1.

It was expected that Met251, which extends into the Os3BGlu6
active site cleft would interfere with binding of cellooligosaccha-
rides in the same mode as in Os3BGlu7, since it comes within
0.9 A of 02 of the third glucosyl residue of cellotetraose or cello-
pentaose, when the Os3BGlu6 structure is superimposed on struc-
tures of those complexes, as illustrated in Figure 1A. When
cellotriose was docked into the active site, the nonreducing gluco-
syl residue in the +2 subsite turned away from this position in
0s3BGlu6, but the subsite —1 and +1 glucosyl residues were in

similar positions to those in cellooligosaccharides in the Os3BGlu7
active site (Fig. 1B and C). Replacement of Met251 in Os3BGlu6
with the hydrogen-bonding Asn of Os3BGlu7 afforded the opportu-
nity to introduce a new glucosyl residue-binding subsite, while
relieving the steric block. In fact, Os3BGlu6 M251N showed a 10
to 24-fold increase in the k¢,¢/K, values for all the substrates com-
pared with the wild type enzyme. The Os3BGlu6 M251N mutation
increased the efficiency of hydrolysis (k../Kny) for laminaribiose
and cellobiose by 15 to 16-fold. The greatest change was seen for
cellotriose, where the 24-fold increase in k¢,/K,, corresponds to
an 8 kJ/mol improvement in the binding of the transition state
(AAGs,mut = —8 kJ/mol). The kc,/K, of cellotriose was threefold
that of cellobiose, but that of cellotetraose was within error of that
of cellotriose, while that of cellopentaose was lower.

Thus, the Asn251 in the Os3BGIlu6 mutant can carryout a similar
role to Asn245 in 0Os3BGlu7 in stabilizing B-(1,3)- and B-(1,4)- linked
gluco-disaccharide binding and produce a third glucosyl residue
binding site. The fact that cellotetraose and longer glucooligosac-
charides were hydrolyzed with similar or lower k,/K, values sug-
gests that only the +2 subsite was created by the mutation and no
further binding sites are accessible for longer cellooligosaccharides.

It was hypothesized that replacement of Os3BGlu7 Asn245 with
Met might provide a steric block to cellooligosaccharide binding,
similar to the role of Met251 in Os3BGlu6. The Os3BGlu7 N245M
mutant showed a 6.5-fold drop in the kc,/Ky, value for laminaribi-
ose and 17 to 30-fold drops in those for cellooligosaccharides with
DP of 3-6 compared to wild type. Os3BGlu7 N245M did show an
increase in ke, /Ky, values with increasing DP from 2 to 6, similar
to the wild type enzyme, but the largest decrease in kc,/Km

Figure 1. Comparison of the structures of three rice p-glucosidase in complexes with substrates or inhibitors. (A) Stereo view of the ligands in the active sites of the
superimposed structures of the complexes of Os3BGlu7 E176Q with cellopentaose (PDB ID: 3F5K, yellow carbons),?? 0s3BGlu6 with n-octyl--p-thioglucopyranoside (PDB ID:
3GNP, cyan carbons),’” and Os4BGlu12 with 2,4-dinitrophenyl 2-deoxy-2-fluoro-p-p-glucopyranoside (PDB ID: 3PTQ).2* The acid/base and nucleophile residues are shown, as
well as the residues at the positions mutated in this work, with the mutations designated by the arrows. (B) The active site of the Os3BGlu7 E176Q complex with
cellopentaose showing the surface and underlying residues that interact with the ligand. (C) The active site of Os3BGlu6 with cellotriose docked into the active site, and the
cellotetraose from the superimposed complex of Os3BGlu7 (PDB ID: 3FK]) shown for comparison. (D) The active site of Os4BGlu12 with cellotriose docked into it and
cellotetraose from the superimposed complex of Os3BGlu7 with cellotetraose shown for comparison. In all frames, the amino acids are represented by sticks and ligands by
balls and sticks with oxygen in red, sulfur in dark yellow and nitrogen in bright blue, carbon in yellow for Os3BGlu7 with cellopentaose or cellotetraose, cyan for Os3BGlu6
with n-octyl-B-p-thioglucopyranoside and green for Os4BGlu12 with 2,4-dinitrophenyl 2-deoxy-2-fluoro-p-p-glucopyranoside. Docking of cellotriose in C and D was done

with Autodoc 4.0. The figure was generated with Pymol (Schrédinger LLC).
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Table 1

Kinetic constants of Os3BGlu6, Os3BGlu6M251N, Os3BGlu7 0s3BGlu7N245M and Os4BGlu12, 0Os4BGlu12H252M for hydrolysis of oligosaccharides

Substrate Kinetic parameters 0s3BGlu6 0s3BGlu6 M251N  Os3BGlu7” 0s3BGIu7N245M  0s4BGlu12¢  0s4BGlu12 H252M
Laminaribiose (B-1,3-linked Glc;) K, (mM) 8.7 £0.07 3.5+£02 205010 45+03 5.1+0.2 7.2+04
keat (s71) 1.64+0.06 9.9%05 32+3 9.6+0.3 231 10.6 £0.3
keat/Km (M71s71) 180 2830 15,700 2410 4500 1460
AAGs,myc (K] mol=")¢ -6.9 +4.7 +1.3
Cellobiose Kin (mM) 175%0.3 143+1.2 31516 46+3 272 22719
keat (s71) 0.27+£0.004 1.97 £0.09 152013  1.18 £+0.09 59+04 242 +0.11
Keat/ K (mM~1s71) 15 140 50 30 220 110
AAGs,mut (kJ mol~1)4 —5.6 +1.3 +1.7
Cellotriose K (MM) 25.1+0.8 3.2+02 0.72+0.002 1.51+0.10 50%0.5 11.2+0.4
keat (s71) 041+0.014 1.32%0.12 18.1+£0.4 2.16+0.13 443023 41.9£0.13
keat/Km (M71s71) 17 410 25,400 1430 8820 3580
AAGs,my (k] mol~")¢ -8.0 +7.2 +2.3
Cellotetraose Kin (mM) 20.3%0.3 3.9+02 0.28%0.01 1.78+0.16 59+05 23.4+0.16
keat (s71) 0.54+0.004 1.62+0.10 17.3+0.6 5.5+0.2 89+3 87.8+0.2
keat/Kmn (M~1s71) 27 420 61,000 3100 15,000 5760
AAGs,mut (k] mol~1)d -6.9 +7.5 +2.4
Cellopentaose K (MmM) 27.0+0.5 46+04 0.24 +0.01 1.32+0.11 55+04 20.25+0.11
keat (s71) 0.25+0.003 0.62 +0.04 16.9+0.1 6.7+0.5 105+9 62.1+0.5
keat/Km (M~1s71) 9 140 72,000 5050 19,000 3070
AAGs,muc (k] mol~1)¢ -6.9 +6.7 +4.6
Cellohexaose Ki (mM) ND? ND 0.11+0.01  1.52+0.08 ND ND
keat (s71) ND ND 16.9+0.3 7.73+0.4 ND ND
Keat/Km (MM~ s71) ND ND 153,000 5100 ND ND
AAGs,my (k] mol )¢ +8.6

¢ ND means not determined.
P Kinetics constants were taken from Ref. 18.
¢ Kinetic constants for wild type Os4BGlu12 were taken from Ref. 16.

4 The change in Gibbs free energy for transition state binding by the mutants compared to the wildtype enzyme was calculated as AAGg,mut = —RT[IN (Keay/Kin)mutant —
In(Kcat/Km)witdeypel, SO @ negative value indicates stronger binding by the mutant, while a positive value indicates poorer transition state binding.?’

compared to wild type was seen at cellohexaose. The decreases in
kcat/Km for cellobiose and cellotriose were similar to the 2-fold and
15-fold drops for these substrates in the Os3BGlu7 N245V mutant,
which was not expected to introduce a steric block.?! This suggests
that the introduced Met may not extend into the active site cleft in
0s3BGlu7 as much as in Os3BGlu6, or that the substrate is able to
adjust its position without further loss of energy. We recently ob-
served that mutation of 0s3BGlu7 Tyr341, which interacts with
glucosyl residues in the +2 to +4 subsites,?? resulted in cellotetraose
binding in an alternative productive position, which interacted less
with Asn245.2° So, the steric influence of the Met could cause cello-
triose and longer oligosaccharides to bind in this alternative position.

When the structure of Os4BGlu12 was superimposed on the
0s3BGlu7 cellopentaose and laminaribiose complex structures,
His252Ne2 of Os4BGlul2 appeared to be within range to form
hydrogen bonds with the glucosyl residues in the +1 and +2 sub-
sites. Docking of cellotriose into Os4BGlu12 placed the 3 glucosyl
residues in nearly the same positions in the lowest energy confor-
mation, including a possible hydrogen bond from O3 of the glucosyl
residue in subsite +2 to His252 (Fig. 1D). Mutation of Os4BGlu12
His252 to Met decreased the k../Ky, threefold for laminaribiose
and 2 to 6-fold for cellooligosaccharides with DP of 2-5. The rela-
tively minor effect on cellotriose hydrolysis (AAGs,mue of 2.3 KJ/
mol), compared to the corresponding mutation in Os3BGlu7
(AAGs,mut of 7.2), shows weaker interaction between His252 and
the oligosaccharide. This suggests that the position of binding of
cellooligosaccharides by Os4BGlu12 is similar to, but not the same
as, that seen in Os3BGlu7, at least at the +2 subsite.

In conclusion, the residue corresponding to Asn245 in Os3BGlu7
is critical to binding of oligosaccharides by the divergent rice GH1
B-glucosidases Os3BGlu6, 0s3BGlu7, and 0s4BGlul2. Conversion
of the corresponding Met251 to Asn, created a new cellooligosac-
charide binding subsite for Os3BGlu6 and allowed it to hydrolyze
cellooligosaccharides with DP 2-5 at much higher rates, while

the inverse replacements of Os3BGlu7 Asn245 and Os4BGlu12
His252 with Met decreased hydrolysis of cellooligosaccharides. In
each case, the single amino acid residue change did not convert
the oligosaccharide hydrolysis properties of the acceptor B-glucosi-
dase to that of the source enzyme for that residue type, but it did
take a substantial step in that direction. Therefore, the structure-
based engineering of one active site cleft residue can dramatically
alter the oligosaccharide specificity of plant GH1 enzymes.

1. Experimental
1.1. Site-directed mutagenesis

The mutagenesis to produce cDNA encoding Os3BGlu6 M251N,
0s3BGlu7 N254M, and 0s4BGlu12 H252M was performed with
the QuikChange® Site-Directed Mutagenesis Kit (Stratagene, La Jol-
la, CA, USA). The oligonucleotide primers used for the mutagenesis
were 5'-GCTTGGGATAGCGTTCGACGTGAATTGGTTCGAGCCG-3' and
its reverse complement for Os3BGlu6 M251N; 5-GAGTTGGAAA
GAGCTTCATACCACATGAAGTCCAGAACTATTCCAAC-3' and its re-
verse complement for Os3BGlu7 N245M; and 5-GATTGGAATAA
CTCTGGTCTCGATGTGGTTTGTTCCCTTCTCC-3' and its reverse com-
plement for Os4BGlu12 H252M. The previously published pET32
expression vectors were used as the templates'®'>!7 and the full
cDNA inserts were sequenced to verify that only the desired muta-
tions were present in the mutated plasmids.

1.2. Expression and purification of enzymes

The wild type 0Os3BGlu6 and the Os3BGlu6 M251N, Os3BGlu7
N245M, and Os4BGlu12 H252M mutant proteins were expressed
in Escherichia coli as thioredoxin-fusion proteins, as previously
described for the wild type proteins.!®!>!7 The three mutant en-
zymes were purified by immobilized metal affinity chromatography
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(IMAC), followed by removal of the N-terminal thioredoxin and Hisg
tags with enterokinase for Os3BGlu7N245M and 0s4BGlu12H252M
and TEV protease for Os3BGlu6, and removal of the fusion tag by
IMAG, as previously described.!”21-26

1.3. Kinetic studies

The release of glucose from laminaribiose and cellooligosaccha-
rides with DP of 2-6 by the enzymes was monitored by glucose oxi-
dase assay, as previously described,!’® to determine the kinetic
parameters. The enzyme concentrations used were 2 g of wild type
0s3BGlu6 and 0.3-0.5 pg of mutant Os3BGlu6, Os3BGlu7, and
0s4BGlul2. Times of reactions giving initial velocities (zy) were
determined by measuring the activity at 3-6 different time points.
Substrate concentrations over a range of approximately 0.2 to 5
times the apparent K, were used to determine the kinetic parame-
ters. The apparent kinetic parameters including kcat, K, kca/Km were
calculated by nonlinear regression of Michaelis—Menten plots with
the Grafit 5.0 computer program (Erithacus Software, Horley, UK).
Changes in transition state binding energies in the mutations
(AAGs,mut) Were calculated as described by Ferst et al.:%’

AAGs.mut = —RT[IN(Kcat/Km) mugane = 1N(Keat /Kim ) witdeype -

1.4. Docking studies

Docking trials were run in Autodoc 4.0 using the Lamarckian ge-
netic algorithm,?® with cellotriose with the nonreducing sugarin the
1S5 skew boat configuration, as previously described for 0s3BGlu7.2!
Ten docking trials were run under default parameters from Auto-
dock 4.0 for each of Os3BGlu6 and 0s4BGlu12. Due to lack of water
in the simulation, these trials were not expected to give accurate
energies, but simply to show the feasibility of binding in positions
similar to cellooligosaccharides in crystal structures of Os3BGlu7.
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The rice BGlu1 B-p-glucosidase nucleophile mutant E386G is a glycosynthase that catalyzes the synthesis
of cellooligosaccharides from a-p-glucopyranosyl fluoride (GIcF) donor and p-nitrophenyl (pNP) cellobio-
side (Glc2-pNP) or cello-oligosaccharide acceptors. When activity with other donors and acceptors was
tested, the initial enzyme preparation cleaved pNP-B-p-glucopyranoside (Glc-pNP) and pNP-B-p-fucopyr-
anoside (Fuc-pNP) to pNP and glucose and fucose, suggesting contamination with wild type BGlu1 B-glu-
cosidase. The products from reaction of GIcF and Fuc-pNP included Fuc-B-(1—3)-Fuc-pNP, Glc-B-(1-3)-
Fuc-pNP, and Fuc-B-(1—4)-Glc-B-(1—3)-Fuc-pNP, suggesting the presence of both wild type BGlul and
its glycosynthase. Inhibition of the BGlu1 B-glucosidase activity within this preparation by cyclophellitol
confirmed that the E386G glycosynthase preparation was contaminated with wild type BGlu1l. Rice BGlu1
E386G-2, generated from a new construct designed to minimize back-mutation, showed glycosynthase
activity without wild type hydrolytic or transglycosylation activity. E386G-2 catalyzed transfer of glyco-
syl residues from GIcF, a-L-arabinosyl fluoride, a-p-fucosyl fluoride, a-p-galactosyl fluoride, o-p-manno-
syl fluoride, and o-p-xylosyl fluoride donors to Glc2-pNP acceptor. The synthetic products from the
reactions of a-fucosyl fluoride and o-mannosyl fluoride donors were confirmed to result from addition
of a B-(1—4)-linked glycosyl residue. Moreover, the E386G glycosynthase transferred glucose from GIcF
donor to glucose, cellobiose, Glc-pNP, Fuc-pNP, pNP-B-p-galactopyranoside, and pNP-B-p-xylopyranoside
acceptors, but little to pNP-B-p-mannopyranoside. Production of longer oligosaccharides occurred most
readily on acceptors with an equatorial 4-OH. Elimination of wild type contamination thereby allowed
a clear assessment of BGlu1 E386G glycosynthase catalytic abilities.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

using 4-nitrophenyl B-p-glucoside (Glc-pNP) as donor for glucosyl
transfer to pyridoxine or Glc-pNP acceptors, resulting in the syn-

Glycosynthases are nucleophile mutants of glycosidases that
effect synthesis of oligosaccharides and glycoconjugates from
glycosyl fluoride donors and suitable acceptors without hydrolysis
of the products (Fig. 1).!~3 Glycosynthases derived from endoglyco-
sidases use oligosaccharyl fluorides as donor substrates and have
high regioselectivity.>® Glycosynthases derived from exoglycosid-
ases are typically capable of efficient glycoside assembly with
monosaccharyl fluoride donors, but sometimes with lower
substrate specificity and regioselectivity.>*1°

A glycoside hydrolase family 1 B-p-glucosidase from rice
(BGlu1, systematically called Os3BGlu7) has a broad substrate
specificity, with particularly high hydrolytic activity toward
B-(1-3)- and B-(1-—-4)-linked oligosaccharides and pyridoxine
5'-0-p-p-glucoside.!'"12 It also has high transglucosylation activity

* Corresponding author. Tel.: +66 44 224304; fax: +66 44 224185.
E-mail address: cairns@sut.ac.th (J.R. Ketudat Cairns).

0008-6215/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2012.02.013

thesis of pyridoxine 5’-O-B-p-glucoside and pNP gluco-oligosaccha-
rides. Rice BGlul has previously been mutated to form a
glycosynthase (Fig. 1C) that can synthesize pNP-cellooligosaccha-
rides of at least 11 B-(1-4)-linked glucosyl residues.'® In that
study, it was found that the E386G mutation (designated E414G
in the previous study, based on the nucleophile position in the
BGlul precursor) resulted in much higher glycosynthase activity
than the E386A or E386S mutations. The ability to synthesize long
cellooligosaccharides was attributed to their binding in a long
oligosaccharide binding cleft, which has recently been verified in
the X-ray crystal structures of BGlu1l acid-base and glycosynthase
mutants.'>16

In this paper we expand our exploration of the glycosynthase
activity of the BGIul E386G enzyme, in particular, we explore
the ability of the enzyme to utilize alternate glycosyl fluoride
donors and acceptors, thereby broadening the spectrum of
di- and trisaccharides produced by this glycosynthase. Wild type
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Figure 1. Reaction mechanisms of hydrolysis and transglycosylation catalyzed by
rice BGlul B-glucosidase (A); covalent intermediate trapping of rice BGlul by
cyclophellitol (B), and rice BGlu1 E386G glycosynthase (C). Note that cyclophellitol
cannot react with BGlu1 E386G due to its lack of a catalytic nucleophile.

BGlul contamination of BGlul E386G was confirmed and elimi-
nated by inhibition with cyclophellitol, thereby allowing the actual
glycosynthase products to be identified.

2. Results and discussion

2.1. Evidence of wild type BGlul contamination in the BGlu1
E386G preparation

As is the case with many GH1 glycosidases,!” the wild type
BGIul B-p-glucosidase has relatively broad substrate specificity,
since it can hydrolyze 4-nitrophenyl pB-p-glucopyranoside

(Glc-pNP), pNP B-p-fucopyranoside (Fuc-pNP), pNP-B-p-galactopy-
ranoside (Gal-pNP), pNP-B-p-mannopyranoside (Man-pNP), pNP
B-p-xylopyranoside (Xyl-pNP), and pNP a-L-arabinopyranoside, as
well as B-(1-2), B-(1-3), B-(1-4), and B-(1-6) glycosidic link-
ages.!!2 This suggests that BGlu1 glycosynthase might also utilize
other glycosyl fluoride donors and thus make mixed products.

When the acceptor specificity of the BGlul E386G glycosynth-
ase preparation was investigated, both transglycosylation and
hydrolysis products were detected. The Glc-pNP and Fuc-pNP
acceptors were cleaved to pNP, glucose and fucose, while Glc-
PNP was produced from Glc2-pNP, which suggested wild type con-
tamination of the BGlu1l E386G glycosynthase preparation. Since
new column packings were used for all glycosynthase prepara-
tions, cross-contamination during purification was unlikely. It thus
appeared that a mutation in the Origami(DE3) Escherichia coli
strain being used for expression may have led to a higher than nor-
mal reversion rate, possibly by misreading on the ribosome or
reversion mutations in a few cells in the expression culture.'®!°
This suggested that some of the products formed may have been
generated by a combination of glycosynthase and wild type trans-
glycosylation activities. Characterization of purified products pro-
vided further evidence for the combined action of BGlul wild
type and E386G glycosynthase, as described below.

Mass spectrometric and NMR characterizations identified the
purified products of reaction of o-glucosyl fluoride (GlcF) and
Fuc-pNP catalyzed by the BGlul E386G preparation as Fuc-p-
(1-3)-Fuc-pNP, Glc-B-(1—-3)-Fuc-pNP, and Fuc-B-(1-4)-Glc-p-
(1-3)-Fuc-pNP (Table 1, products 1, 2, and 3, respectively). Since
glycosynthase mutants of BGlul show very little pNP-glycoside
hydrolysis,'# the nonreducing end fucosyl moieties in products of
Fuc-B-(1-3)-Fuc-pNP and Fuc-B-(1-4)-Glc-B-(1—-3)-Fuc-pNP
from reaction of GIcF and Fuc-pNP may have come from transfu-
cosylation from Fuc-pNP by wild type BGlu1 contamination, as dia-
grammed in Figure 1A.

2.2. Cyclophellitol inhibition

The presence of wild type BGlul contamination in the E386G
preparation was confirmed by inhibition of the wild type enzyme
with the covalent inhibitor cyclophellitol. As shown in Figure 1B,
cyclophellitol inactivates retaining B-p-glucosidases by forming a
covalent adduct with the catalytic nucleophile. This is a stable ad-
duct that does not undergo reactivation by transglycosylation.?°
Figure 2 shows that inactivation of wild type rice BGlu1 by cyclop-
hellitol follows pseudo-first order kinetics of inactivation, similar
to previous reports for other p-glucosidases.?®! Cyclophellitol acts
as an irreversible inactivator of the rice BGlu1 B-glucosidase with a
K; of 5.7 uM and a k; of 0.35 min~"' (Fig. 2B and C).

The E386G preparation was thus pre-incubated with cyclophell-
itol for 2 h, which resulted in complete inhibition of wild type
BGlul activity (Fig. 2A), before testing the transglycosylation of
GIcF onto Fuc-pNP. The E386G glycosynthase preparation synthe-
sized two products in the range of pNP-disaccharides and a few tri-
saccharides in the reaction without cyclophellitol pre-incubation
(Fig. 3 lane EG —) and a single product, corresponding to Glc-
Fuc-pNP, after pre-incubation with 2 mM cyclophellitol (Fig. 3 lane
EG +).

As expected, untreated wild type BGlul B-glucosidase synthe-
sized transglycosylation products, while that pre-incubated with
cyclophellitol did not (Fig. 3, lanes BG). Moreover, uninhibited wild
type BGlu1 synthesized only one product in the pNP-disaccharide
range: Fuc-Fuc-pNP, which was also seen with the untreated
E386G preparation, but not when it was preincubated with cyclop-
hellitol. This result confirms that the original E386G glycosynthase
was contaminated with wild type BGlu1, and that, as would be ex-
pected, the wild type BGlu1 does not transfer from GIcF, suggesting
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Table 1
Structures of products of glycosynthase reactions of BGlu1l E386G
# Donor Acceptor Product
1
2
3

* Formed by wild type BGlu1l B-glucosidase contaminant.

** Formed by successive action of glycosynthase and wild type BGlu1l contaminant.

it is unlikely to have contributed to the production of hetero-disac-
charide products where the added glycosyl residues were derived
from an o-glycosyl fluoride donor.

The cyclophellitol inhibition results show that the combination
of wild type BGlu1 and E386G glycosynthase seen in the contami-
nated prep was likely responsible for synthesis of the novel pNP-
oligosaccharide Fuc-B-(1—4)-Glc-B-(1—-3)-Fuc-pNP, which could
not be produced by either enzyme alone. This points to the impor-
tance of testing for wild type hydrolase activity when assessing
glycosynthase products, since the transglycosylation products aris-
ing from small amounts of contaminating hydrolase can be signif-
icant, given the large amount of glycosynthase needed for the
transfer reactions.

2.3. Verification of linkages of glycosynthase products

As noted above, the wild type BGlul B-glucosidase could not
transfer glycosyl residues from a-glycosyl fluoride donors, so any
products generated from such transfers reflect the glycosynthase
regiospecificity, even when derived from the mixture with wild
type in the E386G preparation. It was previously demonstrated
that reaction of BGlu1E386G with GIcF and Glc2-pNP specifically
yields p-(1—4)-linked oligosaccharides.'* The MS and NMR analy-
ses described above identified a product generated from transfer of
a single glucosyl residue onto Fuc-pNP as B-p-Glc-(1—-3)-B-b-Fuc-
pNP (Table 1, product 2). Similarly, in reaction products with
Glc2-pNP as acceptor, a single transfer product from o-p-mannosyl
fluoride (ManF) was identified as Man-B-(1—-4)-Glc-p-(1-4)-
Glc-pNP (Table 1, product 4) and the corresponding product with
a-p-fucosyl fluoride (FucF) donor was Fuc-B-(1—-4)-Glc-p-(1-4)-
Glc-pNP (Table 1, product 5). Thus, in each case, p-(1—-4)-linkages

were preferred on Glc residues with equatorial 4-OH groups, but
the glycosyl residue was added onto the equatorial 3-OH of Fuc
residues, where the 4-OH is axial.

