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Abstract

B-Glucosidases play many roles in living organisms and are important industrial
enzymes for biomass utilization, and they and related transglycosidases can be used for
production of glycosides for various purposes. Our group has nearly 20 years of experience
studying B-glucosidase structure and function and in the current work we also demonstrated
some new applications for these enzymes. In this project, we studied the structure, function
and applications of glycoside hydrolase (GH) family GH1, GH3, GH116 B-glucosidases and
transglucosidases. We demonstrated that rice Os4BGIlul8 and its close relatives can act as
monolignol B-glucosidases to modulate monolignol glucoside levels in planta, and solved the
X-ray crystal structure of Os4BGlul8, the first for a monolignol B-glucosidase. We also
demonstrated that the GH1 enzyme Os12BGlu38 is critical for pollen development. In a
mutagenesis study, we identified variants of Os9BGIu31 transglucosidase that had the
highest activity for several acceptor substrates, including water for hydrolysis in some cases.
Machine learning could identify determinants of the activity on certain substrates, and the
variants could be used to produce useful products, such as phytohormone glucoconjugates for
further studies. In the GH3 work, two exoglucanases and a B-xylosidase from rice were
characterized and found to be similar to previously described enzymes. Mutagenesis of
barley HvExol was combined with structural and computational studies to identify the
mechanism by which glucose is released from the active site, which explained the basis for
processive oligosaccharide/polysaccharide hydrolysis in a pocket-shaped active site.
Continuing on from our previous solution of the first GH116 structure, that of TXGH116, we
solved several more structures of acid/base mutants to support the conclusion of a vertical
protonation mechanism, which is different from previously reported retaining GH. We also
made several mutations of the active site substrate-binding residues and characterized the
activities of the enzymes, and additional nucleophile residue mutations. The acid/base and
nucleophile mutation variants were found to efficiently transglycosylate azide to make azido-
B-D-glucose and azido-a-D-glucose, respectively, which could be used to make various
glucosyl triazoles by copper-catalyzed Click chemistry. The B-glucosyl triazoles were found
to be efficient inhibitors of bacterial GH116 B-glucosidase, but not human B-glucosidases,
while the a-glucosyl triazoles hold promise as a-glucosidase inhibitors. Some of the active
site TXGH116 mutations also improved the tolerance to glucose and substrates, which will be
important if the enzyme is used for biomass conversion in the future. In addition, we also
expressed and characterized the cyanobacterium [-glucosidase Thermosynechococcus
elongatus TeGH116. This enzyme strongly preferred B-D-glucoside, but had low levels of
activity on [-D-galactoside, N-acetyl-p-D-glucosaminide and B-D-mannoside as well, and
could hydrolyze oligosaccharides. It may act to help recycle cell wall cellulo-
oligosaccharides from the cell wall of the bacterium. We were able to crystalize and solve
the structure of this enzyme, which could be the second structure from the GH116 family.
This work contributed to the theses of three PhD students, as well as postdoctoral fellows and
assistants, and has so far led to the publication of one national and four international journal
papers and two patent application submissions. In the future, more papers and applications
are coming out, once futher development is carried out.
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Executive Summary
Importance:

B-Glucosidases (3.2.1.21) have many functions in plants and other organisms and are
critical enzymes for biomass break-down and nutritional improvement of feeds, among other
applications.  Moreover, related enzymes include B-mannosidases, B-galactosidases, B-
xylosidases, disaccharidases and tranglycosidases that move sugar moieties from one
molecule to another, rather than hydrolyzing the bond and releasing them. All of these
enzymes have established or potential applications in science and industry.

B-Glucosidases belong to glycoside hydrolase (GH) families GH1, GH2, GH3, GH5,
GH9, GH30 and GH116, with few verified activities outside these families (Ketudat Cairns
and Esen, 2010; Ketudat Cairns et al., 2015; Lombard et al., 2014). In this study, we
considered enzymes from GH1 and GH3 from plants (rice) and GH116 from bacteria. GH1
and GH3 are the most prominent families of plant B-glucosidases and related enzymes, like
B-mannosidases and B-xylosidases/a-L-arabinosidases. In these families, the enzymes
exhibit a large range of specificities, especially in GH1, where B-glucosidases with B-
mannosidase activity and b-mannosidases with b-glucosidase activity, disaccharidases and
tranglycosidases have been studied in our laboratory in the past (Chuankhayan et al., 2007;
Kuntothom et al., 2009; Tankratok et al., 2013; 2015; Luang et al., 2013; Komvongsa et al.,
2015a, 2015b). Aside from playing unique roles in cell wall metabolism of the plant, these
enzymes also have potential applications in production of desired and unique
glycoconjugates for characterization of their bioactivities, as well as biomass break-down.
Thus, we set-out to discover the biological functions of the enzymes, the structural basis for
these functions and ways to understand and engineer the enzymatic function of Os9BGIlu31
transglucosidase by site-directed mutagenesis.

Among the GH3 plant enzymes, those that have been characterized are mainly from
barley (Hrmova et al., 1996, 1998), although some from maize (Lee et al., 2001) and the
small Thai eggplant Solanum torvum (Arthan et al., 2006) have also been characterized.
Most of these enzymes act on cell wall polysaccharides and derived oligosaccharides,
although the S. torvum enzyme does not hydrolyze these and instead acts on furatonol
glucosides. When the structure of the HvExol exoglucanase was solved, it was found to have
a glucose molecule left in the active site (Varghese et al., 1999), which was thought to come
from the last hydrolysis reaction of the enzyme, which was purified from plants. Crystals of
recombinant enzymes do not contain this glucose, unless soaked with glucose or substrate
(Streltsov et al., 2019). Thus, it is curious to know how this glucose is removed when the
new substrate comes and how this process affects the action of the enzyme on the substrates.
Such knowledge could assist in engineering of these enzymes for roles in biomass
breakdown and utilization. Another interesting aspect of GH3 is that the plant enzymes can
be broken into two clades, one containing B-glucosidases, including endoglucanases, and one
containing PB-xylosidases and B-xylosidase/a-L-arabinosidases. So, it is interesting observe
the factors that lead to different substrate glycon specificity.

The GH116 family was first described to contain human GBA2 glucoceramidase and
certain archaeal enzymes, including a B-xylosidase/p-glucosidase (Cobucci-Ponzano et al.,
2010). We were the first to describe the activity of a bacterial enzyme in this family
(Sansenya et al., 2015) and subsequently solved the first structure in this family
(Charoenwattanasatien et al.,, 2016). Although the bacterial enzyme from
Thermoanaerobacterium xylanolyticum does not hydrolyze the human GBAZ2 substrate
glucosylceramide, it did serve as a reasonable model for the sugar-binding part of the active
site, in which all the amino acid residues are conserved between TxGH116 and human
GBAZ2. Several unique features were noted in this structure, including an unusual distance
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between the catalytic nucleophile and catalytic acid/base, which was wider than seen in other
retaining GH. Thus more work was needed to understand the catalytic mechanism and
whether it can be manipulated to produce effective glycosynthase or glycothiocoligase
activities (Wang et al., 1994, 1995; Ly and Withers, 1999; Miillegger et al., 2005; Chuenchor
et al., 2011; Pengthaisong et al., 2012, 2014), although we had previously demonstrated the
production of analytical amounts of glucosyl azides by such mutants of TxGH116
(Charoenwattanasatien et al., 2016). Indeed much remains to be learned about GH116, both
in terms of possible utilization of TxGH116 in biomass breakdown and transglycosylation,
and in the actions of other enzymes in this family, since only 4 had been functionally
characterized and only one structurally characterized at the onset of this project.

Objectives:

The purpose of this project was to investigate the structure and function of beta-
glucosidases and related enzymes from bacteria and plants and utilize this information to
apply engineered enzymes to production of new and useful products. To achieve this
goal, we addressed the following objectives:

1. To determine the structures of new enzymes from GH1 f-
glucosidases/transglucosidases in order to explain the structural basis for the unique
properties of these enzymes.

2. To determine the thermodynamics of binding of oligosaccharide and other substrates
and mechanism-based inhibitors to B-glycosidase and/or transglycosidase enzymes and
assess the ligand functional groups and enzyme residues responsible for these interactions.
3 To explain the difference between plant GH3 exoglucanases and -xylosidases.

4. To explain the structural basis of TXxGH116 B-glucosidase binding of oligosaccharides
to allow engineering of the enzyme for better biomass conversion and to better model
substrate-enzyme interactions in this family.

5. To engineer the TxGH116 B-glucosidase to improve glucose tolerance for effective
hydrolysis of oligosaccharides in biomass conversion.

6. To functionally characterize a new GH116 enzyme from a eukaryotic or bacterial
system for possible structural studies (if significantly different from the TxGH116
enzyme).

Methods and Results:

In this project, we functionally and structurally characterized rice B-glucosidases and
engineered transglucosidases from GHI, barley and rice GH3 B-glucosidases and p-
xylosidase, and GH116 enzymes from bacteria by recombinant expression, mutagenesis,
enzymology and x-ray crystallography.

For GH1, we characterized the function and structure of Os4BGIlul8. We had
previously characterized the function of Os4BGIlul8 expressed in E. coli (Baiya et al., 2015),
but here we expressed Os4BGlul8, as well as Os4BGlul4 and Os4BGIlul6 in Arabidopsis
that were mutant for one monolignol B-glucosidase. We extracted the plants and measured
monolignol and monolignol glucoside levels by triple quadrapole liquid chromatography
tandem mass spectrometry (LCMSMS), and found that the monolignol glucoside levels were
higher in the knockout plants, but reduced to similar to or lower than wild type in plants
expressing Os4BGlul4, Os4BGlul6, and Os4BGlul8 (Baiya et al., 2018). This suggested
that these enzymes act as monolignol B-glucosidases in planta, and that although Os4BGlul8
was shown to localize to the cell wall, the enzymes could modulate levels of monolignol
glucosides, which are thought to be localized to the vacuole. We also utilized the crystals
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that we obtained earlier to obtain x-ray crystal structures of Os4BGlul8 alone and with 6-
gluconolactone inhibitor in the active site. These structures allowed docking of monolignol
structures into the active site to analyze the determinants of monolignol B-glucoside
specificity.

In another functional study, we expressed Os12BGIu38 in E. coli and yeast and
showed it had basic B-glucosidase activity against synthetic substrate and oligosaccharides.
This supplemented the work of our collaborator Jong-Seong Jeon’s lab, in which they
showed that knockout of Os12BGIlu38 causes abortive pollen development, with little or no
intine cell wall development.

To learn more about what makes Os9BGIlu31l a transglucosidase, instead of a
glucosidase and improve its usage for synthesizing glucoconjutages, we mutated residue 243
to all possible common amino acids, and combined the previously identified high activity
W243N mutation with hydrophilic active site mutations by site-directed mutagenesis. By
this approach, we were able to identify several new high activity mutation variants, including
W243L and L241D/W243N, which could produce certain substrates better than the high
activity W243N variant in enzymatic reactions analyzed by UPLC of the products. Machine
learning analysis of the activities of the variants on various substrates could identify factors
contributing to the high activity of certain variants on specific substrates (Tran et al., 2019).
We were also able to use these enzymes to produce abscisic acid glucose ester (patent
pending) and other phytohormone glucoconjugates for use in studying phytohormone [-
glucosidases.

Our work on GH3 included following up our previous expression of barley Exo |
(HvEXxol) in Pichia pastoris, with enzymatic and structural studies of active site mutations,
and further characterization of rice exoglucanases and B-xylosidase. The structural analysis
of HvVExol mutations, together with computational simulations, could explain the exchange
of released glucose and incoming substrate in the active site, leading to the proposal of a new
progressive mechanism of hydrolysis. Expression of one rice exoglucanase, OsExoll, in E.
coli, another, OsExol, in Pichia pastoris and a -xylosidase, OsXyll, in both, allowed us to
characterize their enzymatic activities more thoroughly.

For GH116, we continued to characterize TxGH116 B-glucosidase by mutagenesis,
enzymology and x-ray crystallography, and cloned, characterized and began to solve the
structure of a new [B-glucosidase from a cyanobacteria, TeGH116. Characterization of
additional acid/base mutants and their structures with oligosaccharides confirmed the unusual
protonation geometry in the catalytic mechanism, while quantum mechanic/ molecular
mechanic simulations by our collaborators in Carme Rovira’s group confirmed the
plausibility of this mechanism. We made further nucleophile mutations as well and tested
each for transglycosylation activity. This led to the idea that they could be used to make
click glycosides (glucosyl triazoles) by enzymatic synthesis of azido-B-D-glucose and azido-
a-D-glucose (patents pending). We were able to make gram quantities of azido-p-D-glucose
and use it to synthesize 15 glucosyl-1,2,3-triazoles as putative B-glucosidase inhibitors, some
of which had high inhibition activity toward TxGH116 (Gorantla et al., 2019). A smaller set
of a-glucosyl-1,2,3-triazoles was also synthesized, which we hope to test as a-glucosidase
inhibitors in the future. In addition, we have made mutations of all of the active site residues
that appeared to be involved in glycon sugar binding in the crystal structure and confirmed
that all of these had lower kca/Km values than wild type, although a few had higher Keat
values, suggesting applications in high substrate situations like biomass conversion.

After several attempts to express animal GH116 enzymes and one plant GH116
enzyme in E. coli and yeast, we decided to express a cyanobacterium B-glucosidse, which
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may have similar function to a plant GHI116 p-glucosidase. = We cloned the
Thermosynechococcus elongatus TeGH116 gene into pET32a, expressed it in E. coli,
purified and characterized it. The enzyme had activity on 4-nitrophenyl B-D-glucoside with
much lower activity (8% relative activity) with B-D-galactoside. Other 4NP-glycosides were
hydrolyzed at less than 1% of the relative activity of the B-glucoside. It also hydrolyzed
cellooligosacchardies and laminarioligosaccharides, suggesting it could be involved in
recycling of the cellulose in the cyanobacterium cell wall. We were able to crystallize the
protein under various conditions and a few gave diffracting crystals allowing us to collect a
2.5 A dataset, from which a preliminary structure has been solved.

Output and Benefits:

In this project, we gained considerable insight into the workings of three families of
glycoside hydrolases, which resulted in publication of 5 papers, with 4 more in preparation or
revision, and submission of two patent applications, as well as contributing to the training of
3 PhD students, 1 postdoc and 1 research assistant. This work provided us the knowledge to
produce several new products, including phytohormone glucosides, which we could use for
other studies in the laboratory and thereby save considerable expenses, as well as sets of new
glucosyl triazoles that can be tested for inhibition of enzymes of interest. This may result in
the development of new drugs to help in treating metabolic disorder and other diseases, as
these products are taken for testing in the future. Moreover, our approach may inspire others
to create new glycosyl compounds. The knowledge gained on the enzymes’ mechanisms also
will help us to apply these enzymes and engineer them for better use in the future, as well as
providing background for people working on related enzymes. Thus, we were able to
produce unexpected products generated from application of our basic research, and expect
application of these knowledge gained in this project will lead to more products in the future.
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glycosidic linkages between sugar residues and between sugar residues and other moieties, and
glycosyltransferases (GT) and transglycosidases (TG), which generate these linkages. Together,
these enzymes, along with lytic polysaccharide monooxygenases, carbohydrate esterases and acyl
transferases, and and enzymes acting on polysaccharide-associated lignin, have been designated
“Carbohydrate Active eZYmes” or “cazymes” and are catalogued in protein-sequence similarity-
based families in the CAZY online database (www.cazy.org) (Lombard et al., 2014). Cazymes play
critical roles in all domains of life, with the greatest expansion of these roles seen in eukaryotes, and
particularly in plants, which display the widest range of carbohydrate-containing molecules.
The B-glucosidases that have been characterized are members of GH families GH1, GH2,
GH3, GH5, GH9, GH30 and GH116, with the enzymes from plants falling in GH1, GH3, GH5 and
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GH116, while those from humans fall in GH1, GH30 and GH116 (Ketudat Cairns and Esen, 2010,
Ketudat Cairns et al., 2015, Lombard et al., 2014; Kallemeijin et al., 2014). Within these families,
enzymes with related activities, such as p-mannosidase, [-galactosidase, [B-xylosidase,
disaccharidase, transglucosidase, and transgalactosidase, have also been described. In plants, a wide
range of functions for these enzymes has been described, including cell wall recycling, defense
against herbivores and microorganisms, activation of phytohormones, release of aromatics, release
of glucosyl blocking groups from intermediates in secondary metabolism, and release of
monolignols from storage forms, as well as glycolipid recycling, anthocyanin biosynthesis and
transglycosylation of various phenolic acids. In humans, the GH1 enzymes appear to play
nutritional roles for utilizing lactose and plant glucosides, while the GH30 and GH116 enzymes are
involved in glycosphingolipid degradation. Notably, mutations and low expression of the GH1
enzyme lactase phloridzin hydrolase (LPH) result in lactose intolerance, while mutations in the
GH30 enzyme GBAL1 result in Gaucher disease and contribute to Parkinsonism and mutations in the
GH116 enzyme GBAZ result in ataxia or paraplegia with spasticity (Hammer et al., 2013; Martin et
al., 2013).

B-Glucosidases and related enzymes are of biotechnological interest as well. B-glucosidases
from bacteria, archaea and fungi have been used for degrading oligosaccharides to glucose in
biomass conversion (Ketudat Cairns and Esen, 2010). Identifying the functions of the enzymes in
plants and the genetic effects of their over or under expression is also critical to developing low
lignin and phenolic cell walls for biomass conversion, as well as developing crops with better yield
and resistance to biotic and abiotic stress (Chapelle et al., 2012; Ketudat Cairns et al., 2015). In
addition, these enzymes can be used to convert less active glycosides to their more active aglycones,
such as in the case of isoflavonoids (Chuankhayan et al., 2007), or to improve the solubility and
bioavailability of other bioactive compounds (Komvongsa et al., 2015a).

Our group has been studying rice pB-glucosidases and related enzymes for nearly 20 years,
and has also investigated related plant enzymes and carbohydrate active enzymes from other
organisms, including humans, in collaboration with the Biochemistry Laboratory of Chulabhorn
Research Institute, under direction of Prof. M.R. Jisnuson Svasti. Aside from studying the activities
of the enzymes in order to understand their functions in the plants and potential in vitro applications,
we have been interested in elucidating the structural basis for their substrate specificities and other
enzymatic properties (Chuenchor et al., 2008, 2011; Seshadri et al., 2009; Sansenya et al., 2012;
Tankrathok et al., 2013; Pengthaisong et al., 2012, 2014). This structure and functional
understanding of the enzymes can allow us to engineer appropriate enzymes for better utilization in
synthesis or degradation, as well as helping us to more accurately predict the activities of as yet
uncharacterized enzymes from public genomic databases. Thus, in this project, we continued to
study the structure and function of enzyme of the GH1, GH3 and GH116 families, and found ways
to apply these enzymes to glycosylation of molecules of interest, as well as beginning to improve the
properties of one for the depolymerization of biomass.

5. Objectives

The purpose of this project was to investigate the structure and function of beta-
glucosidases and related enzymes from bacteria and plants and utilize this information to
apply engineered enzymes to production of new and useful products. To achieve this
goal, we addressed the following objectives:

1. Determination of the structures of new enzymes from GH1 f-
glucosidases/transglucosidases in order to explain the structural basis for the unique
properties of these enzymes.

2. Determination of the thermodynamics of binding of oligosaccharide and other
substrates and mechanism-based inhibitors to B-glycosidase and/or transglycosidase
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enzymes and assess the ligand functional groups and enzyme residues responsible for
these interactions.

3 Explanation of the difference between plant GH3 exoglucanases and B-xylosidases.

4. Explanation of the structural basis of TxGH116 p-glucosidase binding of
oligosaccharides to allow engineering of the enzyme for better biomass conversion and to
better model substrate-enzyme interactions in this family.

5. Engineering of TxGH116 B-glucosidase to improve glucose tolerance for effective
hydrolysis of oligosaccharides in biomass conversion.

6. Functional characterization of a new GH116 enzyme from a eukaryotic or bacterial
system for possible structural studies (if significantly different from the TxGH116
enzyme).

6. Activities and Methods:

6.1. Structural and Functional Characterization of GH1 enzymes
During the first year, the structure of Os4BGIul8, a rice monolignol B-glucsosidase was
solved, and the catalytic acid/base was mutated from Glu to Gln, in order to allow production
of crystals in complexes with monolignol glucosides, such as coniferin and 4-
hydroxycinnaminic acid. The native and mutant proteins were expressed as thioredoxin
fusion proteins in Origami B(DE3) E. coli, purified, and crystallized. The crystals were
soaked with coniferin, coniferyl alcohol, 4-coumaryl alcohol, 4-coumaryl alcohol glucoside,
and syringin, as well as the inhibitors 2,4-dinitrophenyl 2-deoxy-2-fluoroglucoside and &-
gluconolactone. These crystals were frozen and data collected at the SPring-8 and NSRRC
synchrotrons with 0.9000 and 1.0000 A X-ray beams, respectively. The data were processed
with the HKL-2000 software package and the indexed, refined and scaled datasets were
transferred to the CCP4 package for molecular replacement in MolRep and subsequent
structure refinement in Refmac5 (Otwinowski and Minor, 1997; Vagin et al., 1997,
Murshudov et al., 1999). Rebuilding, manual refinement and quality control were done in
coot (Emsley and Cowtan, 2004). During the second year the structures of the native protein
and its complexes with 3-gluconolactone and 2,4-dinitrophenyl 2-deoxy-2-fluoroglucoside
were refined, essentially to completion. However, some small mistakes were discovered, so
the refinement was repeated in the 3" year. The structures were validated with Molprobity
and PROCHECK (Laskowski et al., 1993; Davies et al., 2007). Furthermore, the Os4BGIlul8
structure was used to dock the monolignol glucoside structures, since we were unable to
resolve electron density for these substrates in the diffraction data of the putative complexes.
In our earlier effort to verify the biological function of Os4BGIlul8, along with
0s4BGlul4 and Os4BGlul6, the cDNAs for these genes were cloned into the pGWB502
expression vector, the recombinant vectors transformed into Agrobacterium and introduced
into Arabidopsis (Columbia landrace) with an insertional mutant in the AtBGLU45 gene.
This mutant line was previously shown to have elevated levels of the monolignol glucoside
coniferin (Chapelle et al., 2012). After growing and confirming the recombinant plants at
Kyung Hee University (S. Korea), the areal parts of wild type Columbia, atbglu45 mutant,
and atbglu45 mutant rescued with Os4BGlul4, Os4BGlul6 or Os4BGlul8 were harvested,
powdered in liquid nitrogen and extracted with methanol. The relative amounts of conferin,
syringin, and 4-coumaryl alcohol glucoside, as well as their aglycones and control phenolics
were determined by triple quadrapole electrospray ionization (ESI) LCMSMS in the multiple
reactant monitoring (MRM) mode by comparing the relative abundances of the compounds
of interest to standard curves of those compounds. In the second year, we had to extend this
work to show the localization of Os4BGIlul8 protein by transformation of tobacco epithelial
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cells, in order to show that Os4BGIlul8 is localized at the cell wall. This data allowed us to
complete publication of the paper on this subject (Baiya et al., 2018).

In a previous grant, we characterized Os9BGIu31 as a transglucosidase that
moves glucose most effectively between phenolic acids and their glucose esters and
established mutated enzymes that had greater activity than wild type (Luang et al., 2013;
Komvongsa et al., 2015a, 2015b). In this grant, we continued mutation of the position of
residue W243, mutations of which had previously been shown to have higher activity than
wild type, by completing the set of 20 common amino acids in this position, and
characterizing their activities for glucosylation of a set of acceptor substrate molecules (Tran
et al., 2019). We also combined the previously described W243N mutation with other active
site mutations to see the effects of double mutants on the enzyme activity and specificity.
Since we lacked a crystal structure, homology models were generated with a covalent
glucosyl intermediate for each of the Os9BGIu31 variants and docking of known acceptors
was attempted. To gain further insight into the structural basis for acceptor substrate
specificity, we also submitted the protein and acceptor substrate structures to chemi-
informatics analysis with machine learning (Tran et al., 2019). Furthermore, the high activity
mutants, which seemed more stable, were submitted to crystallization trials, since we had
previously failed to get crystals of the wild type Os9BGIu31 enzyme.

In another area, we produced recombinant Os12BGIlu38 in E. coli and P. pastoris
cultures to characterize the biochemical activity of the enzyme. The crude and purified
enzymes were tested for activity on 4-nitrophenyl beta-D-glucoside (4NPGIc) and natural
substrates. This work complemented the genetic studies done with Prof. Jong-Seong Jeon in
Kyung Hee University, Korea, which showed that knock-out of this gene results in male-
sterile rice plants with abortive pollen development.

Further GH1 work was done on generating new crystals of Os3BGlu7 with
mannoimidazole and collecting a new dataset, since the previous ones only had
glucoimidazole contaminant or no ligand in the active site, as well as crystallizing
Os4BGlul3 for a clearer explanation of why it is better at gibberellin glucose ester hydrolysis
than the closely related Os4BGlul2. The structures of Os3BGlu7 with mannose have been
submitted to computational chemists for QMMM analysis to explain the relatively higher
activity on glucosides, compared to mannosides.

6.2. Characterization of GH3 enzymes from rice.

Throughout the year, the OsExoll exoglucanase was expressed as a thioredoxin
fusion protein in E. coli, purification optimized, and the protein characterized. The protein
purification that gave the best results was immobilized metal affinity chromatography on
nickel-equilibrated resin, followed by phenyl sepharose and S200 gel filtration
chromatography. The obtained protein was characterized for pH optimum in citrate-
phosphate universal buffers, temperature optimum, relative activities toward 4-nitrophenyl
(4NP) glycosides at 1 mM concentration, and Kkinetics for hydrolysis of 4NP-B-D-
glucopyranoside (4NPGlc), cellobiose and laminaribiose. The OsExol isoenzyme was also
expressed, but in Pichia pastoris, and was purified by IMAC and characterized for relative
activitys toward 4NP glycosides, oligosaccharides and polysaccharides, similar to OsExoll.

For GH3 B-xylosidase, although we were able to express the OsXyll
B-xylosidase in various E. coli strains from pET32a, pSY7 and pSY?9 vectors, as reported in
our previous work (BRG5680012), optimization in these strains gave relatively low levels of
expression. So, the cDNA was cloned into pPICZaBNHS8 and expressed in Pichia pastoris
SMD1168H. The protein was purified by IMAC and the purified protein deglycosylated
with endoglycosidase H to show that the deglycosylated protein was essentially a single band
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on SDS-PAGE. The enzyme was tested for hydrolysis of various 4NP-glycosides and
kinetics for 4NP-B-D-xylopyranoside determined.

We had previously expressed and characterized mutations of barley HvEXol,
according to our previously described method (Luang et al., 2010a). Some of these
mutations were crystallized (Luang et al., 2010b) and structures solved before and after
soaking with glucose. Those structures were used as the basis for QMMM calculations of the
catalytic and glucose exit mechanism, in collaboration with several computational chemists
(Streltsov et al., 2019). Meanwhile, we also made site-directed mutations of HvEXxol to make
it mutate active site residues to those of GH3 B-xylosidase. Relative activities of some of
those mutations toward 4NPGIc and 4-NP-B-D-xylopyranoside were determined.

6.3. Structural studies and engineering of TXGH116 B-glucosidase

For TxGH116, we have produced many datasets of the TxGH116 enzyme and its
mutants, including the D593A and D593N acid/base mutants and E441A nucleophile mutant
complexed with oligosaccharides, the refinements of which were continued or completed. In
addition, we completed the set of known human pathogenic mutations (Votsi et al., 2014) by
site-directed mutagenesis of the TxGH116 B-glucosidase and characterized the kinetics of
4NPGlc hydrolysis and temperature optima. We also mutated the active site cleft residue
Y69 to check its influence of substrate binding and hydrolysis. The TxGH116 D508H
(human mutation replication), D508N, R786H (human mutation replication), and datasets
were collected for D508N and R786H alone and after soaking with 2,4-dinitrophenyl 2-
deoxy-2-fluoroglucoside (G2F), along with additional crystals of catalytic acid/base and
nucleophile mutants in complexes with cello- and laminari-oligosaccharides. Additional
mutations were made to exchange the lengths of the catalytic nucleophile and catalytic
acid/base (E441D, D593E and E441D/D593E to evaluate their effects on catalysis and
substrate specificity.

To evaluate the unusual acid/base position, the pH profiles of the Kkinetic
parameters of the wild type and D593N and D593A mutants were determined with 4NPGlc.
Evaluation was also made of the pH optimum with cellobiose, a substrate with greater
requirement for acid assistance during hydrolysis.

In order to assess the unusual protonation trajectory of TxGH116, we refined the
structures of TxGH116 D593N in complexes with cellobiose and laminaribiose to
completeness. These structures were then sent to Prof. Carme Rovira at the University of
Barcelona, whose student ran molecular dynamics simulations to show that the horizontal
protonation hypothesized from the structures is consistent with the energetics of the system.
We subsequently solved the structure of complexes of the TxGH116 D593A mutant with
cellobiose and laminaribiose as well, to show that the glycosidic bond position was not
affected by hydrogen bonding to the D593 residue.

We further evaluated the use of acid/base (D593A, D593N) “glycothioligase”
mutants and nucleophile (E441A, E441G, E441D) for their rescue by and transglycosylation
of various nucleophiles. The use of the most efficient of these mutants for synthesis of beta-
and a-glucosyl azides was then assessed, as a way to produce precursor for click synthesis of
putative inhibitors. Fifteen B-glucosyl-triazole inhibitors were then produced from the B-
glucosyl azide and a smaller set of a-glucosyl triazoles was also synthesized. The B-
glucosyl-triazole inhibitors were then assessed for their inhibition of purified TXGH116 and
TeGH116, as well as human B-glucosidase activity in crude cell extracts of Cos7 cells
overexpressing human GBAL and GBAZ2 (in collaboration with Dr. Lukana Ngiwsara of the
Biochemistry Laboratory of Chulabhorn Research Institute).
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6.4. Expression of new GH116 enzymes

Initial work was done on animal GH116 enzyme expression in E. coli.
Optimized cDNA encoding human GBA2 and its deep sea vent tube worm homologue
(supposed thermophilic GBA2) were obtained and cloned into a number of vectors, including
PET30, pET32, pSY5, pSY7, pSY9, and pFATT2 and expression conducted in E. coli strains
BL21(DE3) and Origami B(DE3) at low temperature (20° C) and 37° C, with induction with
isopropyl-thio-beta-galactoside (IPTG) at concentrations ranging from 0 to 0.5 mM, as well
as production in autoinduction media for some constructs. The cells were broken open and
activity against 5 or 10 mM 4NPGIc tested. When activity was detected, the extract was
purified by IMAC, although no active protein was recovered. SDS-PAGE was used to assess
protein in the soluble and insoluble fractions. Insoluble thioredoxin-wormGBA2 fusion
protein from expression from pET32 in BL21(DE3) was solubilized in 8 M urea and purified
by IMAC in the solution, followed by elution in 250 mM imidazole in 8 M urea, 20 mM Tris,
pH 8.0, 150 mM NaCl and dilution into buffer without urea. One rice GH116 gene was also
obtained, but no protein could be expressed from this gene.

To further investigate the role of GH116 enzymes, a gene was obtained for a
GH116 from a cyanobacterium, Thermosynechococcus elongatus, as a possible model of
GH116 action in the chloroplast. This gene was cloned into pET32a and initial expression
attempted in LB media at 20 °C and 37 °C. We then purified the protein and determined its
pH and temperature optima. Furthermore, the relative activity against 4-nitrophenyl-
glycosides and oligosaccharides were determined. The Kinetic parameters for hydrolysis of
ANPGIc were determined along with the competitive inhibition constant of glucose.
Furthermore, we assessed the inhibition of this enzyme by the inhibitors mentioned about and
determined the ICsp for inhibition of hydrolysis of 1 mM pNPGlc for the best of these. The
TeGH116 was also submitted to crystallization trials and crystals obtained under various
conditions. Optimization was done to obtain crystals of sufficient quality for diffraction,
which were finally obtained by Ratana Charoenwattanasatien during a visit to Prof. Genji
Kurisu’s laboratory. The crystals were used for x-ray diffraction at the SPring-8 and NSRRC
synchrotrons and the best dataset obtained with a nominal resolution of 2.3 to 2.5 A.

14



7. Results:
7.1. Structural analysis of Os4BGlul18.

Os4BGlul8 expressed in E. coli has been characterized to show high activity on
monolignol glucosides (Baiya et al., 2014), suggesting it could be a useful structural model
for these proteins. The protein with the N-terminal thioredoxin and His-tag removed was
purified and the pure protein could crystallized in the condition of 25% polyethylene glycol
(PEG) 3350, Tris-HCI, pH 8.5. The optimized crystals could diffract x-rays and showed unit
cells in the P21212; space group with unit cell parameters of a = 163.8, b = 167.4 and c=
240.1 A. A crystal produced in the presence of G2F was found with a similar unit cell size in
the P4,2:2 space group. Further optimization gave crystals in MES, pH 6.0 in PEG or
PEG5000 MME with the unit cell parameters of a=52.4, b=84.8, and ¢=207.9 in the P2,2121
space group and crystallization of the wild type and E194Q mutant alone and in complex
with the inhibitor and possible substrates, products (monolignol alcohols) and inhibitors gave
data sets with nominal resolution in the 1.8 to 2.5 A range. However, we could not identify
electron density for the coniferin, coniferyl alcohol, 4-coumaryl alcohol glucoside, 4-
coumaryl alcohol or syringin (substrates and aglycon products of hydrolysis) in the active
site of structures calculated from these data sets. One dataset of native enzyme was refined to
near completeness at a resolution of 1.50 A, R value of 17% and Riree 0f 20%. As shown in
Figure 1, this structure had two protein molecules packed against one another with their
active sites facing nearly opposite directions in the asymmetric unit, although gel filtration
chromatography indicated the protein is predominantly a monomer in solution. The active
site contained a Tris molecule from the buffer.

Figure 1: Two molecules of Os4BGIlul8 found in the crystallographic asymmetric unit. The

typical GH1 (B/a)s barrel structures are shown in cartoon representation colored by
molecule.

We also mutated the catalytic acid base to make the Os4BGlul8 E194Q mutant and
crystallized it, then soaked in monolignol glucosides. Unfortunately, none of the complexes
with monolignols had sufficient density for the expected ligands in the active site when the
diffraction data was evaluated. Nonetheless, we have completed the refinement of the native
enzyme (which has a Tris molecule in the active site), along with complexes with 2,4-
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dinitropheyl 2-deoxy-2-fluoro-glucoside and &-gluconolactone in their active sites.  The
structures of coniferin, syringin and 4-hydroxy-coumaryl alcohol were docked into the active
site. In order to get the sugar to go into the right position, it has to be distorted into a 3S;
skew boat, as previously seen for Os3BGIu7 (rice BGlul, Chuenchor et al., 2008). The
structure of Os4BGlul18 with coniferin docked in the active site is shown in Figure 2.

Figure 2: Coniferin docked into the active site of the Os4BGIlul8 X-ray crystal structure.
The conifernin (with carbons in green) and catalytic residues (with carbons in darker blue)
are shown in stick representation, while the other residues are shown in lines superimposed
with a cartoon of the backbone.

7.2. Demonstration of Os4BGlul4, Os4BGlul6 and Os4BGlul8 monolignol f-
glucosidase activity in planta.

Although we previously showed the Os4BGIlul8 expressed in E. coli had high activity
toward monolignol glucosides (Baiya et al., 2014), this activity has not been demonstrated in
planta.  Therefore, we produced plasmids to produce Os4BGlul4, Os4BGlul6é and
Os4BGIlul8 in plants under control of the TMV 35S promoter and our collaborators in Prof.
Jong-Seong Jeon’s laboratory, Kyung Hee University, Suwon, Rep. Korea, transformed them
into Arabidopsis plants that were mutated to lack BGLU45 and have shown elevated
coniferin levels. We analyzed the monolignol and monolignol glucoside levels in the above
ground part of the plants by extraction and LCMSMS at our laboratory. As shown in Figure
3, the levels of the monolignol glucosides coniferin, 4-coumaryl alcohol glucoside and
syringin were all found to be elevated in the mutant plants in our MRM mode LCMSMS
analysis, and expression of any of the three putative rice monolignol B-glucosidases lowered
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those levels to near those of the wild type Arabidopsis plants. This result demonstrated that
all three proteins can breakdown the monolignol glucosides in the plant.
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Figure 3. Levels of monolignol glucosides in Arabidopsis plants mutant for BGLU45 with
and without overexpression of the rice monolignol B-glucosidase homologues Os4BGlul4,
0s4BGlul6, and Os4BGLU18, compared to those in wild type plants (Baiya et al., 2018).

Since the monolignol glucosides are thought to primarily reside in the vacuole, a
reviewer asked us to check the localization of the rice monolignol B-glucosidases. When we
expressed a C-terminally GFP-tagged Os4BGlul8 in tobacco epithelial cells by
Agrobacterium infiltration mediated gene transfer, the GFP could be seen to partition
between the cell wall and plasma membrane in the apoplast (Figure 4), demonstrating the
extracellular localization. This result suggests that monolignol glucosides may be sent to the
extracellular space, rather than always remaining in the vacuole, or that the extracellular
enzymes may sometimes be taken into the vacuole.
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5 min

15 min

Figure 4. Localization of GFP-tagged Os4BGIlul8 is observed at the cell wall and plasma
membrane. A. The localization seen by confocal microscopy 3 days after transformation of
tobacco leaf epithelial cells with Os4BGlul8-GFP expression plasmid (frame 1), the
autofluorescence of chloroplasts (frame 2), phase contrast image of the leaf epithelium
(frame 3) and superposition of the three images (frame 4). B. Localization 5 and 15 min after
addition of 0.5 M mannitol osmolyte to shrink the cells and pull the plasma membrane away
from the cell walls. The frames are as described in A. Figure from Baiya et al., 2018.

7.3. Functional and structural analysis of Os9BGIlu31 transglucosidase mutants.

We previously characterized Os9BGIu31 as a transglucosidase with highest
activity on glucose esters of phenolic acids, including some phytohormones (Luang et al.,
2013). We had further showed that mutations of the active site cleft did not have a large
affect on the hydrolysis vs. transglycosylation ratio, but one mutation at residue 243,
W243N, showed significantly higher activity and promiscuity than the wild type enzyme
(Komvongsa et al., 2015a). Here, we completed the set of 20 amino acid types at residue 243
and combined the W243N mutant with other mutants of the active site that had been
expected to favour water binding for hydrolysis (Tran et al., 2019). We found that the
W243L mutant had high activity, similar to W243N, but with somewhat different specificity,
so that it was best glycosylation of certain substrates (Figure 5). We also found that the
destabilizing mutation L241D, which was not previously characterized due to its poor
stability and solubility and low activity, could be complemented in the presence of W243N,
such that the L241D/W243N mutant had even higher activity than W243N on several
substrates. This sign anisotropy confirmed the close interaction of these neighboring
residues in the active site cleft and generated a new useful tool for glycosylation of certain
substrates. We also found that the double mutants tended to have higher hydrolysis to
transglycosylation ratios than the wild type and single mutants, supporting the idea that
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making the active site more polar may support hydrolysis while a less polar active site may
promote transglycosylation.

Previous attempts to crystallize Os9BGIu31 and Os9BGIu31 W243N did not
produce useful crystals, so we used homology models to try to try to explain the substrate
specificity of Os9BGIu31. Docking into these structures did not give reasonable complexes
for the acceptors in the glucosyl-enzyme intermediate, so we instead resorted to machine
learning algorithms to correlate substrate and enzyme properties (Tran et al., 2019). These
programs could indeed correlate several factors for transglycosylation, although the derived
correlations were not obvious to implement for enzyme engineering. A further attempt to
crystallize Os9BGIu31 succeeded, and structure solution is underway, in the hope that it may
lead to a clearer explanation of the basis for transglycosylation vs. hydrolysis and allow for
engineering of enzymes for glycosylation of substrates of interest.
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Figure 5. Activity of highly active mutants of Os9BGIu31 on selected receptor substrates
relative to wildtype. 4NPGIlc was used as the donor substrate and activity quantified as 4NP
released. Note that L243D/W243N showed the highest activity for hydrolysis and
transglycosylation of Syringic acid and salicylic acid.
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7.4. Characterization of GH3 enzymes

Improved expression of OsExoll in E. coli was found upon induction with
autoinduction media at 15 °C, although the yields were still low. This allowed purification to
apparent homogeneity of SDS-PAGE (Figure 6) via one nickel IMAC step, followed by
phenyl sepharose and S200 gel filtration chromatography, although results of this purification
procedure with still variable. The purified protein had a pH optimum of 5.0, and kinetic
parameters at 30° C and pH 5.0 were determined to be Km = 0.22 mM, ket = 0.64 s, and
Keat/Km = 2.86 for 4NPGIc, Km = 0.015, keat = 0.38 s, and keaKm = 24.6 mMs? for
cellobiose, and Km = 0.39, keat = 0.55 s?, and keayKm = 13.9 mMs-! for laminaribiose.
Several compounds, including glucose, were also found to inhibit the enzyme. Although the
enzyme had a temperature optimum of 40 °C in a 15 min assay, it was only stable at
temperatures up to 30 °C (when stability was tested at 10 degree intervals).

In addition to OsExoll, OsExol and OsExolll genes for P. pastoris expression
were cloned into pPICZa and transformed into P. pastoris SMD1168H. Screening of initial
clones indicated relatively high activity only in the OsExol clones. So, the best OsExol
expressing clone was grown the protein purified from the media by IMAC and preliminary
characterization done. The protein hydrolyzed similar substrates as OsExoll, as shown in
Table 1. Similarly, it had pH and temperature optima of pH 5.0 and 50 °C, but was only
stable up to 30 °C. Deglycosylation with Endo H gave a single band, instead of the disperse
protein band without digestion (Figure 7), but this deglycosylation had no effect on
temperature stability.

M 100 120 140 160 180 200 220 240

Figure 6. OsExoll protein after purification by IMAC, hydrophobic interaction, and gel
filtration chromatography. Left gel, IMAC fractions eluted with the indicated mM
concentrations of imidazole values noted at the top; middle gel, marker and pool after phenyl
sepharose chromatography; right gel, marker and pool after S200 gel filtration
chromatography.
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Figure 7 SDS-PAGE analysis of OsExol expressed in Pichia pastoris. Lane M, standard
protein marker; Lane 1, endoglycosidase H; Lane 2, OsExol protein before deglycosylation;
Lane 4, OsExo1l protein after deglycosylation with endoglycosidase H.

For barley Exol (HvEXxol), we continued to characterize the mutation that could
be made in the active site following our successful expression in P. pastoris (Luang et al.,
2010). The active site resiudes involved in glucose binding and exchange in the active site
were mutated and the mutant enzyme found to have little or no activity. Structures of some
of the enzymes showed a loss of glucose binding in the active site. Quantam
Mechanics/Molecular Mechanics simulations showed that the enzyme could release glucose
through a transiently opened channel in the side of the active site, and suggested that
coordination of this exit with binding of the next substrate residue could lead to progressive
catalysis in the pocket-shaped active site of GH3 enzymes (Steltsov et al., 2019).
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Table 1: Comparison of relative activities of rice and barley exonucleases toward
various substrates.

Relative Activity (%)
Substrate OsExol | OsExoll | HvExol? | HVExoll?
4-nitrophenyl glycosides
4NP-B-D-glucopyranoside 100 100 10 56
4NP-B-D-galactopyranoside NA 23 NA NA
4NP-o-L-arabinopyranoside NA 20 NA NA
4ANP-B-D-xylopyranoside 6.1 19 NA NA
4NP-B-D-fucopyranoside NA 17 NA NA
4ANP-B-D-cellobioside 443 NM NA NA
Oligosaccharides
Laminaribiose 100 100 70 75
Laminaritriose 972 983 NM NM
Laminaritetraose 96.0 971 NM NM
Laminaripentaose 970 983 NM NM
Cellobiose 954 912 14 20
Cellotriose 931 838 NM NM
Cellotatraose 737 574 NM NM
Cellopentaose 715 694 NM NM
Polysaccharides
Laminarin (L. digitata) 100 100 100 100
Barley(1,3;1,4--D-glucan 63.2 65.2 10 14
Lichenan (C.islandica) 704 710 18 49

®These data are from Hrmova and Fincher, 1998.
NA means “No activity detected”; NM means “Not measured.”

Although the GH3 B-xylosidase/a-L-arabinosidase OsXyll was also expressed in
E. coli, expression levels were low and it was not purified. Instead, the cDNA was cloned
into the Pichia pastoris expression vector pPICZaBNH8 (Toonkool et al., 2006) and
expressed in Pichia pastoris strain SMD1168H. When media from the best clone was used
to purify enzyme by immobilized metal affinity chromatography, the protein could be seen as
a high molecular weight smear, which reduced to a single major band after digestion with
endoglycosidase H, which cleaves high-mannose glycan of glycoproteins after the first
(asparagine-linked) N-acetylglucosamine residue (Figure 8). Assessment of the pH and
temperature optima indicated that the enzyme has a rather low pH optimum of 4.0 and a high
temperature optimum of 60 °C in a 30 min assay at pH 4.0. When the clones were reassessed
under these conditions, a second clone was found to have slightly higher expression than the
initially identified clone and was used for further analysis. The protein was purified and
tested on different synthetic glycosides, as shown in Table 2, which showed that it had
highest activity on 4NP-B-D-xylopyranoside, with 8.5% of that maximal activity level with
a-L-arabinopyranoside and 5.9% of that activity with f-D-mannopyranoside.
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Figure 8 SDS-PAGE analysis of OsXyll produced in P. pastoris after purification and
digestion with Endoglycosidase H.

Table 2: Relative activity of OsXyl1 on various nitrophenyl glycosides
Relative activity

Substrate (Percent of activity on 4NPXyl)
4-NP B-D-xylopyranoside 100
4-NP a-L-arabinopyranoside 8.5
4-NP B-D-mannopyranoside 5.9
2-NP B-D-glucopyranoside 3.3
4-NP B-D-glucopyranoside 2.6
4-NP a-D-galactopyranoside 1.5
4-NP B-D-maltoside 1.3
4-NP o-L-fucopyranoside 1.3
4-NP N-acetyl-pB-D-glucosaminide 1.2
4-NP B-D-galactopyranoside 1.2
4-NP B-D-fucopyranoside 1.1
2-NP B-D-galactopyranoside 0.9
4-NP a-D-glucopyranoside 0.6
p-NP B-D-cellobioside 0.7
p-NP a-D-mannopyranoside 0.7

7.5. Characterization of TxGH116 mutants.

During the first year, we collected data and refined structures for mutants and of
the thermophilic family GH116 enzyme TxGH116, the structure of which we previously
used to explain pathogenic mutations in the human GH116 member GBAZ2
(Charoenwattanasatien et al., 2016). When investigating the substrate binding cleft, it was
noted that the residue Y62 was in a position to interact with oligosaccharides in the active
site and its position seemed to depend on the presence or absence of such substrates. To see
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if it was important for substrate binding, it was mutated to alanine (Y62A), and Kinetic
parameters for hydrolysis of 4NPGIc (Table 1). Although it had a minor effect on 4NPGlc
hydrolysis, it is anticipated that this position might affect oligosaccharides more, but it was
found to have relatively minor effects on these as well

Aside from this, 3 new human mutations were identified after we had done the
mutagenenic analysis of their effects in TxGH116 for the previous paper. So, we made the
corresponding mutations for two of them, F347V and G599R, in the TxGH116 protein. The
third new mutation was a nonsense mutation, which would lack the catalytic domain and
therefore not have activity. The F347V and G599R mutants had little or no effect on kinetics
compared to the wild type. In fact, this was expected, since these mutations are not in the
active site and were expected to affect the stability of the enzyme, rather than its kinetic
parameters. In the past, we have found that such mutations, e.g. R544W, had less effect on
the TXGH116 protein than human GBAZ2, due to the greater intrinsic stability of TXxGH116.

Since the lower Michaelis constant (Km) of the R786H mutant compared to wild
type TXGH116 suggested it might bind to glucose less tightly than wild type, we compared
the competitive inhibition constants (Ki) of TxGH116 to its R786H and Y62A mutants.
Unexpectedly, the competitive inhibition constants, corresponding to the apparent
dissociation constants (Kp) for glucose for both R786H (1.48 mM) and Y62A (1.08 mM)
were both somewhat lower than wild type (3.95 mM), so that these mutants were not the
candidates for decreasing glucose inhibition for which we hoped. Therefore, we produced
mutations of all active site residues to see their effects on substrate hydrolysis and glucose
inhibition, and the mutations were confirmed. Several proteins have been produced and their
kinetic constants for 4ANPGIc determined, as shown in Table 4. Since many had very low
activity, we could not determine the glucose inhibition for most of them, but we did so for
the high activity mutants, none of which showed greatly higher competitive Ki, inducating
reduced glucose inhibition. For instance, another mutation at the R786 residue, R786A, did
show a slightly improved competitive K; for glucose (6.5 mM), and seemed considerably
more efficient at hydrolyzing cellobiose and cellotriose.

Table 3 Kinetics of 4ANPGIc hydrolysis by TXGH116 mutants.

TxGH116 Km Keat Keat/Km Temperature
variant (mM) (sh (mMis? optimum
(°C)
Wild type* 0.18 +0.008 49.0+0.8 272 75
Y62A 0.29 £ 0.006 56.0£0.3 193 N.D.
F347V 0.17 £0.007 49.0 £ 0.65 288 65
G599R 0.17 £ 0.008 42.3 £0.65 249 70-75
R544W* 0.26 = 0.011 48.2 +0.5 186 60-65
R786H* 157+£05 194+£24 12.3 70

N.D. is not determined (no change in temperature optimum expected). *Note that the last two
mutations and wild type were previously published in Charoenwattanasatien et al., 2006.

To understand the effects of the human muations better, the TxGH116 mutants
R544W and R786H were crystalized and their structures solved alone and with G2F covalent
inhibitor. R544W had minor effects on the packing in the middle of the protein and no
obvious effects in the active site, but Figure 9 shows that the R786H mutation (magenta) had
two possible positions for the H786 side chain that were not similar to that of the R786
position and did not hydrogen bond to the glucosyl 6 hydroxyl group. The neighboring
tyrosine, Y455, was also displaced in comparison to the wild type enzyme.
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Figure 9. Structural superposition of the active site of TxGH116 in complex with
G2F.(green) with TxGH116 R786H in complex with G2F (magenta). Note that the H786
residue is moved away from the position of R786 and the neighboring tyrosine residue,
Y445, has also moved.

Additional work was done to further characterize the acid/base residue, due to its
unusual position related to other retaining pB-glucosidases (Heightman and Vasella, 1999,
Charoenwattanasatien et al., 2016). Therefore, the pH dependence of the kinetic parameters
were determined. The kea/Km showed a sharp optimum at 5.0 and inflection points at pH 3.8
and 6.2 corresponding to the pKa of the catalytic nucleopile and acid/base respectively
(Figure 10). When the D593N acid/base mutant was characterized in the same way, it
maintained the peak at pH 5, but the basic part of the curve did not decrease and instead rose
to a higher peak at pH 7.5 (Figure 11). It should be noted that this peak was still at a kcayKm
value about 3000-fold lower than the wild type, however. This was not quite as expected,
since the activity against 1 mM 4NPGlc follows the expected plateau at values above pH 5
until 7.5 or so, but the kinetic parameters are affected by a higher Ky and kcat near pH 7.5.

Since we noted that the acid/base mutants were relatively highly active in the
production of beta-glucosylazide (1-azido-B-D-glucose), we conjectured that this reaction
could be used to efficiently prepare substrate for click glycosylation reactions. Screening
showed that the D593A and D593N mutants gave similar production of 1-azido-f-D-glucose,
but the D593A mutant seemed slightly better for use. So, we generated medium scale
reactions (up to 30 mL) and were able to produce and purify over 1 g of 1-azido-B-D-glucose
in one optimized reaction. This substrate could then be applied to copper-catalyzed Click
chemistry to prepare p-D-glucose-1,2,3-triazoles with a variety of functional groups, without
risk of breakdown upon deprotection, since no deprotection was required (Gorantla et al.,
2019).
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Table 4: Effects of other active site residues mutations on TxGH116 catalytic

properties.
. Kcat/Km Optimum Optimum
-1
Protein Km(mM) Kcat(S™) (MMsY) | temperature ( °C ) oH
WT 0.16 40.4 2525 - 55
D452A 27.8 0.12 0.0043 - 5.0
D452N 8.81 0.0074 0.0008 - 45
H507A 10.5 0.28 0.027 70 5.0
H507E 9.9 0.01 0.0010 60 50
H507Q 47.3 14.1 0.30 60 50
T591A 12.8 3.65 0.29 - 45
E730A 3.79 80.8 21.3 - 40
W732F 0.47 62.35 132.7 - 50
E77TTA 29.7 0.12 0.0040 - 55
E777Q 7.0 0.02 0.0029 70 35
R786A 5.6 129.0 23.04 - 45
R786K 7.3 88.7 12.15 70 45
R792A 453 0.0083 0.0018 - 5.0
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Figure 10. The kca/Km dependence on the pH for wild type TxGH116.
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Figure 11 The pH dependence of the TxGH116 D593N mutant in the absence (top) and
presence (bottom) of 3 mM azide. In the top condition, hydrolysis predominates, while in the
lower condition, transglycosylation occurs.
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Figure 12 Structures of pB-D-glucosyl-1,2.3-triazoles synthesized from enzymatically
produced 1-azido-pB-D-glucose. Percentages indicate the yields in the click reactions and
purification. The compounds were designated GT2-16, according to the numbers shown,
with 1-azido-B-D-glucose designated GT1. The figure is from Gorantla et al. (2019).

The B-D-glucosyl-1,2.3-triazoles are potential inhibitors of B-glucosidases. They
were tested for inhibition of human B-glucosidases in crude cell lysastes, but little inhibition
was seen. However, several showed strong inhibition of TxGH116, as shown in Figure 12.
The strongest inhibitor of TxGH116 was GT13, which had an ICso value of 40 nM for
TxGH116 hydrolysis of 1 mM 4NPGlc, while the second best was GT14, which had an 1C50
value of 108 nM in the same assay (due to the substrate concentration of 5 times the K;, these
IC50 values should be approximately 6 times the K; values, based on simple competitive
inhibition). It seems that having another aromatic ring within 1 bond of the triazole was
favorable for inhibition of TXGH116. These inhibitors were soaked into TXGH116 crystals
and the data collected to obtain their structures, which are still in refinement.

Given that the TxGH116 acid/base mutants could efficiently be used to produce -D-
glucosyl-1,2,3-triazoles, we explored the use of the TxGH116 nucleophile mutants E441A
and E441G for synthesis of 1-azido-o-D-glucose and its use to make a-D-glucosyl triazoles,
which are potential inhibitors of a-amylase and a-glucosidases, and thereby may be potential
drugs to lower the glycemic index of foods for diabetics. Although high concentrations of
enzyme were needed and the yields were not as high, due to the low activity of the
nucleophile mutant, 1-azido-o-D-glucose was still produced more efficiently than by
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synthetic chemistry, and it was used to synthesize several a-D-glucosyl-1,2,3-triazoles,
which will be tested for biological activity and enzyme inhibition in the future.
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Figure 13 Percent inhibition of TXxGH116 by different concentrations of B-D-glucosyl-1,2.3-
triazoles.

7.5. Expression of other GH116 enzymes.

Although much work was done on expression of human GBA2 and a putative
thermophilic GBA2 from a deep sea tubeworm (worm GBAZ2), only low and inconsistent 3-
glucosidase activities were detected in the soluble fractions or refolded human and worm
GBA2. In another project, we could produce human GBA2 as a GFP fusion in tobacco
leaves, as judged by fluorescence localization, but western blots gave poor results, suggesting
degradation. We learned that others could produce active human GBAZ2 in baculovirus
insect-cell expression systems, but the solubility led to lack of crystallization. Since other
groups were ahead of us in GBA2 expression, we turned to characterizing other GH116
enzymes.

Due to the difficulty in expressing animal GH116 proteins, we tried to expression
on GH116 protein from a cyanobacterium. Since the genus Synechococcus is closely related
to plant chloroplasts, a gene from a thermophilic relative, Thermosynechococcus elongatus
(TeGH116) was obtained and cloned into the pET32a expression vector for an initial attempt.
This protein could be obtained as a thioredoxin fusion protein in this system and the initial
test showed that it has B-glucosidase activity and can be purified by IMAC (Figure 14). The
purified TeGH116 had a pH optimum of 5.5 and temperature optimum at 55 °C. We went on
to test the TeGH116 enzyme with several substrates. The enzyme was quite specific to p-D-
glucoside, when comparing 4-nitrophenolate substrates, with only 2.7% relative activity with
B-D-galactopyranoside, 0.8% with B-D-N-actylglucosaminide, 0.6% with B-D-
mannopyranoside and less than 0.5% with other 4NP glycosides tested, compared to 4NPGlc.
It also hydrolyzed B-1,3- and B-1,4- linked glucooligosaccharides, with highest activity
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toward cellotriose. When screened with the B-glucosyl 1,2,3-triazoles produced above,
TeGH116 was found to be less inhibited than TxGH116 with the best inhibition by the
gibberellin-derived GT4.

Figure 14 SDS-PAGE analysis of Thermosynechococcus elongatus TeGH116 purification
after E. coli expression. Lane M, Molecular weight marker; lane 1, crude soluble extract of
E. coli after expression; lane 2, crude soluble lysate after heating at 60 °C for 30 min; lane 3,
IMAC purification fraction pool; lane 4, Enterokinase digest of 1 IMAC pool; lane 5, Pool
after second round of IMAC; lane 6, Pool after S-200 gel filtration chromatography of 2"
IMAC pool.

Since the TeGH116 enzyme is the first GH116 enzyme to be characterized from
a cyanobacterium and showed somewhat different properties from TxGH116, we crystallized
the protein and it was found to crystalize in a variety of conditions. One set of crystals was
able to diffract to reasonable resolution, and a dataset was collected to around 2.5 A
resolution. The data refined to the 12 spacegroup and the structure could be tentatively solved
by molecular replacement with the TXGH116 structure. The TeGH116 structure is currently
under refinement, although the residuals are still a bit high (R factor of 0.23 and R#ree Of
0.29). The current model for the TeGH116 structure is shown in Figure 15. More crystals
have been generated and soaked with inhibitors and glucose to generate models for analysis
of substrate interaction.
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Figure 15 Structural model of TeGH116. The structure is shown as a cartoon depiction with
alpha-helices in cyan, beta-strands in violet and loops and turns in salmon. Further
refinement of the model is in process.
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8. Conclusions and Benefits
8.1. Scientific Conclusions and Benefits

During this grant, we continued our work on structural and functional characterization
of B-glucosidases, transglucosidases and B-xylosidases from GH families GH1, GH3 and
GH116. This work gave us a better understanding of how B-glucosidases from different
families function at the atomic and molecular levels and what differentiates enzymes with
different substrate and product specficities. It also allowed us to produce new products using
the enzymes as transglucosidases to add the glucose directly to the aglycones of interest or to
produce azides that could then be added to molecules of interest by click chemistry.

For the GH1 enzymes, we were able to solve the structure of Os4BGlul8, which is
the first example of a monolignol B-glucosidase with a known structure. This allowed us to
dock monolignols into the structure to see what bonding interactions result in specificity for
monolignols. Moreover, we were able to demonstrate that Os4BGul18 and its near relatives
0s4BGlul4 and Os4BGlul6 could really affect the levels of monolignol glucosides in plants,
despite the fact that the enzymes and glucosides are thought to reside in different
compartments in the plant. This shows the need for a more nuanced understanding of how
these enzymes and their substrates are localized in the plant and a possible dynamic aspect of
this localization.

We were also able to demonstrate that the Os12BGIlu38 B-glucosidase is critical for
pollen development in rice. However, we could only express a weakly active enzyme in a
recombinant system with some activity to oligosaccharides and certain glycosides that
suggests it could play a role in cell wall development, but was less conclusive than desired.
Nonetheless, it shows a critical new role for a B-glucosidase in development.

Testing of different mutations of Os9BGIlu31 was able to identify new highly active
mutants of this transglucosidase which are better for production of certain glucosides than the
previously identified mutants. We also found that double mutants that increased the active
site hydrophilicity tend to have higher hydrolysis activity, suggesting the overall
hydrophilicity/hydrophobicity of the active site does contribute to the transglycosylation vs.
hydrolysis determination, although a single mutation cannot show this. Furthermore,
combination of two mutations (L241D/W243N) was able to increase the activity of the
enzyme, despite the fact that one of those mutations alone (L241D) resulted in much worse
activity than wildtype. This points to the importance of considering amino acid interactions
in the active site in engineering enzymes. We were also able by machine learning to identify
factors that lead to the transglycosylation of certain molecules, which may be used in the
future to predict which substrates may be glycosylated by our engineered enzymes, thus
improving the use of these enzymes. However, due to the need for more precision in
predicting the enzyme substrate interactions, we are currently solving the x-ray crystal
structure of Os9BGIu31.

We were able to improve the production and characterization of rice GH3
exoglucanases and f-xylosidase, as well as finally complete and publish our characterization
of glucose exit from the active site of barley HvExol exoglucanase. This results in a better
understanding of the difference between the glucosidase and xylosidase enzymes for the rice
enzymes and developed a new understanding of how an enzyme with a pocket-shaped active
site can progressively hydrolyze polysaccharides, in the case of HVEXxol.

We continued to characterize mutations of TxGH116 B-glucosidase acid/base and
nucleophile, as well as active site residue mutations and mutations mimicking the disease-
causing mutations found in human GBA2. This work resulted in a better understanding of
the activity of this enzyme, and particularly the acid/base residue, although we still need to
publish this work. Moreover, it allowed us to screen the different acid/base and nucleophile
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mutants for production of 1-azido-B-D-glucoside and 1-azido-a-D-glucoside respectively.
Production of these compunds allowed us to synthesize new sets of glucosyl 1, 2, 3-triazoles,
which can be screened for inhibition of enzymes of interest. Although the initial set of -
glucosyl 1,2,3-triazoles seemed to have little effect on human enzymes, some were quite
effective in inhibiting TXGH116, so they may be effective against some bacterial enzymes of
interest. The structures of TxGH116 with these compounds are still in process, but may
allow us to better understand their inhibition of TXxGH116 and why it appears different from
the interaction with human GBA2. The mutations of the other residues that interact with
glucose in the active site of TxGH116 show the importance of these residues and are likely to
identify mutations that have higher activity at high substrate and product concentrations,
which are relevant to biomass conversion processes, although these mutants are still being
charaterized.

Characterization of the cyanobacterium B-glucosidase TeGH116, represents the
second characterization of a bacterial enzyme from the GH116 family. Although some
aspects of its substrate specificity look similar to TXxGH116, it is likely to have a different
role in the bacteria, since it appears to be a cytoplasmic protein, while TXxGH116 seems likely
to be periplasmic. The substrate specificity was subtly different and the thermostability of
TeGH116 lower than for TxGH116. Thus, it was useful to determine the structure of
TeGH116 to help understand these differences. The availability of more GH116 structures
may allow better modeling of human GBA2 and other GH116 enzymes of interest, in
addition to helping with future engineering of this family of enzymes.

8.2. Other benefits.

As noted in the output, this work has resulted in the publication of 4 international
papers and 1 national paper, with several more papers in process of revising or writing for
publication. It has also provided experience to 3 PhD students and one MSc student. Our
research assistant and postdoctoral fellows also gained valuable experience working on this
project. Although we did not immediately expect patents, we have submitted two patent
applications based on the application of our enzymes to production of glucosyl triazoles,
which may be useful as enzyme inhibitors in the future.

8.3. Future benefits.

As noted, we have several papers in progress, which will add to the output of this
work and the knowledge and products produced may have several applications in the future.
We are able to produce modified variants of GHL1 transglycosidase and GH116 beta-
glucosidase that can be applied to producing new glycosides, as noted. These may have
many as yet untested bioactivities, which will be tested in the future. For example, we have
hopes that the a-glucosyl-1,2,3-triazoles may act as inhibitors of human a-glucosidase and a-
amylase, thereby serving as potential anti-diabetic drugs by lowing the glycemic index of
starch-based foods. We will need to test this in the future. In addition, this work will bring a
new method to producing 1-a-glucosyl-azide and a-glucosyl-1,2,3-triazoles, which are
difficult to produce by synthetic organic chemistry. In the future, we may optimize the
economics of this process by enzyme immobilization, so that such products can be produced
at relatively low cost. We will also test their potential as insecticides and in other potential
applications.

The understanding and application of the rice GH1 proteins also has several
applications. We know that breeding of rice for low or no production of certain enzymes
may be beneficial for producing certain products. For instance, rice with the Os12BGlu38
loss of function could be used in producing hybrid rice, since it is male sterile. The
understanding of rice monolignol glucoside metabolism can help to understand whether they
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have subtle roles in cell wall lignification or more important roles in lignification induced by
pathogen or insect attack. Finally, production of glycosides of interest with Os9BGIlu31
mutants can allow us to characterize the functions of these compounds. For instance,
production of certain phytohormone glucoconjugates, such as ABA-glucose ester (Ketudat
Cairns et al., patent request submitted), has allowed us to characterize enzymes that
hydrolyze these substrates in vitro and in planta. (M. Kongdin et al., in preparation). Other
glycosides of potential drugs can be tested for improved solubility and pharmacological
properties. Thus, many products could potentially be produced with these engineered
enzymes in the future.
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ARTICLE INFO ABSTRACT

The glycoside hydrolase family 1 members Os4BGlul4, Os4BGlul6, and Os4BGlul8 were proposed to be rice
monolignol B-glucosidases. In vitro studies demonstrated that the Os4BGlul6 and Os4BGlul8 hydrolyze the
monolignol glucosides coniferin and syringin with high efficiency compared to other substrates. The replace-

Keywords:
Monolignol B-glucosidases
Monolignol glucosides

Arabidopsis ment of the conserved catalytic acid/base glutamate residue by a nonionizable glutamine residue in Os4BGlul4
ﬁl:;rolo ous expression suggested that it may be inactive as a P-glucosidase. Here, we investigated the activities of Os4BGlul4,
UPLC—MSgMS P 0s4BGlul6, and Os4BGlul8 in planta by recombinant expression of their genes in the Arabidopsis bglu45-2

(monolignol B-glucosidase) mutant and analysis of monolignol glucosides by ultra-performance liquid chro-
matography-tandem mass spectrometry (UPLC-MSMS). The bglu45-2 line exhibits elevated monolignol glucoside
levels, but lower amounts of coniferin, syringin, and p-coumaryl alcohol glucoside were seen in Arabidopsis
bglu45-2 rescued lines complemented by the Os4BGIul4, Os4BGlul6, and Os4BGlul8 genes. These data suggest
that the bglu45-2 mutant has a broader effect on monolignols than previously reported and that the Os4BGlul4,
0s4BGlul6 and Os4BGlul8 proteins act as monolignol B-glucosidases to complement the defect. An OsBGlul6-
GFP fusion protein localized to the cell wall. This apoplastic localization and the effect of these enzymes on
monolignol glucoside levels suggest monolignol glucosides from the vacuole may meet the monolignol B-glu-
cosidases, despite their different localization.

1. Introduction gymnosperms and also at lower levels in some angiosperms, such as the

Magnoliaceae and Linaceae families (Campbell and Sederoff, 1996;

p-Coumaryl alcohol glucoside (pCAG), coniferin, and syringin are
monolignol glucosides, which have been proposed to be transport and
storage forms of monolignols, the precursors of lignin and lignans
(Chapelle et al., 2012). Their aglycones, p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol are precursors to the p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) units found in lignin (Boerjan et al.,
2003), respectively. It is well understood that monolignol glucosides
are glucosylated by a uridine diphosphate glucose (UDP-glucose)-de-
pendent glucosyltransferase and deglucosylated by monolignol specific
B-D-glucosidases (Dharmawardhana and Ellis, 1998; Steeves et al.,
2001; Escamilla-Trevifio et al., 2006; Lanot et al., 2006; Baiya et al.,
2014; Tsuyama and Takabe, 2015; Lin et al., 2016). Monolignol glu-
cosides accumulate in lignifying xylem close to the cambium of

Baucher et al., 1998; Huis et al., 2012; Terashima et al., 2016). Re-
cently, localization of coniferin in Ginkgo biloba L. by cryo time-of-flight
secondary ion mass spectrometry and scanning electron microscopy
(cryo-TOF-SIMS/SEM) revealed that coniferin is accumulated in the
vacuoles of the tracheid cells of differentiating xylem (Aoki et al.,
2016). Although largely found in the stem and leaves, coniferin and
syringin were also detected in roots of Arabidopsis and they were de-
creased after infection by Pythium sylvaticum (Bednarek et al., 2005).
Dixon et al. (2001) proposed a model of the H, G, and S unit me-
tabolic pathways for synthesis of monolignol related compounds. In this
model, the methylation reactions occurred at the level of the free acids
cinnamate, 4-coumarate, caffeate, ferulate, 5-hydroxyferulate, and si-
napate. The enzymes 4-coumarate CoA ligase (4CL), cinnamoyl CoA
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reductase (CCR), and cinnamyl alcohol dehydrogenase (CAD) then
catalyze the conversion of the free acids into the coenzyme A (CoA)
ester, aldehyde, and alcohol forms, respectively.