Streptomyces B-glucosidase glycosynthase is regiospecific for
production of B-(1-3)-linkages to pNP-monosaccharide acceptors
and can use Fuc-pNP and Gal-pNP acceptors,® while Agrobacterium
B-glucosidase has a strong preference for formation of B-(1-4)-
linkages.?22°> As such, rice BGlul appears to be more similar to
Streptomyces B-glucosidase glycosynthase in its activity toward
these acceptors.

2.4. Transglycosylation activity of E386G-2

A new construct for the production of BGlu1 E386G was made
by changing the codon used from GAA (Glu) to GGC instead of
GGG to give Gly at the nucleophile position. Use of this double-
changed codon should decrease the probability of misreading as
Glu (GAG) by the ribosome or of a reversion mutation in the
expression culture. The protein expressed from this mutation
(E386G-2) indeed exhibited 33-fold lower Glc-pNP hydrolysis
activity compared to the original E386G glycosynthase (the
Glc-pNP hydrolysis activities of BGlul, BGlul E386G, and BGlul
E386G-2 were 1900, 1.1, and 0.033 nmol min~! mg~"' protein,
respectively). When the E386G-2 glycosynthase preparation was
used to catalyze the reaction between Fuc-pNP and GIcF, only a
single product, corresponding to Glc-Fuc-pNP, was detected after
pre-incubation either without or with 2 mM cyclophellitol (Fig. 3,
lanes EG2 — and +).

Since no wild type hydrolysis and transglycosylation activities
were detected in the E386G-2 preparation under the conditions
of the standard reaction, this sample was used to test the BGlul
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Figure 2. Cyclophellitol inactivation of rice BGlu1. (A) Time course for incubation of
the enzymes with cyclophellitol. The enzyme solutions of 0.2 pM BGlu1 (a), 40 uM
E386G (¢), and 40 uM E386G-2 (M) were pre-incubated with 1 uM cyclophellitol
for different times and then assayed for release of pNP from Glc-pNP. (B) Semi-
logarithmic plot of wild type BGlul B-glucosidase activity versus time at various
concentrations of cyclophellitol, (@), 0.5 uM; (O), 0.75 uM; (a), 1 uM; (M), 1.25 puM;
(4), 1.5 uM. (C) Replot of the inverse of the apparent first order rate constants (kapp)
from B versus the inverse of the inhibitor concentration, 1/[I].

E386G glycosynthase activity with various donors and acceptors.
The E386G-2 glycosynthase successfully transferred a range of do-
nors (o-L-arabinosyl fluoride (AraF), FucF, o-p-galactosyl fluoride
(GalF), GIcF, ManF, and a-p-xylosyl fluoride (XylF)) onto pNP-cello-
biose to produce trisaccharides, and a faint spot of tetrasaccharide
was seen with FucF donor (Fig. 4).

The E386G-2 glycosynthase could also use glucose, cellobiose,
Fuc-pNP, Gal-pNP, Glc-pNP, Xyl-pNP, and Glc2-pNP as acceptors
(Fig. 4). pNP-Oligosaccharides resulting from addition of more than
one Glc could only be detected by TLC with Glc2-pNP as acceptor.
Longer oligosaccharides were, however, synthesized by E386G-2
using GIcF donor when Glc-pNP, Man-pNP, Xyl-pNP, or Glc2-pNP

acceptors were employed, similar to what had been seen with gly-
cosynthases from Agrobacterium p-glucosidase.?>?3 By contrast, the
Streptomyces E383A glycosynthase could only synthesize disaccha-
rides when using GlcF and pNP-monosaccharide acceptors.” When
using Fuc-pNP as acceptor E386G-2 synthesized only Glc-Fuc-pNP
disaccharide and a tiny amount of Glc-Glc-Fuc-pNP trisaccharide,
and showed no hydrolytic activity toward acceptors, verifying that
the longer Fuc-pNP oligosaccharides seen with the original E386G
prep resulted from the wild type BGlu1 transglycosylation activity.
The pNP-disaccharide product spot seen when Glc-pNP was used
as an acceptor was very faint (Fig. 4B, lane pG), explaining why
we failed to detect it in our previous work.'* This spot had a mobil-
ity slightly lower than Glc2-pNP, suggesting it might be pNP-gen-
tiobioside, but this identity was not confirmed due to the small
amount produced. Similarly, the product spots obtained with cello-
biose as acceptor were very faint, though at least two products
could be detected by sulfuric acid charring (Fig. 4D, lane C2).
Surprisingly, a clear spot of laminaribiose was observed when
glucose was used as an acceptor, and this spot was also seen in
the other reactions, likely due to the presence of glucose from
hydrolysis of GIcF. The production of laminaribiose is in line with
the fact that laminaribiose is a much better hydrolytic substrate
for the wild-type BGlu1 B-glucosidase than are cellobiose or other
disaccharides'? and consistent with structural studies in com-
plexes with laminaribiose.!®> The enzyme also catalyzed autocon-
densation of GIcF, as seen by the smear above glucose in the TLC
and LC-MS peaks with masses of 379 m/z ([M+>>CI]").
Transglycosylation yields for reaction of BGlul E386G-2 with
GIcF and a variety of acceptors are shown in Table 2, and those
with a variety of donors and Glc2-pNP acceptor are shown in Table
3. Relatively high yields were obtained with FucF and ManF donors,
but only a low yield with XylF. The absence of a substituent at C-5
apparently affects binding at the —1 subsite, although the activity
was higher than that of non-evolved glycosynthases derived from
Agrobacterium p-glucosidase??=2* and Streptomyces E383A° for
which XylF was not a donor substrate. Moreover, E386G-2 uses
AraF as a donor, something which has not previously been reported
for a GH1 glycosynthase. The E386G-2 glycosynthase gave low
yields with Fuc-pNP, Gal-pNP, Glc-pNP, and Xyl-pNP acceptors,
and GIcF donor, compared to the Streptomyces E383A.°
Although Gal-pNP and Fuc-pNP acceptors gave the highest
yields for disaccharide production, only very small amounts of tri-
saccharides and no tetrasaccharides were detected on LC-MS (Table 2).
In contrast, Glc-pNP gave higher production of trisaccharide and
tetrasaccharide products were also seen for Glc-pNP, Xyl-pNP,
and Man-pNP, which all have equatorial 4-OH groups. This agrees
with the previous report that the BGlul E386G glycosynthase ap-
pears to require a B-(1—4)-linked acceptor, such as Glc2-pNP or
cellotriose, before it can efficiently transfer successive glucosyl res-
idues onto a p-(1—4)-linked chain with high regioselectivity.!*
With Glc2-pNP as acceptor, the BGlu1l E386G-2 glycosynthase
gave lower yields of trisaccharide products (26% with GIcF), but
higher yields of tetrasaccharide (16%) and longer products, com-
pared to Agrobacterium E358A (79% trisaccharide and 13% tetrasac-
charide wunder comparable conditions) and E358S (88%
trisaccharide, 7% tetrasaccharide) and Streptomyces E383A glyco-
synthase (80% trisaccharide and 3% tetrasaccharide). As noted pre-
viously, the unique feature of rice BGlul glycosynthases is their
ability to produce long oligosaccharides,'* so that BGlul E386G
also produced cellopentaose in 11% yield. At donor to acceptor ra-
tios above 1:1, the yields could not be assessed by HPLC with GIcF
donor and GIlc2-pNP acceptor, since they resulted in precipitated
products. Thus, BGlu1 E386G is more useful for synthesis of longer
oligosaccharides, while the bacterial enzymes are better for syn-
thesis of di- and tri-saccharides.
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Figure 3. Effect of cyclophellitol inhibition on transglycosylation products of rice BGlu1, BGlu1 E386G, and BGlu1 E386G-2 with Fuc-pNP and GIcF. The 0.2 uM BGlu1, 40 uM
E386G, and 40 uM E386G-2 were pre-incubated without (—) or with (+) 2 mM cyclophellitol for 2 h, then transglycosylation reactions with 10 mM Fuc-pNP and 10 mM o-
GIcF in 150 mM NH4HCOs, pH 7.0, were incubated at 30°C for 16 h. Silica gel TLC analysis was performed with EtOAc-MeOH-water (7:2.5:1) as a developing solvent, and
products detected under UV light (A) or by dabbing with 10% sulfuric acid in ethanol followed by charring (B). Lane G, glucose standard; GF, GIcF; C, control of 10 mM Fuc-pNP

and 10 mM GIcF without enzyme; BG, BGlu1; EG, BGlul E386G; EG2, BGlul E386G-2.

2.5. Conclusion

Pure rice BGlul E386G glycosynthase transfers glycosyl resi-
dues from a variety of a-glycosyl fluoride donors, in the reactivity
order Glc > Fuc > Ara > Man > Gal > Xyl. Likewise it transfers gluco-
syl residues from GIcF to several different acceptors, with a prefer-
ence for formation of 1-4 linkages. Only equatorial hydroxyls on
the ring appear to be glycosylated, so if the C-4 hydroxyl is axial,
the monosaccharide is added to the C-3 hydroxyl. However the
products formed in this way do not appear to serve as acceptors
for further transfer reactions. Care must be taken to avoid contam-
ination by wild type enzyme arising either from laboratory proce-
dures or translational misincorporation, since otherwise, initially
formed glycosynthase products can be hydrolyzed, and unexpected
transglycosylation products formed.

3. Experimental
3.1. Materials

Cello-oligosaccharides (DP 3-6) were purchased from Sei-
kagaku Kogyo Co. (Tokyo, Japan). Glucose, cellobiose, Glc2-pNP,
Glc-pNP, Fuc-pNP, Gal-pNP, Man-pNP, and Xyl-pNP were pur-
chased from Sigma Chemical Co. (St. Louis, MO). GIcF, AraF, FucF,
GalF, ManF, and XylF were synthesized by previously described
methods.?® Cyclophellitol was a generous gift from Kah-Yee Li
and Professor Herman Overkleeft, University of Leiden.

3.2. Protein expression and purification

The recombinant BGlul and BGlul E386G proteins were ex-
pressed in E. coli strain Origami(DE3) and purified by immobilized
metal affinity chromatography (IMAC), enterokinase digestion, and
subtractive IMAC, as previously described.'"'*?” The buffer was
exchanged with 50 mM phosphate buffer, pH 6.0, and concentrated
in an Amicon ultra-centrifugal filter (Ultracel-10K, Millipore, USA).
The purified protein concentration was determined by measuring
its absorbance at 280 nm. An extinction coefficient ;g9 of
113560 M~' cm™!, calculated from the amino acid composition
by the method of Gill and von Hippel,?® was used to calculate the
BGlul enzyme concentrations.

3.3. Transglycosylation activity of E386G with various donors

The E386G glycosynthase was incubated at 40 pM with 10 mM
of each of the donors: AraF, FucF, GalF, ManF, or XyIF and 10 mM
Glc2-pNP acceptor in 150 mM ammonium bicarbonate buffer, pH
7.0, at 30 °C for 16 h.'* Products were analyzed by TLC (Silica Gel
60 F,s4, aluminum-backed, Merck) with ethyl acetate (EtOAc)-
methanol (MeOH)-water (7:2.5:1) as solvent. Plates were visual-
ized under ultraviolet (UV) light and by exposure to 10% sulfuric
acid in ethanol followed by charring. Samples (5 pL) were diluted
in 200 pl of 20% MeOH, 0.1% formic acid, and 5 pL of the solution
was injected onto an ESI-MS (Waters, Alliance HPLC, Micromass
ZQ ESCi, USA). The quadrupole mass analyzer was scanned over a
range of 100-1000 m/z.

3.4. Transglycosylation by BGlu1 E386G to various acceptors

The BGlul E386G glycosynthase was incubated at a concentra-
tion of 40 uM with 10 mM GIcF donor and 10 mM acceptor: glu-
cose, cellobiose, Glc-pNP, Fuc-pNP, Gal-pNP, Man-pNP, or Xyl-
pNP, in 150 mM ammonium bicarbonate, pH 7.0, at 30°C for
16 h. The products were analyzed by TLC with EtOAc-MeOH-
water (7:2.5:1 as solvent for glucose and pNP-oligosaccharides,
and 2:1:1 for cellobiose). The products were further verified by
ESI-MS, as described above. Samples (3 pL) of the products from
the reactions with 1:1 molar ratios of GIcF: Glc-pNP or GIcF: Fuc-
pNP were loaded onto a ZORBAX carbohydrate column
(4.6 mm x 250 mm, Agilent, USA) connected to an Agilent 1100
series LC-MSD. The column was eluted with a linear gradient from
90% to 60% acetonitrile in water over 30 min at a flow rate of
0.8 mL/min. The eluted peaks were detected by UV absorbance at
300 nm. Reaction yields were determined by integration of the
product peaks within the HPLC profile and the molecular masses
of the eluted products were determined by mass spectrometry.

3.5. Determination of linkages within glycosynthase products

Oligosaccharide products from reactions of FucF and Glc2-pNP,
ManF and Glc2-pNP, and GIcF and Fuc-pNP were synthesized with
E386G. Reaction mixtures containing FucF or ManF (14.6 mg,
4 equiv) and GIc2-pNP (9.2 mg, 1equiv); GIcF (48 mg, 1 equiv)
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Figure 4. TLC detection of transglycosylation catalyzed by BGlu1l E386G-2 with various donors or acceptors. The E386G-2 was incubated with 10 mM Glc2-pNP and 10 mM
donors (A and C) or 10 mM GIcF and 10 mM acceptors (B and D) in 150 mM NH4HCOs, pH 7.0, at 30 °C for 16 h. The reactions were performed without (—) or with (+) enzyme.
The products were separated by silica gel TLC with EtOAc-MeOH-water (7:2.5:1) as a developing solvent and detected under UV light (A and B) or by exposure to 10% sulfuric
acid in ethanol, followed by charring (C and D). G is glucose standard. A and C show reactions with various donors: AF, AraF; FF, FucF; GaF, GalF; GF, GlcF; MF, ManF; and XF,
XylF. B and D show reactions with various acceptors: G, glucose; C2, cellobiose; pG, Glc-pNP; pC, Glc2-pNP; pF, Fuc-pNP; pGa, Gal-pNP; pM, Man-pNP; and pX, Xyl-pNP.

and Fuc-pNP (75 mg, 1 equiv) and 40 uM of the appropriate en-
zyme were incubated at 30 °C in 150 mM ammonium bicarbonate,
pH 7.0, (2-10 ml total reaction volume) for 24-48 h. The reaction
mixtures were filtered and loaded onto a reverse-phase column
(Sep-Pak tC18, sorbent weight 2 g, Waters), which was eluted with
step gradients of 0-30% methanol in water. Eluted fractions were
checked by TLC, as described above. Fractions containing the com-
pounds were pooled, dried on a rotary evaporator, and further
purified by TLC. Silica gel containing each compound was scratched
from the TLC plate and eluted with 30% MeOH, then the methanol
was evaporated and the sample solution was dried by lyophiliza-
tion. Masses were determined by ESI-MS.

A mixture of pyridine and acetic anhydride (5 ml, Vpyridine:Vacetic
anhydride = 3:2) was added to the purified glycoside products at
room temperature and the reaction mixture was stirred overnight.
Ice water was added to quench the unreacted acetic anhydride and
the reaction was stirred for another 10 min. After evaporation of
the solvent, the residue was dissolved in ethyl acetate and washed
successively with ice water, 1 M HCl, NaHCO5, and brine, and dried
with MgSO,. The organic solvent was evaporated in vacuo, and the
resulting residue was purified by flash column chromatography on
silica gel using ethyl acetate/petroleum ether = 1:1 as eluent.

All 'H and 'H COSY nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Avance-400 inv spectrometer

(400 MHz) and chemical shifts were reported in ¢ units (ppm)
and were calibrated based on the deuterium solvent chemical shift
(CDCl3). Multiplicity of signals is described as follows: br-broad, s-
singlet; d-doublet; t-triplet; m-multiplet.

3.5.1. NMR spectra

3.5.1.1. 4-Nitrophenyl (2,3,4-tri-0O-acetyl-a-p-fucopyranosyl)-
(1-3)-2,4-di-0-acetyl-pg-p-fucopyranoside (1). 'H NMR
(400 MHz, CDCl3): 6 8.21 (m, 2H, Ar), 7.05 (m, 2H, Ar), 5.50 (dd,
1H, ]]'2 8.1,_]2'3 9.9 HZ, H—2), 5.35 (br d, 1H,]3'4 34 HZ, H—4), 5.20
(br d, 1H, J3 4 3.3 Hz, H-4), 5.11 (dd, 1H, Jy.» 7.9, J» 3 10.7 Hz, H-
2'), 5.07 (d, 1H, J;, 8.1Hz, H-1), 495 (dd, 1H, J»3 10.7, J3.4
3.4 Hz, H-3'), 4.55 (d, 1H, J1.» 7.9 Hz, H-1"), 3.98 (dd, 1H, J,3 9.9,
J3.4 3.4Hz, H-3), 3.94 (m, 1H, H-5), 3.76 (m, 1H, H-5), 2.20-1.98
(5s, 15H, 5 x CH3CO), 1.30 (d, 3H, H6'a, H6'b, H6'c), 1.20 (d, 3H,
H6a, H6b, H6c). ESI-MS: m/z 454 [M+Na]".

3.5.1.2. 4-Nitrophenyl (2,3,4,6-tetra-0-acetyl-a-p-glucopyrano-
syl)-(1-3)-2,4-di-0-acetyl-p-p-fucopyranoside (2). H NMR
(400 MHz, CDCl3): 6 8.21 (m, 2H, Ar), 7.06 (m, 2H, Ar), 5.46 (dd,
1H, J12 8.0, J>3 10.0 Hz, H-2), 5.34 (br d, 1H, J54 3.4 Hz, H-4), 5.17
(dd, 1H, J34 9.3, J#s 9.0Hz, H-4'), 5.12 (dd, 1H, J> 3 9.0, J3.4
9.3 Hz, H-3'), 5.08 (d, 1H, J;, 8.0 Hz, H-1), 4.93 (dd, 1H, J;.» 7.8,
Jo3 9.0 Hz, H-2") 4.65 (d, 1H, Jy» 7.8 Hz, H-1"), 433 (dd, 1H, J5 g2
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Table 2

Products of glycosynthase reactions of BGlu1l E386G-2 glycosynthase using a-glucosyl fluoride donor and different acceptors®

# Acceptor pNP-Oligosaccharide product (% yield)
Di Tri Tetra Penta Hexa Hepta Octa Nana Total yield
4.2 0.040

4'2 7.3 0.074 - - — - - — ‘71?71
(482) (644) .
9.1 0.15

SIC) 11 0.21 - - — - - — ?123
(498) (660) :
3.0 0.49 0.15 0.12

6'; 34 0.55 0.14 0.13 — — — — 431;2
(498) (660) (822) (984) i
0.062 0.035 0.046

7'2 0.068 0.032 0.039 - — - — — 8};3
(498) (660) (822) :
3.1 0.1 0.052

82 4.0 0.17 0.051 - — - - — ig;
(468) (630) (792) i

ab 26 16 11 35 0.47 0.03 0.002 57.0

(660) (822) (984) (1146) (1308) (1471) (1633) !

¢ Preparative reactions in 150 mM ammonium bicarbonate buffer.

pNP-glycoside acceptor, and 40 M E386G-2 concentration for 24 h. The relative percents are in terms of peak area per total 300 nm absorbance in pNP-glycoside products
separated by HPLC on a ZORBAX carbohydrate column. The molecular mass [Mass+>°Cl]~ of each eluted compound was confirmed by mass spectrometry as shown in

parenthesis.
> pH 7.0, 30 °C, at a 1:1 molar ratio.
€ 3:1 molar ratios of GIcF donor.

2.6, Jsaeb 12.3 Hz, H-6'a), 4.15 (dd, 1H, Js.6p 3.8, Joaep 12.3 Hz, H-
6'b), 3.97-3.92 (m, 2H, H-3, H-5), 3.69-3.65 (m, 2H, H-5), 2.18-
2.00 (6s, 18H, 6 x CH5CO), 1.25 (d, 3H, H6a, H6b, H6c). ESI-MS:
m/z 470 [M+Na]".

3.5.1.3. 4-Nitrophenyl [(2,3,4-tri-O-acetyl-p-b-fucopyranosyl)-
(1-4)-0-2,3,6-tri-0-acetyl-g-p-glucopyranosyl]-(1-3)-0-2,4-di-
0-acetyl-p-p-fucopyranoside (3). TH NMR (400 MHz, CDCl5):
§8.21 (m, 2H, Ar), 7.06 (m, 2H, Ar), 5.48 (dd, 1H, J; » 8.0, J-.5 10.0 Hz,
H-2),5.33 (br d, 1H, J5 .4 3.0 Hz, H-4), 5.20 (br d, 1H, J3+ 4 3.3 Hz, H-
4),5.17-5.03 (m, 4H, H-1,H-3', H-2", H-3"), 4.89 (dd, 1H, J;.» 7.9,
Jo.3 8.8Hz, H-2'), 458 (d, 1H, J1.> 7.9 Hz, H-1'), 445 (d, 1H, J1 2
8.2 Hz, H-1"), 4.30 (dd, 1H, Jsga 3.0, Jeagy 12.1 Hz, H-6'a), 4.14
(dd, 1H, Js6b 3.9, Jeaeb 12.1 Hz, H-6'b), 3.98-3.91 (m, 2H, H-3,
H-5), 3.73-3.63 (m, 3H, H-4, H-5, H-5"), 2.19-2.00 (8s, 24H,
8 x CH5C0), 1.35 (d, 3H, H6a, H6b, H6c), 1.25 (d, 3H, H6"a, H6"b,
H6"¢). ESI-MS: m/z 616 [M+Na]".

3.5.1.4. 4-Nitrophenyl [(2,3,4,6-tetra-0-acetyl-p-p-mannopyran-
osyl)-(1-4)-0-2,3,6-tri-0-acetyl-p-b-glucopyranosyl]-(1-4)-0-

2,3,6-tri-0-acetyl--p-glucopyranoside (4). H NMR
(400 MHz, CDCl3): 6 8.21 (m, 2H, Ar), 7.06 (m, 2H, Ar), 5.40 (br d,
1H, J»»3» 3.0, H-2"), 5.29 (dd, 1H, J>3 8.5, J34 8.5 Hz, H-3), 5.21
(dd, 1H, Ji» 7.3, J»3 8.5Hz, H-2), 5.20 (dd, 1H, J34 10.0, J4 5
8.5Hz, H-4"), 5.17 (d, 1H, J;2 7.3 Hz, H-1), 5.15 (dd, 1H, J» 3 9.4,
J3.4 9.7 Hz, H-3'), 5.01 (dd, 1H, J2/ 3 3.0, J3/4- 10.0 Hz, H-3"), 4.88
(dd, 1H, J12 7.9, Jo3 9.4 Hz, H-2'), 4.64 (br s, 1H, H-1"), 4.55 (dd,

1H, Jsea 1.8, Joagp 11.8 Hz, H-6a), 4.52 (d, 1H, J;.» 7.9 Hz, H-1"),
434 (dd, 1H, Jeasb 1245, Js ¢a 5.2 Hz, H-6'a), 4.31-4.28 (m, 2H,
H-6"a, H-6"b), 4.12 (dd, 1H, Jeagb 12.5, J5 61 2.1 Hz, H-6'b), 4.11
(dd, 1H, Jeagp 11.8, Jsep 4.9 Hz, H-6b), 3.91-3.81 (m, 3H, H-4, H-
4, H-5), 3.64-3.58 (m, 2H, H-5, H-5"), 2.16-1.99 (10s, 30H,
10 x CH5CO). ESI-MS: m/z 648 [M+Na]".