Glycoside hydrolase family 1 (GH1) B-glucosidases are abundant in
plants and carry out a wide range of functions, including release of
phytohormones, biosynthetic intermediates, aromatic compounds and
monolignols from their glucosides (Ketudat Cairns et al., 2015). Ana-
lysis of GH1 members encoded in the Arabidopsis thaliana genome was
first reported by Xu et al. (2004). From phylogenetic analysis, they
divided GH1 into 10 subfamilies, which contain 47 genes encoding f3-
glucosidase-like proteins and the divergent gene Sensitive to Freezing 2
(SFR2), which encodes a galactolipid galactolipid transgalactosidase
(Moellering et al., 2010). BGLU45 (At1g61810), BGLU46 (At1g61820),
and BGLU47 (At4g21760) are most closely related to Pinus contorta
coniferin f-glucosidase. Among these, BGLU45 and BGLU46 are most
closely related to each other sharing 80%, and their genes are located
together on chromosome 1, while BGLU47, which was predicted to be
targeted to the peroxisome, is more divergent and its gene is located on
chromosome 4 (Xu et al., 2004). Escamilla-Trevifio et al. (2006) ex-
pressed the glycosylated BGLU45 and BGLU46 enzymes in Pichia pas-
toris and found that BGLU45 could hydrolyze monolignol glucoside
substrates (coniferin, syringin, and pCAG), while BGLU46 showed a
broader substrate specificity, hydrolyzing salicin, p-CAG, phenyl 3-D-
glucoside, 4-methylumbelliferyl 3-D-glucoside, coniferin, syringin, ar-
butin, and amygdalin. In addition, RT-PCR analysis of BGLU45 and
BGLU46 genes demonstrated that these genes are expressed in the stem,
an expected lignification site. Moreover, immunolocalization demon-
strated that the BGlu45 is mainly found in the interfascicular fibers and
BGLU46 in the protoxylem of Arabidopsis stems. Arabidopsis lines with
the BGLU45 and BGLU46 genes knocked out displayed a significant
increase in the abundance of coniferin, but not for syringin (Chapelle
et al.,, 2012). However, no significant changes in the abundances of
coniferyl alcohol and sinapyl alcohol were observed in this experiment.
Nonetheless, these data suggest that coniferin is a substrate for BGLU45
and BGLU46 in planta and it could serve as an inactive storage form of
monolignol precursor, although no significant changes were observed
in the lignin of the knockout plants.

When the GH1 f-glucosidase genes in the rice (Oryza sativa L.)
genome were identified, the Os4BGlul4, Os4BGlul6, and Os4BGlul8
were found to be closely related to Arabidopsis BGLU45, BGLU46, and
BGLU47 and designated as putative monolignol p-glucosidases
(Opassiri et al., 2006). In a recent in vitro enzymatic study, Os4BGlul6
and Os4BGlul8 exhibited high catalytic activity for hydrolysis of all
three monolignol glucoside substrates when compared with other nat-
ural substrates (Baiya et al., 2014). Os4BGlul4 could not be expressed
and demonstrated to have B-glucosidase activity, which together with
its lack of the conserved ionizable glutamate residue at the catalytic
acid/base position, led us to believe it might be an inactive product of a
dying gene or have another function. To investigate whether rice
0s4BGlul4, 0s4GBlul6, and Os4BGlul8 can function as monolignol p-
glucosidases in vivo, we attempted to rescue an Arabidopsis BGLU45
knockout line with all three genes and measure the effects on coniferin
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and other monolignol glucoside levels.
2. Materials and methods
2.1. Plant material and growth conditions

Arabidopsis At1g61810 (bglu45-2, Col-0 ecotype) mutant seeds cor-
responding to the Salk 117269 flanking sequence tag were ordered
from the Salk Institute Genomic Analysis Laboratory. Homozygous
bglu45-2 mutant plants were isolated by genotype analysis with
Arabidopsis BGLU45 gene- and T-DNA-specific primers, as described by
Chapelle et al. (2012). The Arabidopsis bglu45-2 mutant lines rescued
with Os4BGlul4, Os4BGlul6 and Os4BGlul8, homozygous bglu45-2
mutant and segregated wild-type plants were grown together in the
growth chamber under long-day conditions with some modifications
from Chapelle et al. (2012). Briefly, all the plants were grown in
22-25°C day/18-15°C night, 16 h of light/8h dark at 60% relative
humidity. Ten replicates of each line were planted, from which four
plants with similar growth were sampled for further analysis. Ten-
week-old Arabidopsis was used for determining monolignol compounds.

2.2. Construction of plant expression vectors and Arabidopsis bglu45-2
transformation

For expression in Arabidopsis, the Os4BGlul4, Os4BGlul6, and
Os4BGlul8 cDNA were cloned into pGWB502 expression vector
(Nakagawa et al., 2007). The full length cDNA for each gene was am-
plified with a SolGent™ Pfu DNA polymerase (SolGent, Daejeon, Korea)
from japonica rice (cv. Nipponbare) cDNA clones [0s4BGlu14 accession
number AK067841, Os4BGlul6 accession number AK068772, and
0s4BGlul8 accession number AK058333], which were ordered from the
Knowledge-based Oryza Molecular biological Encyclopedia (KOME).
The primer pairs used for PCR amplification were BGlul4fwd: 5-CAC
CGGAAGACGCACGCACGAGATGG-3’, BGlul6fwd: 5-CACCTGGGTGG
ATCGGTCGAGATGGC-3’, and BGlul8fwd: 5-CACCATGGCAGGAGGC
AGT AAGACGCGGA-3’ as forward primers and BGlul4rev: 5-GTAAT
ATGGAAAGGGAAGAACAG-3’, BGlulérev: 5-GCTAGACGTATTCTAGC
ATCGGA-3’, and BGlul8rev: 5-CTATTGATTTTCATGCAGATTTTG-3’ as
reverse primers of Os4BGlul4, Os4BGlul6, and Os4BGlul8, respec-
tively. The respective PCR products were cloned into the pENTR/D-
TOPO vector (Thermo-Science Invitrogen, Carlsbad, CA, USA), and then
the recombinant plasmids were verified by sequencing. The cDNA in-
serts were cloned via LR clonase recombination (Invitrogen, Gaithers-
burg, MD, USA) into the Gateway binary vector pGWB502, which
contains a 35S promoter and nopaline synthase (NOS) terminator
(Fig. 1). The recombinant binary vectors for expression of the three
monolignol B-glucosidase-like genes were introduced into Agro-
bacterium tumefaciens GV3101 by electroporation and subsequently
transformed into knockout mutant Arabidopsis line Salk 117269, in
which the T-DNA is inserted into the BGlu45 gene (bglu45-2) as de-
scribed by Chapelle et al. (2012), by the floral dip method (Clough and
Bent, 1998).

RB Os4BGIuLd Tros %ﬂ}am&s&mr I }— LB
RB 0s4BGInl6 Tnos %’a.ums:m'r b/ }— LB
RB pCaMV3ss 0s4BGIuIS Tnos  |—————< pCaMV3SS:HPTIT — B

Fig. 1. Schematic diagram of plant expression vectors of the Os4BGlul4, Os4BGlul6, and Os4BGlul8 genes.
The three cloned full length cDNAs including partial 5’ untranslated region (UTR) and 3'UTR sequences were inserted under the control of the pCaMV 35S promoter.
LB and RB, left and right borders of T-DNA; HPT II, hygromycin phosphotransferase II gene; Tnos, nopaline synthase terminator.
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2.3. RNA isolation and RT-PCR analysis

Total RNAs from 1 month old leaves of homozygous Arabidopsis
bglu45-2 mutant, pGWB502/0s4BGlul4, pGWB502/0s4BGlul6, and
pGWB502/0s4BGlul8 rescued Arabidopsis bglu45-2, and segregated
wild type were prepared using Trizol reagent (Invitrogen). The isolated
RNA extracts were reverse-transcribed with an oligo-dT primer and a
First Strand ¢cDNA Synthesis Kit (Roche, Mannheim, Germany). The
first-strand cDNAs were used as templates in the RT-PCR with
BGlul4qPCRf:  5-GATGGAAGAAGCAGTCACAT-3’, BGlul6qPCRf:
5-TTCATGGGTACTTTGTCGTC-3’, and BGlul8qPCRf: 5-GATAGTTAC
ACCGACGCAGA-3’ as forward primers and BGlul4qPCRr: 5-TCGAA
GTCATCAAGGAGAGA-3’, BGlul6qPCRr: 5- GTGTCGAAATCCACTTG
GTA-3’, and BGlul8qPCRr: 5-AGCTTTGGAGATCTTTCC TG-3' as re-
verse primers of Os4BGlul4, Os4BGlul6, and Os4BGlul8, respectively.
The Arabidopsis Tubulinl (AtG75780) gene-specific primers were used
as the internal control (Oppenheimer et al., 1988).

2.4. Subcellular localization analysis of the Os4BGlul6-GFP fusion protein

The Os4BGlul6 entire open reading frame without stop codon was
amplified by PCR using a SolGent™ Pfu DNA polymerase (SolGent). The
primers used were 5-AAAAAGCAGGCTTCATGGCCGTGGCGGCGGC
GAC-3’ and 5-AGAAAGCTGGGTGCGAATCTGCTCTACGTGACC-3’ for
0s4BGlul6-GFP fusion. The PCR product was cloned into pDONR201
and transferred into between the CaMV35S promoter and Green
Fluorescent Protein (GFP) of pH7FWG2 by the Gateway LR reaction
(Karimi et al., 2002). The resulting GFP fusion construct was infiltrated
into a tobacco leaf by an Agrobacterium-mediated infiltration method
(Rouyi et al., 2014). For plasmolysis experiments, tobacco leaves ex-
pressing Os4BGlul6-GFP were infiltrated with 0.8 M mannitol solution.
GFP signal was detected by excitation with the 488 nm line of the argon
laser and a capturing emission at 522nm by laser-scanning confocal
microscopy (LSM 510 META, Carl Zeiss, Jena, Germany) at various
times after transformation. Chlorophyll autofluorescence was used as
markers of chloroplasts.

2.5. Plant extraction and UPLC-MSMS analysis

The leaves and stems of ten week old homozygous Arabidopsis
bglu45-2 mutant, pGWB502/0s4BGlul4, pGWB502/0s4BGlul6, and
pGWB502/0s4BGlul8 rescued Arabidopsis bglu45-2, and segregated
wild type stems were ground in liquid nitrogen. Fifty-milligrams of
ground samples were extracted in 500 pl of 80% methanol containing
50 UM of naphthalene acetic acid (NAA) as an internal standard and
mixed by vortexing 5 min and sonicating 15 min. Then, the supernatant
was collected by centrifugation at 12,470 X g for 15 min. Five micro-
liters of each sample was injected into an Agilent SB-C18 RRHD 1.8 um,
2.1 x 150 mm column (Agilent Technologies, CA, USA) on an Agilent
1290 UPLC system inline with an Agilent 6490 triple quadrupole mass
spectrometer. A gradient of buffer A (100:1:0.1, water:actronitrile:2 M
ammonium acetate, pH 5.0) and buffer B (100:1:0.1,
actronitrile:water:2 M ammonium acetate, pH 5.0) was used at the flow
rate of 0.2 ml/min (Chapelle et al., 2012). The gradient started at 95%
A and decreased to 65% in 34 min. The temperature of the column was
set at 40°C. A UV visible spectrum was measured between 190 and
600 nm on the inline diode array detector (DAD). Electrospray ioniza-
tion (ESI) was used in the negative ion mode with the multiple reactant
monitoring (MRM) method. The precursor ion and product ion masses
of syringin (m/z 431 > 179, retention time [Rt] 11.6 min, collision
energy [CE] 35V), coniferin (m/z 401 > 179, Rt 10.2min, CE 5V),
pCAG (m/z 371 > 148.9, Rt 8.2min, CE 10V), sinapyl alcohol (m/z
209 > 1789, Rt 11.6min, CE 18V), coniferyl alcohol (m/z
179 > 146, Rt 17.9min, CE 6V), p-coumaryl alcohol (m/z
149 > 130.1, Rt 15.6 min, CE 14 V), sinapic acid (m/z 223 > 149.1,
Rt 19.5min, CE 22V), ferulic acid (m/z 193 > 178, Rt 18.3 min, CE
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6 V), p-coumaric acid (m/z 163 > 93, Rt 15.4 min, CE 34 V), vanillic
acid (m/z 167 > 108, Rt 8.8min, CE 10V), cinnamic acid (m/z
147 > 103, Rt 28.4 min, CE 2V), caffeic acid (m/z 179 > 135.1, Rt
10.2min, CE 14V), and 1-naphthaleneacetic acid [NAA] (m/z
185 > 141, Rt 33.7 min, CE 2 V) were monitored with the cell accel-
erator voltage at 4 V. Notably, the precursor ions of three monolignol
glucosides were detected as their acetate aducts, which have masses
59.0 Da higher than the monolignol molecular weights. Four biological
replicates of each sample were injected two times each to carry out
statistical analyses. The abundance values were compared to standard
curves (Supplementary Figs. S1-S12) of the specific compounds to de-
termine the amount of each monolignol compound in the extract and
NAA was used as a reference compound with the abundance shown
relative to the measured NAA concentration (NAA standard curve re-
gression: y 3.04x + 46.74, R*> = 0.9994). The compound con-
centrations in the extracts were calculated by multiplying the values
obtained from the standard curve by the concentration of NAA added to
the extract and dividing by the concentration of NAA measured in the
extract.

2.6. Statistical analysis

To verify the significant differences between the concentration of
monolignol compounds in Arabidopsis bglu45-2 rescued by monolignol
B-glucosidases, Arabidopsis bglu45-2 mutant and segregated wild type
lines, all samples were performed in four biological replicates.
Statistical significance was evaluated using the IBM SPSS statistics
software with one-way ANOVA followed by post hoc Scheffe's test
method at a significance level of P < 0.01.

3. Results

3.1. Construction of transgenic Arabidopsis bglu45-2 lines rescued with rice
monolignol B-glucosidases

The pGWB502 expression vectors containing the O0s4BGlui4,
Os4BGlul6, and Os4BGlul8 cDNAs under control of CaMV 35S pro-
moter (Fig. 1) were transformed into homozygous Arabidopsis thaliana
bglu45-2 mutant plants by the floral dip method to obtain putative rice
monolignol B-glucosidase-rescued lines. The rescue lines were proven
to express the expected putative rice monolignol B-glucosidase gene,
but not the BGLU45 gene, by reverse transcription PCR (RT-PCR)
(Fig. 2). The positive DNA band was amplified for each specific rice
gene in the respective rescue lines, and no band of rice monolignol f3-
glucosidases genes was detected in segregated wild-type and bglu45-2
mutant lines.

3.2. UPLC-MSMS analysis of monolignol B-glucosidases rescued
Arabidopsis bglu45-2 mutants

The extracts of the Arabidopsis bglu45-2 mutant lines rescued with
0s4BGlul4, Os4BGlul6 and Os4BGlul8 had levels of monolignol glu-
cosides that were significantly lower than the bglu45-2 parent line and
similar to the Col-0 wild type plant extracts. The relative amounts of
syringin, coniferin, and pCAG in bglu45-2 rescued by all three genes
were decreased more than 2-fold, when compared with homozygous
Arabidopsis bglu45-2 mutant (Fig. 3). The levels of the monolignols si-
napyl, coniferyl, and p-coumaryl alcohol in the recued lines were lower
than in the Arabidopsis bglu45-2 mutant and wild type, while the Ara-
bidopsis bglu45-2 mutant and wild type had similar levels of coniferyl
and p-coumaryl alcohols Fig. 4. The levels of the monolignol bio-
synthesis intermediate compounds (phenyl propanoic acids) cinnamic
acid, p-coumaric acid, and ferulic acid were similar between the ex-
tracts of the rescued lines and bglu45-2 and wild type plants, as was the
level of the ferulic acid derivative vanillic acid (Fig. 5). Sinapic acid was
significantly lower in the bglu45-2 line (and higher in the Os4BGlul8
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A B Fig. 2. RT-PCR analysis of B-glucosi-
1 2 3 4 1 2 3 4 dase gene expression in Arabidopsis
Os4BGlul4 C—— Os4BGIul6 S —— thaliana wild type, bglu45-2 mutant and
: : bglu45-2 mutant lines rescued by
e R —————.

ABcLlO I ARl 0s4BGlul4 (A), Os4BGlul6 (B), and

AtTubl s AtTubl 0s4BGlu18 (C).
Lane 1, segregated wild-type of
BGLU45; lane 2, homozygous knock
C 1 2 3 4 out mutant of bglu45-2; lanes 3 and 4,
0s4BGIul8 complemented lines of the indicated

AIBGLUS — SRt
AtTubl _ C—  — —

rescued line), while caffeic acid was significantly higher in the bglu45-2
extracts, which demonstrates that there was no systematic increase in
the bglu45-2 mutant extracts compared to the wild type and rescued
lines. Nonetheless, the significance of these phenolic metabolite dif-
ferences is unclear.

3.3. Subcellular localization of Os4BGlul6-GFP

Previously, pine tree monolignol B-glucosidase activity was shown
to localize to the secondary xylem tissue cell wall (Dharmawardhana
et al., 1995) and AtBGLU45 and 46 were also immunolocalized to cell
wall (Chapelle et al., 2012), leading to the assumption that monolignol
B-glucosidases are found in the cell wall. However, monolignol B-glu-
cosides are specifically transported to the vacuole, while the free
monolignols are transported to the cell wall (Miao and Liu, 2010; Dima
et al., 2015). Since a cell wall B-glucosidase might not be expected to
affect vacuolar monolignol glucoside levels, Os4BGlul6 tagged with a
C-terminal GFP was transiently expressed in tobacco leaf epithelial cells
to check its localization. As can be seen in Fig. 6, the GFP signal was
exclusively localized to the plasma membrane and extracellular space
in both intact and plasmolysed cells, consistent with an apoplastic or
cell wall localization.

5.000 -

gene.

4, Discussion

Metabolomics studies have recently revealed several new aspects of
lignin biosynthesis and monolignol metabolism (Lim et al., 2003;
Chapelle et al., 2012; Vanholme et al., 2012; Morreel et al., 2014; Dima
et al., 2015). The identification of secondary metabolite phenolic
compounds that are involved in lignin biosynthesis pathway have
mostly been investigated by liquid chromatography and mass spectro-
metry. The inflorescence stem and rosette leaf of Arabidopsis thaliana
have primarily been studied, although roots were occasionally in-
cluded. (Lim et al., 2003; Chapelle et al., 2012; Vanholme et al., 2012;
Morreel et al., 2014; Dima et al., 2015). It was previously reported that
knockout of Arabidopsis BGLU45, which is expressed in a stem-specific
manner, resulted in an increase in coniferin, vanillin 4-O-hexoside,
isodihydrodehydrodiconiferyl alcohol (IDDDC) hexoside, and iso-
dehydrodiconiferyl alcohol (IDDC) hexoside in the stem, with smaller
effects in the root (Chapelle et al., 2012). However, in that scanning
LCMS analysis, the contents of syringin, sinapyl alcohol, and coniferyl
alcohol were not significantly different. In contrast, our targeted mul-
tiple reactant monitoring (MRM) LCMSMS approach showed significant
differences in extracts of homozygous Arabidopsis bglu45-2 mutant
compared with the wild type for syringin, coniferin, pCAG, and sinapyl
alcohol (Figs. 3 and 4). Since only compounds for which a specific MRM
method could be developed were detected, we could not detect all of
the compounds described by Chapelle et al. (2012). On the other hand,

Fig. 3. Concentrations of monolignol glucosides in
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since the monitoring of specific fragment ions from specific parent ions
in triple quadrapole mass spectrometry is the high precision method for
quantifying molecular analytes, it may have provided more sensitivity
to the change, compared to the previously utilized ion scanning
method. However, we cannot exclude differences in the growth con-
ditions or sample preparation, between our study and that of Chapelle
et al. (2012), as contributors to this difference. Nonetheless, the in-
crease in the levels of all three monolignol glucosides in the bglu45-2
plant extracts is consistent with the activity of recombinant BGLU45 in
vitro (Escamilla-Trevino et al., 2006).

To rescue coniferin hydrolysis, rice genes encoding monolignol f-
glucosidases (0s4BGlul4, Os4BGlul6, and Os4BGlul8) were integrated

into the homozygous mutant via Agrobacterium-mediated

0.012 Cmnamlc acid

= 0010 -

S

§ A0.008 1

H §0.006 1

2 0.004

© 0.002 -
0.000 -
0.100 Caffeic acid

0.080 -

ab ab
0.060 - a
0.040 -
0.020 -
0.000 -
0.50
“

0.40
Os4BGlul4 Os4BGlul6 Os4BGlul8

Concentration
(uM)

Sinapic acid ¢

ilal

bglu4s-2

Concentration

transformation. Os4BGlul6 and Os4BGlul8 recombinantly expressed in
P. pastoris and E. coli had high catalytic efficiency to hydrolyze syringin
and coniferin and lower activity toward pCAG (Baiya et al., 2014). In
the current study, extracts of the Arabidopsis bglu45-2 mutant lines
rescued with Os4BGlul6 and Os4BGlul8 had levels of monolignol
glucosides that were significantly lower than the bglu45-2 parent line
and similar to the Col-0 wild type plant extracts (Fig. 3).

While Os4BGlul4 lacks the conserved catalytic acid/base residue, it
is highly expressed in reproduction stages, such as endosperm, lemma,
embryo, pollen, panicle, and flower (Opassiri et al., 2006; Baiya et al.,
2014), suggesting that Os4BGlul4 may still function in specific plant
cells. The relative amounts of syringin, coniferin, and pCAG in bglu45-2
rescued by Os4BGlul4 were decreased more than 2-fold, when
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Fig. 5. Concentrations of monolignol intermediates and related compounds in the extracts of Arabidopsis bglu45-2 rescued by monolignol B-glucosidases, homozygous

Arabidopsis bglu45-2 mutant and segregated wild type.

The concentrations of the compounds were determined and relative concentrations calculated as described in Fig. 3. Bars marked by the same lower case letter are
not significantly different, while bars without the same letter are significantly different (p < 0.01).
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5 min

15 min

Fig. 6. Subcellular localization of Os4BGlul6-eGFP in tobacco leaf epithelial cells.
(A) Agrobacterium-mediated transient expression of Os4BGlul6-GFP in tobacco leaf epithelial cells. (B) Leaf epithelial cells expressing Os4BGlul6-GFP plasmolyzed
by infiltrating 0.8 M mannitol. Microscope images were captured at 5min (top) and 15 min (bottom) after the infiltration, respectively. Arrowheads indicate the
plasma membrane separated from the cell wall. The fluorescent GFP signal, chlorophyll autofluorescence, light microscope view, and merged image are shown from

left to right.

compared with homozygous Arabidopsis bglu45-2 mutant (Fig. 3). This
evidence suggests that Os4BGlul4 does serve to release monolignols
from their glucosides in the plant cells.

Due to the fact that the amino acid residue in the conserved acid/
base position at residue 194 is glutamine rather than glutamate, it is
somewhat surprising that Os4BGlul4 expression in the bglu45-2 mutant
Arabidopsis yields similar results to expression of the monolignol f3-
glucosidases Os4BGlul6 and Os4BGlul8. This suggests that the enzyme
can somehow function without the catalytic acid/base. Indeed in vitro
studies of GH1 [-glucosidases in which the acid/base glutamate was
replaced with glutamine showed relatively high transferase activity to
transfer the glucose to nucleophilic acceptors (Miillegger et al., 2005;
Chuenchor et al., 2011). As such, Os4BGlul4 may be acting as a
transglucosidase in vivo, transferring the glucosyl moiety to organic
acids or other suitable acceptors, as has been demonstrated for rice
0Os9BGlu31 (Luang et al., 2013). However, Os9BGlu31 does not sig-
nificantly utilize monolignols as substrates, so this would be a unique
function for Os4BGlul4.

In contrast to what might have been expected based on their release
by the exogenously expressed rice B-glucosidases, sinapyl, coniferyl,
and p-coumaryl alcohol levels were also low in the rescued lines
(Fig. 4). This suggests that upon release from their glucosides by the
rice monolignol (-glucosidases, the monolignols may rapidly react to
form other compounds. Given that the rice monolignol -glucosidases
are predicted to be extracellular (Opassiri et al., 2006), other mono-
lignol B-glucosidases, including Arabidopsis BGLU45 and BGLU46, have
been shown to localize to lignifying cell wall (Chapelle et al., 2012),
and monolignols from monolignol glucosides have been shown to in-
corporate in cell walls (Tsuji et al., 2005), lignin is a likely product of
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these released monolignols. Surprisingly, the wild type line had the
highest amount of coniferyl alcohol, which is the most abundant
monolignol precursor for lignin biosynthesis in Arabidopsis. This result
may be significant, since coniferin was detected at the highest in this
work and Chapelle et al. (2012), and coniferyl alcohol-derived G-units
are found in high abundance compared to S- and H-units in Arabidopsis
stem lignin (Dixon et al., 2001). Although syringin and pCAG were only
detected at low amounts in Arabidopsis, they also appeared to be target
substrates for the plant expressed rice monolignol p-glucosidases, since
the amounts of these substrates in rescued lines was lower than in the
homozygous bglu45-2 mutant line.

The apoplastic localization of OsBGlul6-GFP in tobacco leaf epi-
thelial cells is consistent with the previous localization of pine and
Arabidopsis monolignol 3-glucosidases to the cell wall, and suggests that
the other monoligonol (3-glucosidases are also localized to the apoplast.
In contrast, monolignol glucosides have been shown to be specifically
transported into the vacuole, while the monolignols themselves are
transported through the plasma membrane by ATP-dependent ABC-like
transporters (Miao and Liu, 2010). Indeed the storage of glycosylated
phenolic compounds in the vacuole has been described in many plants
(Leinhos and Savidge, 1993; Santiago et al., 2000; Ferreres et al., 2011;
Li et al.,, 2012; Dima et al., 2015; Le Roy et al., 2016). This “spatial
problem” of having the monolignol glucoside and monolignol B-glu-
cosidase in different compartments was noted by Wang et al. (2013),
who noted that it suggests a defense role for the monolignol glucosides
and B-glucosidases. Defense-related B-glucosidases, such as a specific p-
glucosidase for the cyanogenic glycoside dhurrin in sorghum and a
specific B-glucosidase for coumarin in Melilota alba are also located in
different sites from their substrates to prevent mixing before herbivore
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attack (Kojima et al., 1979; Oba et al., 1981; Morant et al., 2008).
However, the fact that the loss of AtBGLU45 causes a significant in-
crease in monolignol glucosides, while expression of the extracellular
rice monolignol -glucosidases cause a similar decrease in monolignol
glucoside levels, suggests that the monolignols and their glucosidases
are meeting. Wang et al. (2013) proposed a model where monolignol
glucosides may sometimes be transported from the vacuole to the cell
wall. On the other hand, plant membrane proteins are sometimes
transported through the endosomes and trans-Golgi network to the
vacuole (Contento and Bassham, 2012), and a small amount of extra-
cellular B-glucosidase might be able to follow this route to the vacuole
for degradation. However, the transport of extracellular -glucosidases
to the vacuole would have to be limited, since rapid release of mono-
lignols and defense compounds from their glucosides in the vacuole
would likely be harmful to the plant (Morant et al., 2008; Dima et al.,
2015). Whether the monolignol glucosides are cycled through the
apoplast at some point, or the monolignol B-glucosidases may be en-
docytosed into the vacuole and have a significant impact on monolignol
glucoside levels is an area for further investigation.

5. Conclusion

In this work, we provided evidence that Os4BGlul4, Os4BGlul6,
and Os4BGlul8 break down inactive monolignol glucosides, coniferin,
syringin, and pCAG, to their respective active monolignols in planta. In
our quantitative LCMSMS assay, Arabidopsis bglu45-2 mutant contained
approximately 2-times the levels of coniferin, syrningin and pCAG
compared to the wild type segregant control. After we introduced rice
Os4BGlul4, Os4BGlul6, and Os4BGlul8 genes driven by the CaMV 35S
promotor to the bglu45-2 mutant line, the levels of syringin, coniferin,
and pCAG decreased to levels similar to the wild type segregant control,
indicating that all three genes could compensate for the loss of BGLU45
activity. Moreover, in all three recued lines, the amounts of sinapyl
alcohol and p-coumaryl alcohol were also lower than homozygous
bglu45-2 mutant line, suggesting that monolignols released by the
exogenously expressed p-glucosidases may rapidly react to form other
compounds. The extracellular localization demonstrated for Os4BGlul6
presents an enigma to understand how it lowers the cellular monolignol
glucoside stores that are thought to reside primarily in the vacuole,
suggesting that our understanding of monolignol glucoside transport
and metabolism may be as yet incomplete.
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efficient catalytic routes to novel phytohormone and antibiotic glucoconjugates of interest.

1. Introduction

Glycosylation is an essential mechanism for building struc-
tural and bioactive components of cells and their matrices and
for providing blocking groups that restrain reactive and bio-
active molecules from disrupting the metabolism of the cells
in which they are synthesized." Understanding the roles of the
various glycosides in nature requires their synthesis or purifi-
cation from natural sources, where they are often found in
minute quantities. Moreover, the glycosylation of some bio-
active compounds may modulate their uptake and bioactivity,
which holds interest for the fine chemical and pharmaceutical
industries. The large-scale synthesis of these glucoconjugates
may require complicated strategies or expensive starting
materials, while their extraction and purification may require
large amounts of solvents. Therefore a simple and efficient
system to produce such compounds in aqueous solvents is
highly desirable.

Generally, glycosylation begins with the activation of a
sugar by its attachment to a nucleotide, yielding nucleotide
sugars, such as UDP-glucose (uridine diphosphate-a-p-gluco-
pyranoside). The sugar can then be transferred by a Leloir-type
glycosyltransferase (GT) to a carbohydrate or noncarbohydrate
molecule to form a glycoside.”> Glycosides and carbohydrates
are broken down by cleavage of the glycosidic bond created by
the GTs by glycoside hydrolases (GHs), usually by hydrolysis.
However, many GHs are able to catalyze transglycosylation,
that is, the transfer of the glycosyl moiety to another carbo-
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Fig. 1 Mechanism of transglycosylation and hydrolysis reactions in retaining a GH and GT. The enzyme complexes are labeled with the symbols
used in the general nomenclature for a ping-pong bi—bi mechanism. The glycosyl intermediate is labeled E*. The second substrate is water in the
case of hydrolysis or a hydroxyl group (R,OH) in the case of transglycosylation. The glycon moiety shown is glucose, in line with the transglucosidase

activity described in the current paper.

hydrate or aglycon moiety (Fig. 1). Some enzymes related to
retaining GHs act as transglycosidases (TGs, also referred to as
non-Leloir-type GTs), which preferentially catalyze transglyco-
sylation rather than hydrolysis.

The transglycosidases that have been studied to date belong
to families of retaining GHs and are believed to catalyze trans-
glycosylation by the same mechanism used by the related GHs,
shown in Fig. 1. The retaining mechanism of GHs (and GTs)
starts with a nucleophilic residue in the active site attacking
the anomeric carbon. At the same time, the departure of the
aglycon moiety is facilitated by a general acid in the active site.
Since the glucosyl moiety becomes covalently bound to the
nucleophilic residue, this first step is called glycosylation.>* In
the second step (deglycosylation), a nucleophilic acceptor
molecule can attack from the same side from where the
aglycon departed. This is a ping-pong bi-bi mechanism, in
which two Sy2 reactions, with an inversion of stereochemistry
at each step, return the anomeric carbon to its original stereo-
chemical configuration. In the case of hydrolysis, water acts as
the nucleophile in the deglycosylation step, whereas in trans-
glycosylation another molecule acts as the nucleophile.

As noted above, TGs are related to GHs and have been
included in the GH families grouped by their amino acid
sequence similarity at the carbohydrate active enzyme data-
base (http://www.cazy.org). Most of the transglycosidases that
have been described catalyze synthesis and remodeling of
oligo- and polysaccharides. For instance, xyloglucan endo-
transferases (XET) belong to the family GH16, which also con-
tains xyloglucan endohydrolases. Differences in a surface loop
in the XET and the xyloglucan endohydrolases have been
shown to contribute to the transferase versus hydrolase speci-
ficity,> but this principle cannot be readily transferred to other
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families. Several attempts have been made to engineer GHs to
make TGs, including the production of a p-transglucosidase
from a bacterial GH1 f-glycosidase,’ a trans-a-i-arabinofurano-
sidase from GH51,” and a-glucosyl transferases for the pro-
duction of oligosaccharide antigens.®° In each of these cases,
the target products were oligosaccharides, whereas relatively
little work has been done on the use of TGs to synthesize
glycosides.

The use of directed evolution approaches allowed the
identification of changes that led to higher transglycosylation
to hydrolysis ratios in the GHs that were converted to TGs.>”
While it was anticipated that decreasing the binding of water
and increasing sugar binding could increase transglycosyla-
tion, it was surmised that several of the mutations actually
worked by decreasing the function of the catalytic nucleophile
or acid/base. This was hypothesized to prolong the lifetime of
the intermediate by destabilizing the transition states of the
two reaction steps (Fig. 1) and by decreasing the ability of
water, a weaker nucleophile that requires deprotonation, to
compete with sugars as the acceptor in the deglycosylation
step. This strategy resembles the action of glycosynthase and
thioglycoligase mutations of retaining GHs, in which the
nucleophile and acid/base, respectively, are mutated to non-
nucleophilic, non-ionizable residues, thereby allowing the
transfer of the glycon from activated donor glycosides to suit-
able sugar acceptors without hydrolysis.'>"*

In the last several years, some GH1 enzymes that catalyze
the transglycosylation of lipids, anthocyanins, and other non-
carbohydrate small molecules have been described.>*® The
sensitive to freezing 2 (SFR2) gene in Arabidopsis thaliana was
found to encode a galactolipid/galactolipid galactosyltransfer-
ase. Several anthocyanin glucosyltransferases were found to

This journal is © The Royal Society of Chemistry 2019
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actually be GH1 TG,”'>'® whereas rice (Oryza sativa)
0s9BGlu31 was found to be a general TG that can transfer
glucose among phenolic acids, phytohormones, and flavo-
noids and it also appears to deglycosylate fatty acids and other
substrates in the plant."®'” Little engineering of these types of
enzymes has been reported, although we recently demon-
strated that mutation of the active site cleft residue Trp243
(W243) to Asn (W243N) increased the activity and broadened
the specificity of 0s9BGIu31."

Promiscuous GTs have been used to glycosylate several
medicinal compounds to modulate their solubility and bio-
activity.'® For instance, several microbial antibiotics are glyco-
sides and these promiscuous GTs have allowed the transfer of
unusual sugars in glycodiversification to develop new or more
robust activities.”®?" From an industrial point of view, the
development of transglycosidase (bio)catalysts would be desir-
able because they do not require a nucleotide sugar substrate
or intermediate in the transfer of sugars to compounds of
interest. Ideally, the sugars could be obtained from
biomass.>*** Recently, cyclodextrin glucosyltransferases from
Thermoanaerobacterium sp. have been reported to transfer
glucose onto aryl glucopyranosides and furanosides, achieving
an unusual substrate specificity toward alkyl furanosides.>*

Although most of the transglycosidases studied to date
show a high specificity for the transfer of the glucosyl moiety
to certain sugars or aglycon groups, the promiscuity of
0Os9BGlu31 makes it especially promising to aid in the syn-
thesis of a wide range of compounds.'*'® Nonetheless, wild-
type Os9BGlu31 cannot efficiently transfer glucosyl groups to
all acceptors; therefore new variants with broader or different
specificities are of interest to increase its potential as a biosyn-
thetic tool. The development of catalysts that work under mild
conditions with environmentally friendly reagents would
greatly facilitate the production of compounds for studies of
phytohormone metabolism® and antibiotic glycosides with
modified pharmacokinetic properties.*®

In this work, we have explored the potential of rice
0s9BGlu31 active site cleft mutations to broaden its acceptor
potential by engineering and evaluating 14 different amino
acids at residue position 243. Moreover, we combined the
mutant W243N with hydrophilic mutations of residues in posi-
tions that could interact with water during hydrolysis and eval-
uated their effect on the hydrolysis and transglycosylation
specificity. Since the structure of Os9BGlu31 has not been
solved yet, homology models of the covalent glycosyl-enzyme
intermediate were made to evaluate the interaction of acceptor
substrates with the active site. Although docking into such
models provides insight into possible modes of binding, it
could not quantitatively predict activity differences, due to the
low resolution of the models. Therefore, we have applied che-
minformatics tools to obtain further insights and anticipate
the behavior of the different transglycosidases when present-
ing new substrates.

There are two main possible approaches to build a chemin-
formatics model on experimental results. In the absence of a
mechanistic hypothesis, it is possible to compute many mole-
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cular descriptors and then select statistically a phenomenolo-
gical route that may be possible to interpret a posteriori.>>>°
Alternatively, one can hypothesize a mechanistic route that
selects a reduced number of physicochemical descriptors
beforehand to build a model with them.?”*® In this work, we
explored both approaches and built artificial neural network
(ANN) models on a subset of physicochemical descriptors that
can predict the activity of multiple enzymes against new sub-

strates of interest.

2. Materials and methods
2.1 Construction of pET32a/DEST/TEV/0s9BGlu31

The wild-type pET32a/DEST/TEV/Os9BGlu31 expression vector
was constructed as follows. The cDNA fragment encoding the
mature Os9BGlu31 gene was amplified with the AK121679F
and AK121679R primers indicated in Table S1f by Pfu DNA
polymerase with the AK121679 clone plasmid as the template.
The PCR product (~1.5 kb) was purified from the agarose gel,
cloned into the pENTR/TEV/D-TOPO Gateway entry vector
(Invitrogen) and incubated at 22 °C for 18 h. The entry clone
size was checked by Sacl restriction endonuclease digestion.
Then, pENTR/TEV/D-TOPO/Os9BGlu31 was recombined into
the pET32a/DEST destination vector’ by a Gateway LR
Clonase (Invitrogen) reaction and cloned in Escherichia coli
strain DH5a, selected on 50 pg ml™' ampicillin LB agar. The
recombinant expression vector clone was verified to contain
the inserted gene by digestion with EcoRI restriction endo-
nuclease and DNA sequencing (Macrogen Corp.).

2.2 Site-directed mutagenesis of Os9BGlu31

The tryptophan residue W243 in wild-type Os9BGlu31 was
changed to 14 different residues by QuikChange site-directed
mutagenesis (Agilent) with the pET32DEST/TEV/Os9BGlu31
vector as the template and the primers shown in Table S1.}
These mutants comprise cysteine (C), glutamic acid (E),
glycine (G), histidine (H), isoleucine (I), lysine (K), leucine (L),
asparagine (N), proline (P), glutamine (Q), arginine (R), serine
(S), threonine (T) and valine (V). Furthermore, double mutants
1172T/W243N, L183Q/W243N and L241D/W243N were pre-
pared by introducing one of the mutations 1172T, L183Q or
L241D in the vector, in addition to W243N. The sequences of
all mutant clones were confirmed by DNA sequencing
(Macrogen Corp.).

2.3 Expression and purification of Os9BGlu31 and its mutants

The pET32a/DEST/TEV/Os9BGlu31 wild-type plasmid and all
the mutants were transformed into Origami B(DE3) and the
proteins expressed, extracted, and purified by an initial
immobilized metal ion affinity chromatography (IMAC) step
as previously described for the pET32a/DEST/Os9BGlu31
expression vector.'®'® All of the purified fractions were assayed
in 150 pl total volume with 2 mM 4-nitrophenyl p-b-glucopyra-
noside (4NPGlc) in 50 mM acetate buffer, pH 4.5, at 30 °C for
30 min. The reactions were stopped by adding 75 pl of 2 M
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Na,CO; and the absorbance at 405 nm was then measured.
The fractions showing activity with 4NPGlc were pooled and
the imidazole was removed by buffer exchange with equili-
bration buffer (150 mM NaCl in 20 mM Tris HCl, pH 8.0) in
30 kDa molecular weight cutoff (MWCO) centrifugal filters.
The N-terminal fusion tag was removed by cleavage with 1 mg
TEV protease per 50 mg of the fusion protein at 4 °C for 16 h.
Then, the digested proteins were loaded onto a second IMAC
column in equilibration buffer, and the flow-through fractions
showing activity to cleave 4NPGlc were pooled and concen-
trated with 30 kDa MWCO centrifugal filters.

2.4 Relative activities of wild type Os9BGlu31 and mutants

The activities of Os9BGlu31 and its mutants were compared
upon a range of acceptor substrates for transglycosylation and
water was used as the acceptor for hydrolysis in 50 mM citrate
buffer (pH 4.5). Unless stated otherwise, the enzymatic assays
were set up with 0.25 mM acceptor, 2.5 vol% dimethyl sulfox-
ide (DMSO), 5 mM 4NPGIc as the donor, and various amounts
of wild-type Os9BGlu31 and its mutants so that conversion of
the limiting substrate was below 10% (ESI files SI01.xIsx and
S102.xIsxt). The reactions were conducted at 30 °C for 15 min,
during which the concentrations of products evolved linearly
with time, and they were stopped by the addition of 1% formic
acid. The reaction mixtures were centrifuged at 10 000g for
10 min to remove the enzymes, and the supernatants were
evaluated by reverse-phase UPLC, as previously described.'®
Briefly, 2 pL of the reaction mixtures were injected into a
ZORBAX SB-C18 (1.8 um, 2.1 x 150 mm) column equilibrated
in 95% solvent A (0.2% formic acid in water) and 5% solvent B
(0.2% formic acid in acetonitrile) in an Agilent 1290 UPLC
system with a diode-array detector (DAD). The compounds
were eluted by a linear gradient from 5% to 50% B (v/v) for
13 min, 50% to 70% B (v/v) for 1 min, and 70% to 5% B (v/v)
for 2 min, at a flow rate of 0.3 ml min™". Relative activities
were evaluated from the absorbance at 360 nm of the 4-nitro-
phenol (4NP) released, which eluted at 10.5 min.

2.5 Transglycosylation of substrates to multiple
glucoconjugates by Os9BGlu31 variants

To identify differences in glycosylation on one acceptor that
has multiple nucleophilic groups, the products of transglycosy-
lation by wild type Os9BGlu31 and W243 mutants (C, I, L, N,
T, and V) were determined in the reaction with 5 mM 4NPGlc
as the donor, 0.5 mM acceptor, and 5 pg of proteins in 50 mM
citrate buffer (pH 4.5). The reactions were conducted at 30 °C
for 1 hour and then stopped with 1% formic acid. The mix-
tures were injected into the UPLC-DAD as described in section
2.4. Absorbance was measured at wavelengths between 190
and 500 nm to detect the glucoconjugate compounds.

2.6 Linear cheminformatics model

The glucosyl acceptors were characterized by 1D, 2D, and 3D
molecular descriptors of different classes (constitutional,
molecular format, autocorrelation, Basak, burden, connec-
tivity, topological, charge descriptors, etc.). 1132 descriptors
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were computed using the software ChembDes,*® which inte-
grates multiple state-of-the-art packages (Pybel, CDK, RDKit,
Chemopy, etc.). 1824 additional molecular descriptors were
computed with the newly released software Mordred,*" which
computes 3D conformers by MM optimization and
implements fully revised algorithms for popular indices found
in Dragon and PaDEL.

To select the descriptors that will participate in the model,
we first removed any index with zero variance across the range
of substrates studied. We then reduced the set of descriptors
under consideration by looking at the pairwise correlation
between all of them. The correlation coefficient matrix was
processed by the findCorrelation function in the caret R
package.?> We established the cutoff so that no pair of descrip-
tors had a correlation coefficient >0.8. When a pair of descrip-
tors has a correlation above the cutoff, findCorrelation com-
putes the mean absolute correlation of each descriptor in the
pair with all others and removes the one with the largest mean
absolute correlation. This step reduces the redundancy and
the number of descriptors under consideration. In a second
step, we ranked the descriptors using as the criterion the infor-
mation gain as defined in the FSelector package®® and the
Pearson correlation of each individual descriptor with the
average enzymatic activity measured in triplicate experiments.
The top descriptors were then considered by a forward step-
wise selection algorithm (StepAIC, MASS package) to build the
multiple linear regression model.>* A scheme of the pipeline
devised is shown in Fig. S1.7

2.7 Nonlinear ANN models

The molecular descriptors used in the nonlinear models are
D, = ALOGP (an estimate of log P), D, = MR (molar refractivity),
and D3 = TPSA (topological polar surface area), which can be
found in file SI03.xslx.T STATISTICA 10 was used to implement
Artificial Neural Networks (ANN) as nonlinear ML models. The
ANNS tested are Multi-Layer Perceptrons (MLP) with one dense
hidden layer. The MLP models have up to 7 hidden neurons in
the hidden layer. Different activation functions were evaluated
for the hidden and output layers. The models were trained
within 200 cycles of the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) backpropagation algorithm.

2.8 Docking study

The 0s9BGlu31 model was calculated in MODELLER 9.19 *°
based on the structure of Os3BGlu6 in a covalent complex with
2-fluoroglucoside (PDB ID: 3GNR).*® To understand the struc-
ture of Os9BGIlu31 in a complex with glucose, the structure of
Os3BGlu6 in the complex with a 2-fluoroglucoside structure
was modified by replacing the fluorine at C'2 with oxygen. Five
models each of 0s9BGlu31 and Os9BGlu31/glucose complexes
were generated from the Os3BGlu6 covalent complex with
2-fluoroglucoside. The models with the lowest scores of the
MODELLER Objective Function (MOF)*” were selected.
0s9BGlu31 mutants with and without glucose were generated
from the Os9BGlu31 wild type models using FoldX?® after
insertion of the covalently linked a-p-glucoside coordinates
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into the models with glucose. The final models were evaluated
for quality using the ProS$a2003*° and PROCHECK software.

The acceptor substrate 3D structures were created with the
drawing and manipulation tools in the Scigress 3.3.2 software
suite. The homology models were protonated. The acceptor
substrate structures and the newly added protons, glucosides,
and mutated residues were then subjected to energy minimiz-
ation using the MM2 force-field. The Genetic Optimization for
Ligand Docking (GOLD) software version 5.6.2 was used for
the docking calculations. The center of binding was defined at
coordinates (x = —0.581, y = —6.381, z = —21.102) with a 10 A
radius. Thirty docking runs were allowed for each ligand with
default search efficiency (100%). Lysine and arginine were
defined as protonated; aspartic and glutamic acid were con-
sidered deprotonated. The GoldScore scoring function was
used to evaluate the predicted binding modes.*'

3. Results and discussion
3.1 Activity of wild-type Os9BGlu31 and mutants

Previously, we showed that wild-type Os9BGlu31 and several
mutants are able to catalyze transglycosylation, transferring a
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glucosyl moiety from a donor substrate such as 4NPGlc to an
acceptor.'®'® In this study, we studied the effect of amino acid
substitutions in the position W243 which complete the set of
20 natural amino acids at this position, when combined with
our previous work.'® These included the W243N mutant that
showed the highest activity in our previous study and 13 new
mutations (W243C, E, G, H, I, K, L, P, Q, R, S, T, and V). We
also introduced the second point mutations 1172T, L183Q, and
L241D in the W243N mutant with the goal to test whether
multiple hydrophilic substitutions increase the hydrolysis to
transglycosylation ratio and broaden the substrate/product
specificity to offer novel biosynthetic possibilities.

Wild type Os9BGlu31 and its mutants were evaluated in the
glycosylation of 22 acceptors, including water (for hydrolysis).
The relative activities of wild type Os9BGlu31 and its mutants
are measured by quantifying the release of 4NP from the reac-
tion of 4NPGlc with the different acceptors. The activity results
are presented in Fig. 2. Details on the activities are provided in
the ESI file SI01.xIsx. T

Among the compounds tested, the preferred acceptor for
the wild-type Os9BGlu31 is ferulic acid, while caffeic acid and
1-naphthaleneacetic acid are the substrates preferred by other
0s9BGlu31 variants (Fig. 2). Most of the Os9BGlu31 variants
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Fig. 2 Heatmap of the 4NP release (in nmol min™ mg™™) catalyzed by 21 Os9BGlu31 variants when glycosylating 22 different acceptors (462 reactions).
The dendrograms were constructed using the average Euclidian distance between clusters as the linkage method. For reaction conditions see SIOL.xlsx.}
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Table 1 Reaction rates (in nmol min™* mg™) and types of epistatic interactions observed for the double mutants in this work. For reaction con-

ditions see SI01.xlsx

wild L183Q/W243N/ L241D/W243N/ 1172T/W243N/
Acceptor type L183Q L241D 1172T W243N epistasis epistasis epistasis
1-Naphthaleneacetic acid 185 40 16 68 3300 1344/- 2750 108
1-Naphthol 84 12 4 33 1186 2104/+(sign) 1316 88
4-Coumaric acid 275 26 15 82 3108 1482/— 3515 85
4-Hydroxybenzoic acid 324 29 15 82 2592 1066/— 2869 85
6-Hydroxyflavone 286 14 14 43 1703 1996 1877 134
Abscisic acid 60 17 15 45 861 911 1208/+(sign) 78
Apigenin 165 12 0 33 603 1004/+(sign) 407 83
Caffeic acid 252 29 15 114 2544 1081/— 3957/+(sign) 94
Chloramphenicol 55 10 0 61 1005 1401/+(sign) 993 156
Chrysin 67 18 14 43 1655 1996 1877 134
Ferulic acid 550 37 24 99 3759 1088/— 4674/+ 115
Gibberellin A4 77 8 15 34 479 591/+ 1029/+(sign) 110
Hesperetin 92 24 0 34 1521 1167 957/— 84
Indole-1-acetic acid 295 27 0 89 2152 2092 2977/+(sign) 135
Kaempferol 210 12 0 25 321 653/+(sign) 105 64
Luteolin 141 19 0 53 708 1913/+(sign) 3348/+(sign) 225
Salicylic acid 138 17 15 35 1674 1050/— 1638 78
Sinapic acid 251 32 0 82 2276 1198/— 4220/+(sign) 82
Syringic acid 312 28 6 81 3051 897/— 3933/+(sign) 62
trans-Cinnamic acid 275 20 6 72 1617 1131 2188/+(sign) 92
Vanillic acid 318 36 15 92 2812 1482/— 3515 85
Water 103 11 6 41 727 968/+(sign) 1316/+(sign) 75

generated yield higher rates of 4NP release with phenolic
acceptors than with buffer alone, which results in hydrolysis
by water. Among the single mutants, W243L is arguably the
most active overall. W243N also displays an increased activity
with most of the substrates, although none is particularly
favored, which agrees with previous results.'® These mutations
increase the activity of the enzyme and its potential use for the
glycosylation of substrates of interest.

The mutants 1172T, L183Q, and L241D show lower activity
and stability than the wild type or W243N. The less soluble
L241D mutant, in particular, shows the lowest performance
over multiple acceptors (Fig. 2). Remarkably, the introduction
of L241D in the Os9BGlu31 W243N variant caused a signifi-
cant activity increase for most substrates but the flavonoids
(Table 1). Epistasis is the non-linear interaction between
mutants such that their effects over function, in this case
transglycosidation activity, are significantly higher or lower
than those expected by simple addition of their individual
effects. In Table 1, we observe several examples of positive
epistasis®>™** (higher improvements in function than expected)
against several substrates. Note that the double mutant
L241D/W243N also exhibits the highest transglycosylation rate
observed in this work using syringic acid as the acceptor. This
is an example of sign epistasis**™** (the point mutant L241D
has an adverse effect on the activity of the single mutant, but
it has a positive effect on the double mutant L241D/W243N).

Another second mutation was introduced to generate the
mutant L183Q/W243N. Although the second mutation barely
affected the transglycosylation rate of phenolic compounds
over W342N; it increased the activity with other acceptors and
positive epistasis was observed in several cases (Table 1). Very
prominent sign epistasis was also observed in this double

2828 | Green Chem., 2019, 21, 2823-2836

mutant against the substrate 1-naphthol. Lastly, the introduc-
tion of the second mutation W243N in the mutant I1172T could
barely restore any of the activity lost upon the first mutation,
suggesting that conservation of the amino acid 1172 is impor-
tant to catalyze the transglycosylation reaction. The entries in
Table 1 with no annotation on epistasis indicate that these
mutations may be purely additive or that the epistasis was not
strong given the expected uncertainty in the data. Details on
how the thresholds for the epistatic interactions were defined
are provided in the ESI file SI0O1.xIsx. T

In addition to the mutants 1172T, L183Q, and L241D, five
W243 mutants (H, K, P, Q, and R) also showed lower transglyco-
sylation and hydrolysis activities than the wild type. The rest of
the mutants showed intermediate activities on the different sub-
strates (Fig. 2). Notably, the function of Os9BGlu31 could be
affected by both single and double mutants, but none of the
mutants studied showed a higher activity on all the substrates.
Based on the results obtained, we selected the following 8
Os9BGlu31 variants with high activity for further study, along
with the wild type as the reference: W243C, W2431, W243L,
W243N, W243T, W243V, L183Q/W243N, and L241D/W243N.

The preceding results were obtained with different concen-
trations of DMSO, which were adjusted based on the substrate
solubility (0.25 vol% for phenolic compounds, 1.25 vol% for
phytohormones and flavonoids, and 0 vol% for water). We sus-
pected that the DMSO used as a co-solvent might have a slight
effect on the catalytic activity of the enzymes. Therefore, we
performed the activity study of the 9 high activity enzymes
keeping the concentration of DMSO fixed at 2.5% by volume.
These reactions were repeated in triplicate (file SI02.xlsxT). The
results are presented in Fig. 3 and the activity trends are in
agreement with the previous discussion.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Relative rates of 4NP release by the Os9BGlu3lwild-type enzyme, W243 mutants, and L183Q/W243N and L241D/W243N double mutants
against 22 different acceptors, including water. For reaction conditions, see SI02.xlsx.}

It was found that the conversion of several hydrophilic resi-
dues did not improve substantially the hydrolysis activity of
0s9BGlu31.'® Remarkably, in the present study we have identi-
fied several high activity mutants that can hydrolyze 4NPGlc
faster than the wild-type (Fig. 4). In particular, Os9BGlu31
W243N shows the highest hydrolysis activity overall among the
single mutant enzymes. This suggested that the mutation
could be used in combination with additional hydrophilic
mutations to further increase the hydrolysis rate of the
enzyme. In fact, the double mutants engineered catalyze both
reactions, hydrolysis and transglycosylation, with the
L183Q/W243N variant showing the highest overall ratio of
hydrolysis to transglycosylation and L241D/W243N showing
the second highest. These findings may validate the idea that

This journal is © The Royal Society of Chemistry 2019

hydrophobic residues near the putative water binding site con-
tribute to transglycosylation activity, which was not apparent
in previous studies.®”'® The selectivity to each of the two reac-
tions can be determined by monitoring the products being
synthesized (section 3.2).

3.2 Effect of the substrate on product distribution

To further understand the function of Os9BGlu31, we analyzed
the different transglycosylation products during longer reac-
tion times with a diverse group of substrates and enzyme
mutants. Interestingly, several acceptors containing more than
one hydroxyl group can accept glucose from the W243 mutants
in different positions to produce multiple glucoconjugate com-
pounds. These acceptors are the phenolic acids 4-hydroxy-
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benzoic acid, ferulic acid, and vanillic acid and the flavonoids
apigenin, luteolin, and kaempferol (Fig. 5).

Notably, the wild-type enzyme transferred the sugar exclu-
sively to one hydroxyl group position of the phenolic acids
(Fig. S2 to S47) or the flavonoids, which is a good example of
regioselectivity. Mutants W243 C, I, L, and N produced more
than two products when provided with ferulic acid, including
the bis-glucoside at 5.3 min, the glucoside at 6.4 min, and the
glucose ester at 7.1 min (based on our previous characteriz-
ation'®), while only one more product (ferulic acid glucose
ester, FAG) was formed by W243T and W243V (Fig. S2}). The
W243 mutants produced different amounts of glucoconju-
gates, with the glucosyl moiety being transferred to different
positions to a variable extent. For instance, while the wild type
and mutants yielded significant amounts of the 4HB-glucose
ester, these yields were even higher for the mutants W243N
and W243L. Since both glucosides and glucose esters of these
phenolic acids have been reported in nature,*® the ability to
synthesize them will be useful to study their biological roles.

We measured the product range formed from flavonoid
substrates, some of which contain several hydroxyl groups
(apigenin, luteolin, and kaempferol). Kaempferol and luteolin
have similar structures with four hydroxyl groups (positions 3,
5, 7, and 4’ in kaempferol and 5, 7, 3’, and 4’ in luteolin).
W243N was shown to produce multiple kaempferol glucosides
and bis-glucosides by transglycosylation.'® In this study, we
also observed various glycosides with the newly generated
mutants (Fig. S5T) and were able to extend this to other flavo-
noids with different hydroxyl group positions.

The chromatograms in Fig. S6 and S7f show the
presence of multiple products in reactions catalyzed by
0s9BGlu31 mutants. Four additional products were eluted in
most of the reactions with apigenin catalyzed by
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Os9BGlu31l mutants. The product eluting at 9.45 min
(apigenin 7-O-glucoside)'® was synthesized by both wild-type
and mutant enzymes but no other products were produced by
the wild type, while additional peaks at 7.5, 9.55 and 11.3 min
were seen for the mutants. The peak at 7.5 min which was par-
ticularly prominent in the reactions with the W243L and
W243N variants is likely to be a bis-glucoside, based on the
more hydrophilic elution position and previous observations
with kaempferol glucosides.'® This suggests that Os9BGlu31
W243L and W254N are efficient at transglycosylating two posi-
tions on apigenin, resulting in high bis-glucoside production.
Besides, the presence of three products eluting in the range of
monoglucosides (9-12 min) suggests that the selected mutants
can glycosylate all three hydroxyl groups on apigenin.

Luteolin could also accept the transfer of glucose by
0Os9BGlu31 transglucosidase variants. W243L appears more
active than the other mutants, based on the abundance of new
compounds, especially the one eluting at 7.4 min. As noted for
the corresponding apigenin glucoconjugate, this compound is
likely to be a bis-glucoside, based on its relatively early elution,
which might result from the high activity of W243L towards
two hydroxyl positions. W243L also showed a high yield of the
product eluting at 9.4 min, in addition to the peak at 8.7 min,
which was high in most variants. W243T showed a lower yield
of the peak at 8.7 min, as it is more selective to the compound
eluting at 9.4 min. The relatively high peak at 10.6 min for the
W243T reaction and the relatively low hydrolysis rate shown in
Fig. 3 and 4 suggest that it may produce another glucoside
hidden in the p-nitrophenol peak, but we were unable to
resolve this putative glucoside. These data suggest that most
variants could be used to produce the glycoside at 8.7 min,
while W243L and W243T could be used to produce the bis-
glucoside and other luteolin glucosides.

3.3 Structural model of the ternary complex including the
acceptor substrate

Previously, we produced a homology model of the wild type
0s9BGlu31 structure,'® but the apo structure is not appropri-
ate to evaluate the reactivity toward acceptor substrates, since
they react with the glucosyl-enzyme intermediate (Fig. 1). To
obtain a better understanding of the glycosyl transfer mecha-
nism and visualize the binding orientations of the acceptor
substrates within the Os9BGlu31 active site, we modeled the
wild type and mutant proteins as their covalent glucosyl inter-
mediates and docked the potential acceptor substrates on
them. In these models, the glucoside is deeply buried in the
active site and the access path is narrow, but small molecules
can access it. This could be related to the lower activities of
larger flavonoid substrates which are evident in Fig. 3, as the
narrow binding site would cause difficulty in the access of very
large substrates. Molecular docking revealed that the sub-
strates are oriented on the opposite face of the glucose from
the catalytic nucleophile, E387. The binding mode of the sub-
strates is exemplified by ferulic acid and 1-naphthaleneacetic
acid in Fig. 6. Although ferulic acid was positioned somewhat
distant from the anomeric carbon atoms in the wild type active
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Fig. 5 UPLC chromatograms of products of reactions catalyzed by the Os9BGlu31 W243L variant using acceptors with multiple —OH groups and
4ANPGlc as the glucose donor (absorbance at 4 = 360 nm). The structures of the acceptors are shown at the top of the corresponding chromatogram.
The reaction mixtures contained 5 mM 4NPGlc as the donor, 0.5 mM acceptor, and 5 pg of Os9BGlu31 W243L in 50 mM citrate buffer (pH 4.5), and
were incubated at 30 °C for 1 hour and then stopped with 1% formic acid. The components were separated over a C18 UPLC column with the
solvent and gradient conditions described in the Methods. The large peaks of 4NPGlc at 6.7 min and 4NP at 10.6 min were used to assess the total
enzymatic activity. Other peaks are marked according to their previous identification.’® FA is ferulic acid, FAG is ferulic acid 1-O-glucose ester, 4NP
is 4-nitrophenol, 4NPG is 4NPGlc (4NP-beta-p-glucoside), 4HBA is 4-hydroxybenzoic acid, 4HBA-GE is 4-HBA 1-O-glucose ester, VA is vanillic acid,

and VA-GE indicates the VA glucose ester.

site, the models shown are in line with the predicted
Sx2 mechanism proposed, as this requires the nucleophilic
substrates to be positioned on the opposite face of the leaving
group, E387, which ultimately results in the re-inversion of
stereochemistry to form the f-anomeric products. Moreover, as
shown in Table S2,1 the binding scores for the acceptor sub-
strates on the glycosylated enzyme intermediate are generally
higher for the W243L mutant compared to the wild type,
suggesting that a higher free energy of binding of the acceptor
may contribute towards lowering the activation energy of the
deglycosylation step and increasing the kinetic rate.

This journal is © The Royal Society of Chemistry 2019

3.4 Cheminformatics

3.4.1 Linear, phenomenological model. In order to general-
ize the findings of this work to other possible substrates, we
constructed different cheminformatics models. To build an
appropriate model we require a set of descriptors that is rele-
vant (i.e., is highly related to the enzymatic activity that we
want to predict) and at the same time minimizes the redun-
dancy of information captured by the different indices under
consideration (i.e., the descriptors are not totally correlated
with each other).
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Fig. 6 Graphical representations of the binding modes of (A) ferulic
acid to wild-type Os9BGlu31 and (B) 1-naphthaleneacetic acid to W243L
mutant covalent glucosyl intermediates. The blue ribbons depict the
secondary structure of the proteins. The acceptor substrates are shown
in a ball-and-stick representation. E387-glucoside, W243, and L243 are
shown as sticks only. The solid green lines indicate the distances
measured between the nucleophilic carboxylate and the electrophilic C1
on the glucoside.

We considered the results with all 9 high-activity enzymes
altogether on all substrates except water. Catalysis on water is
different from the rest of substrates and its small size prevents
the calculation of several molecular descriptors. For instance,
RotRatio is undefined for molecules that do not have a rotata-
ble bond; HybRatio cannot be computed for molecules with no
carbon atoms; AATSp, AATSCp, MATSp, and GATSp are unde-
fined when p > number of atoms, etc.

Firstly, we computed a large number of molecular features
describing each of the substrates (2956 descriptors). We then
applied a redundancy-reduction filter so that no pair of mole-
cular descriptors had a correlation above 0.8. This step
reduced the number of descriptors under consideration to
100, which suggests that some molecular descriptors that have
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Fig. 7 Top feature selection results using as criteria the linear corre-
lation (a) and the information gain (b) between the descriptors and the
average enzymatic activity measured across all enzymes.

been proposed in the literature along the years may be more
correlated with others than one might desire.’® In a second
step, we ranked the descriptors using as the criterion the
Pearson correlation of each individual descriptor with the
average enzymatic activity. The 12 most relevant descriptors
according to this criterion are presented in Fig. 7a. Their
names are indicated in Table S3.7 We also considered another
criterion for the ranking: in Fig. 7b, the descriptor importance
is measured in terms of information gain, an entropy-based
metric.

In Fig. 7, we can observe some interesting results. The
descriptor most correlated with the enzymatic activity on its
own is largestChain. This is a 1D constitutional descriptor
from the RDK package and, as its name suggests, it quantifies
the number of atoms in the largest chain on the molecular
graph. MATS3dv is the Moran coefficient of lag 3 weighted by
valence electrons. This is a 2D centered autocorrelation
descriptor computed by the Mordred software. This descriptor
being selected as important suggests that relatively symmetri-
cal acceptors, such as aromatic group-containing substrates,*”
may favor faster transglucosylation rates. ATSC5dv and ATS5c
are the centered Moreau-Broto autocorrelation descriptors of
lag 5 weighted by valence electrons and by charges,
respectively.

If we look at the maximum information gain as the cri-
terion for selecting descriptors, we also find multiple autocor-
relation descriptors: MATSv5 and MATSp6 are the Moran auto-
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correlation coefficients of lag 5 weighted by van der Waals
atomic volumes, and of lag 6 weighted by atomic polarizability,
respectively. GATSp6 and GATS1Z are the Geary autocorrelation
coefficients of lag 6 weighted by atomic polarizability and of
lag 1 weighted by atomic number, respectively. These two
descriptors are considered relevant by both filtering algor-
ithms. The fact that autocorrelation descriptors with different
lags and different weighting are considered relevant by the
algorithm suggests that the symmetry of the substrate, both in
terms of connectivity and atomic makeup, would favor higher
transglucosylation rates.

It is also interesting to see that, thanks to the pairwise-cor-
relation reduction step, descriptors of diverse nature are con-
sidered in the ranking. For instance, Mor29 and Mor13 are the
unweighted 3D-MoRSE descriptors of distances d = 29 and 13,
as computed by Mordred. The large value of the scattering
parameter d should make these descriptors insensitive to atom
pairs situated at large distances but highly sensitive to short
distances (<3 A).*® This index may thus capture the effect of
heteroatoms and multiple bonds (and thus bond distances) on
the ability of the substrates to accept the glucosyl moiety.
Moro6m is another 3D-MOoRSE descriptor that is considered
relevant. Notably, the topological charge indices JGI7 and
JGI10 are also considered important by the information-based
criterion. These indices have been shown to capture the
charge distribution (e.g., the dipolar moment) within a mole-
cule based solely on its topology, thus bypassing the complex-
ity of 3D-optimizing the molecular structure.*’

A major limitation of most filter methods is the fact that
they barely consider the correlation between features.>
Thanks to our filter strategy, however, this limitation could be
greatly reduced. In Table S4,f we can see that in a few cases
the correlation between some of the indices shortlisted using
the correlation with the enzymatic rate is close to the cutoff of
0.8. On average, however, the correlation between features is
much lower, around 0.5, thanks to the design of the
findCorrelation algorithm. Interestingly, the correlation among
features when using the information gain as the criterion is
even lower, but the correlation with the enzymatic rate is more
diverse, in the range R = 0.05-0.39 vs. R = 0.49-0.61 when
using the correlation criterion (Table S47).

With the subset of 21 different molecular descriptors short-
listed in Fig. 7, it becomes possible to train a variety of models
to seek a relationship among the molecular descriptors, the
type of enzyme, and the enzymatic activity over a given accep-
tor substrate. One possibility is to build a linear model. The fil-
tering algorithm has reduced the dimensionality of the
problem by rejecting variables that are not very informative.
Next, we conduct a variable selection to build a model (note
that we still have 22 variables in our consideration set: 21 con-
tinuous molecular descriptors and 1 categorical variable or
factor representing the enzyme type). One way to select vari-
ables is to use a stepwise selection method. To this end, we
used the function stepAIC in the MASS R package. This algor-
ithm adds or removes one variable at a time so that the new
model leads to the highest reduction in the Akaike

This journal is © The Royal Society of Chemistry 2019
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Table 2 Coefficients for the independent term as a function of the
enzyme in the linear cheminformatics model

Level Intercept (nmol min™" mg™)
WT 8.69
L183Q/W243N 79.74
W243C 121.46
W243V 216.75
W2431 248.40
W243T 330.22
L241D/W243N 462.87
W243N 519.52
W243L 562.16

Information Criterion (AIC) relative to the previous model con-
sidered. The AIC is a statistic that allows evaluating the quality
of a model: it is closely related to the correlation coefficient R,
but it introduces a penalty for every degree of freedom con-
sumed upon introduction of a new variable.>® This way, we
selected the following model:

Rate (nmol min ' mg ') =
Intercept(Enzyme) + 89.44largest chain + 2.31ATSC5dv

n=153 R*>=0.68 Ruj>=0.65F(10142) =29.5
AIC = 1665.6 p < 0.01

in which the independent term takes the values indicated in
Table 2 depending on the query enzyme.