3.5.1.5. 4-Nitrophenyl [(2,3,4-tri-O-acetyl-p-p-fucopyranosyl)-
(1-4)-0-2,3,6-tri-0-acetyl-p-p-glucopyranosyl]-(1-4)-0-2,3,6-
tri-0-acetyl-g-p-glucopyranoside (5). 'H NMR (400 MHz,
CDCl3): 6 8.21 (m, 2H, Ar), 7.05 (m, 2H, Ar), 5.29 (dd, 1H, J,3 8.5,
J3.4 8.2 Hz, H-3), 5.23-5.15 (m, 4H, H-2, H-3/, H4”, H-1) 5.08 (dd,
1H, J12» 8.0 Jo»3» 10.3 Hz, H-2"), 494 (dd, 1H, Jo:3» 10.3, J314
3.4 Hz, H-3"), 4.87 (dd, 1H, J1» 8.1, J23 9.5 Hz, H-2’), 4.55 (m, 1H,
H-6a), 4.53 (d, 1H, J1» 8.1 Hz, H-1'), 4.43 (d, 1H, J;-»» 8.0 Hz, H-
17), 4.41 (m, 1H, H-6'a), 4.16-4.14 (m, 2H, H-6b, H-6'b), 3.88 (dd,
1H, J54 8.2, J45 10.1 Hz, H-4), 3.81 (dd, 1H, J34 9.5, J45 9.4 Hz, H-
4’), 3.91-3.78 (m, 1H, H-5), 3.76-3.71 (m, 1H, H-5"), 3.65-3.59
(m, 1H, H-5'), 2.20-1.90 (9s, 27H, 9 x CH5CO), 1.20 (d, 3H, Me).
ESI-MS: m/z 632 [M+Na]".

3.6. Generation of E386G-2 mutant of rice BGlu1

BGlu1l E386G-2 was constructed by changing the DNA codon for
GAA to GGC by QuikChange mutagenesis (Stratagene, La Jolla, CA,
USA) with the primers 5'-G ACA GTC GTC ATA ACT GGC AAC GGA
ATG GAT CAA C-3’ and 5-G TTG ATC CAT TCC GTT GCC AGT TAT
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Table 3

Products of glycosynthase reactions of BGlu1l E386G-2 glycosynthase using different donors and Glc2-pNP acceptor®

# Donor pNP-Oligosaccharide product (% yield)
Tri Tetra Total yield
25 0.051
]Obc 59 0.072 ég}
(630) (762) :
11b 49 0.011 490
c 98 14 99.4
(644) (790) :
15 0.013
]Zbc 42 0.018 Eg
(660) (822) :
13b 19 0.21 192
c 71 7.9 78.9
(660) (822) :
1.2 0.0091
Mbc 3.1 0.013 ;’ﬂ
(630) (762) :

¢ Preparative reactions in 150 mM ammonium bicarbonate buffer.
b pH 7.0, 30°C, at a 1:1.

€ 3:1 molar ratios of glycosyl! fluoride donor:Glc2-pNP acceptor, and 40 uM E386G-2 concentration for 24 h. The relative percents are in terms of peak area per total 300 nm
absorbance in pNP-glycoside products separated by HPLC on a ZORBAX carbohydrate column. The molecular mass [Mass+>>Cl]~ of each eluted compound was confirmed by

mass spectrometry, as shown by the mass in parenthesis (in amu).

GAC GAC TGT C-3’ and the pET32a/BGlul expression vector!! as
template. The transglucosylation activity of the new mutation
was compared to the E386G (codon: GGG) toward various donors
of AraF, FucF, GalF, GIcF, ManF, and XyIF with Glc2-pNP acceptor,
and GIcF donor with various acceptors of glucose, cellobiose, Glc-
PNP, Glc2-pNP, Fuc-pNP, Gal-pNP, Man-pNP, and Xyl-pNP, as de-
scribed above. Samples (10 ) of the products from the reactions
with 1:1 and 3:1 molar ratios of donor:pNP acceptor were analyzed
by HPLC on a ZORBAX carbohydrate column as described above.

3.7. Cyclophellitol inhibition

The cyclophellitol inhibition of BGlul wild type, E386G, and
E386G-2 activities was monitored by analysis of residual enzyme
activity as a function of time. Solutions of 0.2 uM BGlu1l, 40 uM
E386G, and 40 pM E386G-2 in 50 mM sodium acetate, pH 5.0, were
pre-incubated with 1 M cyclophellitol at 30 °C for different times
and Glc-pNP hydrolysis was assayed as previously described.!!

Inactivation of BGIu1 by cyclophellitol was performed by incu-
bating the BGlul in 50 mM sodium acetate, pH 5.0, at 30 °C in the
presence of the cyclophellitol concentrations given in Figure 2B.
Aliquots (10 pl) were removed at appropriate time intervals and
assayed for hydrolysis of Glc-pNP in the standard assay.

The B-glucosidase activity of glycosynthase mutants was inacti-
vated by pre-incubating 0.2 uM BGlul, 40 uM E386G, or 40 uM
E386G-2 with 2 mM cyclophellitol for 2 h, and then transglycosy-
lation activity was tested with 10 mM Fuc-pNP and 10 mM GIcF
in 150 mM NH4HCOs, pH 7.0, at 30 °C for 24 h. The products were
analyzed by TLC, using EtOAc-MeOH-water (7:2.5:1) as solvent, as
described above.
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ABSTRACT

Nucleophile mutants of retaining B-glycosidase can act as glycosynthases to efficiently catalyze the synthesis
of oligosaccharides. Previous studies proved that rice BGlul mutants E386G, E386S and E386A catalyze the
oligosaccharide synthesis with different rates. The E386G mutant gave the fastest transglucosylation rate,
which was approximately 3- and 19-fold faster than those of E386S and E386A. To account for the differences
of their activities, in this paper, the X-ray crystal structures of BGlul mutants E386S and E386A were solved
and compared with that of E386G mutant. However, they show quite similar active sites, which implies that
their activities cannot be elucidated from the crystal structures alone. Therefore, a combined quantum me-
chanical/molecular mechanical (QM/MM) calculations were further performed. Our calculations reveal that
the catalytic reaction follows a single-step mechanism, i.e., the extraction of proton by the acid/base, E176,
and the formation of glycosidic bond are concerted. The energy barriers are calculated to be 19.9, 21.5 and
21.9 kcal/mol for the mutants of E386G, E386S and E386A, respectively, which is consistent with the order
of their experimental relative activities. But based on the calculated activation energies, 1.1 kcal/mol energy
difference may translate to nearly 100 fold rate difference. Although the rate limiting step in these mutants
has not been established, considering the size of the product and the nature of the active site, it is likely
that the product release, rather than chemistry, is rate limiting in these oligosaccharides synthesis catalyzed

by BGlu1 mutants.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of carbohydrates is challenging since there are sev-
eral functional groups and chiral centers presenting on the monosac-
charides [1,2]. Although chemical methods can be used to synthesize
oligosaccharides, their analogues, and glycoconjugates with excep-
tional flexibility, stereochemical control required during the synthesis
process must be achieved by sequential protection and deprotection
of the functional groups. These complex procedures often result in
low yields of oligosaccharides. Enzymatic oligosaccharide synthesis
approaches provide alternative tools to obtain the desired oligosac-
charide by the use of substrate specificity and stereoselectivity of gly-
cosidases and glycosyltransferases.

Enzymatic oligosaccharide synthesis involves two main classes
of carbohydrate enzymes: glycosidases and glycosyltransferases. The

Abbreviations: QM/MM, quantum mechanical/molecular mechanical; a-GIcF, alpha-
glucosyl fluoride; pNPC2, pNP-cellobioside; RMSD, root-mean-square deviation; MD,
molecular dynamics; HB, hydrogen bond; R, reactant; TS, transition state; P, product

* Corresponding author. Tel.: 466 44 224304; fax: + 66 44 224185.
** Corresponding author. Tel.: +86 531 88564464; fax: +86 531 88365576.
E-mail addresses: cairns@sut.ac.th (J.R.K. Cairns), yongjunliu_1@sdu.edu.cn (Y. Liu).

1570-9639/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bbapap.2012.11.003

oligosaccharide synthesis reactions promoted by glycosidases may be
achieved either with a large excess of acceptors (thermodynamically
controlled synthesis) or with activated glycosyl donors (kinetically
controlled transglycosylation) [3,4]. However, the typical retaining
glycosidases usually give poor synthetic yields (10-40%) due to hydro-
lysis of substrates and products. Glycosyltransferases can catalyze the
glycosyl transfer from a saccharide donor to the acceptor with strict
regiospecificity and stereospecificity without hydrolysis [5]. However,
although glycosyltransferases have been used for oligosaccharide syn-
thesis, their poor availability and high cost of substrates limit their
exploitation.

In 1998, Withers and colleagues discovered that a mutant of the
retaining Agrobacterium sp. p-glucosidase (E.C. 3.2.1.21) in which the
catalytic nucleophile was mutated to a nonnucleophilic amino acid
residue (Glu358Ala) could be used for transglycosylation reactions [6].
This enzyme, denoted as a glycosynthase, could efficiently catalyze the
synthesis of oligosaccharides with high yields (>80%) without detect-
able hydrolysis. Since then, engineering a retaining glycosidase into a
glycosynthase by the mutation of the catalytic nucleophile to a smaller
nonnucleophilic residue, to form a hydrolytically inactive enzyme has
become a popular strategy for synthesizing various oligosaccharides
[7]. When the glycosyl fluorides of inverted configuration relative to
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the natural substrates are used, these hydrolytically inactive enzymes
can be used to synthesize oligosaccharides on a large scale in the pres-
ence of suitable glycosyl acceptor, giving products that accumulate in
a very high yield.

Catalytic nucleophile mutants of retaining glycosidases have been
used as glycosynthases to synthesize various glycosides and oligosac-
charides [8-10]. Although glycosynthases were originally derived
from retaining B-glycosidases, their sources were recently expanded
to retaining o-glycosidases and inverting glycosidases [11,12]. Further-
more, the catalytic activity and substrate specificity of the glycosynthase
has been improved greatly by additional mutations of their catalytic
sites, while the regioselectivity of glycosidic linkages could be enhanced
by changing the stereochemistry of the acceptor substrate [13]. Thus,
glycosynthase technology has become a versatile tool for the synthesis
of novel glycosides and oligosaccharides [14,15]. So far, a variety of
novel glycosynthases have been derived from different glycosidase fam-
ilies, including endoglycosidases and exoglycosidases [16-21].

Rice (Oryza sativa) BGlul R-glucosidase, belonging to the glyco-
side hydrolase family 1 enzyme, shows hydrolysis activities towards
3-(1,4)- and short R-(1,3)-linked gluco-oligosaccharides [22-24],
and glycosides such as pNP-B-glycoside. The hydrolysis mechanism
of rice BGlu1 B-glucosidase has been studied by the combined quan-
tum mechanical/molecular mechanical (QM/MM) method. As the
energy barriers were 15.7 kcal/mol for the glycosylation step [25]
and 21.4 kcal/mol for the deglycosylation step [26], the hydrolysis
rate may proceed quickly. Therefore, although the wild-type BGlul
enzyme displays transglucosylation activity on oligosaccharide and
glycoside substrates, the yields of products are relatively low and the
newly formed products are subsequently hydrolyzed at the same
time [22,27].

Because the aglycone-binding site of rice BGlu1 B-glucosidase was
relatively long, the ability of its glycosynthase to synthesize the long
oligomeric saccharides was explored [28]. Hommalai et al. reported
that the mutations of rice BGlu1l B-glucosidase at glutamate residue
386 (the residue was numbered according to its position in the
BGlul precursor, as E414 in that paper) destroyed the hydrolytic
activities of the enzyme. When the catalytic activities of three candi-
date mutants, E386G, E386S and E386A, were compared with alpha-
glucosyl fluoride (a-GIcF) as donor and pNP-cellobioside (pNPC2) as
acceptor, all these mutants displayed transglucosylation activities to
synthesize mixed length oligosaccharides (see Fig. 1). This enzymatic
oligosaccharide synthesis reaction was proposed to be a concerted
single-step mechanism [6]. The acid/base residue abstracts a proton
from one hydroxyl group of substrate pNPC2, as this deprotonated
hydroxyl group attacks on the anomeric carbon of a-GlIcF, and then
the fluorine atom departs. The BGlu1 E386G mutant gave the fastest
transglucosylation rate, which was approximately 3- and 19-fold
faster than those of E386S and E386A, respectively, and gave yields
of up to 70-80% insoluble products.

Recently, the structure of the BGlu1 E386G glycosynthase mutant
alone and in complexes with a-GIcF, cellotetraose or cellopentaose
were reported [29]. However, those structures could not explain the
relative activities of the BGlu1 E386G, E386S and E386A glycosynthases.
Therefore, in this paper we solved the structures of the E386S and
E386A glycosynthases complexed with a-GIcF for comparison and ex-
plored the dynamic issues contributing to these relative activities by
the QM/MM method.

Using the Gaussian frequency data, we also determined the kinetic
isotope effect (KIE) of the proton transfer process in the E386 mutants
based on two expressions [30]. One expression is the semi-classical
Eyring equation, where the KIE is given as

(1) - p( <G“‘65>R;(GD‘GE>) 0

D

The other one is a simple “quantum correction” equation with the
semiclassical (ky/kp)s multiplying the Wigner quantum correction
Q™ factor

9 - ),

Q5 = 11: f 3)
74

= (4)

U = % (5)

where v is the imaginary frequency of the transition state.
2. Methods
2.1. Protein X-ray crystal structure determination

The recombinant proteins of BGlu1l E386A and BGlu1 E386S [28]
were expressed and purified as previously described for wild type
BGlul [22,27]. Crystallization of BGlul E386S and E386A without and
with 10 mM o~ GIcF (kindly provided by Prof. Stephen G. Withers) was
optimized by hanging drop vapor diffusion with microseeding around
the conditions used for crystallization of BGlu1 [22,27], varying the con-
centrations of polyethylene glycol monomethyl ether (PEG MME) 5000
over the range of 16-26%, (NH,4),SO,4 between 0.12 and 0.26 M, and pro-
tein between 2 and 6 mg/ml in 0.1 M MES, pH 6.7, at 288 K. Before flash
cooling in liquid nitrogen, the crystals with 10 mM «-GIcF were soaked

Fig. 1. Proposed oligosaccharide synthesis mechanism of glycosynthase derived from a nucleophile mutant of retaining glycosidases. X represents the mutated nucleophile residue.
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in cryo solution (18% (v/v) glycerol in precipitant solution) containing
10 mM «-GIcF for 1-5 min.

Preliminary diffraction experiments were done with a Cu K, rotat-
ing anode X-ray source mounted on a MicroSTAR generator operating
at 45 kV and 60 mA connected to Rayonix SX-165 CCD detector at
the Synchrotron Light Research Institute (Public Organization) (SLRI,
Nakhon Ratchasima, Thailand). Promising crystals were used to dif-
fract 1.0 A wavelength X-rays on the BL13B1 beamline at the National
Synchrotron Radiation Research Center (NSRRC in Hsinschu, Taiwan),
and reflections were recorded with an ADSC Quantum 315 CCD detec-
tor. The crystals were maintained at 105 K during diffraction with a
nitrogen cold stream (Oxford Instruments). Data were processed
and scaled with the HKL-2000 package [31]. Structures were solved
by molecular replacement with wild type BGlul (PDB code: 2RGL),
refined, and validated as previously described for BGlu1l E386G and
its complex with a-GIcF [29].

2.2. Automated docking setup

Recently, we published the structure of the E386G mutant and
its complex with a-GIcF (PDB code: 3SCO) [29]. Since the crystal of
rice BGlu1 E386G mutant was only complexed with the donor o-GIcF,
and the transglucosylation activities were detected under the acceptor
pNPC2, the pNPC2 was docked into the binding pocket using the
Autodock 4.0 program [32]. Before docking, the pNPC2 substrate was
optimized at the B3LYP/6-31 + G(d) level with the Gaussian 03 package
[33]. When docking, the grid scale was set as 60 Ax60 Ax 60 A based
on a grid module, with a spacing of 0.375 A between the grid points.
Gasteiger charges [34] were set for both the ligand and protein. Fifty
independent docking runs were performed. In the whole calculation,
the protein was kept rigid, and all the torsional bonds of the ligand
were kept free. Based on a root-mean-square deviation (RMSD) criteri-
on of 10 A, the docking results were clustered. Finally, the conformation
with the most cluster members and the lowest protein-ligand interac-
tion energy was chosen as the bioactive structure.

The models of the newly obtained BGlu1l E386A and BGlu1 E386S
were constructed the same as the crystal structure of E386G mutant
mentioned above, in which the acceptor substrate pNPC2 was also
docked into these active sites. The parameter settings were consistent
with those of E386G mutant. As the derived docking conformations
of the E386S and E386A mutants were similar with that of E386G mu-
tant, only the obtained docking structure of E386G mutant is shown
(see Fig. 2).

2.3. Computational model

The obtained docking ternary complex structures of BGlul E386G,
E386S and E386A glycosynthases were used as the initial structures in
molecular dynamics (MD) simulations. For the glycosynthase mecha-
nism of these mutants, the catalytic acid/base (E176) acts as a base to ex-
tract a proton from the substrate, and was modeled in its deprotonated
state. The protonation/deprotonation states of other ionizable residues
were altered on the basis of PROPKA method [35,36]. The Mulliken
charge parameters of the substrates (a-GIcF and pNPC2) were achieved
based on the QM (at the B3LYP/6-31 + G(d) level) calculations. All the
hydrogen atoms were added with the HBUILD facility of the CHARMM
package [37]. The crystallographic water molecules were kept in their
original positions and an extra 4,648 water molecules were used to solvate
each of the three systems with a 37.9 A water sphere centered on E176.
Nine CI ~ ions were also added at random positions to neutralize each sys-
tem. To equilibrate the prepared systems, a minimization followed by a
1000 ps MD simulation was performed with the CHARMM22 force field
[38]. To confirm the equilibrium of the initial model, the RMSD curves
for the mutants of E386G, E386S and E386A have been checked, which
are given in supporting information (Fig. S1-S3).

During the subsequent QM/MM calculations, the QM region in-
cluded residues E176, Y315, E440, the mutated nucleophile residue
X386, the substrates a-GIcF, pNPC2 (terminal glucosyl residue) and
one order water Wat1, where X referred to Gly, Ser and Ala for the
E386G, E386S and E386A mutants, respectively (see Fig. 3). Fig. 3
shows the labels to indicate the serial numbers of relevant atoms in
the substrate rings. The total number of QM atoms were 85, 86 and
88 for the E386G, E386S and E386A mutants, respectively. The re-
mainder of the enzyme and waters was set as the MM region. Any
residue with at least one atom within 10 A of E176 (including the QM
region and part of the MM region) was kept loose, while the remaining
part was kept frozen. In the geometry optimizations, the QM region
was treated with quantum mechanics by the Turbomole module [39]
and the MM part with molecular mechanics under the CHARMM22
force field by the DL-POLY program [40]. For the whole QM/MM opti-
mizations, calculations were performed at the B3LYP/6-31G(d,p)//
CHARMM?22 level. The electrostatic interactions between the QM and
MM regions were described by the standard electronic embedding
scheme [41]. To avoid the hyperpolarization effect during the QM treat-
ment, the MM atomic partial charges were incorporated into the one-
electron Hamiltonian of the QM calculation. The charge shift model
with hydrogen linked atoms was used to simulate covalent bonds across
the QM/MM boundary [42]. The ChemShell package [43], incorporating

Fig. 2. (A) The overall obtained docking structure of rice BGlul E386G mutant (PDB code: 3SCO). (B) The corresponding residues in the active site.
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Fig. 3. The selected quantum mechanics (QM) region in QM/MM calculations; X refers to the mutated nucleophile residue in the active site.

the Turbomole and DL-POLY programs, were used to perform the QM/
MM calculations. A geometry optimizer of hybrid delocalized internal
coordinates (HDLC) [44] was adopted for the geometry optimizations.
Stationary points were searched by the quasi-Newton limited memory
Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) algorithm [45,46], and
transition states with the algorithm of partitioned rational function
optimization (P-RFO) [47,48]. The vibrational frequencies of the QM
region atoms were determined at the same level by using the Gaussian
03 package [33]. After all the stationary points were located, high level
single point electronic energy calculations were performed at a larger
basis set 6-314++G(d,p) to obtain accurate energies.

3. Results and discussion
3.1. 3D Structures of three glycosynthases in complexes with o-GIcF

To assess the structural basis for the differing glycosynthase effi-
ciencies of BGlul E386G, E386S and E386A, the structures of the
E386S and E386G glycosynthases and those of their complexes with
a-GIcF were determined by X-ray crystallography and compared
with the corresponding structure of E386G. Crystals of the apo
glycosynthase enzymes and of their complexes were isomorphous
with wild type BGlul crystals [22,27]. Diffraction data parameters
are shown in Table S1 and model parameters for the structures of
the glycosynthases are summarized in Table 1. The resolution limits
of 1.85 A for BGlu E386S and 2.10 A for E386A and free residual
(Rgree) values of 20.5% for E386S and 20.6% for E386A in complexes
with a-GIcF are comparable to the previously reported values for
the corresponding complex of E386G of 1.95 A and 20.7% [29]. How-
ever, the temperature (B) factors reported for the E386G protein
(16.6 A?) and o-GIcF (14.0 A?) in the E386G complex are significantly
higher than those in the E386S (9.5 and 5.7 A2, respectively) and
E386A (10.8 A?and 8.2 A? respectively) complexes. These differences
may support the supposition of a greater flexibility in the E386G pro-
tein and its complex, although we cannot exclude other factors con-
tributing to the higher crystal structure disorder.

The overall structures of the three BGlu1 glycosynthase mutants and
the positions of residues and a-GIcF in the active site are very similar. In
each structure, the a-GIcF binds to the glycosynthases in a relaxed “C;
chair conformation stacked onto the indole ring of W433 at the —1
subsite, in the same position as the 2-deoxy-2-fluoro-o-p-glucosyl
moiety (G2F) in its covalent complex with BGlul (PDB code: 2RGM)
[22,27], with the same hydrogen bonds as observed for that complex.
As shown in Fig. 4, the active site residue N313, as well as the fluorine
and 02 of a-GIcF, interact with a single ordered water molecule in all

three mutant complexes. An ordered water molecule is also found in
the same position in the structure of the covalent intermediate of
BGlu1 with G2F, and this is also the position of the nucleophile carbonyl
oxygen of apo wild type BGlul (PDB code: 2RGL) [22,27]. As seen in
Fig. 4, the water is closer to the fluorine in the E386S structure, while
it is generally closer to the hydrogen-bonding side chains in the BGlu1l
E386G structure and is in an intermediate position in the BGlul
E386A structure, but these differences may not be significant.
Although the determination of the structures of the BGlul E386G,
E386A and E386S glycosynthases in apo and a-GlcF-bound forms is the
most thorough structural investigation of one enzyme's glycosynthase
mutants to date, the structures alone cannot easily explain the relative
activities of BGlu1 E386G, E386S and E386A. The previous idea that a
Gly nucleophile may be a better catalyst than a Ser nucleophile due to

Table 1
Structure refinement statistics for E386A and E386S X-ray structures.
E386S E386S_a-GIcF  E386A E386A_a-GIcF
PDB code 3SCR 3SCS 3SCP 3SCQ
Resolution range (A) 23-1.80 25-1.85 30-2.10 25-2.10
No. of amino-acid residues 944 944 944 944
No. of protein atoms 7612 7612 7610 7610
No. of water molecules 865 870 760 782
Refined carbohydrate None a-GlcF None a-GIcF
No. of carbohydrate atoms  None 24¢ None 24¢
No. of other hetero atoms 47 47 47 35
Reactor (%)? 17.8 17.5 17.8 17.7
Riree (%)° 208 205 208 206
Ramachandran statistics®
Most favored regions (%) 89.2 90.0 89.2 89.9
Additionally allowed 10.8 9.9 10.8 9.9
regions (%)
Outlier regions (%) 0.0 0.1 0.0 0.2
R.m.s.d. from ideality
Bond distances (A) 0.013 0.013 0.013 0.010
Bond angle (°) 1.40 1.38 1.40 1.30
Estimated coordinate 0.12 0.12 0.17 0.17
error (A)¢
Mean B factors (A?)
All protein atoms 11.5 9.5 12.6 10.8
Waters 24.5 20.6 24.7 20.9
Hetero atoms 24.6 21.8 339 249
Carbohydrate atoms None 5.7 None 8.2
Subsite —1 a-GIcF (A/B) None 5.8/5.6 None 7.3/9.1

Reactor = (2IFol — |Fel/2|Fol).

Based on 5% of the unique observations not included in the refinement.
Ramachandran values were determined from PROCHECK [51].

Based on Ry values, as calculated by Refmac 5.5.0110 [52].