Not surprisingly, the algorithm has identified the type of
enzyme and the largestChain descriptor as the most relevant
variables, and it has also selected ATSC5dv. One advantage of
linear models is their ease of interpretability. On the one
hand, the molecular descriptors largestChain and ATSC5dv
have a positive effect on the turnover of a substrate, with
largestChain having a predominant effect. On the other hand,
differences between values in Table 2 correspond to the
expected differences in activity between enzymes when pre-
senting a given substrate. It thus becomes clear that mutants
W243L and W234N are much more active on average than the
wild-type enzyme.

The linear model does not overfit the data, as indicated by
the close values of R* and adjusted R* and the relatively low
value of the AIC, and the model and every variable are con-
sidered highly significant by the corresponding F-tests.
Remarkably, this simple linear model yields a high determi-
nation coefficient, R* = 0.68. One factor that may contribute to
this is that, in our study, most of the enzyme variants con-
sidered are single mutants at the same position 243. It thus
seems conceivable that these mutations have a localized steric
effect within the active site cleft of the enzyme. This effect can
thus be represented reasonably well by a constant factor
depending on the specific residue introduced and a variable
related to the substrate chain size, which is in agreement with
the docking study in the previous section. On the other hand,
this model has been built and trained considering all the data
(except for the hydrolysis reactions). To increase the predictive
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Table 3 Performance of 10 different artificial neural networks predicting transglycosylation activity with multiple substrates and enzymes (for

details, see SI03.xlsx)

Network Training Validation

Topology Hidden activation Output activation RSE R RSE R
MLP 12-3-1 Logistic Identity 33438 0.7264 33494 0.7397
MLP 12-5-1 Logistic Identity 24 856 0.8063 23629 0.8241
MLP 12-7-1 Logistic Identity 30873 0.7554 27619 0.7786
MLP 12-3-1 Exponential Identity 36 041 0.7016 31832 0.7381
MLP 12-5-1 Exponential Identity 20831 0.8403 27 899 0.7996
MLP 12-7-1 Exponential Identity 18715 0.8574 30130 0.7978
MLP 12-3-1 Exponential Identity 24 504 0.8170 23676 0.8017
MLP 12-5-1 Exponential Identity 17788 0.8665 23239 0.8120
MLP 12-7-1 Exponential Identity 18145 0.8639 25942 0.7997
MLP 12-7-1 Identity Identity 46 663 0.5822 32346 0.7488

power of the model, in the next section we explore more flex-
ible models and assess their performance against validation
data.

3.4.2. Nonlinear, mechanistic models. In this section, we
report a model based only on the molecular descriptors classi-
cally used in Hansch’s method. The method has the advantage
of using a few pre-selected descriptors to seek the models,
making unnecessary the exploration of large spaces of chemi-
cal descriptors.”’ Hansch’s model is based on an extra-thermo-
dynamic linear free energy relationship (LFER). The LFER
model decomposes a biological mechanism into a series of
several steps. Then, it seeks a linear combination or weighted
summation (additive model) of the free energies of the
different steps. It considers as free energy contributions para-
meters such as the negative logarithm of the ionization con-
stant (pK; = —log K;) and the logarithm of the partition coeffi-
cient (log P). These parameters are related to the free energy of
the ionization process and to the posterior membrane trans-
port (partition) steps of the biological compound, respectively.
Specifically, P is the partition coefficient of the biological com-
pound in the system n-octanol/water and it measures the com-
pound’s lipophilicity. Hansch’s model also considers other
steric and electronic properties of the compounds, such as
their polar surface area or molar refractivity, which increases
the flexibility of the method to describe enzymatic processes
such as the one investigated. The molecular descriptors used
in this work are D; = ALOGP (an estimate of log P), D, = MR
(molar refractivity), and D3 = TPSA (topological polar surface
area). Moreover, as shown in Table S4,7 these different para-
meters show a limited correlation between them.

We evaluated multiple non-linear models using Artificial
Neural Network (ANN) algorithms. The models use as input
variables the type of enzyme and the 3 molecular descriptors
calculated for the query compound. The networks built are
Multi-Layer Perceptrons (MLP) with one hidden layer compris-
ing 3, 6 or 9 neurons. Different combinations of identity, logis-
tic, and exponential activation functions were considered.
Table 3 summarizes the results obtained. On the one hand, we
can see that the performance of the ANN is satisfactory (the
coefficient of variation of experimental repeats is around

2834 | Green Chem., 2019, 21, 2823-2836

5-15%), with values of the correlation coefficient around R =
0.75-0.86 for the training and validation sets. In this case, 4/17
of the compounds were assigned randomly to the validation
set across all the enzymes (see SI03.xlsxf). Thus, the activity
results for 1-naphtol, 4-coumaric acid, kaempferol, and trans-
cinnamic acid were not used in training the ANNs. Notably,
the predictions for these compounds achieved a similar accu-
racy to those used to train the networks (Table 3, validation).

On the other hand, we observe that there is no great advan-
tage in using a very flexible model over using a linear model
with appropriate descriptors in our problem. In fact, the ANN
that only uses identity functions shows a limited performance,
which stems from the descriptors specified. Abruzzo et al. also
reported that variable selection had a greater impact than the
selection of the model in a comparative study of transcrip-
tomics data classifiers.’> Furthermore, we observed that the
training of larger dense hidden layers is more prone to
encounter local optima and it may also increase the chances
of undesired overfitting. Taken together, these results also
suggest that the true relationship between inputs and output
is not highly nonlinear.

Importantly, the models built can be used in practice to
estimate the enzymatic activity of new acceptors over the
different enzymes and thus used to screen libraries of poten-
tial substrates computationally. Given the reasonable perform-
ance of the different networks in Table 3, we averaged the indi-
vidual predictions by all of them to reach an ensemble or con-
sensus prediction. In Table S5, we report the results of explor-
ing in silico the transglucosylation rates of a new set of putative
acceptors by the wild-type Os9BGlu31 and different mutants.
Although several of these compounds are expected to exhibit
low activitiy, the results suggest that 3,4-dihydroxybenzoic
acid, 6-benzylaminopurine, indole-3-acetic acid, and serotonin
may be particularly reactive transglucosylation substrates over
the enzyme variants W243L, W243N, and L241D/W243N.
Aided by these predictions, we are already advancing the pro-
duction of novel antibiotic and phytohormone glucoconju-
gates of interest, such as abscisic acid glucoside (preliminary
results shown in Fig. S8f), on which we recently submitted a
patent application.
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In these results, glucose was transferred from 4NPGlc to a
variety of compounds and acceptor positions, allowing us to
prepare a broad array of valuable glucoconjugates. Other
glucose donors have also been proposed.”® For example,
B-glucosyl fluoride has recently been shown to be an effective
donor for certain Leloir-type glycosyltransferases in the pres-
ence of catalytic amounts of UDP.>* With regard to the large-
scale production of glucoconjugates, more atom-efficient
donors could be pursued, which opens up another area of
potential research. The cheminformatics pipeline proposed in
this work could also be extended to new combinations of sub-
strates and catalysts, thus enabling increasing possibilities for
transglycosidases and other enzymes.

4. Conclusion

Glucoconjugate molecules are of great interest to the fine
chemistry and phytochemistry industries, and many of these
compounds could be synthesized from feedstocks derived
from biorefineries. However, the production of complex gluco-
conjugates using conventional synthetic approaches may not
be sustainable or economical, as multiple synthetic steps with
limited yield would be involved. In this work, we studied 16
new Os9BGlu31 variants and compared them to the wild-type
Os9BGlu31l to identify new high-activity catalysts, such as
W243L, and to correlate their activities with properties of the
substrates being converted. Furthermore, the combination of
the mutations designed to increase the hydrophilicity of the
active site, L183Q and L241D, with the high-activity W243N
mutation led to catalysts with high hydrolytic activity com-
pared to their transglycosylation activity. These mutations
exhibited positive epistasis on other substrates as well, which
may be related to their proximity in the protein fold. We went
a step further and used computational methods to facilitate a
greener catalyst selection depending on the target substrate
with a pipeline that can be used or adapted by other research-
ers. Cheminformatics models can help minimize the resources
consumed to investigate new substrates and maximize the
throughput of new catalytic processes. Our models suggest
that steric constraints in the active site have a crucial effect on
the activity of a substrate, which agrees with the docking simu-
lations. Careful variable selection can afford linear models
with reasonable performance, although higher accuracy could
be attained with nonlinear artificial neural networks. These
models are proving useful to identify substrates and efficiently
produce new glucoconjugates of interest, such as phytohor-
mone glucosides for enzymatic and plant physiology studies or
antibiotic glycosides with improved solubility and pharmaco-
logical properties.
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Gram scale production of 1-azido-B-p-glucose via
enzyme catalysis for the synthesis of 1,2,3-triazole-
glucosidest
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Cairns

The production of analytical amounts of azido sugars is used as a means of verifying catalytic acid/base
mutations of retaining glycosidase, but application of this process to preparative synthesis has not been
reported. The catalytic acid/base mutant of Thermoanaerobacterium xylanolyticus GH116 B-glucosidase,
TxGH116D593A, catalyzed the gram scale production of 1-azido-B-b-glucose (1) from p-nitropheyl-B-p-
glucopyranoside (pPNPGlc) and azide via a transglucosylation reaction. Overnight reaction of the enzyme
with pNPGlc and NaNs in agueous MES buffer (pH 5.5) at 55 °C produced 1 (3.27 g), which was isolated
as a white foamy solid in 96% yield. This 1 was successfully utilized for the synthesis of fifteen 1,2,3-

rsc.li/rsc-advances

Introduction

Enzymes are well known for their unique ability to catalyze
stereospecific reactions and produce stereoselective products.'
Retaining B-glycosidases are one group of enzymes displaying
this property via generation of products with the same f-
anomeric configuration as their substrates. The retaining (-
glycosidase mechanism involves the displacement of the agly-
cone leaving group from the anomeric carbon of the sugar by
the catalytic nucleophile with acid-assistance by the catalytic
acid/base, which protonates the leaving group.*® The a-glycosyl
enzyme intermediate, thus formed, is resolved by attack of
a water molecule or other nucleophile on the anomeric carbon
to displace the catalytic nucleophile residue and release a p-
sugar or B-glycoside, respectively. This second step is generally
facilitated by the deprotonation of the incoming nucleophile
(water) molecule by the catalytic acid/base residue.

Acid/base mutants of B-glycosidase enzymes, in which the
catalytic carboxylate is replaced with a nonionizable amino acid
sidechain, have been frequently reported to catalyze the
formation of B-glucosides without significant hydrolysis.** In an
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contains Fig. $1-S6, including purification, '"H NMR spectra of 1-16, >*C NMR
spectra of 1-16, and HRMS spectrum of compound 16. See DOI:
10.1039/c9ra00736a
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triazole-B-p-glucosyl derivatives (2—16) containing a variety of functional groups, via click chemistry.

early study with the acid/base mutant of Agrobacterium p-
glucosidase, the substrates 2,4-dinitrophenyl-B-p-glucopyrano-
side (DNPGIc) and 4-nitrophenyl-B-p-glucopyranoside (pNPGlc)
served as donor substrates for the transglucosylation of various
nucleophiles, including formate, azide, acetate, cyanide and
benzoate.®> Similarly, the Thermoanaerobacterium xylanolyticum
TxGH116 B-glucosidase acid/base mutant, TxGH116D593A, was
previously produced and rescued by azide to verify that the D593
acts as a catalytic acid/base.® Kinetic characterization of trans-
glucosylation reactions catalyzed by B-glucosidase catalytic
acid/base mutants to produce 1-azido-B-p-glucose (1) has also
been reported,*” but exploration of this reaction as a prepara-
tive method has not been reported.

Synthesis of 1-azido-B-p-glucose (1) has also been reported
from unprotected glucose using 1,3-dimethylimidazolinium
salts, base and NaN; in deuterium oxide,*'® and other
reagents."* 1-Azido-B-p-glucose (1) has been used in the
copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction
for the construction of triazole-glucosides.’*® Triazole-
glucosides exhibit a wide range of glucosidase,”” ™ glycogen
phosphorylase,**>* and carbonic anhydrase*** inhibitory
activities (Fig. 1). The triazole-glucosides also exhibit binding
affinity towards various proteins,”?* and were found to be
potential radiopharmaceuticals,* pesticides,* water soluble
prodrugs, and inhibitors against cancer associated carbonic
anhydrases,*** and to have antinociception® activities (Fig. 1).
Triazole-glucosides and their various activities have been
reviewed.?>%¢

In the present study, a catalytic process for the gram scale
production of the 1-azido-B-p-glucose (1) by an enzyme
(TxGH116D593A) in water was developed. The purified enzyme

RSC Adv., 2019, 9, 6211-6220 | 6211
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R = Ph, Ref. 17-18, 20-22

R =-CH,0H, Ref. 20

R = -CHj-acetazolamides, Ref. 23
R = 4-SO,NH,-C4H,, Ref. 24, 32

R = -CH,-RGD peptide, Ref. 30
R = -CHo-Fipronil, Ref. 31

R = p-SO,NH,-C4H,,, OH of Glc
replaced with acetyl, propionyl,
butenyl, pentenoyl, Ref. 32

OH i
PSR
HO
HO

N R = -CH,CH,-O-mannose, Ref. 25
R = -CH,-NH-NBD, Ref. 27

R = fullerene clusters, Ref. 28

R = -CH,-CH,-'8F, Ref. 29

V

Variation

\

R= -CH2-X-p-802NH2-C4H4,(X = O, NH), Ref. 33
R = -CH,-Tyr-D-Arg-Phe-Lys-NH,, Ref. 34

Fig. 1 Reported bioactive 1,2,3-triazole-f-p-glucosides.

catalyzed the production of gram scale amounts of 1 from
PNPGIc and sodium azide in aqueous MES buffer (pH = 5.5), in
an overnight reaction at 55 °C. After the overnight incubation,
thin layer chromatography (TLC) indicated the nearly complete
conversion of pNPGlc substrate into 1, by the enzyme via
transglucosylation with azide as the acceptor nucleophile. The
product (1) could be conveniently purified and reacted with
various alkynes to form a variety of 1,2,3-triazole-B-p-glucosyl
derivatives (2-16), without the need for further deprotection of
the sugar.

Results and discussion

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Initially, we optimized the catalytic transglucosylation reaction
conditions by varying the concentration of enzyme, substrate,

B

S=mg 3 6 9 1215 36 9 1215

and sodium azide, while the MES buffer was maintained at pH
5.5, based on previous pH optimization. Following these initial
experiments, the production was screened with 1:3,1:6,1: 9,
1:12 and 1:15 (w/w) ratios of enzyme : pNPGlc substrate,
100 mM sodium azide and 50 mM MES buffer, pH 5.5, in 1 mL
water, and yellow color was observed after the 24 h incubation at
55 °C. TLC (Fig. 2) showed the formation of a new polar
compound, with the R¢ of 1-azido-B-p-glucose and near complete
conversion of substrate, except at the 1:15 ratio, where the
substrate conversion was clearly not completed.

Again, we ran the same experiment as explained above with
1:13and 1: 14 (w/w) ratios of enzyme : substrate, the substrate
was almost completely converted into a product, as indicated by
TLC (Fig. 2). Taking advantage of this optimization of reaction
conditions, we used the 1 : 14 (w/w) ratio of enzyme : substrate

<«— pNP

P pNPGIC

<— Glc-1-N;

13 14 13 14

Fig. 2 TLC profile of 1-azido-B-p-glucose (1) formation after 24 h from 3 mg/1 mg to 15 mg/l mg and 5 g/370 mg of pNPGlc/enzyme
(TxGH116D593A). In each case, detection under UV light is shown on the left and carbohydrate staining with 10% sulphuric acid in ethanol and
charring is shown on the right. The numbers below the TLC lanes indicate ratios of pNPGlc to enzyme.
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Fig. 4 Structures of 1,2,3-triazole-B-p-glucosyl derivatives 2-16.
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for the large scale synthesis of 1-azido-B-b-glucose (1), from
PNPGIc and azide catalyzed by TxGH116D593A in a 370 mL
reaction volume (see ESI, Fig. S17). After 24 hours of reaction at
55 °C, the reaction mixture was lyophilized to dryness, redis-
solved in methanol (MeOH) and purified by silica gel column
chromatography. The pNP product eluted in 100% ethyl acetate
(EtOAc, 300 mL), and then the unreacted pNPGlc was isolated as
a mixture with 1-azido-B-p-glucose (1) (2.645 g) (see ESI Fig. S17),
with EtOAc/MeOH (95 : 5, v/v). The product 1 (800 mg) (see ESI
Fig. S11), was isolated in pure form by elution with EtOAc/
MeOH (94 : 6, v/v). Finally, a trace of glucose byproduct (see
ESI Fig. S17) was eluted with EtOAc/MeOH (1 : 1, v/v). The pure
1-azido-B-p-glucose (1) was dried under reduced pressure to give
a white foamy solid, Ry = 0.36 (CHCl3;/MeOH/NH3, 7 : 2.8 : 0.2,
v/v/v). Compound 1 was characterized with 'H, "*C NMR and
HRMS analysis and the "H NMR spectrum resembles that re-
ported in the literature (see ESIf).° In compound 1, the
anomeric proton (H-1) shifted to downfield and merged with
water solvent residual peak at 6 4.8 ppm in 600 MHz (see ESI
page S47), but the H-1 proton was observed at 6 4.55 ppm (H-1,
d, J = 9 Hz, 1H) in the 400 MHz spectrum (see ESI page S31).
To increase the yield, the obtained mixture (2.645 g) was
redissolved in 6 mL of water/methanol (95 : 5, v/v) and sepa-
rated over a Sephadex LH-20 column in the same solvent (ESI
Fig. S27). The product (1) eluted first in pure form, followed by
a minor amount of pNPGlc. Drying this portion of product
yielded an additional 2.470 g of compound 1 as a foamy white
solid. Added with the 0.800 g from the first step, the 3.270 g of

Table 1 General reaction of the substrates used in click reactions
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compound 1 represented 96% of the theoretical yield from the
5 g of pNPGIc used in the reaction. This was similar to the yield
of 230 mg obtained from 330 mg of pNPGlc (98% yield) that we
obtained in a preliminary small-scale reaction, suggesting
reproducibly efficient conversion at milligram to gram scale.
The purified compound (1) was thus ready for the synthesis of -
p-glucosyl-1,2,3-triazole derivatives via a click chemistry.

Compound 1 was subsequently joined with different
compounds in which a propargyl group was attached to an
alcohol, ethers, esters, amines, and amides (Fig. 3), as well as
phenyl acetylenes in a copper-catalyzed azide-alkyne cycload-
dition (CuAAC) reactions, giving rise to the 1,2,3-triazole-B-o-
glucosyl derivatives 2-16 (Fig. 4, Table 1).

Initially, except for 1a, all the alkynes 1b-1k and 1n-o (Fig. 3)
were freshly prepared from their respective starting materials by
EDC coupling, reductive amination and alkylation reactions.
The phenyl acetylenes (1l-m), were obtained from their
respective aldehydes by the Seyferth-Gilbert homologation
reaction.?”

Pure 1-azido-B-p-glucose (1) was successfully coupled with
propargyl groups attached to hydroxyl, ether, amine, amide and
ester functional groups by copper-catalyzed azide-alkyne
cycloaddition (CuAAC) reactions at room temperature. In all the
reactions, two equivalents each of Cul and DIPEA were used for
the coupling of 1 and alkynes 1a-k (Fig. 3) giving rise to most of
the water soluble 1,2,3-triazole-B-p-glucosyl derivatives 2,*° 3,%®
4,5,6,*7,8,9,10,* 11,*®* 12, in good to excellent yields (Fig. 4,
Table 1). When the phenyl acetylenes were reacted with

OH
Cul, DIPEA (or) CuSO4,

o

Sodium ascorbate

OH )
O ne s | o -
9] N
|_|I-(|)O Mt R - l‘?O N\/)\R HI-(IDO N-N
HO arid HO 16

H,O: CH4CN (or)

OH

HO

1 1a-10 H.0: £-BuOH 2-15
s R = Aryl, -CH,-OH, O F;(\O
-CH,-O-R", -CH,-NH-R", o Q_N_N
-CH,-NHCO-R', -CH,-OCO-R' HO N
Entry Alkyne Cu salt (eq.) Base (eq.) Solvent system Triazole-glucoside Isolated yield
1 1a Cul (2) DIPEA (2) H,0 : CH;CN (1:2) 2 94%
2 1b cul (2) DIPEA (2) H,O : CH,CN (1:2) 3 60%
3 1c Cul (2) DIPEA (2) H,0 : CH,CN (1:2) 4 46.5%
4 1d Cul (2) DIPEA (2) H,O : CH,CN (1:2) 5 43%
5 1e Cul (2) DIPEA (2) H,0 : CH;CN (1:2) 6 66%
6 1f Cul (2) DIPEA (2) H,0 : CH;CN (1:2) 7 51%
7 1g Cul (2) DIPEA (2) H,0 : CH,CN (1:2) 8 62%
8 1h cul (2) DIPEA (2) H,O : CH,CN (1:2) 9 78%
9 1i Cul (2) DIPEA (2) H,0 : CH,;CN (1: 2) 10 96%
10 1j Cul (2) DIPEA (2) H,0 : CH;CN (1:2) 11 80%
11 1k Cul (2) DIPEA (2) H,0 : CH,CN (1:2) 12 93%
12 11 Cul (2) DIPEA (2) H,0 : CH3CN (1:2) No reaction —
13 1m Cul (2) DIPEA (2) H,0 : CH3CN (1:2) No reaction —
14 11 CuS0,-5H,0 (0.1) NaASc (0.2) H,0 : +-BuOH (1: 5) 13 73%
15 1m CuS0,-5H,0 (0.1) NaASc (0.2) H,0 : -BuOH (1: 5) 14 75%
16 1n CuSO0,-5H,0 (0.2) NaASc (0.4) H,0 : +-BuOH (1: 1) 15 82%
17 10 CuS0,-5H,0 (0.2) NaASc (0.4) H,0 : t-BuOH (1: 2) 16 79%
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compound 1 in the same solvent system, no triazole product
was observed, prompting us to explore different click reaction
conditions. Later, we found the phenyl acetylenes (1l-m)
successfully reacted with compound 1 when catalytic amounts
of CuSO,-5H,0 (10%) and sodium ascorbate (20%) were used in
water and tert-butanol (1 : 5, v/v), leading to the formation of
triazole-glucoside derivatives 13 (ref. 40) and 14 (Fig. 4, Table 1).
In the above reaction conditions in water : tert-butanol (1: 1
and 1 : 2, v/v), the compounds 15 and 16 (ref. 41) (Fig. 4, Table
1), were obtained by joining compound 1 with mono-
propargylated fluorescein and di-propargylated hydroquinone
(1n and 10), respectively.

It should be noted that compounds such as 4, 5 and 15
(Fig. 4), could be difficult to produce from click reactions with
tetra-acetyl-1-azido-B-p-glucose, since the internal ester and
lactone groups may be liable during deprotection reactions. For
instance, the deprotection of the glucose in generation of the
glucose ester of gibberellin 4 (GA,, the starting material for
compound 4) led to relatively low yield.” In fact, for click
chemistry, the tetra-acetyl-1-azido-B-p-glucose could be depro-
tected before coupling and there are synthetic routes to 1-azido-
B-p-glucose directly.*** However, the enzymatic generation of
compound 1 reported here represents is a convenient method
for its generation. Compound 1 can then be coupled to such
labile groups without the need for deprotection.

Conclusions

The enzyme TxGH116D593A was successfully produced in
a multi-milligram scale and subsequently utilized for the gram
scale synthesis of 1-azido-B-p-glucose (1) in aqueous medium.
The compound 1 was further conjugated with different alkynes
via a 1,2,3-triazole as a linker. The complete process proceeds in
a safe and convenient way for the generation of novel 1,2,3-tri-
azole-B-p-glucosyl derivatives (2-16) in a short route by avoiding
deprotection steps. In addition, compound 1 was produced
from pNPGlc in an inexpensive way, when compared with the
commercial price of the product. This is the foremost method
developed for the gram scale synthesis of compound 1 using an
enzyme (TxGH116D593A), and its utilization for the synthesis of
glucoconjugates. Compound 1 is widely used in different fields
of synthesis and 2-16 are under screening for their inhibitory
activities.

Methods and experimental section

Silica gel 60 F,5, aluminum TLC plates were used to monitor the
reactions with short-wavelength ultraviolet light and by char-
ring the TLC plate after spraying with 10% sulfuric acid in
ethanol to visualize the spots. Column chromatography was
performed on silica gel 60-200 mesh and Sephadex LH-20 resin.
'H NMR and spectra were recorded at 400 MHz and 600 MHz
and **C NMR spectra at 100 MHz, 125 MHz and 150 MHz on
a Bruker Avance III 600 MHz instrument with a Cryo probe
Prodigy. Either deuterated water (D,0), or deuterated DMSO
(CDeSO) was used as the solvent. Chemical shifts are given in
parts per million and coupling constants in hertz. HR-ESI-MS

This journal is © The Royal Society of Chemistry 2019
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analysis was performed on a Thermo Scientific Exactive Mass
Spectrometer with ions denoted in m/z.

Process for the gram scale production of 1-azido-B-p-glucose
(1) from pNP-glucose using enzyme (TxGH116D593A) and
purification of 1

The TxGH116D593A enzyme was produced and purified as
previously described,® but without cleavage and removal of the
fusion tag. Compound 1 was produced in reactions with
100 mM NaNj; (since higher concentrations did not produce
significantly more product, data not shown), in 50 mM 4-mor-
pholineethanesulphonic acid (MES buffer), pH 5.5, and varying
concentrations of pNPGlc (Henan Tianfu Chemical Co. Ltd.,
Zhengzhou, China) substrate and TxGH116D593A enzyme. For
the large-scale reaction, 5 g pNPGlc (45 mM) was reacted with
370 mg TxGH115D593A (0.01 mM) as catalyst in a total volume
of 370 mL in a 1 L Duran bottle (see ESI Fig. S11). After 24 hours
of incubation in a water bath at 55 °C, the yellow-colored reac-
tion mixture was frozen and subjected to lyophilization (ESI
Fig. S11) for 48 h. The resulting yellow-colored dried mixture
was redissolved in methanol, the insoluble material was
removed by filtration through cotton and the soluble portion
was adsorbed on silica gel and loaded onto a silica gel column.

Purification of 1-azido-B-p-glucose (1) using silica gel column
chromatography

The silica gel with the adsorbed yellow-colored crude mixture
was loaded onto a silica gel (60-200 mesh) column (18.4 cm X 4
cm), in ethyl acetate (EtOAc, 100%). The column was washed
with 100% EtOAc (300 mL) to elute the p-nitrophenol, and then
with EtOAc/MeOH (95:5, v/v, 5 x 150 mL) to elute the
unreacted pNPGlc in a mixture with 1-azido-p-b-glucose (1).
Elution with EtOAc/MeOH (94 : 6, v/v, 5 x 150 mL) gave pure
product (see ESI Fig. S17). Finally, the column was eluted with
EtOAc/MeOH (1 : 1, v/v) to elute the trace of glucose (see ESI
Fig. S1}). The compound was monitored by charring the TLC
plate after spraying with 10% (v/v) sulfuric acid in ethanol. The
eluent fractions containing pure compound 1 and compound 1
mixed with pNPGlc were separately concentrated under reduced
pressure. The pure 1-azido-B-p-glucose (1) dried to a white
foamy solid (800 mg), Ry = 0.36 (CHCl3;/MeOH/NH3;, 7 : 2.8 : 0.2,
v/v/v). The mixture of pNPGlc and compound 1 dried to yield
white powder (2.645 g) (ESI Fig. S17).

Purification of mixture of 1-azido-B-p-glucose (1) and pNP-B-p-
glucoside by Sephadex LH-20 column chromatography

The obtained mixture (2.645 g, ESI Fig. S11) was redissolved in
6 mL of water : methanol (95 : 5, v/v) and loaded onto an 18 cm
x 3.5 cm Sephadex LH-20 column (see ESI Fig. S2). The column
was eluted with 2 x 100 mL of water/methanol (95 : 5, v/v). The
product (1) eluted in pure form, after which the minor amount
of pNPGlc eluted. The product purity in the selected fractions
was shown by TLC (ESI Fig. S2t), and these fractions were
pooled into a round bottom flask, and freeze-dried, resulting in
2.470 g of compound 1 as a white foamy solid (ESI Fig. S21).
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1-Azido-B-p-glucose (1)

'H NMR (D,0, 400 MHz): 6 4.55 (H-1, d, J = 9 Hz, 1H), 3.73 (H-
6a, dd, J = 2, 12.4 Hz, 1H), 3.55 (H-6b, dd, J = 5.6, 12.8, Hz, 1H),
3.37-3.30 (H-4, H-5, m, 2H), 3.25 (H-2, appt, J = 9.4 Hz, 1H), and
3.072 (H-3, appt, J = 8.5 Hz, 1H); "H NMR (D,0, 600 MHz). In
the 600 MHz NMR analysis, the anomeric proton peak merged
with the solvent peak. The chemical shifts of the observed peaks
were 6 3.89 (H-6a, d, ] = 12 Hz, 1H), 3.72 (H-6b, d,] = 12 Hz, 1H),
3.51-3.48 (H-4, H-5, m, 2H), 3.40 (H-2, appt, J = 9 Hz, 1H), and
3.24 (H-3, appt, J = 9 Hz, 1H); "*C NMR (D,0, 150 MHz) 6 90.1,
77.9, 75.7, 72.8, 69.2 and 60.6; HR-ESI-MS m/z [M + Na]
CeH;1N;05Na calc'd for 228.05964, found 228.05975.

Compound (2)

To a solution of 1 [26 mg, 0.126 mmol, 1 equivalent (eq.)] in
water/acetonitrile (1 : 2, 2 mL) was added propargyl alcohol 1a
(22 pL, 0.38 mmol, 3 eq.), followed by copper iodide (48 mg,
0.252 mmol, 2 eq.) and DIPEA (44 pL, 0.252 mmol, 2 eq.), and
the resulting yellow color reaction mixture was stirred at room
temperature overnight. TLC indicated the complete conversion
of the starting material into a polar compound. The reaction
mixture was diluted with 5 mL methanol and then passed
through a celite pad by washing with 10 mL methanol; the
filtrate was concentrated under reduced pressure. The resulting
crude product was redissolved in 4 mL methanol and adsorbed
on silica gel and subjected to purification by silica gel chro-
matography in solvent ethyl acetate/methanol (80 :20, v/v),
which gave rise to pure compound 2 (31 mg, 94% yield) as
a white solid. Ry = 0.13 (EtOAc/MeOH, 9 : 1, v/v); "H NMR (D,0,
600 MHz) 6 8.39 (s, 1H), 5.94 (d, ] = 8 Hz, 1H), 4.94 (s, 2H), 4.24-
4.20 (m, 1H), 4.09 (d, J = 11.7 Hz, 1H), 3.97-3.90 (m, 3H), and
3.82-3.81 (m, 1H); *C NMR (D,0, 150 MHz) 6 147.2, 123.4, 87.5,
78.9, 76.0, 72.3, 69.0, 60.5 and 54.7; HR-ESI-MS m/z [M + Na]"
calc'd for CoH,5N;04Na 284.08585, found 284.08640.

Compound 3

To a solution of 1 (25 mg, 0.121 mmol, 1 eq.) and prop-
argylcinnamide (1b) (45 mg, 0.243 mmol, 2 eq.) in water/
acetonitrile (1:2, v/v, 2 mL), were added copper iodide
(46 mg, 0.243 mmol, 2 eq.) and DIPEA (42 uL, 0.243 mmol, 2
eq.), and the resulting yellow colored reaction mixture was
stirred at room temperature for 2.5 h. TLC indicated the
formation of a polar compound. The reaction mixture was
filtered through a celite pad, washed with methanol (15 mL),
adsorbed on silica gel and purified by column chromatography
using ethyl acetate/methanol (90:10, v/v), which afforded
compound 3 (28 mg, 60%) as a white solid. R = 0.2 (EtOAc/
MeOH, 8.5 : 1.5, v/v); '"H NMR (D,0, 600 MHz) 6 8.14 (s, 1H),
7.60 (bs, 2H), 7.51 (d, ] = 15.7 Hz, 1H), 7.51 (bs, 3H), 6.61 (d, ] =
15.7 Hz, 1H), 5.72 (d,J = 8.7 Hz, 1H), 4.59 (s, 2H), 3.97 (appt,J =
8.5 Hz, 1H), 3.88 (d,J = 12 Hz, 1H), 3.76-3.68 (m, 3H), and 3.60
(appt, J = 9 Hz, 1H); *C NMR (D,0, 150 MHz) 6 168.8, 141.6,
134.3, 130.3, 129.0, 128.0, 123.1, 119.8, 87.4, 78.9, 75.9, 72.3,
68.9, 60.4, and 34.6; HR-ESI-MS m/z [M + Na]' calc'd for
C1gH2,N,NaOg 413.14370, found 413.14374.
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Compound 4

To a solution of 1 (20 mg, 0.097 mmol, 1.2 eq.) and compound
1c (30 mg, 0.081 mmol, 1 eq.) in water/acetonitrile (1 : 2, v/v, 1.5
mL), were added copper iodide (31 mg, 0.162 mmol, 2 eq.) and
DIPEA (28 pL, 0.162 mmol, 2 eq.), and the resulting yellow
colored reaction mixture was stirred at room temperature 1 h.
TLC indicated the almost complete conversion of the starting
material into a polar compound. The reaction mixture was
filtered through a celite pad, washed with methanol (15 mL),
adsorbed on silica gel, and purified by chromatography using
ethyl acetate/methanol (90 : 10, v/v) as solvent. Compound 4
(26 mg, 46.5% yield) was obtained as a pale brown solid. It had
a silica gel TLC Ry = 0.30 (EtOAc/MeOH 9 : 1, v/v, as solvent); "H
NMR (D,0, 600 MHz): 6 8.12 (s, 1H), 5.71 (d, ] = 8.7 Hz, 1H), 4.99
(s, 1H), 4.85 (s, 1H), 4.52-4.44 (m, 3H), 3.96 (appt, J = 8.5 Hz,
1H), 3.90 (d, J = 12 Hz, 1H), 3.80-3.75 (m, 2H), 3.71-3.68 (m,
2H), 3.62-3.59 (m, 1H), 3.07 (d, / = 10 Hz, 1H), 2.62-2.60 (m,
2H), 2.06-2.04 (m, 2H), 1.91-1.85 (m, 2H), 1.80-1.56 (m, 6H),
1.35-1.29 (m, 2H), and 1.03 (s, 3H); *C NMR (D,0, 150 MHz):
6 181.9, 174.1, 158.3, 123.4, 106.5, 97.1, 87.4, 78.9, 75.9, 72.2,
69.6, 69.0, 60.5, 55.0, 53.0, 52.5, 51.3, 51.1, 43.6, 38.8, 36.6, 34.3,
30.8, 27.2, 26.5, 15.6, and 13.7; HR-ESI-MS m/z [M + Na]* calc'd
for C,gH35N,NaO, 597.25365, found 597.25415.