Twelve per protein molecule in the asymmetric unit.

o an T &
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Fig. 4. Comparison of the active sites of rice BGlu1 E386G, E386A and E386S glycosynthases. An active site water molecule is seen in the wild type covalent intermediate as well as
in all three glycosynthase mutant complexes with a-GIcF. This water occupies a very similar position in BGlu1 E386G [29], BGlu1 E386A (B) and BGlu1 E386S (C), with the super-
imposition of all three of these rice BGlu1 glycosynthases being shown in (D). The o-GIcF is represented as balls and sticks, the surrounding amino acid residues are shown as sticks,
and the water molecule is represented as a ball. Oxygen is shown in red, nitrogen in blue, and fluorine in green. Distances (in Angstroms) are shown from the one water molecule to
the surrounding polar groups and the mutated sidechains. No other water molecules were observed in this part of the active site in any of the structures. The figures of protein

structures were generated in PyMol (Schrodinger LC).

a water taking the place of the Ser hydroxyl but with more optimal
geometry [49], since only the one water molecule was observed in this
area in both structures. As described above, this water molecule appears
in a critical position to stabilize the leaving group in all three structures,
and S386 points toward it to stabilize its position in the E386S mutant,
which could be used to explain the higher activity of E386S than
E386A. However, this gives little insight into the high relative activity
of the E386G mutant. As noted by Ducros et al. [50], X-ray structures,
such as those described here of initial Michaelis complex structures,
do not account for changes in the ternary complex with the acceptor
and at the transition state, which may be more critical for determining
the relative activities. Therefore, a combined quantum mechanical/
molecular mechanical (QM/MM) calculations were performed to ac-
count for the difference of the relative activities of the reactions.

3.2. Docking structure

Since no acceptor density was seen in crystals containing o-GIcF
and pNPC2 (data not shown), docking was used to produce the terna-
ry complex structures. The overall structure of rice BGlu1 E386G mu-
tant in complex with a-GIcF and docked pNPC2 is shown in Fig. 2A,
and the pocket residues are given in Fig. 2B. The donor «-GIcF is
fixed by two hydrogen bonds (HBs), with its fluorine atom (F1, as
labeled in Fig. 3) to the phenolic hydroxyl of residue Y315 (2.79 A)

and the C4-OH group to the E440 carboxyl (2.82 A). The important
crystal water molecule Wat1 lies near the F1 atom with a distance
of 3.13 A. The acceptor pNPC2 locates in an appropriate position to
facilitate the reaction, and forms one strong HB with the acid/base
residue E176 with a distance of 2.14 A. Furthermore, the distance be-
tween C1 atom of a-GIcF and 04’ of C4’-OH group of pNPC2 is close
enough for the formation of the glycosidic bond with a distance of
2.44 A. Thus, the docking structure appears reasonable for the follow-
ing QM/MM calculations.

3.3. Analyses of reaction pathways

For the mutants of E386G, E386S and E386A, the optimized geom-
etries of the reactants, transition states and products obtained at
the 6-31G(d,p) level are shown in Figs. 5-7, respectively. The bond
distances which are formed or broken in each state are colored
magenta. Furthermore, the single point energies were calculated at
the 6-31++G(d,p) level, and the obtained energy profiles for each
mutant are shown in the corresponding figures.

3.3.1. E386G mutant

Fig. 5 gives the structures of reactant (R1), transition state (TS1),
product (P1) and energy profile of the oligosaccharide synthesis pro-
cess catalyzed by E386G Mutant.
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Fig. 5. Optimized structures of Reactant (A), Transition state (B) and Product (C) of glycosynthase reaction and energy profile (D) for the E386G mutant. The distances of newly

formed or broke bonds are indicated in magenta.

In R1 (Fig. 5A), both of the donor a-GIcF and acceptor pNPC2 are
located in favorable positions for the reaction to occur. Compared
with the docking structure in Fig. 2B, the donor a-GIcF is still hydro-
gen bonded with residues E440 and Y315, but the interactions of
these HBs have been strengthened. For example, the distance be-
tween F1 atom and hydroxyl group of Y315 decreases to 1.76 A. A
new HB forms between E440 and C6-OH of a-GIcF with a distance
of 1.62 A. Furthermore, the crystal water Wat1 comes closer to F1
atom, establishing a new HB (1.91 vs 3.13 A in Fig. 2B). The acceptor
pNPC2 moves a little further away from a-GIcF, but it still remains at
areasonable distance (3.35 A) for the formation of glycosidic bond. In
addition, the HB length between the C4’-OH group and side chain of
acid/base E176 decreases from 2.14 A in Fig. 2B to 1.73 A, which is
feasible for the nucleophilic attack of E176.

At TS1 (Fig. 5B), the pNPC2 04’-H4’ bond has almost broken (bond
length distance of 1.09 A). The proton H4’ is much closer to the acid/
base residue E176 with a distance of 1.37 A. As E176 extracts the pro-
ton from the pNPC2 C4’-OH group, the interaction between the donor
and acceptor is also strengthened. The distance between the C1 and
04’ atoms decreases to 1.90 A (3.35 A in R1). The leaving F1 atom
moves away from «-GIcF with a distance of 2.44 A and forms two
strong HBs with water Wat1 and Y315.

In the structure of P1 (Fig. 5C), the 04’-H4’ bond in pNPC2 has
been further elongated to 1.59 A and the H4’ atom has formed a cova-
lent H-O bond with E176 (1.01 A). The glycosidic bond between C1
and 04’ has formed with a distance of 1.48 A. The departed F1 atom
has moved far away from C1 (2.85 A), but still forms two strong
HBs with Wat1 and Y315 with distances of 1.56 and 1.32 A, respec-
tively. Obviously, the water Wat1 and residue Y315 play an important

role in stabilizing the departed F1 atom. Fig. 5D shows that the energy
barrier is 19.9 kcal/mol, and the reaction is endothermic with the
reaction energy of 9.7 kcal/mol.

3.3.2. E386S mutant

Fig. 6 gives the optimized structures of reactant (R2), transition
state (TS2), product (P2) and energy profile of E386S mutant enzyme.

In R2 (Fig. 6A), the binding modes of substrates ai-GIcF and pNPC2
are similar with that of R1 in Fig. 5A. The side chain of E176 still forms
one strong HB with C4’-OH group of pNPC2, while the a-GIcF is
H-bonded with E440, Y315 and water Wat1. The main difference is
the newly formed HB between F1 atom and side chain of S386 (the
distance of which is 2.42 A). By comparing R2 with R1, we find that
though S386 has established the HB interaction with the donor, its
side chain makes the active site crowd, which may be unfavorable
for the departure of the leaving F1 atom.

Fig. 6B shows the transition state TS2. The pNPC2 04’-H4' covalent
bond has been weakened, but it remains bonded to 04/(1.03 vs
0.99 A) in R2. With the weakness of the 04’-H4’ bond, the interaction
between the donor and acceptor has been strengthened: the distance
between the C1 and 04’ atoms decreases from 3.55 A in R2 to 2.17 A.
Thus, the glycosidic bond C1-04’ has been partially formed. In this
structure, as the donor comes closer to the acceptor, the C1-F1 bond
length increases to 2.62 A, indicating this bond also becomes much
weakened. The leaving F1 atom is hydrogen bonded with Watl,
$386 and Y315 with distances of 1.63, 1.68 and 1.57 A, respectively.
It can be seen that the leaving F1 atom locates in a crowd space,
which may hinder the departure of leaving group and thereby influ-
ence the activity of the E386S mutant.
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Fig. 6. Optimized structures of Reactant (A), Transition state (B) and Product (C) of glycosynthase reaction and energy profile (D) for the E386S mutant. The distances of newly

formed or broke bonds are indicated in magenta.

In the product, P2 (Fig. 6C), the acid/base E176 has extracted the
H4’ proton from the C4’-OH group of pNPC2 forming a new H-O
bond (distance of which is 1.00 A). The donor of a-GIcF has connected
with pNPC2, establishing a new glycosidic bond of 1.49 A. At the same
time, the leaving F1 atom moves further away (3.07 A from the C1
atom) but still interacts with the surrounding residues (Y315 and
S386) and water Wat1. All these indicate that the oligosaccharide
synthesis process is accomplished at this state. Fig. 6D shows that
the energy barrier is 21.5 kcal/mol, which is higher than that of
E386G mutant (19.9 kcal/mol). The possible reason might be that
the side chain of S386 is larger than that of G386, making the active
site crowded, which restricts the freedom of the water Wat1 to inter-
act optimally with the departing fluoride and blocks the departure of
leaving group (F1 atom).

3.3.3. E386A Mutant

Fig. 7 gives the structures of reactant (R3), transition state (TS3),
product (P3) and energy profile of the E386A mutant enzyme.

In the reactant R3 (Fig. 7A), the side chain of A386 is a methyl
group, which is bigger than that of residue G386 in E386G. The steri-
cally hindered methyl group occupies the active site, which is rela-
tively unfavorable for the binding of a-GIcF. The distances between

the F1 atom and the surrounding Wat1 and Y315 are 2.01 and 1.81 A,
respectively, which are longer than those of the distances in R1 (lengths
of which are 1.91 and 1.76 A, respectively). Besides, the extra methyl
group also pushes the donor away from the acceptor: the distance
between C1 and 04’ atoms is increased from 3.35 A in Fig. 5A to
3.41 Ain Fig. 7A.

In TS3 (Fig. 7B), the pNPC2 04’-H4’ bond has been partially broken
(distance of which is 1.07 vs. 0.99 A in R3) and the proton H4’ has
partially moved to the carboxyl oxygen of E176 (1.41 vs. 1.73 A in
R3). With the weakness of the 04’-H4’ bond, the C1 atom of o-GIcF
has come closer to the 04’ atom of pNPC2 with a distance of 1.93 A.
Therefore, the interaction between the donor and acceptor has been
strengthened and the glycosidic bond of C1-04’ has been partially
established. With the formation of the C1-04’ bond, the C1-F1 bond
becomes weakened, and its bond length increases to 2.52 A. Addition-
ally, the leaving group F1 atom is still hydrogen bonded with Wat1
and Y315 with distances of 1.60 and 1.42 A, respectively, which are
favorable for the departure of F1 atom.

In product P3 (Fig. 7C), the pNPC2 04’-H4’ covalent bond has
broken with a long distance of 1.56 A, and the H4’ atom has formed
a covalent H-O bond with the side chain of E176 (distance of 1.01 A).
The glycosidic bond C1-04' is completely established (length of 1.48 A)
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Fig. 7. Optimized structures of Reactant (A), Transition state (B) and Product (C) of glycosynthase reaction and energy profile (D) for the E386A mutant. The distances of newly

formed or broke bonds are indicated in magenta.

at this state. Since the residue A386 has a methyl group on its side chain,
it has no HB interaction with the leaving F1 atom, which is different from
residue S386 in the E386S mutant. Similar to the structure of P2, the
departed F1 atom also forms two strong HBs with Wat1 and Y315 with
distances of 1.59 and 1.40 A, respectively, indicating that the water
Wat1 and Y315 are important in stabilization of the leaving group.
Owing to the steric hindrance of A386, the activity of this mutant is
lower than that of the previous two mutants, which can be reflected
from the energy barrier. Fig. 7D shows that the energy barrier of this
reaction is 21.9 kcal/mol, while for E386G this barrier is 19.9 kcal/mol
and for E386S is 21.5 kcal/mol. The order of the energy barriers is consis-
tent with the experimental relative activities of these enzymes [28]: the
experimental ke, value of Gly mutant is about 6 per minute, and 2 per
minute for Ser, and about 0.3 per minute for Ala. But based on calculated
activation energies (19.9, 21.5, and 21.9 kcal/mol for Gly, Ser and Ala
mutants, respectively), 1.1 kcal/mol energy difference translates to
more than 100 fold rate difference with Gly mutant. Although the rate
limiting step in these mutants has not been established, Shoham has
suggested that product release is likely a rate limiting step in some
glycosynthases [53]. Considering the size of the product and the nature
of the active site, it is likely that the product release, rather than chemis-
try, is rate limiting in BGlu1 mutants. Glycine may well be the fastest as it
presents little steric hindrance for the departure of the trisaccharide from
the active site.

The crystal structures of E386G, E386S and E386A (Fig. 4) shows that
the mutant structures look very similar and one critical water molecule
(Wat1) appears in the active site. The calculations were also performed
with the absence of Wat1 in the QM regions at the same level. The

corresponding optimized structures (reactants, transition states and
products) and energy profiles were shown in the Supporting Informa-
tion (Fig. S4-S6). The geometries of these structures are similar with
those structures with the presence of the water Wat1 in the QM regions
(see Figs. 5-7). Differences can be seen in the energy barriers. In the
absence of Wat1, the energy barrier is calculated to be 22.4 kcal/mol
for catalytic reaction of E386G mutant (Fig. S4), 25.7 kcal/mol for
E386S (Fig. S5) and 28.2 kcal/mol for E386A (Fig. S6). We can see that
all the energy barrier are higher than those of corresponding mutants
with considering the water Wat1 in the QM regions, but they are
all consistent with the order of activities [28]. The lower barriers in-
dicate that this crystal water performs an assist role in the catalytic
reaction of three mutants. Obviously, the hydrolysis reactions of
E386 mutants are endothermic, the extra energy may be abstracted
from the surroundings.

3.3.4. Kinetic Isotope Effect

To approximately evaluate the nuclear quantum dynamical effect
on the proton transfer in E386 mutants, we calculated the semiclassi-
cal kinetic isotope effect (KIE) based on the QM region defined in the
above QM/MM calculation [54,55]. The required free energy of activa-
tion and vibrational frequencies were determined at the B3LYP/
6-31 G(d,p) level by using the Gaussian 03 package [33]. Detailed
formulations of the calculations are shown in the Supporting Infor-
mation. Both the semiclassical KIE values and the derived Wigner-
corrected KIE values for the proton-transfer processes are listed in
Table 2. It exhibits that the proton-transfer processes of all the three
E386 mutants give the small KIE and Wigner tunneling corrections,
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Table 2
Predicted imaginary frequencies for the transition states and KIE values for corresponding
proton-transfer processes.

Frequencies (cm™') H/D KIE
TS H D KIEse™ KIEWigner
TS1 (E386G) —300.6 —2924 2.39 241
TS2 (E386S) —109.2 —109.1 1.40 1.40
TS3 (E386A) —2293 —227.2 1.87 1.87

meaning that the quantum mechanical tunneling effect is insignifi-
cant for E386 mutants.

4. Conclusion

The oligosaccharide synthesis mechanism catalyzed by rice
BGlu1l E386 mutants (E386G, E386S and E386A) has been studied
by crystallographic and QM/MM approaches. The structures of these
glycosynthases were quite similar, so the computational approach was
necessary to account for the dynamic issues leading to the differences
in their activities. In the dynamic model, the extraction of the proton
H4’ (pNPC2) by the acid/base E176, the formation of the glycosidic
bond (C1-04’) and the departure of the leaving group (F1 atom) are
concerted in a single step. Our calculations indicate that the energy
barriers are influenced by the mutated residues in the active sites. The
energy barrier was calculated to be 19.9 kcal/mol for E386G mutant,
21.5 kcal/mol for E386S mutant and 21.9 kcal/mol for E386A mutant,
which was consistent with the order of their experimental relative ac-
tivities. The lower energy barrier of the glycine mutant than the serine
mutant might be due to the greater freedom of the water Wat1 to inter-
act optimally with the departing fluoride in the glycine mutant and the
steric constraints on this departure imposed by the Ser hydroxymethyl
side chain. We also demonstrate that, the presence of Wat1 is able to
assist the catalytic reaction for each mutant. Although the rate limiting
step in these mutants has not been established, considering the size of
the product and the nature of the active site, it is likely that the product
release, rather than chemistry, is rate limiting in BGlu1 mutants.
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In order to identify a rice gibberellin ester B-p-glucosidase, gibberellin A4 B-p-glucosyl ester (GA4-GE) was
synthesized and used to screen rice B-glucosidases. Os3BGlu6 was found to have the highest hydrolysis
activity to GA4-GE among five recombinantly expressed rice glycoside hydrolase family GH1 enzymes
from different phylogenic clusters. The kinetic parameters of Os3BGlu6 and its mutants E178Q, E178A,
E394D, E394Q and M251N for hydrolysis of p-nitrophenyl B-p-glucopyranoside (pNPGlc) and GA4-GE
confirmed the roles of the catalytic acid/base and nucleophile for hydrolysis of both substrates and sug-
gested M251 contributes to binding hydrophobic aglycones. The activities of the Os3BGlu6 E178Q and
E178A acid/base mutants were rescued by azide, which they transglucosylate to produce B-p-glucopyr-
anosyl azide, in a pH-dependent manner, while acetate also rescued Os3BGlu6 E178A at low pH. High
concentrations of sodium azide (200-400 mM) inhibited Os3BGlu6 E178Q but not Os3BGlu6 E178A.
The structures of Os3BGlu6 E178Q crystallized with either GA4-GE or pNPGlc had a native a-p-glucosyl
moiety covalently linked to the catalytic nucleophile, E394, which showed the hydrogen bonding to
the 2-hydroxyl in the covalent intermediate. These data suggest that a GH1 p-glucosidase uses the same

retaining catalytic mechanism to hydrolyze 1-0-acyl glucose ester and glucoside.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Beta-glucosidases (B-p-glucopyranoside glucohydrolases, E.C.
3.2.1.21) are enzymes that hydrolyze the B-O-glycosidic bond at
the anomeric carbon of a nonreducing terminal p-glucosyl moiety
to release p-glucose from glycosides and oligosaccharides. These
enzymes are found in essentially all living organisms and have
been implicated in a diversity of roles, such as biomass conversion
in microorganisms [1] and activation of defense compounds [2,3],
phytohormones [4,5], lignin precursors [6], aromatic volatiles [7],
and metabolic intermediates [8] by releasing glucose blocking
groups from their inactive glucosides in plants. To achieve specific-
ity for these various functions, different p-glucosidases must bind
to distinct aglycones with a wide variety of structures, in addition
to the glucose of the substrate.

* Corresponding author. Address: Institute of Science, Suranaree University of
Technology, 111 University Avenue, Nakhon Ratchasima 30000, Thailand. Fax: +66
44 224185.

E-mail address: cairns@sut.ac.th (J.R. Ketudat Cairns).

! Present address: Research Faculty of Agriculture, Hokkaido University, Kita-ku,

Sapporo 062-8555, Japan.

0003-9861/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.abb.2013.06.005

B-Glucosidases have been classified into glycoside hydrolase
(GH)? families GH1, GH3, GH5, GH9, GH30, and GH116, based on
their amino acid sequences and structural similarity, while other
B-glucosidases remain to be classified [9-12]. Most characterized
plant B-glucosidases belong to GH1, which falls in GH Clan A, as
do GH5 and GH30. GH Clan A enzymes have (B/a)g-barrel structures
with catalytic acid/base and nucleophile on the ends of strands 4 and
7 of the barrel, respectively. The mechanism by which GH1 enzymes
recognize and hydrolyze substrates with different specificities re-
mains an area of intense study.

Among B-glucosidase functions in plants, the function of phyto-
hormone activation has attracted many peoples’ interest. Phyto-
hormone glucosyl conjugates are ubiquitous in plants, including
those of gibberellic acids (GAs), abscisic acid (ABA), cytokinins,

2 Abbreviations used: A4os, absorbance at 405 nm; ABA, abscisic acid; ABA-GE, ABA
B-p-glucosyl ester; API-ES, atmospheric pressure ionization-electrospray; DAD, diode
array detector; DMSO, dimethyl sulfoxide; DNP2FG, 2,4-dinitrophenyl-2-deoxy-2-
fluoro-B-p-glucopyranoside; EtOAc, ethyl acetate; GA, gibberellic acid(s); GA4-GE,
gibberellin A4 B-p-glucosyl ester; G2F, 2-deoxy-2-fluoroglucoside; GH, glycoside
hydrolase; IAA, indole acetic acid; IAA-GE, IAA B-p-glucosyl ester; IMAC, immobilized
metal affinity chromatography; MeOH, Methanol; MES, 2-(N-morpholino)ethanesul-
fonic acid; NaOAc, sodium acetate; PEG5000MME, polyethylene glycol 5000 mono-
methyl ester; pNPG, p-nitrophenol; pNPGlc, p-nitrophenyl p-p-glucopyranoside; TEV,
tobacco etch virus (protease).
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auxins, and jasmonic acid derivatives, and B-glucosidases that
hydrolyze these conjugates have been found in plants [4,13-20].

ABA and the auxin indole-3-acetic acid (IAA) have both been
found as inactive 1-0O-acyl glucose esters in plants. ABA is critical
for plant growth, development, and adaptation to various stress
conditions. Plants have to adjust ABA levels constantly to respond
to changing physiological and environmental conditions [14]. Ab-
scisic acid glucose ester (ABA-GE) is a biologically inactive form
that constitutes a reserve form of ABA. Two Arabidopsis B-glucosi-
dase (AtBG1 and AtBG2) were found to hydrolyze ABA-GE to form
free ABA and to be essential to proper response to drought stress
and delay in seed germination, despite the fact that other ABA-
GE hydrolyzing enzymes were detected [14,17]. IAA glucosyl ester
(IAA-GE) is also an inactive, stored form that can also be hydro-
lyzed by IAA-glucose hydrolase to release active IAA [15].

Both 1-O-acyl glucosyl esters and glucosides of GAs are found in
plants. GAs promote germination, shoot elongation, and flower
development, among their many functions [21]. It has been sug-
gested that GA glucosyl esters are deactivated GAs that can be enzy-
matically reconverted to active GAs, thus serving as a reserve form of
biologically active GAs [22]. After ['3C]GA,o-B-D-glucosyl ester was
injected into light-grown maize seedlings, the metabolites,
[13C]GA20, [13C]GA29, [13C]GA20—13—O—glucoside, [13C]GA29—2—O—g1U—
coside, ['>C]GAg and ['3C]GAg-2-0-glucoside were identified in the
extracts of the seedlings made 24 h after the injection [23]. This
showed that the endogenous hydrolysis of the introduced conjugate
and its reconjugation led to the three new glucosides. In rice,
[®H]GA:, [PH]GA,, [>H]GAs4, the glucosides of [*H]GA,, [*H]GA.,
[3H]GAg and [?H]GAs4, and the glucosyl ester of [*H]GA, (GA4-GE)
have been found after application of [°’H]GA4 to cell suspension cul-
tures of Oryza sativa cv. nipponbare [24].

B-Glucosidases have been proposed to hydrolyze the GA conju-
gates to active GAs, but the molecular identification of these en-
zymes and investigation of their modes of action have yet to be
reported. Schliemann [13] reported that pB-glucosidases extracted
from mature rice seeds and seedlings have different hydrolytic
activities toward GAg-2-0-glucoside, GA3-3-0-glucoside and 1-0O-
GAs-glucosyl ester, but he did not purify and characterize the B-
glucosidases. Furthermore, the substrate specificity of B-glucosi-
dase to GA conjugates and how B-glucosidase binds to GA conju-
gates has yet to be reported. In this study, we identified a rice
GA4-GE B-p-glucosidase and characterized its mechanism of glu-
cosyl ester hydrolysis by comparing hydrolysis and transglycosy-
lation activities of wild type and acid/base mutant enzymes with
GA4-GE. To better understand the ester-enzyme interaction, struc-
tures of mutant enzymes soaked with GA4-GE and pNPGlc were
also determined.

Materials and methods
Synthesis of GA4-GE

GA4-GE was synthesized from GA4 (Jiangsu Fengyuan Bioengi-
neering Co.Ltd, P.R. China) following the method of Hiraga, et al.
[25]. The acetylated and deacetylated GA4-GE were obtained with
43.7% and 40.5% yields, respectively. The synthesized acetylated
and deacetylated GA4-GE structures were confirmed by NMR spec-
tra on a 300 MHz NMR spectrometer with a Varian 300 ID/PFG
probe at a frequency of 299.986 MHz (Unity INOVA, Varian, USA).
Deuterated chloroform (CDCl3) and dimethyl sulfoxide-dg
(DMSO-dg) were used as solvents for acetylated and deacetylated
GA4-GE, respectively. The '"H NMR was consistent with the pub-
lished data for GA4-GE [25].

The identity of the deacetylated GA4-GE was also confirmed
from its mass spectrum (data not shown). In the positive mode,

we detected [M+Na]" at m/z 517.1, [M+H-H,0]" at m/z 477.2,
and [M+H-GIc]" at m/z 315.5.

Expression of rice GH1 enzymes to screen for GA4-GE hydrolysis

Five GH1 enzymes that have been expressed in our laboratory,
0s3BGlu6 [26], 0s3BGlu7 [27], 0s4BGlu12 [28], 0s4BGlu18 (S. Bai-
ya et al., unpublished) and 0s9BGIu31 [29] were expressed as N-
terminal thioredoxin fusion proteins in Escherichia coli and purified
by immobilized metal affinity chromatography, as previously de-
scribed. The purified fusion proteins were tested for the hydrolysis
activity to pNPGlc and GA4-GE according to the method described
below.

Site-directed mutagenesis of Os3BGIu6

Mutagenesis of the pET32/0s3BGlu6 expression vector [26] to
create the Os3BGIu6E178A, 0s3BGIu6E178Q, 0Os3BGIu6E394D
and Os3BGIu6E394Q mutations was performed with the Quik-
Change® Site-Directed Mutagenesis Kit (Stratagene, Agilent Corp.,
La Jolla, CA, USA) according to the supplier’s instructions. The fol-
lowing oligonucleotides were used for mutagenesis: for E178A,
5'GATCACGCTCAACGCGCCGCACACGGTG3' and its reverse comple-
ment; for E178Q, 5'GGATCACGCTCAACCAACCGCACACGGTGGC3'
and its reverse complement; for E394D, 5'CCAGTGTACATCACTG
ATAACGGGATGGATGACAGC3’ and its reverse complement; and
for E394Q, 5'CCACCAGTGTACATCACTCAGAACGGGATGGATGA-
CAGC3' and its reverse complement. The cDNA were confirmed
to include the desired mutations and be free of additional muta-
tions by automated DNA sequencing (Macrogen Corp., Rep. of
Korea).

Recombinant expression and purification of the mutants of Os3BGlu6

The wild type rice Os3BGlu6 and its mutants M251N, E178Q,
E178A, E394D and E394Q were expressed in E. coli strain Origami
(DE3) as fusion proteins with N-terminal thioredoxin and Hisg tags
as described previously for Os3BGlu6 [26]. The crude proteins were
first purified by immobilized metal (Co?*) affinity chromatography
(IMAC). The N-terminal thioredoxin, Hisg and S tags were then ex-
cised with TEV protease, and removed with a second IMAC column
purification. Protein concentrations were estimated by the Brad-
ford protein assay (Bio-Rad) with bovine serum albumin as the
standard. The values from this assay were in the good agreement
with those obtained from the 280 nm absorbance with the calcu-
lated extinction coefficient.

Determination of pH optimum for Os3BGlu6 and its mutants

The optimum pH of Os3BGlu6 and Os3BGlu6 M251N hydrolysis
of pNPGIc were determined by incubating 1 pg of enzyme with
2 mM pNPGlc in 80 pl of 100 mM universal buffer (citric acid-diso-
dium hydrogen phosphate), pH 2.0-11.0 in 0.5-pH-unit incre-
ments, at 30 °C for 10 min. The reactions were stopped by adding
100 pl of 2M sodium carbonate. The released p-nitrophenol
(pNP) was quantified by measuring the absorbance at 405 nm
(Ag05) with a microplate reader (Thermo Labsystems, Finland)
and comparing it to that of a pNP standard curve.

The optimum pH of 0s3BGlu6 and its mutants M251N, E178Q
and E178A for hydrolysis of GA4-GE were determined by incubat-
ing 1 ng of Os3BGlu6 or Os3BGlu6 M251N, or 5.0 pg of E178Q or
E178A with 0.86 mM GA4-GE in 80 pl of 100 mM universal buffer,
pH 2.0-11.0 in 0.5-pH-unit increments, at 30° for 20 min. The reac-
tions were stopped by boiling 1 min and cooled on ice immedi-
ately. The released glucose was quantified with a glucose oxidase
assay [27].
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Measurement of wild type and mutant Os3BGlu6 activities for
hydrolysis of GA4~GE and pNPGlc

The activities of Os3BGlu6 wild type and mutants to hydrolyze
PNPGIc were measured as described for the pH optimum determi-
nation, but in 50 mM sodium acetate (NaOAc) buffer, pH 5.0. To
measure hydrolysis activities toward GA4-GE, Os3BGIlu6 wild type
and M251N mutant enzymes were incubated with GA4-GE in
50 mM NaOAc, pH 5.0, but 50 mM 2-(N-morpholino)ethanesulfo-
nic acid (MES) buffer was selected for the E178Q and E178A mu-
tants to avoid transglucosylation. For determination of kinetic
parameters, variable reaction times, enzyme amounts and sub-
strate concentrations were tested to obtain the initial velocities.
The K., and k., were calculated from nonlinear regression of
Michaelis-Menten plots with Grafit 5.0 software (Erithacus Soft-
ware, Horley, UK).

Identification of transglucosylation product with TLC, LC-MS and NMR

Transglucosylation reactions were studied for Os3BGlu6 wild
type, M251N, E178Q and E178A mutants. 2 mM pNPGlc, 5 mM
GA4-GE or 2,4-dinitrophenyl-2-deoxy-2-fluoro-p-p-glucopyrano-
side (DNP2FG) donor was reacted with 1.0 pug of enzymes in
50 mM MES buffer, pH 5; and 40 mM sodium azide or 0.96 mM
free GA4 was used as acceptor. At different times, 10 pl aliquots
of each reaction mix were removed, boiled 1 min, and kept on ice
for TLC analysis. Reactions without enzymes were used as controls.
Sample aliquots were spotted on TLC plates, which were developed
with EtOAc-MeOH-H,0 (7.5:2.5:1.0) or CHCI3-MeOH (7:3). The
products were detected by staining with 10% sulfuric acid in etha-
nol followed by charring.

The new transglucosylation products of E178Q and E178A were
analyzed by LC-MS. Samples were separated over a ZORBAX Eclipse
XDB-C18 column (4.6 x 150 mm, 5 pm, Agilent, USA) on an Agilent
1100 HPLC. A gradient of 0-80% MeOH in 0.05% formic acid was
run over 20 min at a flow rate of 0.8 ml/min. The ion peaks and
mass spectra were detected with an Agilent single quadrupole
MSD mass spectrometer with the atmospheric pressure ioniza-
tion-electro spray (API-ES) source in negative and positive ion
modes. The scan range was 100-1000 m/z, and the fragmentor
voltage was 70 V. The VCap was 3000 V for both positive and neg-
ative modes.

The transglucosylation product was collected from HPLC sepa-
rations and dried with a vacuum centrifuge. The product was dis-
solved in acetone-ds, and 'H NMR and gCOSY spectra were
collected with a 300 MHz NMR spectrometer (Unity INOVA, Varian,
USA).

Transglucosylation kinetics of the mutants of Os3BGlu6

The pH optima of E178Q and E178A for transglucosylation were
determined in 50 mM MES, pH 5.0-7.5, and 50 mM sodium ace-
tate, pH 4.0-6.0 in 0.5-pH-unit increments. Two micrograms of
E178Q or E178A were incubated with 2 mM GA,4-GE and 100 mM
sodium azide, in the different pH buffers at 30 °C for 30 min. The
reactions without sodium azide were used to measure hydrolysis
activities. The reactions were stopped by boiling 1 min and cooled
on ice immediately. The reaction mixes were centrifuged at
6000 rpm for 15 min and separated on LC-MS, as described in the
preceding section. The GA,4 released was detected with a diode ar-
ray detector (DAD) at 210 nm, and the amounts were calculated by
comparison of the peak areas to a GA4 standard curve.

The concentrations of donor GA4-GE and acceptor sodium azide
were varied to test their effects on transglucosylation kinetics. The
concentration of sodium azide was varied from 0 to 400 mM, while
the GA4-GE donor was fixed at 2 mM. The reactions were per-

formed in 50 mM MES, pH 5, at 30 °C for 20 min. The turnover rates
of GA4 release per minute per unit enzyme (Vy/Ey) were calculated
based on the GA4 peak area. For the reactions varying the concen-
trations of GA4-GE donor, sodium azide was fixed at 50, 100, 200
and 400 mM, and compared to reactions without sodium azide.

Crystallization of Os3BGlu6 E178Q

Purified Os3BGIlu6 E178Q and Os3BGlu6 E394D were concen-
trated to 5 mg/ml and crystallized by hanging drop vapor diffusion
with a precipitant of 13% polyethylene glycol 5000 monomethyl
ester (PEG5000MME), 0.1 M Bis/Tris, pH 6.5, for Os3BGlu6 E178Q
with pNPGIc and Os3BGlu6 E178Q with GA4-GE, and 17%
PEG5000MME, 0.1 M Bis/Tris, pH 6.5 for 0s3BGlu6 E394D with
GA4-GE. The crystals were approximately 0.5 x 0.1 x 0.1 mm in
size after growing 2 days. For cryo-protection, the crystals were
transferred to a solution consisting of 22% PEG5000MME, 0.2 M
Bis/Tris, pH 6.5, 18% (v/v) glycerol, which contained 10 mM GA4-
GE or pNPGlc.

X-ray diffraction data collection and processing

The data sets were collected at 100K in a nitrogen stream
(CryoJet; Oxford Instrument) on the PX 13B beamline at the Na-
tional Synchrotron Radiation Research Center, Hsinchu, Taiwan,
with a 1.0 A wavelength X-ray beam and an ADSC Quantum 315
CCD detector. All the diffraction images were indexed, integrated
and scaled with the HKL-2000 program [30]. The crystals of Os3B-
Glu6 E178Q soaked with GA4-GE and pNPGIc belonged to the
orthorhombic space group P2:2;2; and diffracted to 1.97 and
1.90 A resolutions, respectively. Unit cell parameters for Os3BGlu6
E178Q with GA4-GE were a=57.1, b=91.2, c=1114A4A,
o=p=7y=90° while those with pNPGlc were a=57.0, b=91.1,
c=111.2 A, a=p=7=90° and for Os3BGlu6 E394D_GA,-GE were
a=56.5 b=91.2, c=111.2 A, a=p=7=90° Data-collection and
processing statistics for the Os3BGlu6 E178Q complex structures
are presented in Table 1.

Structure refinement

The structures of Os3BGlu6 E178Q with GA4-GE or pNPGIc and
0s3BGlu6 E394D with GA4-GE were solved via rigid body refine-
ment with the wild type Os3BGlu6 structure (PDB: 3GNO) as a
template model. A subset of 5% of the structure factor amplitudes
was reserved for Rgee determination. Manual rebuilding of the
model was performed in Coot [31] and refinement with REFMAC5
[32]. The occupancy of the glucose and glycerol in the active site of
0s3BGlu6 E178Q with GA4-GE was refined by setting the occu-
pancy for the two moieties at values that added to 1.00 or less
and minimizing the positive and negative densities around the li-
gands in the weighted Fo-Fc map, Rg.e and B-values. The glucose
bound conformation of E394 (conformation A) was set at the same
occupancy as the glucose, while the sum of the occupancies of the
two E394 conformations was held at 1.00. The overall quality of
each model was evaluated with the program PROCHECK [33].
Additional structure determination and refinement statistics are
presented in Table 1. All the structure figures were drawn with Py-
MOL (Schrédinger, USA).

Results
GA4-GE hydrolysis by recombinantly expressed rice GH1 enzymes

GA4-GE, which has previously been reported in rice [24], was
synthesized and used to screen GH1 enzymes for GA4-GE hydroly-
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Table 1
Data-collection and structure-refinement statistics.

Dataset 0s3BGlu6 E178Q 0s3BGlu6 E178Q
PNPGlc GA4-GE
PDB code 3WBA 3WBE
Beamline BL13B1 BL13B1
Wavelength (A) 1.00 1.00
Space group P2:2:24 P2:2:24
Unit-cell parameters (A) a=57.0 a=57.1
b=91.1 b=91.2
c=111.2 c=1114
Resolution range (A) 30-1.90 30-1.97
Resolution outer shell(A) 1.97-1.90 2.04-1.97
No. Unique reflections 46370 41777
No. Observed reflections 297256 297549
Completeness (%) 99.3 (100) 99.9 (100)
Average redundancy per shell 6.5 (6.3) 7.1(7.2)
I/o (1) 28.9 (4.5) 23.3 (6.6)
R (merge) (%) 6.0 (41.0) 8.4 (27.6)
Reactor (%) 14.8 14.5
Rfree (%) 179 18.0
No. of residues in protein 478 478
No. Protein atoms 3917 3952
No. Ligand atoms 11 (Glc) 11 (Glc)
No. Other hetero atoms 36 (GOL) 36 (GOL)
No. waters 534 491
Mean B-factor 189 22.6
Protein 16.6 20.6
Ligand 12.1 111
Other hetero atoms 35.3 (GOL) 44.2 (GOL)
Waters 343 36.8
r.m.s. bond deviations (length) 0.013 0.013
r.m.s angle deviations (degrees) 1.290 1.264
Ramachandran plot
Residues in most favorable 88.9 88.6
regions (%)
Residues in additional allowed 10.7 109
regions (%)
Residues in generously allowed 0.5 0.5
regions (%)
Residues in disallowed regions 0.0 0.0

(%)

sis activity. Five rice GH1 enzymes that have been expressed in
E. coli were tested for the hydrolysis of pNPGlc and GA4-GE. As
shown in Table 2, Os3BGlu6 was found to have the highest hydro-
lysis activity to GA4-GE among these enzymes. Although Os9B-
Glu31 had a higher ratio of activity toward GA4-GE compared to
PNPGlc (0.27 vs. 0.07 for Os3BGlu6), it is primarily a transglycosi-
dase [29] and has low activity toward both substrates.

Hydrolysis activities of Os3BGlu6 and its mutants

Mutation of the putative catalytic acid/base and nucleophile
residues and aglycone-binding residue M251 had differential ef-
fects on pNPGIc and GA4-GE hydrolysis. The mutation of the Os3B-
Glu6 glutamate residue 178 to alanine (E178A) and glutamine
(E178Q) and glutamate residue 394 to aspartate (E394D) and glu-
tamine (E394Q) reduced the relative hydrolytic activity toward
pNPGIc to <1%, while the M251N mutant reduced this activity to
52% (Table 3). The relative activity of M251N was 88.9% for GA4-
GE, and the catalytic efficiency (kcat/Km) followed the same pattern
with decreases from 6.2 to 2.6 mM~! s~! for pNPGlc, and from 0.13
to 0.08 mM~! s~ ! for GA4-GE compared to its wild type. For GA4-
GE, E178A had 22.2% and E178Q 12.5% of the relative hydrolytic
activity of wild type 0s3BGlu6 with both K, and k... values lower
than wild type. In contrast, the E394Q and E394D mutants had <2%
wild type relative hydrolytic activity with GA4-GE, similar to that
with pNPGlc.

The 0s3BGIlu6 wild type and its M251N mutant were found to
have high pNPGlc hydrolysis activity between pH 4.0 to 5.0, with

the highest value at pH 4.5, while the activity dropped quickly
above pH 5.5 (Supplementary data Fig. S1A). With GA4-GE as sub-
strate, Os3BGlu6 wild type and M251N, E178Q and E178A mutants
all had highest hydrolytic activities at pH 4.5 (Supplementary data
Fig. S1B). The activities of Os3BGlu6 E178Q and E178A dropped
somewhat more slowly at pH above 6.0 compared to Os3BGlu6
wild type and M251N when hydrolyzing GA4-GE, with 50% maxi-
mal activities at approximately 6.5 and 6.0, respectively.

Identification of transglucosylation product with azide

Previously, we found that Os3BGlu6 had negligible transglyco-
sylation activity in reactions with alcohols, such as n-octyl alcohol,
despite its hydrolytic activity toward the corresponding glycosides
(S. Seshadri and J.R. Ketudat Cairns, unpublished). When we tested
0s3BGlu6 for the ability to transfer glucose to azide and GA,4 accep-
tors in MES buffer, it hydrolyzed pNPGlc to pNP and glucose, and
no transglucosylation products were observed. In contrast, the
acid/base mutants Os3BGlu6 E178Q and E178A produced transglu-
cosylation products with sodium azide and no significant hydroly-
sis products were detected in overnight reactions (Supplementary
data Fig. S2). However, when the E178Q mutant was used in an at-
tempt to generate GA4-GE by transglycosylation of GA4 acceptor
with pNPGlc donor, no transglycosylation product was detected
(data not shown). When GA4-GE was used as donor and sodium
azide as acceptor for Os3BGlu6 E178Q and E178A, a prominent
transglucosylation product and a smaller amount of glucose were
observed (Supplementary data Fig. S3).

The transglucosylation product of E178A with GA4-GE was
identified with LC-MS (Fig. 1). The peak of newly formed product
at retention time 3.69 min had the molecular mass consistent with
the 205.17 a.m.u mass of B-p-glucopyranosyl azide (1-azido-B-p-
glucoside) expected from the retaining mechanism of the B-gluco-
sidase [34]. Since formic acid (HCO,H) was used in the mobile
phase of LC-MS, its adduct ion [M+HCO,]~ was detected as the base
peak along with [M-H]™ and [M+Cl]~ peaks (Supplementary data
Fig. S4). The structure of the B-p-glucopyranosyl azide was also
confirmed from its '"H and gCOSY NMR spectra (data not shown).
The 'H spectrum peaks were assigned as: 84.53, H1, d,
J21=9.0Hz; 33.85, H6, dd, Jee=11.1Hz; 83.678, H6, dd,
Jse =4.8Hz, Jse = 11.1 Hz; 83.364-3.458, H3, H4, H5, m; 83.192,
H2, t, J;2 = Js2 = 9.0 Hz, which matched the published 'H NMR data
for pB-p-glucopyranosyl azide [35]. The coupling constant between
H1 and H2 of 9.0 Hz confirmed the B-bp-glucopyranosyl azide had
the “B” configuration.

Transglucosylation kinetics of the mutants of Os3BGlu6

The activity versus pH profiles for transglucosylation of azide
with GA4-GE donor were determined in sodium acetate and MES
buffers (Supplementary data Fig. S5). For the Os3BGlu6 E178Q mu-
tant, its optimum pH range was 5.0 to 6.0 in both buffers, slightly
higher than its optimum pH for hydrolysis of GA4-GE. The E178A
mutant also had highest transglucosylation activity at pH 5.0 in
the MES buffer, but was high at pH 4.0 in the sodium acetate. In
the sodium acetate buffer, the release of pNP from pNPGlc by
E178A was much higher than that in MES buffer, even without
azide in the system.

Fig. 2 shows that when the concentration of donor GA4-GE was
fixed at 2 mM, the turnover rates, Vy/Eo, of GA4 for Os3BGlu6 E178A
slowly increased with increasing concentrations of sodium azide
and reached its maximum at 400 mM sodium azide. However, for
0s3BGlu6 E178Q, the turnover rates of GA, decreased at higher
azide concentrations after reaching its maximum at 100 mM so-
dium azide. Since transglucosylation products were the main prod-
ucts and little glucose was evident when the azide acceptor was
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Table 2
GA4-GE hydrolysis by recombinantly expressed rice GH1 enzymes.
Enzyme Phylogenetic  Activity Activity Ratio of
cluster? toward GA4- toward pNPGlc  activity
GE (umol Glc  (pmol pNP toward
released/min/  released/min/ GA4-GE/
mg) mg) PNPGlc
Os3BGlu6  At/Os1 0.185 2.6 0.07
Os3BGlu7  At/Os4 0.02 4.0 0.005
(BGlu1)
0s4BGlu12  At/Os7 0.035 130 0.003
0s4BGlu18  At/Os5 N.D. 0.94 -
0s9BGlu31  At/Os6 0.02° 0.075" 0.27

N.D. means not detectable.

2 Phylogenetic clusters from the eight sequence-based GH1 phylogenetic clusters
shared by rice and Arabidopsis, as identified by Opassiri et al. [28].

b Activity is primarily transglycosylation, rather than hydrolysis [29].

present compared to when it was not, the parameters were calcu-
lated from the released GA, without subtracting hydrolysis. The
0s3BGlu6 E179Q and E179A mutants had similar kinetic parame-
ters for sodium azide in MES buffer, in the presence of 2 mM
GA4-GE with apparent K, of 3.71x047 mM, kg of
0.48 +0.01 57! and keae/Km of 0.13 mM~! s~! for E178Q, and K, of
3.1 £0.5 mM, ke, of 0.204 +0.006 s, and kca/K, of 0.066 mM~! -
s~ ! for E178A.

The effects of the concentration of sodium azide on the trans-
glucosylation kinetics were further studied by measuring k.,; and
Ky, for GA4-GE at 50, 100, 200 and 400 mM sodium azide (Table 4).
For Os3BGlu6 E178Q, the K, for GA4-GE was >18-fold higher and
keat at least 27-fold higher than that without sodium azide at all
concentrations tested and both the K, and k., increased with
azide concentration, while the k.,/K;, of GA4-GE was highest at
051 mM~'s7! in 100 mM sodium azide and decreased to 0.41
and 0.29 when the concentration of sodium azide was increased
to 200 and 400 mM, respectively. For Os3BGlu6 E178A, the K,
was 3-fold higher and k., 15-fold higher with 200 mM sodium
azide compared to without sodium azide, while the k.,/K;, of
GA4-GE was the same at 200 mM and 400 mM sodium azide.

Structure of Os3BGIu6E178Q soaked with either GA4~-GE or pNPGIc

When the Os3BGIlu6 E178Q (acid/base) mutant was soaked with
GA4-GE, electron density for a glucosyl residue covalently bound to
the catalytic nucleophile was seen, rather than a GA4-GE molecule.
However, when the glucosyl residue was built into the density, a
patch of positive density protruded in the axial position from glu-
cose carbon 4 and another positive density patch corresponded to
the position of the E394 sidechain in the apo Os3BGlu6 structure
(PDB: 3GNO). When the two sidechain positions and glucosyl moi-
ety were set at 50% occupancy, a positive density defining a glyc-
erol molecule was observed at positions overlapping the glucosyl
C2, 02, C3, 03 and C4, but pointing away from O4. Thus, the glu-
cose was present with partial occupancy, with a glycerol molecule
from the solvent sharing the same positions as glucose carbons 2, 3
and 4 (PDB: 3WBE; Figs. 3B and 4B). The catalytic nucleophile was
found in both the position previously seen for the covalent com-
plex of Os3BGlu6 with 2-deoxy-2-fluoroglucoside (G2F) and that
found in the apo enzyme (Figs. 3B, 4B, and 5C) [26]. Another crystal
soaked in 2 mM pNPGlIc also showed a covalently bound a-p-gluco-
syl residue, but with high occupancy (PDB: 3WBA; Figs. 3A and
4A). Since the structure appeared the same, but the ligand density
was clearer in the pNPGlc structure (Fig. 4A), this structure best
represents the covalent complex of the Os3BGlu6 E178Q mutant
with an unmodified glucosyl residue. In both structures, the pro-
tein structure was well defined from G11 to T488, except for the

loop of residues 331 to 337, which was poorly defined by the elec-
tron density, as was the N-terminus (similar to the previously re-
ported wild type structure). Soaking of Os3BGlu6 E394D crystals
with GA4-GE resulted in electron density in both the glycone and
aglycone subsites, but the occupancy was too low and the ligand
density too poorly defined to build a reliable GA4-GE complex
structure.

In the covalent intermediate structure, the anomeric carbon of
glucose is covalently bonded with Og1 of E394 at a distance of
1.3 A (Figs. 3A and 4A). The noncovalent interactions between
the surrounding amino acids and the hydroxyls of the glucose ring,
which took a C; chair conformation in the —1 subsite, included ten
hydrogen bonds. The 02 atom of glucose forms hydrogen bonds
with H132Ne2 (3.30A), N177 Oel (3.01A) and Q178Ne2
(2.99 A), while 03 of glucose hydrogen bonds with Q31 Ogl
(2.66 A) and W452Ne1 (2.85A). The glucosyl 04 is hydrogen
bonded to Q31Ne2 (2.91 A) and E451 Og1 (2.61 A), and 05 of glu-
cose forms a hydrogen bond with Y321 (2.70 A), while 06 forms a
hydrogen bond with Og2 of the same residue (2.60 A). A water
molecule (Water52) is also hydrogen bonded to 02 of glucose
(2.80 A) and E394 Os1 (2.98 A) (Fig 4A). A glycerol molecule was
observed in the active site of this Os3BGlu6 E178Q structure in
two conformations in the +1 subsite.