Compound 5

To a solution of 1 (25 mg, 0.121 mmol, 1 eq.) and propargyl-
benzoate 1d (35 mg, 0.304 mmol, 1.8 eq.) in water/acetonitrile
(1:2, v/v, 2 mL), were added copper iodide (46 mg,
0.243 mmol, 2 eq.) and DIPEA (42 uL, 0.243 mmol, 2 eq.), and
the resulting yellow color reaction mixture was stirred at room
temperature overnight. TLC indicated the formation of a polar
compound. The reaction mixture was filtered through celite
pad, washed with methanol (20 mL), and adsorbed on silica gel.
Purification by silica gel chromatography using ethyl acetate/
methanol (90 : 10, v/v) as solvent gave rise to compound 5
(19 mg, 43% yield) as a white solid. Silica gel TLC gave an Ry =
0.26 (EtOAc/MeOH, 9 : 1, v/v as solvent); "H NMR: (D,O, 600
MHz) 6 8.37 (s, 1H), 8.01 (d, ] = 6.6 Hz, 2H), 7.67 (s, 1H), 7.51 (d,
J=6.1Hz, 2H), 5.78 (d,J = 8.8 Hz, 1H), 5.51 (s, 2H), 4.01 (appt, J
= 8.6 Hz, 1H), 3.91 (d, J = 12 Hz, 1H), 3.79-3.71 (m, 3H), 3.63
(appt, J = 8.9 Hz, 1H); "*C NMR (D,0, 150 MHz) 6 168.2, 134.0,
129.5, 129.0, 128.8, 125.0, 87.6, 78.9, 75.9, 72.3, 69.0, 60.5, and
57.9; HR-ESI-MS mj/z [M + Na]" calc'd for Cy6H;oN3NaO,
388.11207 amu, found 388.11189.

Compound 6

To a solution of 1 (18 mg, 0.087 mmol, 1 eq.) and propargyl-
benzyl ether 1e (63 mg, 0.435 mmol, 5 eq.) in water/
acetonitrile (1:2, v/v, 2 mL), were added copper iodide
(33 mg, 0.174 mmol, 2 eq.) and DIPEA (30 pL, 0.174 mmol, 2
eq.), and the resulting yellow colored reaction mixture was
stirred at room temperature overnight. TLC indicated formation
of a polar compound, just below to the starting material. The
reaction mixture was filtered through a celite pad, washed with
methanol (15 mL), adsorbed on silica gel and purified by silica

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c9ra00736a

Open Access Article. Published on 20 February 2019. Downloaded on 2/21/2019 1:34:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

gel chromatography using ethyl acetate/methanol (90 : 10, v/v)
as solvent to afford compound 6 (20 mg, 66% yield) as a pale
yellow viscous solid. Silica gel TLC showed an R; = 0.25 (EtOAc/
MeOH, 9 : 1, v/v, as solvent); "H NMR: (D,0, 600 MHz); 6 8.24 (s,
1H), 7.44-7.42 (m, 5H), 5.76 (d, ] = 8.9 Hz, 1H), 4.75 (s, 2H,
merged with solvent peak), 4.65 (s, 2H), 4.01 (appt, /] = 8.9 Hz,
1H), 3.92 (d, J = 12 Hz, 1H), 3.80-3.71 (m, 3H), and 3.64 (appt, J
= 9 Hz, 1H); "*C NMR: (D,0, 150 MHz): § 136.9, 128.8, 128.7,
128.4, 124.5, 87.4, 78.9, 75.9, 72.3, 72.3, 69.0, 62.2, and 60.4; HR-
ESI-MS m/z [M + Na]' calc'd for C;6H,;N3NaOg 374.13281, found
374.13373.

Compound 7

To a solution of 1 (27 mg, 0.131 mmol, 1 eq.) and propargyl-
indole-3-acetamide 1f (45 mg, 0.210 mmol, 1.6 eq.) in water/
acetonitrile (1:2, v/v, 2 mL), were added copper iodide
(50 mg, 0.263 mmol, 2 eq.) and DIPEA (46 uL, 0.263 mmol, 2
eq.), and the resulting yellow colored mixture was stirred at
room temperature for 4 h. Silica gel TLC indicated the almost
complete conversion of the starting material into a polar
compound. The reaction mixture was filtered through celite
pad, washed with methanol (20 mL), and adsorbed on silica gel.
Purification by silica gel chromatography using ethyl acetate/
methanol (90:10, v/v) as solvent afforded compound 7
(27.3 mg, 51% yield) as a pale brown solid. Silica gel TLC
showed an Ry = 0.30 (with EtOAc/MeOH, 9 : 1, v/v, as solvent);
'H NMR (D,0, 600 MHz):6 7.68 (s, 1H), 7.50 (appt, J = 8.4 Hz,
2H), 7.28 (s, 1H), 7.23 (appt, J = 7.2 Hz, 1H), 7.12 (appt, J =
7.2 Hz, 1H), 5.58 (d, J = 9 Hz, 1H), 4.42 (s, 2H), 3.86 (d, J =
11.4 Hz, 1H), 3.82-3.79 (m, 4H), 3.66.3.62 (m, 2H), and 3.55
(appt,J = 9.6 Hz, 1H); "*C NMR (D,0, 150 MHz): 6 175.4, 145.3,
136.3,126.5, 125.1, 122.4, 122.2, 119.5, 118.3, 112.0, 107.5, 87.3,
78.8, 75.8, 72.2, 68.9, 60.4, 34.6, and 32.5; HR-ESI-MS m/z [M +
Na]" calc'd for C1oH,3N5NaOg 440.15460, found 440.15543.

Compound 8

To a solution of 1 (22 mg, 0.107 mmol, 1 eq.) and propargyl-
tryphtophanamide 1g (44 mg, 0.128 mmol, 1.2 eq.) in water/
acetonitrile (1:2, v/v, 2 mL), were added copper iodide
(41 mg, 0.214 mmol, 2 eq.) and DIPEA (37 uL, 0.214 mmol, 2
eq.), and the resulting reaction mixture was stirred at room
temperature for 30 min. TLC indicated the complete conversion
of starting material into a polar compound. The reaction
mixture was filtered through celite pad, washed with methanol
(25 mL), and adsorbed on silica gel. Purification by chroma-
tography using ethyl acetate/methanol (92 : 8, v/v) as solvent
afforded compound 8 (35.5 mg, 62% yield) as a white solid.
Silica gel TLC gave an Ry = 0.2 (EtOAc/MeOH, 8.5 : 1.5, v/v, as
solvent); '"H NMR (D,0, 600 MHz): 6 7.60 (d, ] = 7.8 Hz, 1H), 7.50
(s, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.22 (appt, J = 7.2 Hz, 1H), 7.13
(appt,J = 7.2 Hz, 1H), 7.05 (s, 1H), 5.64 (d, J = 9 Hz, 1H), 4.40-
4.18 (m, 3H), 3.97-3.93 (m, 2H), 3.78 (dd, J = 5.4, 12.6 Hz, 1H),
3.74-3.73 (m, 2H), 3.69 (appt, J = 9 Hz, 1H), 3.61 (appt, ] = 9 Hz,
1H), 3.14 (s, 2H), 1.34 (s, 6H) and 1.22 (s, 3H); **C NMR (D,0,
150 MHz): 6 174.4, 157.2, 136.0, 126.7, 124.4,121.8,119.2, 118.3,
111.8, 108.7, 87.3, 78.8, 75.9, 72.1, 68.9, 60.4, 55.6, 34.1, 27.5,
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and 27.1; HR-ESI-MS m/z [M + Na]" calc'd for C,5H;3,NgNaOg
569.23358, found 569.23474.

Compound 9

To a solution of 1 (25 mg, 0.121 mmol, 1 eq.) and p-nitro-benzyl-
propargylamine 1h (32 mg, 0.18 mmol, 1.5 eq.) in water/
acetonitrile (1 : 2, v/v, 2 mL), were added copper iodide (46 mg,
0.242 mmol, 2 eq.) and DIPEA (42 pL, 0.242 mmol, 2 eq.), and the
resulting yellow colored reaction mixture was stirred at room
temperature for 6 h. TLC indicated the completion of starting
material into a polar compound. The reaction mixture was
filtered through celite pad, washed with methanol (20 mL), and
adsorbed on silica gel. Purification by silica gel chromatography
using ethyl acetate/methanol (70 : 30, v/v) as solvent afforded
compound 9 (35 mg, 74% yield) as white solid. Silica gel TLC gave
an R¢ = 0.29 (EtOAc/MeOH, 7 : 3, v/v, as solvent); 'H NMR (D,0,
600 MHz): 6 8.23 (d, ] = 6.9 Hz, 1H), 8.1 (s, 1H), 7.56 (d, ] = 6.7 Hz,
1H), 5.75 (d, J = 8.5 Hz, 1H), 4.94 (s, 2H), 4.06-4.02 (m, 3H), 3.93
(d, J = 12 Hz, 1H), 3.81-3.71 (m, 3H), and 3.64 (appt, J = 9 Hz,
1H); >C NMR (D,0, 150 MHz): § 147.2, 129.7, 123.9, 87.5, 79.0,
76.0, 72.3, 69.0, 60.5, 54.5, and 50.9; HR-ESI-MS m/z [M + Na]"
calc'd forC,;¢H,,N5;NaO, 418.13387, found 418.13445.

Compound 10

To a solution of 1 (26 mg, 0.126 mmol, 1 eq.) and Boc-
propargylamine 1i (59 mg, 0.378 mmol, 3 eq.) in water/
acetonitrile (1:2, v/v, 2 mL) were added copper iodide
(48 mg, 0.253 mmol, 2 eq.) and DIPEA (44 pL, 0.253 mmol, 2
eq.), and the resulting yellow colored reaction mixture was
stirred at room temperature for 3 h. TLC indicated the complete
conversion of the starting material into a polar compound. The
reaction mixture was filtered through celite pad, washed with
methanol (15 mL), and adsorbed on silica gel. Purification by
silica gel chromatography using ethyl acetate/methanol (96 : 4,
v/v) as solvent afforded compound 10 (44 mg, 96% yield) as
a white solid. Silica gel TLC demonstrated an Ry = 0.35 (with
EtOAc/MeOH, 8.5:1.5, v/v, as solvent); '"H NMR (D,O, 600
MHz): 6 8.11 (s, 1H), 5.72 (d, J = 8.9 Hz, 1H), 4.36 (s, 2H), 3.99
(appt,J = 8.5 Hz, 1H), 3.91 (d, J = 12 Hz, 1H), 3.79-3.70 (m, 3H),
3.62 (appt, J = 9 Hz, 1H), and 1.47 (s, 9H); >*C NMR (D,0, 150
MHz): 6 158.0, 122.9, 87.4, 78.9, 75.9, 72.3, 69.0, 60.4, and 27.6;
HR-ESI-MS m/z [M + Na]" calc'd for C;,H,,N,NaO, 383.15427,
found 383.15500.

Compound 11

To a solution of 1 (20 mg, 0.097 mmol, 1 eq.) and propargyl-
benzamide 1j (31 mg, 0.195 mmol, 2 eq.) in water/acetonitrile
(1:2, v/v, 2 mL), were added copper iodide (37 mg,
0.195 mmol, 2 eq.) and DIPEA (34 pL, 0.195 mmol, 2 eq.), and
the resulting yellow colored reaction mixture was stirred at
room temperature for 40 minutes. TLC indicated the complete
conversion of the starting material into a polar compound. The
reaction mixture was filtered through celite pad, washed with
methanol (15 mL), and adsorbed on silica gel. Purification by
silica gel chromatography using ethyl acetate/methanol (90 : 10,
v/v) as solvent afforded compound 11 (28 mg, 80% yield) as
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a white solid. Silica gel TLC demonstrated an Ry = 0.27 (with
EtOAc/MeOH, 8.5:1.5, v/v, as solvent); '"H NMR (D,O, 600
MHz): 6 8.15 (s, 1H), 7.76 (d, J = 7.2 Hz, 2H), 7.59 (appt, J =
7.6 Hz, 1H), 7.50 (appt, J = 8.4 Hz, 2H), 5.71 (d, ] = 9.6 Hz, 1H),
4.68 (s, 2H), 3.96 (appt, J = 9 Hz, 1H), 3.87 (d, J = 11.4 Hz, 1H),
3.76-3.66 (m, 3H), and 3.59 (appt, J = 9.6 Hz, 1H); *C NMR
(D,0, 150 MHz): 6 170.9, 145.1, 133.2, 132.3, 128.8, 127.1, 123.1,
87.4, 78.8, 75.9, 72.2, 68.9, 60.4, and 34.9; HR-ESI-MS m/z [M +
Na]" calc'd for C16H,oN4NaOg 387.12805, found 387.12903.

Compound 12

To a solution of 1 (50 mg, 0.243 mmol, 1 eq.) and PMB-
propargylether 1k (129 mg, 0.731 mmol, 3 eq.) in water/
acetonitrile (1:2, v/v, 4 mL) were added copper iodide
(93 mg, 0.486 mmol, 2 eq.) and DIPEA (85 pL, 0.486 mmol, 2
eq.), and the resulting yellow colored reaction mixture was
stirred at room temperature overnight. TLC indicated the
complete conversion of the starting material into a polar spot.
The reaction mixture was filtered through a celite pad, washed
with methanol (25 mL), and adsorbed on silica gel. Purification
by silica gel chromatography using ethyl acetate/methanol
(90 : 10, v/v) as solvent afforded compound 12 (87 mg, 93%
yield) as a pale yellow solid. Silica gel TLC demonstrated an R; =
0.27 (with EtOAc/MeOH, 8.5 : 10, v/v, as solvent); 'H NMR (D,0,
600 MHz): 6 8.17 (s, 1H), 7.32 (d, J = 8.4 Hz, 2H), 6.98 (d, ] =
7.8 Hz, 2H), 5.71 (d, ] = 9.6 Hz, 1H), 4.68 (s, 2H), 4.54 (s, 2H),
3.96 (appt, J = 9 Hz, 1H), 3.88 (d, J = 12.4 Hz, 1H), 3.80 (s, 3H),
3.76-3.66 (m, 3H), and 3.59 (appt, J = 9 Hz, 1H); >*C NMR (D,0,
150 MHz): 6 158.9, 144.4, 130.4, 129.5, 124.4, 87.4, 78.9, 75.9,
72.2, 71.9, 68.9, 61.9, 60.4, and 55.4; HR-ESI-MS m/z [M + Na]"
calc'd for C;;H,3N;NaO- is 404.14337, found 404.14513.

Compound 13

A solution of 1 (25 mg, 0.0121 mmol, 1 eq.) and 4-nitro-
phenylacetylene 11 (27 mg, 0.182 mmol, 1.5 eq.) in water/tert-
butanol (1 : 5, v/v, 3.5 mL) was heated in a 50 °C water bath until
the reaction mixture became homogeneous and then CuSO,-
‘5H,0 (3 mg, 0.0121 mmol, 0.1 eq.) and sodium ascorbate
(5 mg, 0.0242 mmol, 0.2 eq.), were added and the resulting
colorless reaction mixture was stirred at room temperature
overnight. TLC indicated the complete conversion of the start-
ing material into a polar compound. The reaction mixture was
filtered through celite pad, washed with methanol (15 mL), and
adsorbed on silica gel. Purification by silica gel chromatography
using ethyl acetate/methanol (94 : 6, v/v) as solvent afforded
compound 13 (31 mg, 73% yield) as a white solid. Silica gel TLC
(ran twice), demonstrated an Ry = 0.20 (with EtOAc/MeOH, 9 : 1,
v/v, as solvent); "H NMR (DMSO-d6, 600 MHz): 6 9.13 (s, 1H),
8.34 (d, J = 8.4 Hz, 2H), 8.17 (d, J = 7.8 Hz, 2H), 5.62 (d, ] =
9.6 Hz, 1H), 5.46 (d, ] = 6 Hz, 1H), 5.33 (d, J = 4.8 Hz, 1H), 5.18
(d, J = 6 Hz, 1H), 4.62 (appt, J = 6 Hz, 1H), 3.82-3.78 (m, 1H),
3.73 (dd,J = 5.4, 11.4 Hz, 1H), 3.53-3.43 (m, 3H), and 3.28-3.25
(m, 1H); *C NMR (DMSO-d6, 150 MHz): § 147.2, 144.9, 137.4,
126.4, 124.9, 123.1, 88.3, 80.4, 77.2, 72.8, 72.0, and 61.2; HR-ESI-
MS m/z [M + Na]* calc'd for C,4H;¢N4NaO," 375.0916, found
375.0919.
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Compound 14

A solution of 1 (25 mg, 0.0121 mmol, 1 eq.) and 4-cyano-
phenylacetylene 1m (23 mg, 0.182 mmol, 1.5 eq.) in water/tert-
butanol (1 : 5, v/v, 3 mL) was heated in a water bath until the
reaction mixture became homogeneous. Then, CuSO,-5H,0
(3 mg, 0.0121 mmol, 0.1 eq.) and sodium ascorbate (5 mg,
0.0242 mmol, 0.2 eq.) were added and the resulting colorless
reaction mixture was stirred at room temperature overnight.
TLC indicated the complete conversion of the starting material
into a polar compound. The reaction mixture was filtered
through celite pad, washed with methanol (20 mL), and
adsorbed on silica gel. Purification by silica gel chromatography
using ethyl acetate/methanol (94 : 6, v/v) as solvent afforded
compound 14 (30 mg, 75% yield) as a white solid. Silica gel TLC
(ran twice), demonstrated an Ry = 0.20 (with EtOAc/MeOH, 9 : 1,
v/v, as solvent); "H NMR (DMSO-d6, 600 MHz): 6 9.05 (s, 1H),
8.09 (d, ] = 7.8 Hz, 2H), 7.94 (d,J = 7.8 Hz, 2H), 5.61 (d, ] = 9 Hz,
1H), 5.45 (d, J = 5.4 Hz, 1H), 5.33 (d,J = 2.4 Hz, 1H), 5.17 (d,] =
4.8 Hz, 1H), 4.63 (d, ] = 5.4 Hz, 1H), 3.81-3.77 (m, 1H), 3.72 (dd,
J = 5.4,10.8 Hz, 1H), 3.52-3.42 (m, 3H), and 3.29-3.25 (m, 1H);
3C NMR (DMSO-d6, 150 MHz): 6 145.3, 135.5, 133.5, 126.2,
122.7,119.2,110.7, 88.2, 80.4, 77.2, 72.7, 70.0, and 61.2; HR-ESI-
MS m/z [M + Na]' calc'd for Cy5H;¢N4NaO; 355.10184, found
355.10254.

Compound 15

To a solution of 1 (20 mg, 0.097 mmol, 1 eq.) and mono-
propargylated fluorescein 1n (20 mg, 0.048 mmol, 0.5 eq.) in
water/tert-butanol (1 : 1, v/v, 2 mL) were added CuSO,-5H,0
(3 mg, 0.0097 mmol, 0.2 eq.) and sodium ascorbate (4 mg,
0.019 mmol, 0.4 eq.), and the resulting yellow colored reaction
mixture was stirred at room temperature overnight. TLC indi-
cated the complete conversion of the starting material into
a fluorescent polar compound. The reaction mixture was
filtered through celite pad, washed with methanol (20 mL) and
adsorbed on silica gel. Purification by silica gel chromatography
using ethyl acetate/methanol (94 : 6, v/v) as solvent afforded
compound 15 (23 mg, 82% yield) as a yellow solid. Silica gel TLC
demonstrated an Ry = 0.22 (with EtOAc/MeOH, 8.5 : 1.5, v/v, as
solvent); "H NMR (DMSO-d6, 600 MHz): 6 10.15 (s, 1H), 8.47 (s,
1H), 8.01 (d, J = 7.8 Hz, 1H), 7.80 (appt, ] = 7.2 Hz, 1H), 7.73
(appt,J = 7.2 Hz, 1H), 7.28 (d, ] = 7.8 Hz, 1H), 7.12 (s, 1H), 6.79
(d,J = 8.4 Hz, 1H), 6.72 (s, 1H), 6.66 (d, ] = 8.4 Hz, 1H), 6.58 (s,
2H), 5.56 (d, ] = 9.6 Hz, 1H), 5.39 (d, ] = 6 Hz, 1H), 5.26 (d,] =
4.2 Hz, 1H), 5.23 (s, 2H), 4.62-4.61 (m, 1H), 3.80-3.76 (m, 1H),
3.69 (dd,J = 5.4, 9 Hz, 1H), 3.46-3.37 (m, 4H), and 3.26-3.23 (m,
1H); **C NMR (DMSO-d6, 150 MHz): 6 169.1, 160.2, 160.0, 152.9,
152.3, 152.2, 142.6, 136.1, 130.6, 129.5, 129.4, 126.5, 125.1,
124.5,124.4, 113.3, 112.8, 111.8, 109.9, 102.7, 102.0, 88.0, 83.1,
80.4, 77.4, 72.5, 70.0, 61.8, and 61.2; HR-ESI-MS m/z [M + H]"
calc'd for C,oH,6N;0;4 576.16182, found 576.16227.

Compound 16

To a solution of 1 (44 mg, 0.214 mmol, 2 eq.) and
dipropargylated-hydroquinone 10 (20 mg, 0.107 mmol, 1 eq.) in

This journal is © The Royal Society of Chemistry 2019
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water/tert-butanol (1 : 2, v/v, 2 mL), were added CuSO,-5H,0
(5.3 mg, 0.0214 mmol, 0.2 eq.) and sodium ascorbate (8.5 mg,
0.0428 mmol, 0.4 eq.), and the resulting reaction mixture was
stirred at room temperature for 48 h. TLC indicated the
formation of a polar compound. The reaction mixture was
filtered through a celite pad, which was washed with methanol
(40 mL), and the solution adsorbed on silica gel. Purification by
silica gel chromatography using ethyl acetate/methanol (80 : 20,
v/v) as solvent afforded compound 16 (51 mg, 79% yield) as
a white solid. Silica gel TLC demonstrated an Ry = 0.28 (with
EtOAc/MeOH, 6 : 4, v/v, as solvent); '"H NMR (D,0, 600 MHz):
6 8.25 (s, 2H), 6.99 (s, 4H), 5.71 (d, J = 9 Hz, 2H), 5.20 (s, 4H),
3.96 (appt, J = 9 Hz, 2H), 3.87 (d, ] = 12 Hz, 2H), 3.76-3.66 (m,
6H), and 3.59 (appt, J = 9 Hz, 2H); *C NMR (D,0, 150 MHz):
152.3, 143.7, 124.5, 116.9, 87.4, 79.9, 75.9, 72.2, 68.9, 62.0, 60.4,
54.4, and 42.5; HR-ESI-MS m/z [M + Na]' calc'd for
C,4H3,NeNaO;, 619.21975, found 619.19861.
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Discovery of processive catalysis by an
exo-hydrolase with a pocket-shaped active site
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Substrates associate and products dissociate from enzyme catalytic sites rapidly, which
hampers investigations of their trajectories. The high-resolution structure of the native
Hordeum exo-hydrolase HvExol isolated from seedlings reveals that non-covalently trapped
glucose forms a stable enzyme-product complex. Here, we report that the alkyl p-p-glucoside
and methyl 6-thio-p-gentiobioside substrate analogues perfused in crystalline HvExol bind
across the catalytic site after they displace glucose, while methyl 2-thio-p-sophoroside
attaches nearby. Structural analyses and multi-scale molecular modelling of nanoscale
reactant movements in HvExol reveal that upon productive binding of incoming substrates,
the glucose product modifies its binding patterns and evokes the formation of a transient
lateral cavity, which serves as a conduit for glucose departure to allow for the next catalytic
round. This path enables substrate-product assisted processive catalysis through multiple
hydrolytic events without HvExol losing contact with oligo- or polymeric substrates. We
anticipate that such enzyme plasticity could be prevalent among exo-hydrolases.
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nzymes are biological catalysts that are fundamental to life.

Enzymes afford enormous accelerations to chemical reac-

tions compared to uncatalysed reactions. It has become
increasingly recognised that the largest contribution to the
enzyme catalytic power arises from the electrostatic environment
of polar active sites?. Enzymes use protein architectures to
precisely position a set of amino acid residues to catalyse inter-
conversions of substrates into products. This structure-based view
is supported by thermodynamic and kinetic models that treat
enzymes in complex with substrates and transition states in
succession®. Only rarely these models consider substrate and
product diffusion as a part of their catalytic mechanisms, as these
processes proceed rapidly, although on occasions products are
seen entrapped in active sites?. Yet, the lack of descriptions of
substrate associative and product dissociative pathways creates a
knowledge gap®.

A vital conclusion drawn from the structural studies with the
native [-D-glucan glucohydrolase, isoenzyme Exol (HvExol)
isolated from barley seedlings, was that the glucose (Glc) product
released from P-p-glucoside substrates remains entrapped in
the enzyme active site until an incoming substrate binds®~?,
presumably lowering the energy barrier to facilitate Glc dis-
placement. At this stage, the mechanism of Glc displacement and
how it is linked to the catalytic cycle of HvExol remained
unanswered. Notably, no other native GH3 structures with
entrapped Glc are available, because these recombinant enzymes
not exposed to presumably high enough Glc concentration,
do not entrap Glc during protein maturation and secretion.
However, several GH3 enzyme complexes with in crystallo-
perfused Glc1®11 or Glc-derivatives!Z13 are available. Addition-
ally, the native GH78 a-L-thamnosidase with a deep pocket-
shaped active site also holds the entrapped Glc molecule, which
was not perfused in crystals!4.

We have previously observed that mechanism-based inhibitors
conduritol B epoxide and 2',4’-dinitrophenyl 2-deoxy-2-fluoro-p-
p-glucoside dislodge Glc from the —1 subsite and form stable
cyclitol esters via an a-anomeric linkage with Asp2857. Similarly,
transition-state ion-like gluco-phenylimidazole mimics displace
Glc and bind in the —1 subsite with their Glc component dis-
torted in the “E envelope conformation!>16. Non-hydrolysable
S-glycoside analogues also remove Glc from the —1 subsite and
bind across the active site”>!”. Because HvExol hydrolyses various
positional isomers of B-p-glucosides, we rationalised this obser-
vation by the non-reducing Glc moiety being locked into a fixed
position via hydrogen bonds (H-bonds) with the residues in the
—1 subsite, whereas the reducing-end moiety is free to adopt
multiple orientations in the +1 subsite. This allows the remainder
of the saccharide substrates beyond the +1 subsite to project
unencumbered’>17,

The fundamental function of hydrolysis of oligo- and poly-
saccharides is essential for the understanding of the global carbon
cycle, which forms the basis of a multibillion-dollar biotechno-
logical industry. In this context, the HvExol enzyme® that belongs
to the glycoside hydrolase (GH) family 318 serves as one of the
archetypal models for hydrolysis of oligo- and polysaccharides.
Structural information of GH3 enzymes is available through 36
unique entries in the Protein Data Bank (PDB) from all phyla,
although there is only one plant structure available (that of
HvExol), notably in complex with a variety of oligosaccharide
substrate analogues and mimics’~®. HvExol folds in an (a/B)g
barrel (domain 1) and an (a/B)s sandwich (domain 2) that at their
interface cradle a 13 A-deep pocket- or crater-shaped active site.
This site accommodates the catalytic nucleophile Asp285 and
catalytic acid/base Glu491 in the —1 subsite, while the aromatic
clamp of Trp286 and Trp434 indole moieties constitutes the
neighbouring +1 subsite®=®. HvExol releases a single Glc from

non-reducing termini of oligo- and polymeric B-p-glucosides to
support seed germination and plant development®.

In this work, we examine product and substrate pathways
along the catalytic cycle of a plant exo-hydrolase HvExol, and
how this enzyme utilises its plasticity and that of glycoside
substrates. We use the high-resolution X-ray crystallography
supported with enzyme kinetics, mass spectrometry, nuclear
magnetic resonance (NMR) spectroscopy, multi-scale molecular
modelling employing docking!®, Molecular dynamics (MD)
simulations, Genetic Algorithms with Unrestricted Descriptors
for Intuitive Molecular Modelling (GaudiMM)?® and Protein
Energy Landscape Exploration (PELE)?! calculations, to reveal
the Glc product displacement route, and to extract how each
hydrolytic event including Glc release is precisely coordinated
with the incoming substrate association and hydrolysis. This leads
us to generate a variant enzyme and probe it for Glc entrapment
and the S-glycoside analogue binding. Along this journey with
HvExol, we observe a remarkable phenomenon, coin the term
‘substrate-product assisted processive catalysis’, and describe how
product and substrate trajectories are coordinated via this
mechanism during catalysis. We discover that through chemical
signalling, the incoming substrate evokes the formation of an
autonomous and transient lateral cavity that serves as a conduit
for the Glc product displacement from the active site. Crucially,
these co-operative reactant pathways, where polymeric substrates
never dissociate from the enzyme, sustain consecutive relocations
of substrates and products via dedicated routes, ensuring that this
exo-hydrolase adopts processive catalysis.

Results

GC/MS proves that Glc is bound to crystalline native HvExol.
We purified??, crystallised?? and chemically analysed crystals to
reconcile our structural observations with Glc entrapment in
native HvExol purified from barley seedlings®®. Several crystals
removed from the mother liquor were extracted and fractionated
by normal-phase high performance liquid chromatography
(HPLC) with evaporative light scattering detection (Fig. la; top
panel, solid line). The mother liquor from these crystals was also
analysed, both without and augmented with authentic Glc
(Fig. la; top panel, dashed and dotted lines, respectively). The
materials from these preparations eluting between 6.0 and 7.3
min during HPLC separation were pooled, reduced and per-
acetylated. The total ion chromatograms of the material extracted
from crystals and from the mother liquor augmented with Glc
showed a peak with the retention time of 23.26 min, corre-
sponding to glucitol hexa-acetate (Fig. 1b; 15t and 3'd middle
panels). Mass fragmentation spectra of these materials (Fig. 1c;
bottom panels) showed identical profiles of total ions, demon-
strating that the chemical substance eluting at 23.26 min was Glc.
We could not detect Glc in the mother liquor, from which crystals
had been removed (Fig. 1b; middle panel), while authentic Glc
added to the same mother liquor was readily identifiable.

Crystal structures reveal the Glc product in native HvExol.
The key observation that led us to explore the precise spatial
disposition of the Glc product in the active site and the Glc
displacement route in HvExol, was based on our original obser-
vation that the Glc product remains entrapped in the enzyme’s
active site that is isolated from the native source of young
seedlings®3. We anticipated that the last remaining Glc molecule
originating from oligo- and polysaccharide substrates, stays
associated with the enzyme in plant tissues. To this end, previous
crystal structures of native HvExol at 2.20 A and 2.70 A (in-house
X-ray source data) resolution showed a single Glc molecule
bound in the —1 subsite®8. In the current work we refined native
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HvExol at 1.65 A resolution (synchrotron data), revealing that
Glc is bound at 0.5 occupancy at each —1 and +1 subsites in the
4C, chair conformation, suggesting that it may be mobile between
both subsites (Fig. 2a; Supplementary Fig. 1a).

Glc is absent in recombinant HvExol but could be perfused in.
Although Glc has always been detected in the native enzyme
isolated from barley seedlings®®, it was uncertain if it could be
observed in recombinant HvExol produced in Pichia pastoris.
The 1.45 A structure of the recombinant enzyme, which is kine-
tically and structurally nearly identical to the native one2425,
failed to show the presence of Glc in the active site, where we
identified glycerol and up to seven water molecules mimicking
the positions of hydroxyl groups of Glc bound in native HvExol
(Fig. 3a; Supplementary Fig. 2a). However, after the crystals of
recombinant HvExol were perfused with Glc at a near saturating
concentration, the 1.55 A structure revealed two Glc molecules
one each in the —1 and +1 subsites, adopting alternate 4C, chair
(occupancy 0.8) and !S; skew boat (occupancy 0.2) conforma-
tions with classical Cremer—Pople ring-puckering parametersZ®.
In the —1 subsite, we detected the network of 12-13 mono- and
co-operative bi- and tri-dentate H-bonds27-28; of interest were
those forming short H-bonds of 2.5-2.7 A between 081 and 082
of Asp95, and the C6-OH and C4-OH groups of the Glc moiety.
We attempted to position into the electron density other skew
boat conformers of Glc (3Ss, 1Ss5) with various occupancies,
however, convergence in the refinement was reached with those
of #C; and 1S;. We concluded that during maturation in P. pas-
toris, Glc cannot be entrapped and thus observed, because the
intracellular concentration in this host is not high enough during
enzyme maturation or secretion. To demonstrate that Glc was
not displaced from the active site by the cryoprotectant, data were
collected from recombinant crystals at ambient temperatures
without applying vitrification solutions. Here, no Glc was
observed in the active site, but was readily observable after per-
fusion of crystals with Glc.

SPR analysis of Glc and substrate binding to HvExol. To
determine the strength of Glc binding and to compare it with that
of the substrate thio-analogue methyl 6-thio-B-gentiobioside
(G6SG-OMe), we used the recombinant HvExol enzyme. The
steady-state affinity?® Ky, value of 0.008 x 103 M for G6SG-OMe
revealed that it bound tighter than the Glc hydrolytic product
(Kp of 0.16 x 10-3 M) (Table 1; Supplementary Fig. 3).