Discussion
Hydrolysis of GA4~GE by Os3BGlu6 and its mutants

Thirty-four GH1 genes encoding potentially active rice B-gluco-
sidases have been reported, and these were broken into eight se-
quence-based phylogenetic clusters that were shared between
rice and Arabidopsis thaliana [28]. The five rice GH1 enzymes tested
each represented a different phylogenetic cluster, from which we
have been able to express active enzymes. Four of the tested en-
zymes had the ability to free GA4 from GA4-GE, and could poten-
tially contribute to this release in planta. Although it also
hydrolyzes p-1,2- and B-1,3-linked gluco-disaccharides and octyl-
B-p-glucoside with high activity and may play other roles in planta
[26], Os3BGlu6 had the highest activity toward GA4-GE and was
chosen to characterize the hydrolysis of the glucosyl ester.

Although much characterization has been done of the kinetics
of hydrolysis of alkyl and aryl glycosides and oligosaccharides by
B-p-glucosidases and their catalytic acid/base and nucleophile mu-
tants [34-37], little description of the kinetics of glucosyl ester
hydrolysis is available in the literature. Kiso et al. [38] compared
the activities of 3 bacterial, 2 fungal and almond B-glucosidases
for hydrolysis of 1-O-(p-hydroxybenzyoyl) B-p-glucose (pHBGIc),
and found that Caldocellum saccharolyticum B-glucosidase had the
highest activity of the commercial enzymes tested with 21% activ-
ity for pHBGIc relative to pNPGIc. Almond was reported to have ap-
prox. 5% relative activity for pHBGlc, somewhat less than the 7% of
0s3BGlu6 for GA4-GE compared to pNPGlc. In contrast to Caldocel-
lum saccharolyticum and almond B-glucosidase, which had similar
Vmax for pNPGlc and pHBA but nearly 10-fold and 15-fold higher
Ky, for pHBA, respectively [39], 0s3BGlu6 had similar K, values
for pNPGIc and GA4-GE, but a 26-fold lower apparent k. for
GA4-GE relative to pNPGlc. Although the large aglycone of the
GA4-GE is not strictly comparable to that of pNPGlIc, it shows that,
in the case of Os3BGlu6, the rate of the hydrolysis and not the
binding step is the distinguishing feature of the ester compare to
the glucoside.

It might be expected that the relatively low pK, of the leaving
group would make the glucosyl ester relatively insensitive to the
presence of a catalytic acid for the initial glycosylation step (the
GA4 pK, is 4.3, compared to 7.2 for pNPGlIc), similar to 2,4-dinitro-
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Table 3

Hydrolysis activities of Os3BGlu6 and its mutants.
Enzyme PNPGlc GA4-GE

Relative activity (%)  Kmn (MM)  Kkeae (s71) keat/Km (MM~'s71)  Relative activity (%) Ky (mM) Keat (s1) keat/Km (MM~ 1s71)

0s3BGlu6 100 6.3+04" 389+09" 6.2° 100 5.8+0.6 0.75 +£0.04 0.13
0s3BGlu6-M251N  51.6 6.5+0.7 154+0.9 2.6 88.9 146+£2.0 1.2+0.1 0.08
0s3BGlu6-E178Q 0.3 n.m. n.m. n.m. 12.5 0.09 £ 0.01 0.03 £ 0.001 0.33
0s3BGlu6-E178A 0.7 n.m. n.m. n.m. 22.2 3.7+04 0.09+0.005 0.03
0s3BGlu6- E394D 0.9 n.m. n.m. n.m. 14 n.m. n.m. n.m.
0s3BGlu6-E394Q 0.8 n.m. n.m. n.m. 0.6 n.m. n.m. n.m.

n.m.: not measured.

For the relative activity with pNPGlc, 0.5 pig of Os3BGlu6 wild type or M251 N, or 3 pg of E178A, E178Q, E394D or E394Q was incubating with 4 mM pNPGlc in NaOAc, pH 4.5
(final volume 50 pl) at 30 °C for 10 min. For the relative activity with GA4-GE, 1.0 pug of Os3BGlu6 wild type or M251 N, or 3 pg of E178A, E178Q, E394D or E394Q was
incubated with 1.7 mM GA4-GE in NaOAc, pH 4.5 (final volume was 50 pl), at 30 °C for 20 min. The relative activities were calculated based on A4ps and the amount of the
enzymes. For determination of the kinetic parameters, 50 mM NaOAc buffer was used for Os3BGlu6 wild type and M251 N, for both substrates, but 50 mM MES buffer was

selected for the E178Q and E178A mutants.
@ Data from Seshadri et al. (2009).

phenyl glycosides [34,41], but other influences of having the ester
bond in apposition to the glycosidic bond are not so clear. The
0s3BGlu6 wild type had an optimum pH for hydrolysis of both
PNPGIc and GA4-GE at pH 4.5, indicating that the low pK; of the
leaving group carboxylate did not affect the pH optima. Although
the Os3BGlu6 E178Q and E178A mutants had low activities toward
PNPGIc, their GA4-GE hydrolysis activities were significant and
dropped slowly above pH 6.0, compared to wild type Os3BGlu6,
consistent with their designations as catalytic acid/base mutants.
The pH dependence of enzymatic reactions is generally considered
to reflect ionizations of acid/base groups involved in catalysis
[39,40]. The Os3BGlu6 E178Q and E178A mutants lack the ioniz-
able group to donate a proton in the glycosylation step or extract
a proton in the deglycosylation step, resulting in lower pH depen-
dence at high pH.

In contrast to the Agrobacterium and rice Os3BGlu7 B-glucosi-
dases [37,41], the acid/base glutamate to alanine (E178A) mutant
was more active than the acid/base to glutamine mutant
(E178Q). This was evidently due to the buildup of an intermediate
on the enzyme, since both the K, and k¢,; dropped dramatically in
the E178Q mutant. The X-ray crystallographic structure (Fig. 3)
indicated this intermediate was the covalent intermediate formed
in the glycosylation half reaction (Fig. 5). The glutamine sidechain
can provide a hydrogen bond to stabilize the leaving group in gly-
cosylation and acceptor in deglycosylation of the enzyme, giving it

higher activity [42], but it evidently could not facilitate water as an
acceptor in Os3BGlu6. Without E178, the low pK, of GA,4 allows it
to be released in the glycosylation step without general acid-assis-
tance more effectively than pNPGlc, for which glycosylation ap-
peared to be the rate-limiting step. The lack of deprotonation of
the water molecule in the deglycosylation step makes Os3BGlu6
E178A and 0s3BGIlu6 E78Q relatively effective at transglycosyla-
tion with GA4-GE donor compared to their wild type.

When the structure of wild type Os3BGlu6 was resolved by X-
ray crystallography, the M251 residue was suggested to block
binding of straight cellooligosaccharides in the active site cleft
[26]. The mutation of M251 to asparagine resulted in 9 to 24-fold
increases hydrolysis efficiency for oligosaccharides in Os3BGlu6
M251N compared to wild type [43]. So, it was of interest to see
whether this mutation would affect the hydrolysis of less polar
substrates like pNPGIc and GA4-GE as well. The catalytic efficien-
cies (Kcat/Km) for M251N were reduced 2.4-fold for pNPGlc, and
1.6-fold for GA4-GE compared to wild type. The Ky, to pNPGlc for
both 0s3BGlu6 and Os3BGlu6 M251N is almost the same, and
the smaller k¢,; of 0s3BGlu6 M251N is the main cause for its lower
kea/Km compared to the wild type. In contrast, for GA4-GE, the
higher K, for 0s3BGlu6 M251N is the main reason for its lower
keat/Kim compared to the wild type, suggesting that the larger agly-
cone of GA4-GE may interact with residue M251, which may stabi-
lize binding of large hydrophobic aglycones.

Fig. 1. The LC-MS chromatogram of the transglucosylation reaction of Os3BGlu6 E178A with GA4-GE as donor and sodium azide as acceptor. The reaction components were
separated by C18 reverse phase HPLC, as described in the methods. The detector was an Agilent MSD single quadrupole mass spectrometer with API-ES source in negative ion

mode, with a scan range of 50-800 m/z.
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Fig. 2. Rates of transglucosylation of azide acceptor with GA4-GE donor by the Os3BGlu6 E178A and E178Q acid/base mutants. The concentrations of sodium azide acceptor
were varied from 0 to 400 mM, while donor GA4-GE was fixed at 2 mM. The reactions were performed in 50 mM MES, pH 5, at 30 °C for 20 min. The turnover rates Vo/Eq of
GA4 (umole of GA, release per minute per pmole of enzyme) were calculated based on the area of GA4 HPLC peaks. The total area of GA4 was used without subtracting the
hydrolysis reaction.

Table 4 GE to produce B-p-glucosyl azide, as shown schematically in
Transglucosylation kinetics of Os3BGlu6 E178Q and Os3BGlu6 E178A for GA4-GE Fig. 5. In this case, Os3BGlu6 E178Q had higher activity than
donor at various fixed concentrations of sodium azide acceptor. E178A. For the Os3BGlu6 E178A, the GA, releasing activity in so-
Enzyme Sodium azide Ky (mM) ke (s71) keat/Km dium acetate was much higher than that in MES buffer, even with-
(mM) (mM~'s™) out azide in the system, indicating that acetate may also act as a
0s3BGlu6 0 0.09+0.01 0.03+0.001 0.33 nucleophile and/or substitute acid/base to rescue the activity, as
E178Q 50 1.64£0.15 0.81:0.04 049 was seen in the work of Wang et al. [35].

100 1.69£013 086£004 051 The transglucosylation turnover rate, Vo/Eqg, of GA4 increased

200 2.07+031 0.8410.08 041 L - . .
400 397+065 116014 029 very significantly as the concentration of azide was increased.
0s3BGlu6 0 37404 0.09+0.005 0.03 The rate increase with increasing concentration of azide was also
E178A 200 116 1.39 0.12 observed by Wang et al. [35]. They concluded that addition of azide
400 13.36 1.56 0.12 as a competitive nucleophile increased k., values 100-300 fold for
The transglucosylation rates were calculated from the released GA,4 without sub- substrates for which the rate-limiting step is deglycosylation, such
tracting hydrolysis product. as GA4-GE with 0s3BGlu6 E178Q and Os3BGlu6 E178A. As the con-

centration of azide is increased, the rate of deglycosylation in-

Transglucosylation activities of Os3BGIu6E178Q and Os3BGIu6E178A creases, until glycosylation becomes rate determining. The build-
up at the E178Q covalent intermediate was released by reaction

When azide was included in the reaction, both Os3BGlu6 E178A with the. azide, Wh.iCh was apparently facilitated by int.eraction of
and E178Q could catalyze transglycosylation reactions from GA,- Q178 with the azide. Although the K, values for azide for the

Fig. 3. The electron density map (Omit F,ps — Feaic contoured at 3¢) of glycosyl-enzyme intermediate of the Os3BGlu6 E178Q with pNPGIc (A) and GA4-GE (B). (A) The glucose
of Os3BGlu6 E178Q soaked with pNPGlc are represented by balls and sticks with carbon in yellow for glucose. The nucleophile residue (E394) is represented by sticks with
carbon in gray, oxygen in red and nitrogen in dark blue. (B) The mixed structures of apo Os3BGlu6 E178Q and Os3BGlu6 E178Q covalently bound to Glc from GA4-GE was
modeled with two conformations of E394 and glucose and glycerol occupying the same position, by refining the occupancy to 0.5 for glucose and glycerol and each of the
E394 conformations. The glucose and glycerol are shown in ball and stick representation with carbon in cyan for glucose and in green for glycerol. The nucleophile residue
(E394) is represented as sticks with carbon in gray, oxygen in red and nitrogen in dark blue. (C) A top view of the glucosyl ring and the overlapping glycerol electron density
for Os3BGlu6 E178Q with GA4-GE shown in B to clarity the different positions of the glucosyl 4-OH and glycerol 3-OH. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Binding of glucose in the active site of 0s3BGlu6 E178. A and B, Stereo view of protein-ligand interaction in the active site of the Os3BGlu6 E178Q soaked with pNPGlc
and with GA4-GE, respectively. The amino acids surrounding the —1 subsite are represented as sticks with carbon in gray, nitrogen in dark blue and oxygen in red. The
covalent glucosyl moiety is represented as balls and sticks with carbon in yellow for Os3BGlu6 E178Q soaked with pNPGlc and in cyan for Os3BGlu6 E178Q soaked with GA4-
GE, and oxygen in red. The two glycerols in both complex structures are represented as balls and sticks with carbon in green and oxygen in red. Hydrogen bonding
interactions of glucose and glycerol with amino acid residues are shown as black dotted lines.

two mutants were similar, the k.,/Ky, values for sodium azide as
acceptor with 2 mM GA4-GE donor of 0.13 mM~' s~ for Os3BGlu6
E178Q and 0.066 mM~! s~! for Os3BGlu6 E178A indicate that the
polar glutamine at residue 178 in Os3BGlu6 E178Q supports trans-
glycosylation by azide better than the nonpolar alanine residue in
0Os3BGlu6 E178A. A stronger interaction with the azide in the
0s3BGlu6 E178Q mutant is also supported by the fact that it is
inhibited by high concentrations of azide, while the E178A mutant
is not.

Structures of Os3BGlu6 covalent intermediate complexes

Although we intended to obtain a noncovalent GA4-GE complex
with an Os3BGlu6 mutant, the high reactivity of this substrate re-
sulted in poor density in the E394D nucleophile mutant active site
and the covalent glucosyl-enzyme intermediate in the E178Q acid/
base mutant. Fig. 6 shows that the positions and interactions made
by amino acid residues surrounding the native glucosyl moiety in
the active site of Os3BGlu6 E178Q with glucose from GA4-GE

Fig. 5. Schematic of the hydrolysis and transglycosylation reactions catalyzed by Os3BGlu6 and its acid/base mutants with GA4-GE. The first step, glycosylation, is allowed to
proceed without acidic assistance to release the GA4, due to its low pK,. The covalent intermediate, seen in the crystal structures, builds up in the acid/base mutants E178A
and E178Q, but the presence of a small nucleophile (Nu~) such as azide promotes deglycosylation of the mutant enzymes by transglycosylation. In contrast, the wild type

0s3BGlu6 only appears to catalyze hydrolysis.
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Fig. 6. Comparison of the active site region of Os3BGlu6 bound with G2F (A) and those of the structures of Os3BGlu6 E178Q soaked with pNPGIc (B) and Os3BGlu6 E178Q
soaked with GA4-GE (C). The G2F and glucosyl moieties are represented as balls and sticks with carbon in pink for G2F, in yellow for Os3BGlu6 E178Q soaked with pNPGlc and
cyan for Os3BGlu6 E178Q soaked with GA4-GE, oxygen in red and fluorine in pale cyan. The amino acid residues surrounding the ligands are represented by sticks with
carbons in gray, nitrogens in dark blue and oxygens in red for all three structures. (D) Superpositioin of the three structures in (A-C), showing the nucleophile residues
covalently bound to the glucosyl moiety at the —1 subsite of the Os3BGIu6E178Q structures soaked with pNPGIc (yellow carbons) and GA4-GE_(cyan carbons) and to the G2F
moiety in Os3BGlu6 (3GNP, pink carbons). The unbound position of the nucleophile is represented by the alternative conformation of Os3BGlu6 E178Q soaked with GA4-GE.

The molecules are represented as in (A-C), except for the protein carbon colors.

(PDB: 3WBE) or pNPGIc (PDB: WBA) were similar to those interact-
ing with the 2-deoxyl-2-fluroglucopyranoside residue (G2F) in the
structure of wild type Os3BGlu6 with G2F (3GNR). In the structure
of Os3BGlu6/G2F complex [26], the density of the 2-deoxy-2-flu-
oroglucosyl residue matched a relaxed “C; chair conformation, as
did the glucosyl moiety in the Os3BGlu6 E178Q covalent interme-
diate structure (Fig 6D). The distance between the anomeric carbon
of glucose and the Glu394 nucleophile residue of Os3BGlu6 E178Q
was also similar to that in the G2F covalent complex (1.3 A). A
water molecule was observed between the 2-OH of glucose or fluo-
rine atom of G2F and N177 and E394 in the Os3BGIu6 E178Q/Glc
and Os3BGlu6/G2F structures. A water molecule in this position
has been shown to be critical for the hydrolysis and glycosynthase
reactions of Os3BGlu7 [43]. The hydrogen bonding pattern be-
tween glucosyl residues at the —1 subsite of the Os3BGlu6
E178Q/Glc covalent complex structure is similar when compared
to that of the Os3BGlu6/G2F complex (Fig. 6A, B and C). The aver-
age distances between the 2-OH of the glucose and 2-fluorine of
G2F moieties and polar atoms of the surrounding amino acid resi-
dues are similar (Fig 6A-D).

Many structures of GH1 glycosyl-enzyme intermediates with a
2-deoxy-2-fluoroglucosyl (G2F) moiety bound to the nucleophilic
residue have been reported, including one for Os3BGlu6 (PDB code
3GNR) [26,44-49]. These GH1 glycosyl-enzyme intermediates used
2,4-dinitrophenyl 2-deoxy-2-fluoroglucoside, with which the sub-
stitution of an electronegative fluorine atom for a hydroxyl group
adjacent to the reaction center at C-2 destabilizes the transition
states and decreases the rates of both glycosylation and deglycosy-

lation [50]. The human cytosolic B-glucosidase acid/base mutant
glucose complex (2Z0X) is the only previously reported GH1 struc-
ture with the nucleophile covalently bound to native glucose [51].
The hydrogen bonding pattern between G2F molecule and the en-
zyme at the —1 subsite is conserved in other reported GH1 cova-
lent intermediates, but this pattern lacks the hydrogen bonds for
which the 2-OH is the proton donor seen in human cytosolic B-glu-
cosidase and Os3BGlu6 E178Q covalent glucoside complex struc-
tures. In general, the reports of G2F complexes do not report
hydrogen bonds to the 2-F group, but the conservation of the water
in proximity to the fluorine in these complexes supports the idea
that the fluorine may accept a hydrogen bond from the water
and other nearby hydrogen donors. On the other hand, the loss
of possible hydrogen bonds from the 2-OH to 03 of N177 and
0¢2 of E394 in 0s3BGlu6, which are seen in the native glucosyl-en-
zyme intermediates (Fig. 6), may result in a further loss of stabil-
ization of the transition state in the 2-F-glucoside reaction [51].

Conclusion

This work identified Os3BGlu6 as a B-glucosidase with rela-
tively high activity to hydrolyze GA4-GE. Comparison of the activ-
ity of Os3BGlu6 and its acid/base mutants, E178Q and E178A, for
hydrolysis of pNPGlc and GA4-GE suggested that hydrolysis of es-
ters and glycosides is similar and the low pKj, of the carboxyl leav-
ing group is what differentiates it, although the rate of the wild
type enzyme is much slower with the ester. Despite the
observation of little or no transglucosylation activity for wild type
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0s3BGlu6, its acid/base mutants were still rescued by azide trans-
glycosylation to form B-p-glucosyl azide. The covalent intermedi-
ate of 0s3BGlu6 E178Q with unmodified o-p-glucoside was
observed with either pNPGlc or GA4-GE donor substrate, support-
ing the covalent double displacement mechanism for this enzyme
with either glycoside or glycosyl ester substrates.
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Synopsis

The structures of rice Os7BGIlu26 -D-mannosidase, its product complex with 3-D-mannose,
and Os7BGIlu26 computationally docked with 4-nitrophenyl 3-D-mannoside suggest that the

D-mannose pyranose ring makes a conformational transition from °S, skew boat to By s boat

to 'S5 skew boat during deglycosylation of the enzyme in hydrolysis. These structures led to

the hypothesis that residues interacting with the catalytic acid/base play a role in determining
B-D-mannosidase activity, which was supported by site-directed mutagenesis and kinetic

analysis.
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Abstract

Rice Os7BGIlu26 is a family GH1 glycoside hydrolase with a 3-fold higher k./K, value for 4-
nitrophenyl B-D-mannoside (4NPMan) than for 4-nitrophenyl 3-D-glucoside (4NPGlc). To
investigate selectivity for B-D-mannoside and 3-D-glucoside substrates, we elucidated the structure of
apo Os7BGlu26 at a resolution of 2.20 A and one of Os7BGlu26 with mannose at a resolution of 2.45
A from isomorphous crystals in the P2,2,2; space group. The (B/a.)s barrel structure is similar to
other GH1 family structures, but with a narrower active site cleft. The Os7BGIlu26 structure with D-
mannose corresponds to a product complex, with B-D-mannose in the *Ss skew boat conformation.
Docking of the 15, 1S, 280, and 3s; pyranose ring conformations of 4ANPMan and 4NPGlc
substrates into the active site of Os7BGIlu26 indicated lowest energies in 155 and 183 skew boat
conformations. Comparison of these docked conformers with other rice GH1 structures revealed
differences in the residues interacting with the catalytic acid/base between enzymes with and without
-D-mannosidase activities. Mutation of Tyr134 to Trp in Os7BGIlu26 resulted in a lower ratio of
Keat/ K for 4ANPMan to that for 4ANPGlc, while Tyr134 mutation to Phe increased this ratio 13-fold.
Mutation of Cys182 to Thr decreased both activity and selectivity for -D-mannoside. We conclude

that interactions with the catalytic acid/base play a significant role in glycon selection.

1. Introduction

B- D-Mannosidases (B-D-mannopyranoside mannohydrolase, E.C. 3.2.1.25) hydrolyze $3-
glycosidic linkages between non-reducing B-D-mannosy| residues and the neighboring aglycons or
oligosaccharides. B-D-Mannosidases are found in a variety of organisms, including archaea, bacteria,
animals, fungi, and plants. In plants, these enzymes are present during and following seed germination
in legumes (McCleary & Matheson, 1975), lettuce (Lactuca sativa L.) (Ouellette & Bewley, 1986)
and tomato (Lycopersicon esculentum Mill.) (Mo & Bewley, 2002). Hrmova and colleagues (2006)
showed that barley (Hordeum vulgare L.) beta-glucosidase isoenzyme Il (also called BGQ60 and BlI,
and designated here as HvBII ), appears to work as a 3-D-mannosidase in concert with B-mannanase

to hydrolyze barley seed B-D-mannans, so they gave it the new name HvMannos.

B-D-Mannosidases belong to glycoside hydrolase (GH) families GH1, GH2 and GH5 in
CAZy (Carbohydrate-Active enZYme Database, http://www.cazy.org; Cantarel et al., 2009). These
families fall within the GH-A clan, members of which adopt a (B/a)s barrel structure with two
catalytic glutamic acid residues, the acid/base and the nucleophile, located at the C-terminal ends of
B-strands 4 and 7, respectively. Currently, only two 3-D-mannosidase structures have been reported,
both from bacteria, GH2 Man2A from Bacteroides thetaiotaomicron VPI-5482 (Tailford et al., 2008)
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and GH5 Man5A from Cellvibrio mixtus NCIMB 8633 (Dias et al., 2004). While no GH1 -D-
mannosidase structure has yet been reported, structures for 39 other GH1 hydrolases are available,
including 5 from archaea, 17 from bacteria, and 17 from eukaryotes, most of which represent -D-
glucosidases (E.C. 3.2.1.21). A few other GH1 structures represent bacterial B-D-glycosidases with
broad substrate specificity, two are thioglucosidases (E.C. 3.2.1.147), five are 6-phospho-p-
glucosidases (E.C. 3.2.1.86), and one is a 6-phospho-B-galactosidase (E.C. 3.2.1.85).

It is believed that B-D-mannosides and B-D-glucosides, which differ only in that the 2-
hydroxyl is equatorial in D-mannose and axial in D-glucose, are hydrolyzed via different
conformational trajectories, based on X-ray crystallographic (Vocadlo & Davies, 2008) and
conformational free energy landscape analysis (Biarnés et al., 2007; Adrévol et al., 2010) data, as
shown in Fig. 1. During hydrolysis, B-D-glucopyranosyl rings are thought to undergo a
conformational change via a “H half-chair. The ring appears to be primed to form this half-chair by
its distortion to a 'S; skew boat upon binding the enzyme and upon completing the glycosylation step
of hydrolysis, and the glucose in the covalent glycosyl-enzyme intermediate is found in a relaxed “C;
conformation (Davies et al., 1998; 2012) (Fig. 1A). In contrast, crystal structures of the 3-D-
mannosidase complexes with substrate and transition-state-based inhibitors reveal a 13, skew boat in
the Michaelis complex, which proceeds through a B, boat near the transition state to a °S, skew boat
in the covalent complex (Ducros et al., 2002; Tailford et al., 2008) (Fig. 1B). The B-D-mannoside has
been reported in the 'Ss skew boat conformation in Michaelis complexes with a GH2 p-mannosidase
(PDB code 2WBK; Offen et al., 2009) and a GH26 -mannanase (1GVY; Ducros et al., 2002). The
'S, skew boat conformation of B-D-glucoside substrates has been published in several enzymes,
including the GH1 sorghum dhurrinase (PDB entry 103, Verdoucq et al., 2004), rice (Oryza sativa)
0s3BGlu6 (3GNP, Seshadri et al., 2009), termite (Neotermes koshunensis) B-D-glucosidase NKBgl
(3AI0, Jeng et al., 2011), and rice Os4BGlul2 (3PTQ, Sansenya et al., 2011). In the case of rice
BGlul (designated here with its systematic name of Os3BGIlu7), the nonreducing B-D-glucopyranosyl
ring in the oligosaccharide complexes with catalytic mutants was reported to be between the 'S; and
*H; or closely related “E conformations, again supporting the trajectory of 'S; to *“Hs (Chuenchor et al.,
2011). Calculations of the energetics of the conformational transitions in solution show the same
conformational preferences of 'Sz to “Hs to “C, for B-D-glucosides and 'Ss to B, 5 to S, for B-D-
mannosides, suggesting that enzymes may tend to bind the lowest energy forms as they catalyze
hydrolysis (Biarnés et al., 2007; Adrévol et al., 2010).

Plant B-D-mannosidases fall in a single amino acid sequence-based phylogenetic cluster of
GH1, which also contains 3-D-glucosidases with B-D-mannosidase activity (Opassiri et al., 2006;

Kuntothom et al., 2009). The amino acid sequences of rice Os7BGIu26 and three closely related rice
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B-D-glycosidase isoenzymes (Os3BGlu7, Os1BGluland Os3BGlu8) are grouped in this phylogenetic
cluster with barley HvBII (Hrmova et al., 1996; 1998), Arabidopsis BGLU44 (Xu et al., 2004) and
tomato LeMside (Mo & Bewley, 2002) B-D-mannosidases, with which Os7BGIlu26 shares 82%, 66%
and 66% amino acid sequence identity, respectively (Opassiri et al., 2006; Kuntothom et al., 2009).
Within this group, only Os3BGIlu7 has an elucidated structure, but it hydrolyzes 4NPGlc with a 34-
fold higher k./Kr value than 4NPMan (Opassiri et al., 2004). In contrast, rice Os7BGlu26 and barley
HvBII, which have closely related amino acid sequences, as shown in Fig. 2, hydrolyze 4ANPMan with
3-fold and 12-fold higher kq/K., values than 4NPGlc, respectively (Kuntothom et al., 2009). The
0s7BGlu26 B-D-mannosidase also hydrolyzes mannooligosaccharides and cellooligosaccharides, and

the natural glycosides dhurrin, D-amygdalin and p-coumaryl alcohol -D-glucoside.

Given the difference seen in hydrolysis of the glucoside and mannoside substrates, it is of
interest to understand the basis for -D-mannosidase catalysisin GH1 enzymes that have both -D-
mannosidase and B-D-glucosidase activities, and their preference for -D-mannoside versus p-D-
glucoside substrates. Saturation transfer difference nuclear magnetic resonance (STD-NMR) showed
HvBII B-D-mannosidase bound 4NP B-D-thioglucoside in either a 'S; or 3Ss conformation and 4NP -
D-thiomannoside in a relaxed “C; chair (Kuntothom et al., 2010). Quantum mechanics/molecular
mechanics (QM/MM) simulations for Os3BGlu7 B-D-glucosidase and HvBII 3-D-mannosidase
binding indicated their preference to bind 'S; skew boat conformations of 4NPGlc, 4NPMan and 4-
nitropheny! B-D-thiomannoside, and the *C; chair conformation of p-D-thioglucoside in the Michaelis
complex. Notably, Kuntothom and colleagues (2010) used a homology model of the HvBII B-D-
mannosidase for the QM/MM simulations, due to lack of a GH1 3-D-mannosidase structure. To
investigate the molecular mechanism for B-D-mannosidase specificity in plant GH1 B-D-
mannosidases, we determined the Os7BGIlu26 B-D-mannosidase crystal structure and probed the

residues involved by computational docking and mutagenesis.
2. Materials and methods

2.1. Protein expression and purification

The pET32a/0s7BGIu26 plasmid, which includes the Os7BGIu26 cDNA in frame to produce
an N-terminally thioredoxin and His-tagged Os7BGIlu26 fusion protein (Kuntothom et al., 2009), was
transformed into E. coli strain Rosetta-gami(DE3) cells. The cells were cultured in low salt LB
(Lennox) media containing 50 pg/ml ampicillin, 15 pg/ml kanamycin, 12.5 pug/ml tetracyclin and 34
ug/ml chloramphenicol. When the culture optical density at 600 nm reached 0.4-0.5, protein
expression was induced with 0.3 mM IPTG for 24 h, at 20°C. Cell pellets were collected by
centrifugation and suspended in the extraction buffer (50 mM Tris-HCI, pH 8.0, 150 mM sodium
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chloride, 200 pg/ml lysozyme, 1% (v/v) Triton-X 100 mM, 1 mM PMSF, 4 pg/ml DNase 1) at
approximately 25 °C, 30 min. Centrifugation removed insoluble debris, and the protein was purified
from the soluble extract by Immobilized Metal-Affinity Chromatography (IMAC) on cobalt-
equilibrated IMAC resin (GE Healthcare). The resin was washed with the equilibration buffer (150
mM NaCl, 50 mM Tris-HCI, pH 8.0), followed by 20 mM imidazole in the equilibration buffer, and
eluted with 250 mM imidazole in the equilibration buffer. The fractions of Os7BGIlu26 containing -
D-glucosidase activity, as judged by 4NPGIc hydrolysis, were pooled and imidazole removed by
dialysis in 150 mM NaCl, 20 mM Tris-HCI buffer, pH 8.0. The dialysed preparation was concentrated
in a 30 kDa molecular mass cut off (MWCO) Centricon centrifugal filter (Millipore). The N-terminal
fusion tag was removed from the Os7BGIlu26 fusion protein by cleavage with 2 ng enterokinase (New
England Biolabs) per 1 mg of a fusion protein at 23°C for 18 h, followed by a second round of IMAC.
The flow-through fractions containing B-glucosidase activity were pooled and the protein purity was
analysed by SDS-PAGE. The Os7BGIlu26 was dialysed and concentrated with a 30 kDa MWCO
Centricon filter to obtain approximately 6 mg/ml of Os7BGIlu26 protein in the 150 mM NaCl, 20 mM
Tris-HCI buffer, pH 8.0.

2.2. Protein crystallization

Before crystallization, purified Os7BGIu26 was filtered through an Ultrafree-M 0.22 pm filter
(Millipore) (4,000 g, 4°C, 5 min). Crystallization conditions were screened by the microbatch under
oil method at 288 K with precipitants from the Crystals Screen High Throughput HR2 kits (Hampton
Research). After optimization of the crystallization conditions, the crystals were grown in 0.8 M K,Na
tartrate, 0.1 M Na HEPES, pH 7.5. For the complex with ligand, the crystals were soaked in 400 mM
D-mannose in the precipitant solution. Prior to data collection, the crystals were soaked in
cryoprotectant containing the precipitant, 400 mM D-mannose and 20% (v/v) glycerol. The crystals

were flash vitrified and stored in liquid nitrogen.
2.3. Data collection, processing and structure refinement

The X-ray data for Os7BGIlu26 were collected at the BL13B1 beamline at the National
Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan, with a 1.0-A wavelength X-ray
beam and an ADSC Quantum 315 CCD detector. The crystals were maintained at 110 K in a cold
stream of nitrogen throughout data collection. All data sets were indexed, integrated, and scaled with
the HKL-2000 package (Otwinowski & Minor, 1997). The native structure was solved by molecular
replacement with the rice Os3BGlu7 B-glucosidase structure (PDB code 2RGL) used as a search
model and the MOLREP program (Vagin & Teplyakov, 1997) in the CCP4 suite of programs
(Collaborative Computing Project Number 4, 1994), followed by refinement with REFMAC5
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(Murshudov et al., 1999). The structure of the complex with D-mannose was solved by rigid body
refinement of the native structure in REFMACS5. Model building was performed with the COOT
program (Emsley et al., 2004). For the Os7BGIu26 mannose complex structure, initial refinement and
model building was performed with a resolution cutoff of 2.25 A. However, due to the low
completeness of the refined data in the outer shells, the model was refined to the 2.45 A cutoff to
achieve acceptable completeness parameters (Table 1). The quality of the final model was assessed
with PROCHECK (Laskowsky et al., 1993) and MOLPROBITY (Chen et al., 2010). Graphic

representations of structures were generated in PyMol (Schrédinger LLC).

2.4. Docking calculations

The 4NPMan and 4NPGIc ligands were docked in to the active site of Os7Glu26 via a
Lamarckian genetic search algorithm, as implemented in the Autodock 4.2 program (Morris et al.,
2009). The ligands were docked into four different conformations (*Ss, 'Ss, %So, *S:), which are
representative of the different catalytic itineraries followed by glycoside hydrolases (Vocadlo &
Davies, 2008). Ligand conformations were constructed manually by adding the 4NP portion to the
corresponding sugar conformations obtained from previous studies (Biarnés et al., 2007; Adrévol et
al., 2010). All ligands were geometry optimized with Density Functional Theory and the CPMD
program (CPMD program v. 3.15). A restraint on the sugar ring was added to maintain the desired
conformation. All calculations were performed on the Os7BGlu26 enzyme excluding all
crystallographic water molecules. Protonation states for histidine residues were assigned based on the
hydrogen bond environment and E179 was modeled as protonated because of its role as an acid/base
residue. Gasteiger charges were assigned to the protein and ligand atoms using AutoDock tools. One
hundred AutoDock runs were performed for each one of the substrates tested to calculate the binding
energy, holding the enzyme but not the ligands fixed. A grid with dimensions 40 x 40 x 40 A centered

on the catalytic residues acid/base (E179) and nucleophile (E389) was used.
2.5. Site-directed mutagenesis

Os7BGlu26 mutants were constructed with the QuikChange site-directed mutagenesis kit
(Stratagene) with the pET32a/0Os7BGlu26 plasmid as the template. The following oligonucleotide
primers were used for mutagenesis: for the E179Q mutation, 5’-GAC TGG TTT ACC TTC AAT
CAG CCG AGA TGC GTT GCT G-3’ and its reverse complement; for Y134W, 5’-GCA AAC CTC
TAC CAC TGG GAC CTA CCA TTA GCA C-3’and its reverse complement; for C182T, 5’-CTT
CAA TGA GCC GAG AAC CGT TGC TGC TCT AGG-3’and its reverse complement; for Y134F,
5’-CGC AAA CCT CTA CCACTT TGA CCT ACC ATT AGC AC-3’and its reverse complement
and for C182A, 5’-CTT CAA TGA GCC GAG AGC CGT TGC TGC TCT AGG-3’ and its reverse
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complement (the mutated bases are underlined in each case). All mutant plasmids were sequenced

through the entire Os7BGIlu26 coding region in both directions.

2.6. Kinetic studies

The kinetic parameters of the enzymes with the 4NPGIc and 4ANPMan substrates were
determined from triplicate assays containing 0.05 — 18.5 ug enzyme, substrates at concentrations from
0.01 to 30 mM, and 1 pg/ul BSA in 50 mM sodium acetate buffer, pH 5.0, in a total volume of 140
ul, at 30 °C for reaction intervals that had linear initial velocities (pseudo-first order rate or V).
Reactions were stopped by alkalinization with 70 ul of 0.4 M sodium carbonate and the absorbance at
405 nm was read and compared to a 4-nitrophenolate standard curve in the same buffer. The kinetic
parameters were calculated by nonlinear regression of the Michaelis-Menten plots with GraFit 5.0
(Erithacus Software, Horley, Surrey, UK). The Gibbs free energy change for transition state binding
was calculated as AAGgsmyt = -RT[IN(Keat/ Kim) mutant = IN(Keat/ Km)witarype] (Fersht et al., 1987). The
inhibition constant (K;) of Os7BGIlu26 for inhibition by HEPES was determined at 30°C by incubating
2 ug enzyme in 50 mM sodium acetate buffer, pH 5.0, containing 1 ug/ul BSA, and with 0-300 mM
HEPES for 10 minutes. The residual enzyme activities were monitored by assaying activity against
0.1, 0.5, 1.0 and 1.5 mM 4NPMan. Inhibition constants K; were calculated by linear regression of a

plot of the apparent K../Vmax Values (slopes of Lineweaver-Burk plots) versus inhibitor concentrations.

3. Results and Discussion

3.1. Os7BGIlu26 protein and crystal production

Expression of the soluble 66 kDa Os7BGlu26 fusion protein with N-terminal thioredoxin and
His-tags was improved in E. coli strain Rosetta-gami(DE3), compared to the previously reported
expression of the same construct in the Origami(DE3) strain (Kuntothom et al., 2009). Purification
by IMAC, followed by removal of the N-terminal fusion tag by enterokinase cleavage and adsorption
of the tag to IMAC resin, yielded the 50 kDa Os7BGlu26 protein with approximately 90% purity on
SDS-PAGE (Appendix A, Fig. S1). This protein was screened for crystallization, and Os7BGIlu26
crystals with dimensions of 90 x 20 x 20 um were observed within one week in microbatch screening
with a precipitant of 0.8 M K,Na tartrate, 0.1 M Na HEPES, pH 7.5. When the pH and salt
concentrations of the precipitant were optimized in hanging-drop vapor diffusion, a single crystal with
dimensions of 160 x 25 x 25 um was obtained within 5 days in 0.58 M K,Na tartrate, 0.1 M Na
HEPES, pH 7.25 (Appendix A, Fig. S2).

3.2. Structure and model quality
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The apo Os7BGIu26 crystal diffracted X-rays to 2.20 A resolution, and belonged to the
orthorhombic P2,2,2, space group. Its unit-cell parameters were a = 68.1 A, b=71.7 A, ¢ =136.7 A.
Diffraction of the crystal soaked in D-mannose gave an isomorphic dataset processed to 2.45 A
resolution and unit cell parameters of a=68.0 A, b = 73.6 A, ¢ = 134.0 A. The data collection
statistics for both crystals are summarized in Table 1. The asymmetric units of both crystals were
estimated to contain one molecule, with a Matthews coefficient (V) of 3.03 A® Da™ (Matthews,
1968) and a solvent content of 59.5% for the apo Os7BGlu26 crystal, and a V\y of 3.05 A* Da’ and a

solvent content of 59.7% for the D-mannose-soaked crystal.

The fold of the structure of Os7BGIu26 is a classic TIM (B/a)g-barrel, similar to other GH1
enzymes (Fig. 3A). The structure placed the highly conserved E179 and E389 at the C-terminal ends
of B-strands 4 and 7, respectively. These residues are positioned at the bottom of the active site cleft,
as observed for the catalytic acid/base and nucleophile residues in other members of GH clan A
(Jenkins et al., 1995; Henrissat et al., 1995). Further, nucleophilic rescue of mutants of the
corresponding residues confirmed they are the catalytic residues in the closely related Os3BGlu7 B-D-
glucosidase (Hommalai et al., 2007: Chuenchor et al., 2011). The four variable loops that have been
reported to account for much of GH1 structural and functional diversity (Sanz-Aparicio et al., 1998)
connect the B-strands and a-helices at the carboxy-terminal side of the core barrel structure. These
loops are: loop A (A28-D68), loop B (E179-T209), loop C (H317-P366) and loop D (N390-D406)
(Figs 2 and 3A). Although, no electron density was observed for the 14-residues from the N-terminal
fusion tag (A-M-A-D-I-T-S-L-Y-K-K-A-G-S-A) and the five C-terminal residues (S-K-K-R-N), five
amino acid residues of the fusion protein linker region (A-A-P-F-T) and residues 1-478 of the mature
0s7BGIlu26 gave clear electron density for the structure. Two cis-peptide bonds were found between
A194 and P195, and between W436 and S437, as seen in other plant GH1 enzymes (Barrett et al.,
1995). The conserved disulfide bond found in nearly all plant GH1 enzymes was present on loop B
between C198 and C201. The conserved active site tryptophan, W444, fell in the outlier region of the
Ramachandran plot, while it is found in a similar outlier or borderline region in other GH1 enzymes
(Czjzek et al., 2000; Chuenchor et al., 2008). Other Ramachandran statistics were similar to other

plant GH1 structures.

Fig. 3B shows that a glycerol molecule, originating from the cryoprotectant, was bound in the
active site. This molecule hydrogen bonded to Q32, Y318, E389, E443 and two water molecules,
which also interacted with H133 and W444, and the catalytic residues E179 and E389. The distance
between C& carbons of the catalytic acid/base, E179, and nucleophile, E389, was 4.9 A, consistent
with the distance expected for the retaining mechanism of glycoside hydrolases (Rye & Withers,
2000). The carboxyl oxygen of E179, the acid/base residue, had a close contact of 2.7 A with the
Y134 hydroxyl. In addition, the conserved W436 and F452 residues at the -1 subsite provided an
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aromatic platform for sugar binding and the additional hydrophobic interactions with the substrate,
respectively (Fig. 3B and 3C), as noted for other GH1 enzymes (Czjzek et al., 2000). A HEPES
molecule from the crystallization buffer was found in the substrate binding cleft at the +1, +2 and +3

subsites, which were defined for binding of 3-(1,4)-linked D-glucosyl residues in Os3BGlu7

(Chuenchor et al., 2011). The HEPES molecule was most favourably modeled in two alternate
conformations, both of which hydrogen bonded to E179 and Tyr360 (Fig. 3C). HEPES was found to
bind to the Os7BGIu26 with a non-competitive inhibition constant K; of 81.4 mM and AG -6.3 kJ mol
! (Appendix A, Fig. S3). The combined occupancy of the two alternate HEPES molecules was
constrained to be 1.0 in the refinement. This artificial full occupancy is reflected by higher
temperature factors (B = 28.9 to 46.4 for the individual HEPES atoms) (Table 1).

3.3. Structural comparison of Os7BGlu26 with other rice GH1 structures

In comparison to other rice GH1 structures, the active site of Os7BGIlu26 has the narrowest shape,
with a gate of 9.9 A x 12.5 A (from the atom centers of Q337 Ot1 to Y360 On and from N190 Ne2 to
Y346 On, respectively), due to the presence of F192 on loop B and Y360 on loop C, which constrict
the substrate route into the active site. In comparison, these parameters for the Os3BGlu7 (10.3 A x
18.1 A from Q187 C5 to W358 CB and from Y341 Ce2 to L442 CB, respectively) Os3BGIu6 (12.1 A
x 20.8 A from A189 CB to W366 CP and from L 342 C32 to A 454Ca, respectively) and Os4BGlu12
(10.1 A x 19.8 A from K203 Ce to W365 Cp and from L348 C51 to N452 Ca.) B-D-glucosidases
indicate that these enzymes have broader substrate-binding clefts (Fig. 4.). This suggests that a
preferred substrate for Os7BGIlu26 should be the one with a small aglycon or a straight and narrow
chain oligosaccharide, consistent with its hydrolysis of -(1,4)-linked manno- and gluco-
oligosaccharides, dhurrin, D-amygdalin, and p-coumaryl alcohol glucoside (Appendix B) (Kuntothom
et al., 2009).

Although the four rice GH1 enzymes have different substrate specificities, their overall
structures are very similar. Upon superposition of these structures, Os7BGlu26 had the RMSD value
of 0.576 A over 437 Ca atoms with rice Os3BGIlu7 B-glucosidase (2RGL), with which it shares 63%
sequence identity. The other RMSD values are 0.481 A over 379 Ca residues with Os3BGIu6
(3GNO, 52% sequence identity), and 0.522 A over 391 Ca. residues with Os4BGlu12 (3PTK, 51%

sequence identity).

3.4. Os7BGlu26 in complex with the b-mannose hydrolysis product

To provide evidence for the interactions between Os7BGlu26 and b-mannosyl glycon, D-
mannose was soaked in the Os7BGIlu26 crystal. The resolution of this complex structure dataset was

limited at 2.45 A, which resulted in a calculated F, - F. OMIT map in which the mannose residue
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could be placed unambiguously (Fig. 5A). The density clearly showed the presence of D-mannose in
the B-anomeric configuration and the 'S5 conformation, indicating that Os7BGIu26 binds specifically
the B-anomer of D-mannose. The B-D-mannose hydrogen bonded to Q32, H133, Y134, N178, E179,
E389, Y318, E443 and W444 (Fig. 5B).

Previous structures of B-D-mannosidase from GH2 and B-D-mannanase from GH26 include
the Michaelis complex, transition state analogue and covalent intermediate complexes, however this is
the first report of a product complex. Free D-mannose in the active site of Os7BGlu26 was distorted to
the 'Ss skew boat, which is the same conformation as that reported for the Michaelis complexes of the
enzymes hydrolyzing B-D-mannosides (Ducros et al., 2002; Offen et al., 2009). Superposition of the
f-D-mannose complex and native structure showed that the position of the -D-mannose was in
essentially the same position as the glycerol and water molecules in the native Os7BGIlu26 structure
(Fig. 5C). Nearly all of the residues in the -1 subsite were in the same positions in the two structures,
with C3 of the catalytic nucleophile, E389, displaced by 0.4 A. The superimposition of the
Os7BGIlu26/p-p-mannose complex structure with that of the Os3BGlu7 complex with cellopentaose
(PDB entry 3F5K) showed that the 'S5 configured 1-B-D-mannose orientation was similar to that of
the 'S; configured non-reducing terminal -D-glucosyl ring of the cellopentaose in the -1 subsite. A
HEPES molecule occupied the +1, +2, and +3 subsites defined for $-(1,4)-linked glucosyl residues in
the Os3BGIu7 cellopentaose complex, apparently in multiple conformational states (Fig. 5D). This
structure indicates that the p-D-mannose hydrolysis product may be retained in the -1 subsite in a 'Ss
conformation that suggests a conformational pathway of °S, to B, s to 'Ss for the deglycosylation step
of Os7BGIlu26 B-D-mannoside hydrolysis, since the deglycosylation step in the retaining mechanism

is essentially the reverse of the glycosylation step shown in Fig. 1.

3.5. Docking studies of the Michaelis complex

To provide further evidence for the conformational itinerary in the glycosylation step of
0s7BGlu26, 4NPGIc and 4NPMan were computationally docked in the active site of the Os7BGlu26
structure in the four starting conformations observed for pyranoside rings in glycoside hydrolase
mechanisms (Volcadlo & Davies, 2008). The predicted binding energies for all the conformations
tested are shown in Figure 6C. The binding energies for the 4NPGlc conformations are higher (more
negative) than those calculated for 4NPMan (Fig. 6). Therefore, the glucose derivative molecule binds
more tightly to the enzymatic cavity than the mannose derivative. This is consistent with the lower K
values observed for a B-D-glucoside (K, 0.124 mM) compared to a B-D-mannoside (K 0.48 mM)
(Table 2).

Both 4NPMan and 4NPGlc show similar trends of binding affinity with respect to the sugar

conformation (Fig. 6). However, whereas 4NPGlc binds preferentially to the enzyme in a 'S;
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conformation (consistently with the experimental and theoretical evidence for a *S;-*Hs-“C; catalytic
conformational itinerary for B-glucosyl hydrolases), both 'S; and 'S5 have a similar stability for
4NPMan. Together with the extensive literature supporting that the hydrolysis of p-D-mannosides
follow a 'Ss-B,5-°S; itinerary (Ducros et al., 2002; Tailford et al., 2008; Offen et al., 2009; Ardévol et
al., 2010), the results obtained suggests that the two substrates might follow a different
conformational itinerary for catalysis (*Ss-*Hs-“C; for 4ANPGIc and 'Ss-B,5-°S, for 4ANPMan). In fact,
the 'Ss mannoside substrate was found more frequently than *S; glucoside substrate in the docking
calculations, which may explain the 10-fold higher k. observed for the former.

Fig. 6 shows the enzyme complexes with the Ss p-D-mannoside (4NPMan) and the *S; p-D-
glucoside (4NPGIc). The substrate is nicely accommodated in the binding cavity in each case. The
mannose molecule forms hydrogen bonds with Q32, Y134, N178, E179, R181, Y318, E443 and
W444 (Fig 6B) and the glucose molecule is hydrogen bonded to Q32, H133, N178, E179, E443 and
W444 (Fig 6A). The catalytic residues (E179 and E389) are well oriented for catalysis in both
complexes (the carboxylic acid hydrogen of E179 points towards the glycosidic oxygen and the
nucleophile is within 3-3.5 A distance from the anomeric carbon), in agreement with quantum

chemical studies of glycosidic bond hydrolysis (Petersen et al., 2010; Biarnés et al., 2011).