NMR spectroscopy of Glc binding to recombinant HvExol. To
identify conformational states of bound Glc with the measured
Kp value of 0.16 x 1073 M (Table 1; Supplementary Fig. 3), we
used 1H saturation transferred difference (STD)30 and transferred
nuclear Overhauser effect spectroscopy (trNOESY)3! in solution
NMR. STD spectra recorded with Glc in a 60-fold excess relative
to HvExol detected Glc bound non-covalently. As only STDs for
protons of B-anomeric Glc (and not for a-form) were observed,
while one would expect an a:} anomeric ratio of ~2:3 in solution
equilibrium, we concluded that the enzyme specifically binds
B-anomeric Glc (Fig. 4a); this observation supports the retaining
hydrolytic mechanism of HvExolI?2, To identify the conformation
of Glc, trNOESY experiments under a relatively low HvExol
versus Glc ratio revealed weak trNOEs between HI1-H3 and
H1-H5 protons of B-anomeric Glc (Fig. 4b), consistent with
B-anomeric Glc bound in the low-energy *C; chair conformation.
To corroborate these findings, thiocellobiose which cannot be
hydrolysed by HvExol’, was added in excess relative to HvExol.
Here, clear negative NOEs between specific thiocellobiose proton
pairs were observed (Fig. 4c), while strong trNOEs of the
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Fig. 2 Native HvExol with trapped Glc, and with perfused 3dGlc, octyl-O-
Glc and PEG. a Stereo view of native HvExol with Glc (Glc and Glc’,
carbons: yellow sticks) at 0.5 occupancy, which oscillates between the —1
and +1 subsites. b Stereo view of native HvExol with Glc (carbons: yellow
sticks) and 3dGlc (carbons: orange sticks) at 1.0 occupancies, bound in the
—1and +1 subsites, respectively. ¢ Stereo view of native HvExol with octyl-
O-Glc (carbons: orange sticks) at 1.0 occupancy, bound across the —1 and
+1 subsites. d Stereo view of native HvExol with two PEG (nh=5-10)
molecules (carbons: orange sticks; PEG 1 in two alternate conformations
at occupancies 0.5 each and PEG 2 at occupancy 1.0), bound in the +1 and
putative +2 subsites. Grey, red, and blue represent carbon, oxygen and
nitrogen atoms, respectively. Water molecules are shown as red or
magenta (bound alternate water molecules when the ligand is missing and
are not numbered) spheres in complexes with Glc and PEG. In the PEG
complex magenta-coloured water molecules mimic positions of OH groups
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at 1o (blue mesh). In |2mFyu,s — DFaicl, Fops and Feac are observed and
calculated X-ray structure factor amplitudes, where m is the figure of merit
and D is the estimated coordinate error
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anomeric proton of non-reducing Glc (H-1') with intra-residual
H-3’ and H-5" (Supplementary Fig. 4; Supplementary Note 1)
implied that the non-reducing B-p-glucopyranose ring of thio-
cellobiose was bound to HvExol in the 4C; conformation32.

Table 1 Binding (Kp) and inhibition (K;) parameters for
HvExol by ligands and substrate analogues

Ligand/ Kp?/KP (M) AG ¢ Chemical
inhibitor (kJ x mol—1) formulad
Glca 0.16 x1073 -217 CeH1206
G65G-OMe? 0.008x1073 —29.1 C13H240105
3dGlcP 9.8x1073 -n7 CeHh20s
4dGlcP 9.4%x1073 —11.8 CeH1205
Octyl-O-Glcb 0.13x1073 —22.6 CyaH250¢
Octyl-S-Glcb 11%x103 —17.2 C14H2505S
G25G-OMeb 2.55x1073 —15.1 C13H240105

aUsing Surface Plasmon Resonance with recombinant HvExol

bUsing inhibition kinetics with the 4-nitropheny! p-p-glucopyranoside substrate with
native HvExol

CCalculated according to AG = —RT In [K;] or AG = —RT In [Kp]2®

dChemical structures are shown in Supplementary Table 1

Conformational Free Energy Landscape of Glc bound to
HvExol. To further assess conformational states of bound Glc in
the high-resolution structure of recombinant HvExol in complex
with Glc, quantum mechanics/molecular mechanics (QM/MM)
metadynamics simulations were performed to asses Conforma-
tional Free Energy Landscape (FEL) maps of -p-Glc bound in
the active site of HvExol (Fig. 5; Supplementary Fig. 2b). These
analyses indicated that although Glc was engaged in extensive
H-bond networks, the B-p-glucopyranose ring adopted #C; chair
and 183/Bs (—1 subsite) or 4C, chair and B;o (+1 subsite)
distorted skew boat/boat conformations (Fig. 5; left and middle
panels). More precisely in the —1 subsite, H-bonds with Asp285
and Argl58 restrained the 2-OH group in the equatorial position,
and stabilised the C; conformation by 8 kcal/mol more than that
of 185 or Bs e, with a conformational energy barrier change of
11 kcal/mol. Conversely, hydroxyl groups of Glc in the +1 subsite
interacted with Asp95, Argl58, Lys206, His207, Asp285, and
Glu491, stabilising the C; Glc conformation by 2 kcal/mol more
than that of B; o, with a conformational energy barrier change
of 6 kcal/mol. Notably, these findings concurred with conforma-
tional FEL of isolated Glc33, in which 4C; and 1S3/Bso con-
formers were most stable (Fig. 5; right panel). Nonetheless, FEL
of Glc bound in the —1 and +1 subsites exhibited exclusively
these two minima due to a restricted conformational space
within the enzyme active site (Figs. 2a, 3b, 5) as demonstrated in
other glycosyl hydrolases.

Inhibition kinetics of substrate analogues in native HvExol. To
shed light on the molecular basis of the Glc displacement route,
we selected a series of deoxy-Glc (dGlc) and alkyl-glucoside
derivatives, and substrate mimics that could potentially displace
Glc®. To assess the strength of inhibition, we determined
dissociation constants of enzyme-inhibitor complexes (K;) for
3-deoxy-glucose (3dGlc), 4-deoxy-glucose (4dGlc), n-octyl B-p-
glucopyranoside (octyl-O-Glc), n-octyl 1-thio-p-p-glucopyrano-
side (octyl-S-Glc), a hydrophilic polymer polyethylene glycol
(PEG; putative fractional polysaccharide mimic®) and the thio-
analogue methyl 2-thio-p-sophoroside (G2SG-OMe). All inhibi-
tors showed competitive inhibition with K; values between 9.8 x
103 M and 0.13 x 1073 M (Table 1). The most effective was octyl-
O-Glc with K; of 0.13 x 1073 M, while surprisingly G2SG-OMe
was weak with K; of 2.55 x 10~3 M, while PEG was non-inhibi-
tory, as expected.

Glc is not removed from native HvExol by dGlc derivatives. To
test the hypothetical Glc displacement route by using dGlc deri-
vatives, crystals were perfused with saturating concentrations of
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Fig. 4 Recombinant HvExol recognises p-p-Glc in the 4C; conformation. a H
recombinant HvExol and Glc (40 uM and 2.4 mM, respectively) at 600 MHz

STD NMR spectrum (top) and reference spectrum (below), acquired with
and 283 K. Only protons of p-b-Glc (squares) showed STDs. Off and on

resonance frequencies were set at 100 ppm and 0.65 ppm, respectively. The Gaussian shaped pulse (30 ms) was used for selective irradiation with total
saturation time of 2s. b trNOESY spectrum of recombinant HvExol and Glc (57 uM and 285 uM), acquired at 800 MHz, 283 K and with 300 ms mixing
time. Only NOEs observed were weak trNOEs of Glc between H1/H3 and H1/H5. ¢ trNOESY spectrum of recombinant HvExol with Glc and thiocellobiose
(57 uM, 285 uM, and 171 uM, respectively), acquired at 800 MHz, 283 K and with 300 ms mixing time. All NOEs were negative. trNOEs defining the 4C;

conformation of non-reducing Glc of bound thiocellobiose are in boxes. Blue

3dGlc (Fig. 2b; Supplementary Fig. 1b) and 4dGlc. The structures
of both complexes showed that dGlc derivatives could not dis-
place Glc from the —1 subsite, but that Glc consolidated to the
—1 subsite. The well-defined electron density map indicated that
3dGlc was orientated parallel to Trp286 and Trp434 in the
+1 subsite, through mnt-system stacking contacts, forming H-bonds

6

lines in (b) and (c) refer to residual noise signals

via C6-OH with Nel of Trp434 and Oe2 of Glu491, and via C4-
OH with the N atom of Gly57 (Fig. 2b; Supplementary Fig. 1b).
Notably, as 3dGlc rotated to a different position relative to that of
Glc in native HvExol (such that the C4-OH group of 3dGlc
overlapped the position of C3-OH of Glc in the native structure),
it could establish H-bonds with Gly57 and Glc in the —1 subsite.

NATURE COMMUNICATIONS| (2019)10:2222 | https://doi.org/10.1038/s41467-019-09691-z | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-019-09691-z

ARTICLE

Gilc bound in —1 subsite

s 2

0 4 8 12 16 20 24 28 32 (kcal/mol) 0 5 10 15 20 25

0 4 8 12 16 20 24 28 32 (Kea/mo)

Glc bound in +1 subsite

Isolated Glc

(kcal/mol)

Fig. 5 Conformational FEL maps of B-p-Glc bound in the active site of HvExol. Conformational FEL of B-p-Glc in the —1 (a) and +1 (b) subsites are based on
ab initio QM/MM metadynamics. ¢ Conformational FEL map of isolated Glc34 (reproduced with permissions of the Journal of American Chemical Society;
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Alkyl-glucosides and PEG remove Glc from the active site.
Contrary to what we observed with dGlc derivatives, n-octyl p-p-
glucosides with tighter K; values (Table 1) replaced Glc and
bound across the active site (Fig. 2c¢; Supplementary Fig. 1c).
While aliphatic chains of alkyl p-p-glucosides were threaded
through the Trp286 and Trp434 aromatic clamp and did not
interact with a surrounding environment, Glc moieties estab-
lished a network of 10-11 mono- and co-operative bi- and tri-
dentate H-bonds, like those observed in native (with trapped Glc)
or recombinant Glc-perfused HvExol (Figs. 2, 3). Similarly, after
applying PEG at saturating concentrations to native HvExol
crystals, the 1.80 A PEG-perfused structure revealed that Glc was
replaced by five water molecules occupying the positions of the
C1-OH to C6-OH groups of Glc in the —1 subsite (Fig. 2d;
Supplementary Fig. 1d). The PEG molecule bound between
Trp286 and Trp434 in two alternate conformations made a
water-mediated H-bond with Gly57, which was reminiscent of
the bond formed between C4-OH of 3dGlc and Gly57. The sec-
ond PEG molecule bound near Trp434 did not contact the
enzyme, but instead interacted with the first PEG via water-
mediated H-bonds (Fig. 2d; Supplementary Fig. 1d).

G6SG-OMe and G2SG-OMe bind to HvExol in two distinct
modes. To understand how (1,6)- and (1,2)-linked substrate thio-
analogues displace the Glc product from the active site, we per-
fused recombinant crystals of HvExol and observed that the
sugars adopted different poses (Fig. 3¢, d; Supplementary Fig. 2c,
d). It is worth noting that G6SG-OMe binds to the enzyme with
Kp of 0.008 x 10-3 M, whereas G2SG-OMe binds about 320-fold
weaker (K; of 2.55x 1073 M) (Table 1). We observed that in the
1.57 A structure of HvExol with G6SG-OMe, the ligand formed
well-defined electron densities for both Glc moieties across the
active site (Fig. 3c; Supplementary Fig. 2c), and that the 1.68 A
structure with G2SG-OMe (refined at 0.7 occupancy at both
subsites) had a less-defined density for the ligand, which bound
to the enzyme in a markedly different position (Fig. 3d; Supple-
mentary Fig. 2d). For G6SG-OMe, we observed short H-bonds in
the —1 subsite, which resembled those observed in the native
(Fig. 2a; trapped Glc) or recombinant (Fig. 3a; perfused with Glc)
enzymes. In contrast, G2SG-OMe could not slide past the
+1 subsite in the pocket, likely due to a thio-glycosidic bond

rigidity, and hence it projected with the reducing-end Glc moiety
into the solvent at the putative +2 subsite, while the non-
reducing-end was held in the adjacent +1 subsite. For the
—1 subsite, we assigned glycerol and PEG molecules that formed
H-bonds with the G2SG-OMe non-reducing end that also
established the H-bond with Gly57; the reducing moiety of
G2SG-OMe interacted via C4-OH with Oe2 of Glu287 and via
C3-OH with Nel of Trp286 (Fig. 3d; Supplementary Fig. 2d).
In the G6SG-OMe structure we noted significant elevations of B-
factor values in two loops (Thr214-Glu228 and Glu491-Asn498)
near the catalytic site entry (Supplementary Note 2); these
B-factor elevations were not seen in the G2SG-OMe structure.

HvEx0I-G2SG-OMe complex is an intermediate for Glc exit
path. We considered the HvExol in complex with G2SG-OMe
(PDB 6MD6) (Fig. 3d; Supplementary Fig. 2d) to embody the
attributes of an intermediate enzyme-substrate complex, and the
disposition of G2SG-OMe that of an incoming substrate. Hence,
we used this complex for investigations of the hypothetical Glc
displacement route via multi-scale molecular modelling employ-
ing docking!® and MD simulations, followed by GaudiMM?’ and
PELE?! pathway calculations.

Respective reciprocal docking of the Glc product and the p-p-
glucopyranosyl-(1,2)-p-glucose (G20OG) or B-p-glucopyranosyl-
(1,3)-p-glucose (G30G) substrates into HvExol:G20G-OMe or
HvExolI:Glc complexes, combined with MD simulations indicated
that the existence of ternary HvExol:Glc:G20G or HvExol:Glec:
G30G complexes (designated 1-6) was plausible, where Glc was
bound in the —1 subsite, and G20G or G30G were attached at
+1 and putative +2 subsites (Fig. 6a; Supplementary Figs. 5, 6, 8,
Supplementary Notes 3-4, Supplementary Data 1). This
suggested that if the incoming substrate binds at the +1 to
+2 subsites, while Glc is still trapped in the —1 subsite, an
alternative Glc exit path, other than through the 41 subsite needs
to be considered. We also searched for substrate binding modes
different to those at the +1 to +2 subsites, using docking of the
G20G or G30G substrates in structures based on MD
simulations of the native HvExol:Glc complex (Supplementary
Figs. 5-8; Supplementary Note 4; Supplementary Data 1-2).
However, no stable binding sites were found other than those
at +1 and +2 subsites. In addition, docking and MD simulations
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and could be used for investigations of Glc displacement. MD
simulations also revealed that stable binding of substrates
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Trp286, where C-H/m interactions mediated binding. Notably,
binding of the G20G or G30G substrates triggered the
conformational change of Tyr253, modifying the buried lateral

8

Step 4 of the Gic displacement route
Separations ~13-17 A

cavity adjacent to the —1 and +1 subsites. We observed that
when only one Glc was bound at the —1 subsite, Tyr253 remained
H-bonded to the carbonyl oxygen of the Trp286 backbone for
the full extent of simulation. The sidechains of the catalytic
nucleophile Asp285 and acid/base Glu491, together with Argl58
(Fig. 6a; dashed lines) physically separated this cavity from the
—1 subsite. In complexes 1, 3 and 4, the Tyr253 side chain moved
away from this lateral cavity enlarging it, while in complex 2,
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Fig. 6 Displacement pathway of Glc, based on crystal structures and molecular modelling. a Converged HvExol:Glc:G30G complex obtained by docking.
Selected residues (carbons: atomic and purple sticks), Glc (carbons: yellow sticks) and G30G (carbons: orange sticks) are shown. Glc in the —1 subsite is
separated from the lateral cavity by the Arg158-Glu491-Asp285 (carbons: purple sticks) toll-like barrier (dashed lines). Surface morphology coloured by
electrostatic potentials: white, neutral; blue, +5 kT e~ red, —5kT e~". b Glc cannot exit, when crystallographic coordinates are considered by GaudiMM
(grey symbols). Glc displacement only occurs when protein atoms are relocated to the lowest-energy normal mode (black). Clashes of Glc are shown
as the function of separations from the Glc geometric centre in the —1 subsite. Displacement routes present fewer clashes, when MD structures are
considered (green) and protein atoms move (dark red). ¢ Lowest-energy normal mode shows a cork-like motion of domains 1 and 2. d Glc displacement
routes calculated by PELE using ternary HvExol:Glc:substrate complexes 1-3. PELE binding energies, plotted as a function of Glc separation from the

—1 subsite, show that Glc traverses via the lateral cavity at the separation of 8 A from protein surface. Full, semi-dashed, dashed and dotted lines specify
separation ranges of 2-3 A, 5-7 A, 8-11 A and 13-17 A (referring to line thickness in (e-h)) between respective centres of masses and C4-OH groups of
Glc in initial and final structures. e-h Four steps along the Glc displacement route based on complexes 1-3 (Glc carbons: yellow spheres). Left and right
images are rotated by 200° (e-g) and —50° (h) along y-axes. e Glc is in the —1 subsite. f Movements of Arg158, Asp285 and Glu491 allow Glc traversing
into the lateral cavity. g Glc in the lateral cavity is partly exposed to the bulk solvent. h Glc is fully exposed to the bulk solvent. Black dotted ellipsoid

indicates the transient solvent-exposed aperture of the lateral cavity that facilitates Glc displacement

this side chain rotated to the bottom of the cavity making it
shallower (Supplementary Figs. 6, 8; Supplementary Notes 3-4).

To find out if binding of substrates by HvExol lacking the
bound Glc product would lead to tighter or weaker binding
than that with Glc included, we carried out further calculations
and compared binding affinities. Docking calculations of G20G,
G30G and p-p-glucopyranosyl-(1,6)-p-glucose (G60G) disac-
charide substrates at the —1 and +1 subsites, predicted binding
with higher affinities (Goldscore scoring function values of 66 for
G20G, 76 for G30G and 74 for G60OG), when the Glc product
was absent in the —1 subsite. However, when the Glc product was
included in the —1 subsite, docking of G20G, G30G and G60G
in the +1 and putative 42 subsites predicted binding with lower
affinities (Goldscore scoring function values of 60 for G20G,
57 for G30G and 61 for G60OG). These data indicated that bound
Glc lowered binding energies for incoming substrates as they
had no access to the higher affinity —1 subsite.

Discovery of substrate-product assisted processivity in HvExol.
Initially, we used the GPathFinder extension of the GaudiMM
platform?? to reveal potential Glc exit routes from the active site
into the bulk solvent, whereby we considered steric clashes. The
initial set of simulations was performed with the HvExoL:Glc:
G20G ternary complex 1, based on the coordinates of HvExol
in complex with G2SG-OMe and Glc docked in the —1 subsite.
No exit path was detected in this case, as Glc never overcame
steric clashes to vacate the —1 subsite (Fig. 6b; top panel; Sup-
plementary Data 3). However, further calculations with the pro-
tein backbone displaced by 2.2 A along the lowest-energy normal
mode strikingly identified the Glc displacement path. As a bonus,
these calculations also revealed a cork-like motion between
domains 1 and 2, which was correlated with the open and closed
states of the active site (Fig. 6¢). The same ligand path was also
obtained with the MD-derived HvExol:Glc:G30G ternary com-
plex 3 (Fig. 6b; bottom panel), highlighting the importance of
incorporating local and collective protein motions in these
calculations.

To explore the Glc displacement route in detail, the ligand
migration calculations of the PELE approach?! were used,
whereby structures generated at each step along the path (by
sequential ligand and protein geometric perturbations followed
by energy minimisation using the OPLS-AA force field) were
evaluated and accepted or rejected according to a Metropolis
criterion at a given temperature. Using this approach, the
HvExoL:Glc:G20G and HVExol:Glc:G30G complexes 1-3 con-
verged, and revealed that Glc egressed from the —1 subsite to the
adjacent lateral cavity that was enlarged after Tyr253 rotated. This
cavity was defined by an ensemble of 14 residues: Trpl56,
Argl58, His207, Phe208-backbone, Asp211, Asn219, Glu220,

Ser252, Tyr253-backbone, Ser254, Asp285, Arg291, Glu491 and
Thr492 (Fig. 6; Supplementary Fig. 9). This cavity was partially
separated from the solvent by the Asn219, Glu220 and
Arg291 sidechains, with the two latter residues forming a salt
bridge with Oel and Oe2 of Glu220 to NH1 of Arg291 at
separations of 3.10 A/2.65 A, 2.77 A/3.56 A and 4.65 A/2.84 A for
complexes 1, 2, and 3, respectively. The abundance of data points
in the PELE plot at separations between 8-11A (Fig. 6d)
indicated that there was a local energy minimum for Glc binding
in this cavity (Fig. 6d; subpanel g). For complex 2, PELE
calculations suggested a more transient passage of Glc through
the lateral cavity, most likely due to a shallower profile resulting
from the specific Tyr253 conformation, compared to other
complexes. Nevertheless, in all cases, if Glc was to advance to the
lateral cavity from the —1 subsite, it must traverse the space
between Asp285, Glu491 and Argl58, which likely represent a
toll-like barrier (Fig. 6a, dashed lines; Fig. 6e); this Glc passage
corresponded to fewer data points at separations between 5-7 A
(Fig. 6d; Supplementary Data 4). With Glc bound in the
—1 subsite, the shortest separations between the Argl58-
Asp285, Argl58-Glu491 and Glu491-Asp285 sidechains were
those at 5.10 A/5.42 A/5.17, 3.09 A/3.16 A/4.42 A and 5.39 A/6.32
A/6.65 A in respective complexes 1, 2 and 3. Notably, conforma-
tional changes of Argl58, Asp285 and Glu491 sidechains
facilitated Glc movement (Fig. 6e, f), and altered the separations
specified above to 7.07 A/5.33 A/6.21 A, 3.00 A/2.97 A/6.82 A and
6.96 A/7.23 A/7.71 A, when Glc bypassed the toll-like barrier.
Once in the lateral cavity, Glc was free to exit from the cavity into
the bulk solvent via a transient and autonomous aperture. This
transient opening was formed through rotations and backbone
fluctuations of Glu220, Arg291, Thr492 and Lys493, and
surrounding residues in the vicinity of the bound B-p-glucoside
molecule (Fig. 6h). As Glc migrated across the lateral cavity
(Fig. 6e, f), it established H-bonds® with the protein residues and
incoming substrates to maintain energetic favorability (Supple-
mentary Tables 2-4). This suggested that the hydrophilic
environment of the toll-like barrier and the lateral cavity may
have evolved for this exit route and may be evolutionarily
conserved in GH3 enzymes (Supplementary Fig. 9). Finally, and
most importantly, the Glc displacement route raised the
possibility that this trajectory may facilitate processive catalysis
in HvExol and other GH3 exo-hydrolases with pocket-shaped
active sites.

Proof of concept using the R158A/E161A variant. Ligand
migration calculations using PELE (Fig. 6) and the conservation
patterns of the toll-like barrier (Supplementary Fig. 9) led us
designing the double non-conservative RI58A/E161A variant to
critically asses the roles of these residues in binding Glc and the
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a Variant R158A/E161A in ligand-free form
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b variant R158A/E161A perfused with Glc
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C Variant R158A/E161A perfused with G6SG-OMe
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—1 subsite
Fig. 7 R158A/E161A of HvExol and with perfused Glc or G6SG-OMe.
a Stereo view of a ligand-free form of R158A/E161A. Two glycerol
molecules (carbons: green sticks) at 1.0 occupancies are bound in the —1
and +1 subsites. b Stereo view of R158A/E161A with perfused Glc, which
failed to bind, instead two glycerol molecules (carbons: green sticks) are
bound at 1.0 occupancies in the —1 and +1 subsites. ¢ Stereo view of
R158A/E161A with G6SG-OMe (carbons: orange sticks) at 1.0 occupancy,
bound across the —1 and +1 subsites. Separations of less than 3.30 A from
electronegative atoms of active site residues (carbons: grey) and water
oxygens, are shown as dashed lines. Derived |2mFgps — DFcaic| electron
density maps are contoured at 1o (blue mesh)

+1 subsite

G6SG-OMe substrate thio-analogue (Fig. 7; Supplementary
Fig. 10). The 1.65A and 221 A structures without and with
perfused Glc showed two glycerol molecules, one each in the —1
and +1 subsites (Fig. 7a, b; Supplementary Fig. 10a, b), and the
absence of Glc despite perfusing crystals at saturating con-
centrations. On the other hand, the 2.30 A structure of R158A/
E161A perfused with G6SG-OMe strikingly revealed this sugar
bound across the active site, but in a different pose compared to
that of the wild-type (WT) enzyme (cf. Figures 3c, 7c; Supple-
mentary Figs. 2c and 10c). In the variant structure the position
of the Glc moiety in the —1 subsite matched that of WT, but
the disposition of the reducing-end Glc moiety was flipped in its
position between the indole moieties of Trp286 and Trp434, such
that intra-ring oxygen of the p-p-glucopyranose moiety pointed
to Trp434. Obviously, this G6SG-OMe pose was due to Ala
replacements for Argl58 and Glul61.

Discussion

Substrates and products in enzyme active sites bind and unbind at
fast rates that challenge investigations of their trajectories, leading
to the lack of a deep understanding of these hallmarks of enzyme
catalysis37=3%. Here, we capitalise on the Glc product entrapment

observation in native HvExol isolated from seedlings®, which
renders it an archetype model to examine product/substrate
dissociations/associations in a pocket-shaped active site. Most
approaches towards the descriptions of reactant movements are
based on MD simulations of substrate and product binding
and unbinding, including random collisions or diffusion®0.
Other studies reveal substrate/product migration pathways that
accompany conformational changes of protein backbones or
secondary structures*142,

When we first described the HvExol structure®®, we were
unable to explain why the trapped Glc product remained bound
in the active site and has not diffused away, and what was the
implication of this unassuming observation. The obvious expla-
nation for not seeing naturally bound products or co-factors
in structures of other GH enzymes is that these proteins are
generated in recombinant hosts, where intracellular concentra-
tions of potential enzyme reactants are not high enough during
protein maturation. To this end, solving crystal structures
of enzymes purified from native sources offers an additional
information that could be beneficial for the understanding of
catalytic cycles.

When we first detected the Glc product entrapment in native
HvExol, we hypothesised that the role of Glc may be linked to
the pre-organised state of the active site to maintain efficient
catalysis required for the growth of a plant embryo®. One way
of preserving this pre-organised state would be to keep entropic
costs of catalysed reactions low, where an entrapped product
from a previous hydrolytic cycle could lower overall entropic
demands for binding of incoming substrates!43, The Glc product
retention in the active site may also disfavour binding of incorrect
substrates through product dissociation rates that would govern
the selectivity of substrate binding*%. Others may argue that
although most enzymes have evolved to use conformational
adjustments to favour tight binding of correct substrates and
product release, some enzymes may have not acquired this asset.
This assumption was confirmed by perfusing dGlc derivatives
that akin of reaction products could not remove Glc, but substrate
analogues and mimics could.

As mentioned above, despite the plethora of structural data for
HvExoI®-1>-17 we could not explain, how Glc egresses from the
13 A-deep pocket-shaped active site, although we detected cross-
talk between residues entrapping Glc in the —1 subsite, and those
in the +1 subsite delineated by Trp286 and Trp434. Function of
Trp residues in retaining Glc or substrates is unsurprising, as
these residues have extended heterocyclic indole ring systems
with amphipathic characteristics, high de-localised electron den-
sities and permanent dipole moments due the intra-ring nitro-
gens, that form H-bonds?. In all 22 structures of HvExol we so
far resolved (Supplementary Table 5), Trp286 and Trp434 at the
+1 subsite showed no structural heterogeneity, and at separations
of about 4 A from ligands were compliant with the provision of
two sets of C-H/m interactions*® depending on the stereo-
chemistry of bound ligands”!7. Crystalline HvExol was also
perfused with the (3)-B-b-Glc-S-(1,3)-p-p-Gle-(1,)145, polymeric
substrate®0, but we did not observe potential binding sites beyond
the —1 and +1 subsites.

The time-space averaged vision of crystal structures presented
here was supported by the multi-scale molecular modelling,
based on docking!®, MD simulations, QM/MM, GaudiMM?* and
PELE?!, that provided the first clear view of succession of events
during Glc displacement. This approach also hinted that trapped
Glc may play a surprising role in catalysis and led to the
discovery of processivity by this exo-hydrolase. In the light of this
discovery we coin the term ‘substrate-product assisted processive
catalysis’, due to the key role that a substrate and a product play
in the evocation of the catalytic pathway.
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Fig. 8 The mechanism of substrate-product assisted processive catalysis by HvExol. a Mechanism of Glc displacement with a disaccharide. After the
disaccharide (empty blue and filled grey squares) bound in —1 and +1 subsites (step 1) is hydrolysed and an aglycon diffuses away (step 2), Glc (cyan
square) remains non-covalently trapped and oscillates (double arrow) between the —1 and +1 subsites. Glc (yellow square) is consolidated to the

—1 subsite after an incoming substrate binds (step 3), which later advances to the catalytic site. Glc (red square) modifies its binding patterns and exits
(large arrow) via an autonomous and transient lateral cavity (cylinder in dashed lines) formed near the catalytic site (step 4); a next hydrolytic cycle can
begin. b Mechanism of Glc displacement with a polysaccharide to facilitate substrate-product assisted processive catalysis. After non-reducing (blue
square) and penultimate (filled square) residues bind in a productive mode at the —1 and +1 subsites (step 1), the non-reducing Glc residue (yellow
square) is cleaved off, with the remainder of the substrate attached (step 2). Glc (red square) modifies its binding patterns and is released (large arrow) via
a lateral cavity (cylinder in dashed lines, step 3). Here, the next hydrolytic cycle continues with the same polysaccharide, where the polysaccharide, short of
one Glc (filled squares) advances into the catalytic site after uninterrupted binding. Non-reducing (blue) and hydrolysed (cyan-yellow-red in (a), yellow-red
in (b)) Glc is shown. ¢ Structural basis of substrate-product assisted processive catalysis. Left: The substrate (orange spheres) slides into the active site
(protein surface: domain 1-light grey, domain 2-dark grey). After hydrolysis, the Glc product (yellow spheres) exits from the —1 subsite through the lateral
cavity into the bulk solvent. Right: detail of the active site. Circle line with arrows indicates directionality during processive catalysis. The image was
generated using the coordinates of HvExol:G6SG-OMe and HvExol:G2SG-OMe complexes (Fig. 3c-d; orange spheres), and the Glc displacement
snapshots based on PELE calculations (Fig. 6e-h; yellow spheres)

We demonstrate that the substrate binding and product dis-
placement routes proceed through stages that are carefully

(yellow square) is consolidated to the —1 subsite. This is linked to
Tyr253 rotation, which enlarges the lateral cavity adjacent to the

orchestrated in succession (Fig. 8). We suggest that a disaccharide
(Fig. 8a) binds near the catalytic site at the +1 and putative
+2 subsites most likely through random collisions, from where
it progresses to the —1 and +1 subsites. Following binding in
a productive mode (step 1), the disaccharide (empty blue and
filled grey squares) is poised for hydrolysis. After the non-
reducing Glc is cleaved off and aglycon diffuses away, the Glc
product is entrapped non-covalently, whereby it may oscillate
between the —1 and +1 subsites (cyan square) (step 2). After the
next disaccharide binds at +1 and +2 subsites, the Glc product

—1 and +1 subsites (step 3). Next, the Glc product (red square)
traverses from the —1 subsite through rotations of the Argl58
and Asp285 sidechains and associated backbone atoms, and
bypasses the toll-like barrier shaped by Asp285, Glu491 and
Argl58, via this autonomous lateral cavity (step 4, cavity shown
as a barrel in dashed lines). This cavity is formed transiently near
the +1 subsite, through which the Glc product exits (arrow) via
an aperture into the bulk solvent (Fig. 8a; step 4). Strikingly, when
the toll-like barrier is disrupted in the R158A/E161A variant, Glc
no longer binds in the active site (Fig. 7), which underlines the
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vital role of the barrier in Glc entrapment. The sequence of events
involving incoming substrate binding and Glc displacement are
captured in Supplementary Movie 1.

We propose a similar substrate/product progression route
(Fig. 8b) takes place with a polysaccharide (empty blue and fil-
led grey squares), often with differently linked p-p-glucosyl
residues®!%, through processive catalysis. Here, (step 1) after Glc
(blue square) is cleaved off from the polysaccharide, (step 2) the
Glc product (yellow square) remains bound at the —1 subsite,
while the remainder of the polysaccharide (grey squares) stay
attached at the +1 and putative +2 subsites. As the Glc product
(red square) exits (arrow) through the lateral cavity (step 3,
shown as a barrel in dashed lines), the polysaccharide can
advance to the —1 and +1 subsites, such that an uninterrupted
hydrolysis of the polymer continues until it is completely
hydrolysed. In both instances, after Glc egresses (Fig. 8a, b), the
next hydrolytic cycle that is facilitated by the dedicated substrate
binding and product displacement routes, can continue. Conse-
quently, this coordinated system with oligo- and polymeric sub-
strates, resembles a loop or a conveyer belt that directionally
shuffles substrates and ensures efficient catalysis (Fig. 8c).
Although in all computations, we modelled Glc in “C, con-
formation, we do not rule out that the Glc distortion to a higher
energy of the 1S5 conformer, as it occurs in crystal structures, may
contribute to displacement of the Glc product or its progression.