3.6. Comparison of Os7BGlu26 with covalent intermediate complexes of other GH1 enzymes

To learn more about the residues effecting glycon specificity of Os7BGlu26, we endeavored
to produce a covalent intermediate complex, as it was previously achieved for Os3BGlu7 (Chuenchor
et al., 2008). Attempts to soak the mechanism based inhibitors 2,4-dintrophenyl 2-deoxy-2-
fluoroglucoside (dNPG2F) and 2,4-dintrophenyl 2-deoxy-2-fluoromannoside (dNPM2F) into the
Os7BGIu26 crystals resulted in a release of 2,4-dintrophenolate ion, as judged by a yellow
chromophore. However, no glycon density was seen in the active site with either ligand.
Pretreatment of Os7BGIlu26 with dNPG2F or dNPM2F in sodium acetate buffer, pH 5.0, resulted in
rapid hydrolysis with negligible inhibition of the enzyme at concentrations that strongly inhibited
other rice GH1 enzymes (data not shown). Although an °S, skew boat mannosyl covalent complex
with a GH26 B-D-mannanase has been reported (Ducros et al., 2002), no such structure has been
reported in the GH1 family. Therefore, the free Os7BGIu26 structure was superposed with the rice
GH1 structures in complex with bound 2-deoxy-2-fluoroglucoside (G2F) moiety. This moiety
occupies a low-energy “C; chair conformation and is covalently bound to the catalytic nucleophile
residue (Fig. 7). We conjectured that the glucoside and mannoside substrates are likely to bind in the
same positions, and in the same orientations in enzymes that belong to the same family, although the
conformations of these sugars may differ, as reported by Kuntothom and colleagues (2010), and

supported by the computational docking studies in the previous section.

11
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The identities and placement of nearly all amino acid residues in direct contact with glycons
in subsite -1 are conserved in the structures of rice GH1 isoenzymes, including the Os7BGIlu26 -D-
mannose complex structure and the complexes with 4NPGlc and 4NPMan generated by molecular
docking. The one exception is a tyrosine residue found in all characterized plant GH1 enzymes with
-D-mannosidase activity, i.e. Y134 of Os7BGIlu26 that corresponds to Y131 of Os3BGIu7 (Fig. 7A),
to Y136 of barley HvBII, to Y136 of tomato LeMside and to Y137 of Arabidopsis AtBGLU44. This
tyrosine residue is substituted by tryptophan in Os3BGIlu6 (W133) and Os4BGlul2 (W134), which
lack B-D-mannosidase activity (Fig. 2 and 7B) (Seshadri et al., 2009; Opassiri et al., 2010), and most
other plant B-D-glucosidases, including all others with known crystallographic structures, although a
few others have tyrosine, phenylalanine or smaller residues in this position (data not shown). It is
noteworthy that this tyrosine residue makes a very close contact through a hydrogen bond with the
catalytic acid/base residue. Inspection of the superimposed structures revealed that the acid/base
residues of Os3BGlu6 and Os4BGlul2 are displaced slightly from the positions of the acid/base
residues in Os3BGIlu7 and Os7BGlu26, to form contact through hydrogen bonds with T181 of
0Os3BGlu6 and T182 of Os4BGlul2 in the +1 subsite, whereas Os7BGlu26 and Os3BGlu7 have C182
and 1179, respectively, in corresponding positions. The equivalent residues from barley HvBII, tomato
LeMside, and Arabidopsis AtBGLU44, V184, V184 and V185, respectively, do not have polar groups
to form contact through hydrogen bonds to the catalytic acid/base residue. Although this position is
not unique in plant GH1 enzymes, most of those with known structures have threonine in this
position, including maize Glul, sorghum Dhrl, wheat and rye benzoxazinone glucoside j3-D-
glucosidases, and R. serpentina strictosidine and raucafricine 3-D-glucosidases. White clover
cyanogenic B-D-glucosidase (LCBG) has glycine in this position, but its catalytic acid base maintains
a position similar to those of Os3BGIlu6, Os4BGlul2, and the other B-D-glucosidase structures with
threonine in this position. Aside from the two differences noted above, the -1 subsite architecture is
similar in the four rice GH1 structures. Therefore, amino acid residues in other subsites or in the
surrounding layers of residues outside catalytic sites might be important for the glycon specificity.
Mutations of residues in the layers surrounding the active site residues have been shown to modulate
B-D-fucosidase versus B-D-glucosidase activities in an insect GH1 B-D-glucosidase (Mendoca &
Marana, 2011). A recent attempt to increase the B-D-mannosidase activity of a plant B-D-glucosidase
by mutagenesis of residues that were apparently close to the glycon in a homology model showed
only marginal increases in the ratios of k.,/K, for 4NPMan versus 4NPGlc, leading the authors to
similarly speculate that the shape of the active site may be more critical than the residues that directly
interact with the glycon (Ratananikom et al., 2013).

3.7. Kinetic studies of glycon specificity mutants of Os7BGlu26

12
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To investigate function of the catalytic acid/base Glu179 and other key residues in the
structure of Os7BGIlu26 that were adjudged to play possible roles in Os7BGIlu26 glycon-specificity
(cf. previous section), we mutated the E179 to Q (E179Q), Y134 to W (Y134W) and F (Y134F),
C182to T (C182T) and C182 to A (C182A) residues. We have also evaluated effects of the Y134W,
Y134F, E179Q, C182T and Y134W/C182T mutations on hydrolysis of the 3-D-glucoside and B-D-
mannoside substrates in precise kinetic terms. The kinetic parameters and the Gibbs free energy
changes for the Os7BGIlu26 mutations are presented in Table 2.

The Os7BGIlu26 catalytic acid/base mutant E179Q showed lower activity than wild-type, as
indicated by the low k,/K., for both 4ANPMan and 4NPGlc. However, this mutant affected p-D-
mannosidase more than B-D-glucosidase activity, since its AAG with 4ANPMan was +9.0 kdmol™,
whereas the AAG for 4NPGIc was +8.1 kJmol™. This change was driven by the 44-fold reduction in
the ke, With a little change in K, for 4ANPMan, although the K, value increased 8-fold and kg
decreased nearly 3-fold for 4NPGlc. It should be noted that the mutation of the catalytic acid/base to
glutamine has been shown to have relatively high activity for substrates with good leaving groups,
such as 4NP or 2,4-dinitrophenolate, which have low pKa and less need for protonation by the
catalytic acid base (Millegger et al., 2005; Chuenchor et al., 2011). The use of acetate buffer, which
can act as a substitute base or nucleophile, facilitates the deglycosylation step, so that this mutation
has relatively mild effects in this assay. On the other hand mutation of E179 to alanine resulted in
poor yields of soluble protein in this expression system, so this mutant could not be characterized
(data not shown).

The Os7BGIu26 Y134W mutant had a lesser effect on the B-mannosidase activity (Table 2),
as characterized by a AAG of -0.9 kJmol™. However, it showed a nearly 6-fold increase in K, to 2.37
mM that was compensated by a nearly 7-fold increase in kg, to 2.4 s%. Since this mutant caused a
nearly 4-fold decrease in Ky, and a little change in k., for 4NPGlc, it appeared to improve binding of
4NPGlc and the transition state of the first covalent step of its hydrolysis (as judged by its AAG of -
3.5kJ mol'l). It is of note that the k../K., values of the Os7BGlu26 Y134W mutant for 4NPGlIc and
4NPMan are nearly equal, although it will still hydrolyze 4NPMan much faster than 4NPGlc at
substrate concentrations above 0.01 mM. For Os7BGlu26 C182T, the K, of this mutant was increased
by approximately 25 to 30-fold for both substrates, but the k., increased 2.6-fold for 4NPGlc versus
only 1.45-fold for 4ANPMan. For this reason, the AAG values were +7.1 and +6.2 kJ mol™ for 4ANPMan
and 4NPGilc, respectively. To verify whether these changes were due to the introduction of the
hydrogen-bonding threonine or simply to removing the cysteine sulfhydryl group, we also mutated
C182 to alanine. The C182A mutation had minor effects on both 4ANPMan (AAG of +1.4 kJ) and
4ANPGIc (AAG of +0.8 kJ mol™), suggesting the major effect of the C182T mutation was from
introduction of the T182 sidechain, which could hydrogen bond with the catalytic acid/base. The

13
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double mutant Os7BGlu26 Y134W/C182T had kinetic parameters and AAG similar to the single
mutant C186T for 4NPGlc, and the K., value for 4NPMan was also similar to Os7BGlu26 C186T, but
the Kot Was 40% lower in the double mutant. Hence, Y134W and C182T combined to give non-
additive effects with 4ANPMan (AAG of +8.3 kJ mol™), which could be attributed to the fact that both
mutated residues affect the position of the catalytic acid/base (Mildvan et al., 1992; 2004). The results
of our mutagenesis imply that the hydrogen-bonding of neighboring residues to the catalytic acid/base
have a significant effect on the relative hydrolytic rates of f-D-mannoside versus B-D-glucoside
substrates.

To differentiate whether the effect of the Y134W mutation was due to increase in size of the
aromatic group or loss of the hydrogen bond from the hydroxyl group to the catalytic acid/base, Y134
was mutated to F instead of W in Os7BGlu26 Y134F. The Y134F mutant showed a similar K, to the
wild type enzyme for 4NPMan and a 1.4-fold increase in the Ky, with 4ANPGIc compared to the wild-
type enzyme. Since the ke value was 4.4-fold that of wild-type for 4NPGIc, the k./K., of this mutant
increased 3-fold to give a AAG of -2.9 kJmol™, which is a slightly smaller change than that observed
in the Y134W mutant. However, the k., value for 4NPMan increased 36-fold and Kc./Kn 39-fold
compared to the wild-type enzyme to give a AAG value of -9.2 kimol™ for 4NPMan. Thus, the
selectivity of this mutant for 4NPMan over 4NPGlc is improved more than 37-fold, in terms of the
relative kc./Kn, values, suggesting the smaller steric bulk of the aromatic residue is a critical factor in
the preference for 3-mannosidase over -glucosidase substrates.

In summary, the determination of the structure of a plant GH1 B-D-mannosidase Os7BGlu26
and structural investigations of the residues interacting with the glucoside or mannoside substrates
indicated that the shape of the active site and interactions with surrounding residues are critical for
glycon specificity. The mutations described here had differential effects on the ke./K,, values of
4NPMan versus 4NPGlc, indicating the residues interacting with the catalytic acid/base play a role in
determining which of these is hydrolyzed more rapidly. Future structural and enzyme kinetics studies
of binding of substrate and transition state analogues will be useful to further illuminate the

interactions that differentiate 3-D-mannosidase and 3-D-glucosidase activities in GH1.
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Table 1 Data-collection and processing statistics.

Values in parentheses are for the outer shell.

Native Os7BGlu26 Os7BGlu26/mannose
complex
PDB code 4JHO 4JIE
Wavelength (A) 1.00 1.00
Resolution range (A) 30-2.20 (2.28 - 2.20) 30 -2.45 (2.54 - 2.45)
Completeness (%) 99.9 (99.9) 95.8 (79.9)
Average redundancy per shell 5.5(5.5) 6.1(4.4)
Rinerge' (%) 8.8 (49.4) 14.9 (45.6)
{l/s(1)} 18.0 (3.2) 11.9(3.2)
Space group P2:2,2, P2,2:2;
Unit cell parameters (A) a=68.1,b=717,¢c=136.7 a=68.0,b=73.6,¢c=134.0
No. of unique reflections 34370 24116
No. of observed reflections 188040 147585
No. of molecules per ASU 1 1
Reactor (%0) 17.6 15.3
Reree | (%) 21.9 19.5
No. of protein atoms 3955 3960
No. of water molecules 305 234
No. of ligand atoms None 12
No. of non solvent hetero atoms 51 51
r.m.s.d. bonds (A) 0.010 0.010
r.m.s.d. angles (°) 1.155 1.212
Mean B-factor
- Protein 22.9 23.7
- non solvent hetero atom 45.0 46.9
- solvent 32.8 30.8
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- D-mannose
Ramachandran plot (%)
Most favored

Allowed region

Outlier region

None

88.5

11.3

0.2

314

88.0

11.7

0.2

T Riggrge ® g Sl nnt) = BFQRe ) / Zagr Zg Fo(RRE).

"Riee  represents the residual factor calculated from approximately 5% of the data that was not used in the

refinement.

Table 2 Kinetic parameters of wild type Os7BGlu26 and its mutants using the 4NPMan and

4ANPGlIc substrates.

Mutant/wild  AAGgxmut
substrate o e el type Kea/ K (kimol™)
(mM) Cp) (s'mm™) :
ratio
Wild type 4NPMan 0.48 £0.003  0.35+0.004 0.714
4NPGIc  0.124 £0.002 0.029+0.0001 0.237
E179Q 4NPMan 0.40+0.003 0.008 £0.0004 0.02 0.028 +9.0
4NPGIc  1.07 £0.02 0.0102 £ 0.0004 0.0095 0.040 +8.1
Y134W 4NPMan 2.37 £0.04 2.4+0.09 1.01 1.4 -0.9
4NPGIc  0.032+£0.002 0.0306 +0.0006 0.959 4.0 -3.5
C182T 4NPMan 12.4+0.78 0.51+£0.03 0.043 0.060 +7.1
4NPGIc 3.7+0.14 0.078+ 0.005 0.021 0.089 +6.1
Y134W/C182T 4NPMan 1156+1.70 0.30+0.03 0.026 0.036 +8.3
4NPGIc  2.95+0.17 0.058 + 0.005 0.0198 0.084 +6.3
Y134F 4NPMan 0.45 +0.02 125+£0.6 27.7 39 -9.2
4NPGIc  0.167 £0.009 0.127 +0.003 0.759 3.2 -2.9
C182A 4NPMan 2.46 +0.23 1.02 £0.07 0.414 0.58 +1.4
4NPGIc  1.39+0.11 0.242 +0.016 0.174 0.73 +0.8

AAGS*mut: 'RT[In(kcat/Km)mutant - In(kcat/Km)wiIdtype] (FerSht et al'! 1987)-
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Figure 1 A proposed pyranose ring itinerary of B-D-glucosides (A) and B-D-mannosides (B) during

the glycosylation step of hydrolytic pathway (Davies et al., 2003; Vocadlo and Davies, 2008).

Figure 2 Multiple sequence alignment of rice Os7BGIlu26, HvBII, LeMside, AtBGlu44, Os3BGIu7,
0s3BGlu6 and Os4BGlul2. The amino acid sequences were aligned with ClustalW, and the
secondary structure of Os7BGIlu26 was aligned on the top of the alignment with the ESPript program
(Gouet et al., 2003). Stars indicate the catalytic acid/base and nucleophilic residues, while black
arrowheads mark the amino acid residues mutated in this study. The Genbank accession codes for the
sequences are: Os7BGIlu26, ACF35791; HvBII, AAA87339; LeMside, AAL37714: AtBGLUA44,
Q9LV33; 0s3BGIu7, AC091670; Os3BGIlu6, AC146619; and Os4BGlul2, AAAA02014151.

Figure 3 Structure of rice Os7BGIu26 B-D-mannosidase. (A) Cartoon representation of the overall
structure of rice Os7BGIlu26. The catalytic nucleophile and acid/base residues are represented as red
sticks (E389 and E179), glycerol and HEPES are represented as green and cyan ball-and-sticks,
respectively. Loops A, B, C and D are indicated in red, green, orange and magenta, respectively. The
N-terminus is indicated in black. (B) Amino acid residues around the -1 subsite with contacts
mediated through hydrogen bonds cover distances between 2.4 and 3.1 A, and are indicated as black
dashed lines. (C) Amino acid residues interacting with the HEPES molecule in two alternate positions
in the active site. The contacts through hydrogen bonds between the protein and HEPES are indicated

as black dashed lines.

Figure 4 Comparison of the active site clefts of the rice GH1 structures, Os7BGlu26, OS3BGIlu7
(PDB code: 2RGL), Os3BGIu6 (PDB code: 3GNO) and Os4BGlul2 (PDB code: 3PTK). The dashed
lines indicate the width and breadth of the substrate binding cleft at the entrance to the active site, as
described in the main text. PyMol was used to generate qualitative vacuum electrostatic charges to

color the surfaces with red for negatively and blue for positively charged areas.

Figure 5 The structure of rice Os7BGIu26 in complex with 3-D-mannose. (A) The An unbiased F,
- Fc (OMIT) map of B-D-mannose is represented as a blue mesh contoured at 3c. (B) Amino acid
residues interacting with B-D-mannose in the active site. The contacts through hydrogen bonds
between the protein and 3-D-mannose are indicated by black dashed lines, while B-D-mannose is
shown in cyan ball-and-stick representation. The superimposition of the Os7BGIlu26/p-D-mannose
complex (orange) over the native Os7BGIlu26 structure (blue) is shown in (C). The superimposition of
the Os7BGlu26/B-D-mannose complex (carbons in blue) with the Os3BGlu7 cellopentaose complex
(carbons in violet) is shown in (D). B-D-mannoside, HEPES and cellopentaose are indicated in ball-
and-stick representation with carbons in cyan, blue and green, respectively. The glucosyl residue-
binding subsites observed in the Os3BGIlu7 cellopentaose complex are marked by -1, +1, +2, +3, and
+4.
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Figure 6 Structures of Os7BGIu26 in complex with 4NPGlc (A.) and 4NPMan (B.) obtained by
docking. The distance between the carboxylic hydrogen atom of the catalytic acid/base residue (E179)
and the glycosidic oxygen is 3.08 A the glucoside and 3.58 A for the mannoside. The distance
between the Oe1 of the nucleophile (E389) and the anomeric carbon is 2.98 A for the glucoside and
3.0 A for the mannoside. The binding energies of different conformers of 4ANPMan and 4NPGlIc in
complex with Os7BGlu26 are shown in C.

Figure 7 Comparison of the active sites of the rice Os7BGlu26 3-D-mannosidase and other rice GH1
B-D-glucosidases with bound 2-deoxy-2-fluoroglucoside (G2F) moieties. (A) Superimposition of
0Os7BGlu26 with Os3BGIlu7 (PDB code: 2RGM), both of which have significant 3-D-mannosidase
activity. (B) Superimposition of Os7BGlu26 with Os3BGlu6 (PDB code: 3GNR) and Os4BGlul2
(PDB code: 3PTM), which do not have significant B-D-mannosidase activity, in complex with G2F.
The structures are shown in stick representations with carbons colored blue in Os7BGlu26, orange in
0s3BGlu7, green in Os3BGIlu6 and magenta in Os4BGlul2. The inhibitors are presented in ball-and-

stick representations in the same colors as the corresponding protein.
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Figure 1 A proposed pyranose ring itinerary of B-D-glucosides (A) and B-D-mannosides (B) during

the glycosylation step of hydrolytic pathway (Davies et al., 2003; Vocadlo and Davies, 2008).
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Figure 2 Multiple sequence alignment of rice Os7BGlu26, HvBII, LeMside, AtBGlu44, Os3BGlu7,
0s3BGlu6 and Os4BGlul2. Amino acid sequences were aligned with ClustalW, and the secondary
structure of Os7BGlu26 was represented on the top of the alignment with the ESPript program (Gouet
et al., 2003). Stars indicate catalytic acid/base and nucleophilic residues, and black arrowheads mark
the amino acid residues mutated in this study. The GenBank entry accessions are: Os7BGIlu26,
ACF35791; HvBII, AAA87339; LeMside, AAL37714: AtBGLU44, QILV33; Os3BGIu7,
AC091670; Os3BGlu6, AC146619; and Os4BGlul2, AAAA02014151.
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Figure 3 Structure of rice Os7BGIlu26 B-D-mannosidase. (A) Cartoon representation of the overall
structure of rice Os7BGIlu26. The catalytic nucleophile and acid/base residues are represented as red
sticks (E389 and E179), glycerol and HEPES are represented as green and cyan ball-and-sticks,
respectively. Loops A, B, C and D are indicated in red, green, orange and magenta, respectively. The
N-terminus is indicated in black. (B) Amino acid residues around the -1 subsite with contacts
mediated through hydrogen bonds cover distances between 2.4 and 3.1 A, and are indicated as black
dashed lines. (C) Amino acid residues interacting with the HEPES molecule in two alternate positions
in the active site. The contacts through hydrogen bonds between the protein and HEPES are indicated

as black dashed lines.
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Figure 4 Comparison of the active site clefts of the rice GH1 structures, Os7BGIlu26, OS3BGIlu7
(PDB code: 2RGL), Os3BGIu6 (PDB code: 3GNO) and Os4BGlul2 (PDB code: 3PTK). The dashed
arrows indicate the width and breadth of the substrate binding cleft at the entrance to the active site, as
described in the main text. PyMol (Schrodinger LLC) was used to generate qualitative vacuum
electrostatic charges to color the surfaces with red for negatively and blue for positively charged

areas.

26



Acta Crystallographica Section D

research papers

Figure 5 The structure of rice Os7BGlu26 in complex with B-D-mannose. (A) An unbiased F, - F,

(OMIT) map of B-D-mannose is represented as a blue mesh contoured at 3c. (B) Amino acid residues

interacting with B-D-mannose in the active site. The contacts through hydrogen bonds between the

protein and B-D-mannose are indicated by black dashed lines, while -D-mannose is shown in cyan

ball-and-stick representation. The superimposition of the Os7BGlu26/B3-D-mannose complex (orange)
over the native Os7BGIu26 structure (blue) is shown in (C). The superimposition of the

Os7BGlu26/B-b-mannose complex (carbons in blue) with the cellopentaose/Os3BGIlu7 complex

(carbons in violet) is shown in (D). B-D-mannoside, HEPES and cellopentaose are indicated in ball-

and-stick representations with carbons in cyan, blue and green, respectively. The glucosyl residue-

binding subsites observed in the cellopentaose complex are marked by -1, +1, +2, +3, and +4.
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Figure 6 Structures of Os7BGIlu26 in complex with 4ANPGIc (A.) and 4NPMan (B.) obtained by
docking. The distance between the carboxylic hydrogen atom of the catalytic acid/base residue (E179)
and the glycosidic oxygen is 3.08 A the glucoside and 3.58 A for the mannoside. The distance
between the Oe1 of the nucleophile (E389) and the anomeric carbon is 2.98 A for the glucoside and
3.0 A for the mannoside. The binding energies of different conformers of 4ANPMan and 4NPGiIc in

complex with Os7BGIlu26 are shown in C.
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Figure 7 Comparison of the active sites of the rice Os7BGlu26 B-D-mannosidase and other rice GH1
B-D-glucosidases with bound 2-deoxy-2-fluoroglucoside (G2F) moieties. (A) Superimposition of
0Os7BGlu26 with Os3BGIlu7 (PDB code: 2RGM), both of which have significant -D-mannosidase
activity. (B) Superimposition of Os7BGlu26 with Os3BGlu6 (PDB code: 3GNR) and Os4BGlul2
(PDB code: 3PTM), which do not have significant 3-D-mannosidase activity, in complex with G2F.
The structures are shown in stick representations with carbons colored blue in Os7BGIlu26, orange in
0Os3BGIu7, green in Os3BGlu6 and magenta in Os4BGlul2. The inhibitors are presented in ball-and-

stick representations in the same colors as the corresponding protein.
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Appendix A.

Figure S1. SDS-PAGE of Os7BGIlu26 throughout purification. Lane 1, Bio-Rad low molecular-mass
markers (masses shown at left in kDa); Lane 2, crude extract of soluble proteins from E. coli cells;
Lane 3, the N-terminal thioredoxin/Hiss-tagged Os7BGlu26 fusion protein after the first IMAC step;
Lane 4, the products of digestion of the thioredoxin/Hiss-tagged Os7BGIu26 protein by enterokinase;
Lane 5, purified Os7BGIlu26 after the second IMAC step.
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Figure S2. The Os7BGIu26 crystals. (A), Crystals in 0.1 M sodium HEPES, pH 7.5, containing 0.8 M
Na,K tartrate grown in microbatch.under oil. (B), A crystal grown after optimization in a hanging-
drop with 0.1 M sodium HEPES, pH 7.25 containing 0.58 M Na,K tartrate.
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Figure S3. Noncompetitive inhibition of Os7BGIu26 by HEPES. (A) The 1/S vs 1/v plot (Lineweaver-
Burk plots). (B) To determine K;values, the slopes of inhibitions obtained from Lineweaver-Burk
plots were plotted against the HEPES concentration and the data were subjected to linear regression
(r*=0.979).
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Appendix B. Chemical structures of natural substrates hydrolyzed by Os7BGlu26.
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