To our knowledge, this type of processive catalysis*’~4” has not
been described in any exo-acting hydrolase with a pocket-shaped
active site like that of HvExol. In this work, we define processive
catalysis in broader terms, rather than those based on hydrolytic
profiles of products®®. Considering that HvExol operates on
polysaccharides such as (1,3;1,4)-p-p-glucans contained in plant
cell walls®®1, this finding is unsurprising, as the enzyme’s efficient
hydrolysis is the prerequisite for seed germination and the
development of a plant embryo?23>1, Processive catalysis (non-
dissociative sequential degradation) has been accepted for endo-
acting hydrolases with cleft- or groove-shaped catalytic sites, such
as (1,3)- and (1,3-1,4)-B-p-glucan endohydrolases®?, and (1,4)-B-
p-glucan endohydrolases®3, and for exo-acting chitinases®® and
cellobiohydrolases®® with ridge- or tunnel-shaped sites. Con-
versely, B-D-glucosidases and exo-acting hydrolases with funnel-,
crater- or pocket-shaped®>> active sites are deemed to be non-
processive48:49,

Our concept of substrate and product processive co-operative
routes with pocket-shaped exo-hydrolases®= is associated with
chemical signalling, where entrapped products, bound sub-
strates and enzymes co-operatively create pathways dedicated
to product dissociation. The hallmark and advantage of pro-
cessive catalysis is a high efficiency, where oligo- or poly-
saccharides are directionally threaded without the catalyst losing
contact with substrates to keep binding entropic cost low,
while performing multiple hydrolytic events on the same sub-
strate molecule. While this work was focussed on a plant GH3
hydrolase, we suggest that substrate-product assisted processive
catalysis may be more prevalent among exo-hydrolases with
pocket-shaped active sites, irrespective of their substrate speci-
ficity. To this end, our findings could promote further investi-
gations of enzymes involved in biomass degradation, where one
of the challenges is to circumvent the bottleneck of product
inhibition, a problem that could be addressed through the
better understanding of enzyme catalytic cycles. More broadly,
substrate-product assisted processive catalysis in enzymes with
pocket-shaped catalytic sites is likely to have significance
in other enzymes due to the plasticity of protein structures. It
is exactly this plasticity that accounts in HvExol for product
dissociation, although in other enzymes the atomic details of
reactants movements may be different.

The discovery of substrate-product assisted processive catalysis
in HvExol prompts investigations of the evolutionary origin of
this mechanism. The availability of the presented experimental
and computational tools alongside a rich source of information
for the GH3 family enzymes that originate from all phylla®!8
(currently around 23,000 entries), will now allow the study of
evolution of this catalytic mechanism. Preliminary analyses
of 500 sequences related to HvExol revealed that the residues
underlying this mechanism are conserved in land plants, but
absent in red and green algae, suggesting that this mechanism is
rather ancient and has evolved in land plants about 470 million
years ago.

We conclude that through the descriptions of associative and
dissociative reactant trajectories that we explored using our inter-
disciplinary approach, we are now in a better position to
understand how reactants advance in active sites, and how to
improve enzyme catalytic rates, stability, product inhibition and
drug discovery.

Methods

Materials. 3-Deoxy-glucose (3dGlc) and 4-deoxy-glucose (4dGlc) were obtained
from Glycoteam GmbH (Hamburg, Germany). N-octyl B-p-glucopyranoside
(octyl-O-Glc) and n-octyl 1-thio-p-p-glucopyranoside (octyl-S-Glc) were from
Anatrace Inc. (Maume, OH, USA). 4-Nitrophenyl B-p-glucopyranoside (4NPGIc),
glycerol, myo-inositol and other chemicals were obtained from Sigma-Aldrich
(USA) or as described previously®”>!7. CH;CN was from BDH Laboratory Supplies
(UK), and polyethylene glycol 400 (PEG400; n = 5-10) was from Fluka Biochemica
(Germany).

Synthesis of methyl 6-thio-p-gentiobioside. The synthesis proceeded in two
steps as follows.

First, methyl 6-thio-B-gentiobioside heptaacetate (chemical structure in
Supplementary Table 1): 2,3,4,6-Tetra-O-acetyl-1-thio-B-p-glucopyranose (845 mg,
2.32 mmol)®%, 1,4-dithioerythritol (357 mg, 2.32 mmol) and cysteamine (1179 mg,
2.32 mmol) were successively added to a solution of methyl 2,3,4-tri-O-acetyl-6-
deoxy-6-iodo-B-p-glucopyranoside (1 g, 2.32 mmol) in hexamethylphosphoramide
(HMPA) (7 mL)*’. The mixture was kept for 1 h at room temperature then
precipited into ice-water (100 mL). The solid was collected on Celite, washed with
water and then dissolved in CH,Cl,. The organic phase was washed with water,
dried over Na,SO, and concentrated. Column chromatography in silica gel
(EtOAc-light petroleum 1:1) afforded methyl 6-thio-p-gentiobioside heptaacetate
(1.3 g, 84% yield). [a]%-20.0 (c 0.73, CHCls); ESI-HRMS(+) calcd for
C,7H3530,,Na$ 689.17219; found 689.17081; 'H NMR (CDCls): § 5.16 (t, 1 H, J=
9.5Hz), 515 (t, 1H, J=9.5Hz), 5.0 (t, 1 H, J=9.8 Hz), 4.95 (t, 1 H, /= 10.0 Hz),
493 (dd, 1H, J=8.0Hz, J =10 Hz), 4.88 (t, 1 H, J = 9.5 Hz), 4.65 (d, 1 H,
J=10.0 Hz), 4.39 (d, 1 H, J= 8.0 Hz), 422 (dd, 1 H, J= 5.0 Hz, J= 12.5 Hz), 4.12
(dd, 1H, J=2.0Hz, J=12.5Hz), 3.65 (m, 2 H), 3.51 (s, 3 H), 2.79 (m, 2 H),
2.08-1.97 (m, 21 H); 13C NMR (CDCLy): § 169.6-169.3, 101.6, 83.9, 76.0, 74.4, 73.8,
72.7,71.9, 71.3, 70.2, 68.2, 62.1, 57.1, 31.2, 20.77-20.72.

Second, methyl 6-S-B-p-glucopyranosyl-6-thio-p-p-glucopyranoside (methyl 6-
thio-B-gentiobioside; G6SG-OMe) (chemical structure in Supplementary Table 1):
sodium methylate 1 M (300 uL) was added to a solution of methyl 6-thio-p-
gentiobioside heptaacetate (300 mg, 0.45 mmol) in MeOH (30 ml). After 4 h at
room temperature, the mixture was neutralised with Amberlite IR 120 H™ resin,
filtered and concentrated. The residue was dissolved with water, and freeze dried
affording methyl 6-thio--gentiobioside (166 mg, 99% yield). [a]%-26.2 (c 1.13,
H,0); ESI-HRMS( + ) calcd for C,3H,,0,0NaS 395.09824; found 395.09750; 'H
NMR (D,0): 8 4.69 (d, 1 H, J = 10.0 Hz), 443 (d, 1 H, J = 8.0 Hz), 3.94 (dd, 1 H,
J=2Hz, J=12.5Hz), 3.75 (dd, 1 H, J=5.5Hz, J=12.0 Hz), 3.68 (m, 1 H), 3.62
(s, 3H), 3.54-3.24 (m, 8 H), 2.97 (dd, 1 H, J= 8.0 Hz, ] = 14.5 Hz); 13C NMR
(D,0): § 103.3, 86.0, 79.8, 77.2, 76.0, 75.5, 73.2, 72.5, 72.4, 69.5, 60.9, 57.4, 31.3.

Synthesis of methyl 2-thio-B-sophoroside. The synthesis proceeded in three
steps as follows.

First, methyl 3,4,6-tri-O-acetyl-2-O-trifluoromethanesulfonyl-3-p-
mannopyranoside (chemical structure in Supplementary Table 1): Distilled
pyridine (0.5 mL) and trifluoromethanesulfonic anhydride (113 uL, 3.6 equiv)
were successively added to an ice-cold solution of methyl 3,4,6-tri-O-acetyl-p-
p-mannopyranoside®® (60 mg, 0.19 mmol) in anhydrous CH,Cl, (3 mL). The
mixture was stirred at 0°C for 30 min and at room temperature for 1h. The
solution was diluted with water and extracted with CH,Cl,. The organic phase was
washed with aqueous KHSO, (20%, v/v), saturated aqueous NaHCO3, dried over
anhydrous Na,SO, and concentrated. The crude triflate (84 mg) was obtained in a
quantitative yield and directly used without purification.
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Second, methyl 3,4,6-tri-O-acetyl-2-S-(2,3,4,6-tetra- O-acetyl-f-p-
glucopyranosyl)-2-thio-B-p-glucopyranoside (methyl 2-thio-p-sophoroside
heptaacetate) (chemical structure in Supplementary Table 1): diethylamine (1 mL)
under Argon was added to a stirred solution of 2,3,4,6-tetra-O-acetyl-1-thio-f-
p-glucopyranose®® (91 mg, 0.22 mmol), to which crude methyl 3,4,6-tri-O-acetyl-2-
O-trifluoromethanesulfonyl-B-p-mannopyranoside (84 mg, 0.19 mmol) in
anhydrous DMF (10 mL) was added. The mixture was stirred overnight at room
temperature and then concentrated. A solution of the residue in CH,Cl, was
washed in water, dried over anhydrous Na,SO,4 and concentrated. Flash
chromatography on silica gel (ethyl acetate/petroleum ether, 1:1) afforded methyl
2-thio-B-sophoroside heptaacetate (26 mg, 21%). Analytical data agreed with those
reported previously®’. ESI-MS: m/z = 689 [M*Na]*; 'H NMR (CDCl;) § 5.12
(t, 1H, J=9.3Hz), 504 (t, 1 H, J= 9.4 Hz), 497 (m, 3H), 473 (d, 1 H, J=
10.2 Hz), 4.36 (d, 1 H, J=8.5Hz), 4.30 (dd, 1 H, ] = 4.6, ] = 12.3 Hz), 4.26 (dd, 1 H,
J =48, J=12.5Hz), 4.13 (m, 2 H), 3.66 (2ddd, 2 H), 3.56 (s, 3 H), 3.06 (dd, 1 H,
J=8.7Hz, J = 10.7 Hz), 2.08-1.99 (7 s, 21 H); 13C NMR (CDCls) 8§ 170.57-169.22
(CO), 103.79, 83.79, 76.03, 74.02, 73.11, 71.77, 71.48, 69.51, 68.25, 62.25, 62.15,
57.40, 49.90, 20.86-20.77 (CH3).

Third, methyl 2-S-B-p-glucopyranosyl-2-thio-B-p-glucopyranoside (methyl 2-
thio-B-sophoroside; G2SG-OMe) (chemical structure in Supplementary Table 1):
1 M sodium methylate (200 uL) was added to a solution of methyl 2-thio-p-
sophoroside heptaacetate (26 mg, 0.04 mmol) in MeOH (5 mL) and stirred at
ambient temperature for 2 h. The mixture was neutralised with the Amberlite IR
120 H resin, filtered and concentrated. After lyophilisation, pure methyl 2-thio-p-
sophoroside was isolated with 97% yield (14.5 mg). [a]p —15.02 (c 0.3, H,O), ESI-
MS: m/z = 395 [M*Na]+; IH NMR (CDCl) § 4.76 (d, 1 H, J = 10.0 Hz), 457 (d, 1
H, J=9.0 Hz), 3.96 (m, 2 H), 3.78 (m, 2 H), 3.66 (dd, 1 H, J = 8.8 Hz, J = 10.8 Hz),
3.61 (s, 3H), 3.56-3.33 (m, 6 H), 2.85 (dd, 1 H, J= 9.2 Hz, ] = 10.6 Hz); 13C NMR
(CDCl;) & 102.36, 84.43, 79.76, 77.02, 75.61, 74.97, 72.82, 70.63, 69.32, 60.77 (2 C),
57.23, 51.26.

Steady-state affinity binding with recombinant HvExol. Interaction between
recombinant HvExol and analytes Glc (molecular mass 180.2 g), G6SG-OMe
(372.4 g) and PEG (n = 5-10); (380-420 g) were performed using Surface Plasmon
Resonance (SPR) at 25 °C using the Biacore X100 V2.0.1 instrument (GE
Healthcare, USA) equipped with the plus package. Purified recombinant HvExol
at 99% homogeneity (detected by SDS-PAGE) was covalently attached to a

CMS5 chip (GE Healthcare) in 10 mM sodium acetate buffer, pH 5.0. The car-
boxymethyl groups present on the dextran layer of the CM5 chip were activated
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) (GE Healthcare). Any unoccupied reactive sites
were blocked by a 7 min injection of 1 M ethanolamine hydrochloride-NaOH, pH
8.5. A ligand density of ~15.000 RU of recombinant HvExol was achieved. Due to
the fast rate constants of interactions, it was impossible to obtain individual rate
constants k, and kq. Hence equilibrium analyses were performed for all protein-
analyte interactions. For each interaction serial dilutions of analytes covering the
10 - Kp — 0.1 - Kp concentration ranges were prepared in 10 mM HEPES-NaOH
buffer, pH 7.4 with 150 mM NaCl. Samples were injected onto the surface of a
chip at a rate of 30 ul/min for 90, after which the formed enzyme/analyte
complexes could dissociate for 90s. As all analytes dissociated completely from the
surface of the recombinant enzyme immobilised on a chip, no regeneration steps
were needed. All responses were double referenced using a blank-immobilised
reference surface (NHS + EDC-activated/deactivated) and a series of blank injec-
tions conducted to account for the system and injection artefacts. For each analyte
at least one concentration was injected in duplicate. Triplicate experiments

were performed, and the double-referenced data were globally fitted using a 1:1
equilibrium interaction model and the Biacore T200 v2.0 analysis software

(GE Healthcare). Steady-state affinity binding constants K, (Supplementary Fig. 3)
were calculated 30 s after the onset of injections using a 5s window in an average
response in the fit.

Inhibition constants K; with native HvExol. K; values of deoxy-glucose and alkyl
B-p-glucoside derivatives, and G2SG-OMe with native HvExol were derived
from hydrolytic rates. Enzyme inactivation was monitored at 30 °C by incubating 8
pmoles of the enzyme in 100 mM sodium acetate buffer, pH 5.25, containing
0.8-6.6 mM 4NPGlc as a substrate, 160 pg/ml BSA, and 3dGlc, 4dGlc, octyl-O-Glc,
octyl-S-Glc and G2SG-OMe. Each inhibitor was tested at six concentrations at
0.4-3 times the K; values in duplicate. We used the v = V},,,, S/ [Ky % (1 + I/K;) +
S] equation to calculate K; constant; K; is defined as a dissociation constant of
the enzyme-inhibitor complex. The enzyme activity was monitored at 410 nm
and Dixon plots were used to determine K; under the pseudo-first-order rate
limiting conditions by a non-linear regression analysis, as described previously?2.

Expression and crystallisation of recombinant HvExol. The optimised HvExol
c¢DNA (GenBank Accession GU441535; was subcloned into the pPICZaBNHg
vector, from which the protein was expressed in Pichia pastoris strain SMD1168H
(Invitrogen, Carlsbad, CA, USA). The R158A/E161A variant (primers listed in
Supplementary Table 6) was prepared by site-directed mutagenesis and expressed
in Pichia**. Recombinant HvExol enzymes were purified using SP-Sepharose

cation-exchange and immobilised metal affinity chromatography!242. Purified
recombinant wild-type (WT) and variant HvExol were crystallised via a hanging-
drop vapour-diffusion method, using macro- and cross-seeding with WT native
crystal seeds. The fully-grown crystals of recombinant HvExol reached up to

500 x 250 x 375 pm sizes after 5 to 14 days and were used for diffraction?”.

Crystal structure determination. Enzyme crystals with lengths of up to 400 pm
in the longest dimensions were transferred in 100 mM HEPES-NaOH buffer,
pH 7.0, containing 1.2% (w/v) PEG (n =5-10) and 1.7 M ammonium
sulphate (solution A), where 3-deoxy-glucose (3dGlc), 4-deoxy-glucose (4dGlc),
n-octyl p-p-glucopyranoside (octyl-O-Glc), n-octyl 1-thio-p-p-glucopyranoside
(octyl-S-Glc), methyl 2-thio-B-sophoroside (G2SG-OMe), methyl 6-thio-p-
gentiobioside (G6SG-OMe) or Glc were supplied during ligand perfusions. The
final concentrations of ligands were between 5-20 mM and perfusion proceeded
during 5-720 min. Alternatively, the crystals were deposited in a solution A with
the concentration of PEG increased to the 35% (v/v). After various perfusion
times at 4 2 °C crystals were cryo-protected with 15% (v/v) glycerol in the
solution A and mounted on a synchrotron goniometer in a stream of N, gas
at 100 K (Oxford Instruments, UK). X-ray diffraction data (native, and with
3dGlc and 4dGlc) were collected on the undulator beamline BioCARS 14-ID-B
at the University of Chicago Advanced Photon Source (USA) equipped with a
bent cylindrical Si-mirror (Rh coating) Diamond(111) double-bounce mono-
chromator and focussing to the MARCCD-165 detector. X-ray diffraction data
sets of crystals with PEG and with octyl-O-Glc and octyl-S-Glc were collected
using the multipole wiggler beamline BL5 at the Photon Factory (Japan), which
was fitted with a collimating mirror, double-crystal Si(111) monochromator and
a focusing to the ADSC Quantum 315 CCD detector. X-ray diffraction data from
recombinant WT and variants were collected at the MX1 and MX2 beamlines
of the Australian Synchrotron (Australia) at 100 K (Oxford Instruments) or at
ambient temperature (291 K) with a collimating mirror, double-crystal Si(111)
monochromator 03BM1 dipole/bending magnet and ADSC Quantum 210r
Detector. In the latter case, crystals were mounted using transparent polymer
capillaries from the RT Screening kit (MiTeGen). All data were collected at
0.5-1° oscillations throughout 180-720°. Data were processed using the
DENZO/SCALEPACK HKL 2000 suite of programmes®!. Autoindexing deter-
mined that space group P452,2 of crystals were consistent with the tetragonal
space group P43212 in all instances. The structures of the enzyme-ligand
complexes were refined using CCP4 REFMAC5%? and PHENIX®. We used the
solved structures (PDB accessions: 1EX1, 1IEQ, 1IEV, 1IEW, 11IEX and 1J8V)
without ligands, ions, glycerol and water molecules, as starting models for
refinements of HvExol in complex with ligands”-1>-17. The iterative model
building using XtalView/MIFIT%4, Coot®> and refinements with REFMAC562
allowed tracing of all the residues. Following convergence in a standard refine-
ment, a further improvement of about 2% in the Rwork/Rfree factors ratio was
achieved by refining domain 1, (residues 1-357) and domain 2, (residues
374-559), as two independent anisotropic entities with translation-libration-
screw (TLS) motion®®%7. Electron densities for the ligands were well-defined in
the active site regions at 3o level in m|F,|-|F,| maps and water molecules were
located automatically with CCP4 ARP at levels higher than 30. Water molecules
were retained if they satisfied H-bond criteria and if their 2 m|F,|-D|F| electron
density maps were confirmed after refinements, where m is the figure of merit
and D is an estimated coordinate error. During model building and refinement,
5% of the data were flagged for cross-validation to monitor the progress of
refinements, using Reee statistics®8:69, The PROCHECK programme69 was used
to check the geometrical quality of the models. Ramachandran plots’%7! of all
structures showed that 99.8% of residues were found in the most favourable,
additionally allowed and generously allowed regions of the plot, with well-
defined electron density for Ile432, the only residue located in disallowed
regions. Data collection, cell parameters and refinement statistics of all structures
are summarised in Supplementary Tables 7-10. Graphics images were prepared
with PyMol (Schrédinger, USA); electrostatic potentials were generated with a
solvent probe radius at 1.40 A, and protein and solvent dielectric constants

2 and 78, respectively.

GC/MS with evaporative light scattering detection. Six crystals of native
HvExol with well-defined edges in a longest axis dimension of ~80-120 um were
collected from a hanging drop in a cat whisker, deposited in a test tube, washed in
solution A, pelleted by low speed centrifugation (500 x g, 1 min) and dissolved
in 100 pl of 90% (v/v) ethanol. The mixture was treated for 5 min at 80-85 °C, held
on ice for 1h and centrifuged (4000 x g, 10 min). The supernatant was recovered,
the pellet washed twice in 100 pl of re-distilled water (conductance 24 pS), and the
supernatants were combined and freeze dried. The extract obtained from crystals, a
freeze-dried mother liquor, and a mother liquor with authentic Glc (100 ng) being
added, were dissolved in 25 ul 65% (v/v) CH3CN and separated by high perfor-
mance liquid chromatography (HPLC) coupled with the Evaporative Light Scat-
tering Detector (ELSD model 800, Alltech Associates Inc.). The samples were
eluted isocratically with 65% (v/v) CH;CN at a flow rate of 0.6 ml/min. The
fractions eluting between 6-7.3 min were collected and freeze dried. A model 1090
HPLC liquid system controlled by ChemStation software (Agilent Technologies)
was used for chromatography, and separation was carried out on a Prevail
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Carbohydrate ES column, 5 um, 250 x 4.6 mm (Alltech Associates Inc.). The
column temperature during separations was 21 °C. The column eluent was split
in 6.5 (collect): 1 (detector) ratio. The detector drift tube was at 40 °C, the
nitrogen inlet pressure was 1.5 bars and the signal GAIN setting was set at 4. The
HPLC-eluted fractions (6-7.3 min) were reduced with 1 M NaBD, in 2 M NH,OH
for 18 h at 4 °C and acetylated with acetic anhydride. Myo-inositol (20 ng) was
added as an internal standard. Acetylated alditols were analysed on a low polarity
25m x 0.25 mm (internal diameter) Chrompack Capillary Column CP-Sil 5 CB
LB/MS (Varian Inc., CA, USA) using He as a gas flow with a Hewlett-Packard
6890 Series GC System and a Hewlett-Packard 5973 mass selective detector
(Agilent Technologies)”2.

NMR spectroscopy of Glc bound to HvExol. NMR spectra were acquired at 283 K
on the Bruker AVANCE III 600 MHz and 800 MHz spectrometers (Bruker, MA,
USA). For Saturation Transfer Difference (STD) experiments, a stock solution

of recombinant HvExol deglycosylated by endoglycosidase H?> in milliQ water
(143 uM, 20 mM sodium acetate buffer, pH 5.25, 159 mM NaCl) was diluted to
40 uM in the same buffer in D,0, and 60 equivalents (2.4 mM) of Glc from a stock
solution in D,O were added. For transferred Nuclear Overhauser Effect Spectro-
scopy (trNOESY) experiments, the same recombinant enzyme stock solution was
diluted to 57 uM with a deuterated 20 mM sodium acetate buffer, pH 5.25, to
which five equivalents of Glc (0.285 mM) were added followed by 300 msec mixing
time. In a separate experiment, to the 57 uM recombinant enzyme stock solution,
five equivalents of Glc and three equivalents of thiocellobiose (0.171 mM) were
added, both from a stock solution in D,0, followed by 300 msec mixing time. STD
spectra were acquired with 2048 scans, using 30 ms Gaussian shaped pulses for
selective protein saturation at 0.65 ppm; the reference spectrum employed off-
resonant saturation at 100 ppm. Different saturation times (0.5, 1, 2, 3 and 5 s) were
used. Prior to Free Induction Decay acquisition, an excitation sculpting double
echo for water suppression and a T2 filter (100 ms XY16 with 500 us echo times
to minimise dephasing from JHH coupling evolution) protein signal suppression
was inserted. STD spectra for free Glc were acquired under the same conditions
to show that no direct ligand saturation occurred. trNOESY spectra were acquired
with 64 scans, 4 K points in the direct dimension, 256 points in the indirect
dimension and 300 ms mixing time. For water suppression we employed a
WATERGATE scheme using 3-9-19 binomial pulses. 'H signal assignments

of ligands were derived from two-dimensional TOtal Correlation SpectroscopY
(TOCSY), NOESY and !3C-Heteronuclear Single Quantum Coherence (HSQC)
spectra. The NOESY spectrum of free thiocellobiose was acquired at 313 K with
700 ms mixing time to obtain positive NOEs. A NOESY spectrum acquired under
the conditions used for the trNOESY spectrum (800 MHz, 283 K, 300 ms mixing
time) yielded no observable NOEs, indicating NOE zero-crossing for thiocellobiose
(for tc = 1.12/w0).

Classical MD simulations. The structure of native HvExol in complex with Glc
(defined as p-p-glucopyranose) (PDB 3WLH) with occupancy 0.5 for —1 and

+1 subsites, suggests that the two subsites are alternatively occupied. We set up
two enzyme-product complexes, with Glc bound in the —1 subsite, whereas the
+1 subsite was occupied by water molecules, and vice versa. The protonation state
of the titratable residues was selected based on their hydrogen bonding environ-
ment. Namely, all Arg, Lys, Asp and Glu residues were in ionised form, except for
the acid-base residue Glu491, which was protonated (i.e. non-ionised) to represent
the catalytic acid/base form required in the first step of the reaction, and the
predominant form at the optimal pH of the enzyme. Histidine residues 98, 111,
234, 331, 419, 487 and 586 were considered as N¢-protonated and His207, His262
and His377 as Ns-protonated. Assigned titration states agreed with pK, values
predicted by PROPKA3.1 and with the optimised hydrogen placement algorithm of
MolProbity. Disulfide bridges were considered between Cys151 and Cys159, and
between Cys513 and Cys518. Three sodium ions were included to achieve neu-
trality, in addition to 150 mM NaCl to mimic the physiological ionic strength. The
system size consisted of approximately 150,000 atoms. The initial structures were
equilibrated by classical MD simulations. Protein and Glc were described via the
parm99SB7? and the Glycam067* force fields, respectively, whereas the TIP3P
model” was used for water molecules and Aqvist parameters for the sodium and
chloride ions. The classical MD simulations were performed with NAMD2.976:77,
The SHAKE/RATTLE’® algorithm was used to constrain the bonds involving
hydrogen atoms in both the solvent and the solute. Multiple time step integration
was carried out in r-RESPA; the production simulations used a base time step of
2fs and a secondary time step of 4 fs for long-range interactions. Non-bonded
interactions were computed at every step with a cut-off separation of 9 A. Periodic
boundary conditions and the particle mesh Ewald method were employed to
evaluate long-range electrostatic interactions. Simulations were carried out in the
NPT (N, number of particles; P, system pressure; T, temperature constant)
ensemble, with a Nosé-Hoover thermostat and a Langevin piston Nosé-Hoover
barostat’*80 to maintain the temperature at 300 K and the pressure at 1 atm,
respectively. Each of the two enzyme-product complex simulations was run for
40 ns without restraints, ensuring that the system reached equilibrium. Analyses
of trajectories used VMD and in-house scripts. One representative snapshot from
the last time window (=5 ns) of each simulation was taken as the starting structure
for further QM/MM MD simulations. Crystallographically observed C; Glc

conformations and protein-sugar interactions were consistently maintained during
classical MD.

QM/MM MD simulations. Classical MD snapshots of two enzyme-product
complexes were submitted to QM/MM MD simulations to re-equilibrate the
system within the QM/MM Hamiltonian. The method by Laio and co-workers8!
was used, which combines Car-Parrinello MD$2 with force field-based MD. Only
the atoms of Glc were included in the QM region (24 atoms), whereas the
remainder of the protein and solvent were in the MM region. The MM system was
treated with the Amber force field, for consistency with the previous classical MD
simulations. The QM system was treated with Density Functional Theory (DFT),
using a plane wave (PW) basis set with a kinetic energy cut-off of 70 Ry, Martins-
Troullier pseudopotentials®? and the Perdew-Burke-Ernzerhoff (PBE) exchange-
correlation functional®; this is at the same level theory as that described for sugar
conformational Free Energy Landscapes (FELs)?>34. The QM system was enclosed
in an isolated orthorhombic box of size 14.0 A x 13.2 A x 13.5 A (—1 subsite) or
12.0 A x 153 A x 13.2 A (41 subsite). The electronic fictitious was set at 700 au and
the simulation time step was at 0.12 fs. Both complexes were equilibrated at 300 K
for around 5 ps before starting metadynamics simulations of Glc conformational
FEL. A similar procedure was used in previous studies of conformational
preferences of sugars in carbohydrate-active enzymes3%.

Ab initio metadynamics simulations. QM/MM metadynamics®>3¢ simulations
were performed to explore the conformational FEL of Glc bound in the —1 or
the +1 subsites. We employed the metadynamics driver provided by the Plumed2
plugin, combined with the well-tempered metadynamics approach8’. Ring-
puckering coordinates qx and qy were used as collective variables, as described
for isolated Glc33. Metadynamics parameters were selected from the analysis of
evolution of the puckering coordinates during the unbiased QM/MM MD simu-
lation and from expected energy barrier heights based on our previous work

on both isolated Glc and a B-p-glucoside bound in the active site of 1,3;1,4-B-p-
glucanase®4. The height and the width of Gaussian terms were initially set at 1 kcal
mol~! and 0.1 A, respectively, and a bias factor of y = 10 was used for the well-
tempered approach. The deposition time was set at 24 fs (200 MD steps). The same
set up was used for both enzyme-product complexes. Simulations were stopped
after adding 7,668 Gaussians (enzyme-product complex with Glc bound in the
—1 subsite) and 7725 Gaussians (Glc bound in +1 subsite). Analyses of evolution
of puckering coordinates and FEL showed that the metadynamics simulation
reached a diffusive regime and that the energy differences converged.

Computational methods to explore the Glc exit path in HvExol. MD simula-
tions in complex with Glc trapped in the —1 subsite (PDB 3WLH) proceeded as
follows. Hydrogen atoms were added and protonation states of titrable residues
at pH 7.0 were assigned with PROPKA3.1%8 through PDB2PQR version 2.0.0%°.
In this complex, Glu491 was modelled in a non-ionised form; this is the required
protonation state for the acid/base catalyst in substrate/product complexes of
retaining GH3 enzymes that catalyse hydrolysis by the generally accepted double-
displacement reaction mechanism?2. The entire system was solvated in a water box
0f 103.0 x 88.0 x 101.0 A3 volume, which ensured that there was a 5 A thick layer of
water molecules in each direction from any atom. Sodium ions were added to
neutralise the total charge of the system forming a fully solvated model of 83,428
atoms. The system was energy-minimised to remove steric clashes and heated
through 4 ns equilibration (integration steps of 2 fs) until reaching the temperature
of 300 K at 1 Bar. This process also involved the application of positional restraints
on the protein and ligand atoms that were gradually released until the whole
system was fully equilibrated. Equilibration of the system was stopped when root-
mean-square deviation (RMSD) values of the main chain reached the stable value
lower than 1.60 A. Two independent simulations of 100 ns each were run under
NPT conditions, whereas temperature and pressure were controlled through
Langevin dynamics and the Nosé-Hoover algorithm combined with the Langevin
piston method”?89, respectively. Periodic boundary conditions were applied, and
the SHAKE algorithm”® was used to adjust O-H separations of water molecules.
The cut-off value of 12 A was used for non-bonded interactions. All calculations
were carried out with NAMD2.97677 using the CHARMM22 force field48% for
the protein and TIP3P for water molecules”, while the CHARMM36 all-atom
carbohydrate force field”® was used for Gle.

Docking of Glc and disaccharides in HvExol. Molecular docking calculations of
Glc and B-p-glucopyranosyl-(1,2)-p-glucose (G20G) or B-p-glucopyranosyl-(1,3)-
p-glucose (G30G) to HvExol for selected protein structures were performed with
Gold5.29! applying a search cavity of the 20 A radius and using the Goldscore
scoring function. Side-chain flexibility for Glu491 was allowed, whereas Trp434
and Trp286 were flexible as specified below. Complex 1 was generated by docking
Glc to the HVExol:G20G complex derived from the HvExol:G2SG-OMe crystal
structure (PDB 6MD6). Complex 2 was generated by docking G20G to the
HvExol:Glc complex derived from the native HvExol crystal structure (PDB
3WLH). Both complexes contain Glc bound at the —1 subsite and G20G at +1
and putative +2 subsites. Complexes 3-6 were obtained by docking G20G or
G30G to the HVExol:Glc structure (PDB 3WLH) subjected to MD simulations,
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with the major conformation of Trp434 (CA-CB-CG-CD1 dihedral angle of
around —50°). MD simulations were carried out under periodic boundary condi-
tions of NPT ensembles, as described for MD simulations of HvExol in complex
with Gle. Docking of G20G, G30G and p-p-glucopyranosyl-(1,6)-p-glucose
(G60G) lacking the Glc product in the active site was carried out as

described above.

GaudiMM calculations. Ternary complexes 1-3 before MD simulation (as
described above) and complex 3 after MD simulation with substrates bound in a
productive mode, were used as starting points to investigate Glc displacement
pathways from the —1 subsite of HvExol. The protein contained Glc at the

—1 subsite, and G20G or G30G attached at +1 and putative +2 subsites.
GaudiMM?° (https://github.com/insilichem/gaudi), a recently developed modular
multi-objective genetic algorithm platform allows conformational exploration of
defined genes (defined below) with multiple evaluation operators of fitness or
objectives. The GPathFinder extension was used, defining as genes protein and
substrates molecules, rotational bonds of ligands and rotamers of the protein, and
as objectives, minimisation of van der Waals contacts and maximisation of
separations between Glc geometric centres at the —1 subsite. This afforded the low-
cost computational pre-identification of putative exit channels. The ProDy (Protein
Dynamics)®? Normal Mode Algorithm (NMA) was used to generate alternative
starting structures for the GPathFinder. Normal mode calculations were performed
with Tangram implementation on the UCSF Chimera suite®?, using residues
grouped in clusters of 100 (to avoid protein distortion and achieve acceptable
conformations), generating 10 modes with a cut-off of 15.0 A and a Gamma LJ of
1.0. In the case of the crystal structure (PDB 3WLH), the second frame of the mode
with frequency 31.2 cm~! was chosen, while the second frame of the mode with
frequency 28.7 cm~! was selected for complex 3. In both cases, the displacement
parameter in the Tangram interface was set to 150.

PELE calculations. The PELE software (https:/pele.bsc.es)21:94 was used to
simulate Glc displacement and to identify the Glc migration route from the

—1 subsite. PELE is a Monte Carlo based algorithm that generates configurations
along a path through a sequential ligand and protein geometric perturbation
scheme, side-chain conformational prediction and minimisation steps. The ligand
(Glc) is perturbed by random translations and rotations, and by internal rotations
of protein rotatable bonds, while Ca carbons of the protein are displaced following
one of the six lowest Anisotropic Normal Modes®®. The algorithm optimally
arranges sidechains surrounding perturbed atoms using a rotameric library side-
chain optimisation and energy minimisation with the OPLS-AA force field®. The
move of the system is accepted, defining a minimum, or rejected according to a
Metropolis criterion for a given temperature. The PELE scheme performs an
effective exploration of the protein energy landscape®’~%°. Here, the exit path is
defined by separations between the centre of masses of Glc molecules at the
beginning (—1 subsite) and at the end of simulations (in solvent). Complexes 1-3
with Glc at the —1 subsite and G20G or G30G at +1 and putative +2 subsites
were selected from MD simulations to identify potential exit pathways. One
representative structure from each MD simulation of complexes 1-3 was selected
as these complexes show G20G or G30G bound in the productive modes for
subsequent catalysis. PELE simulations were terminated, when respective separa-
tions between centres of masses and C4-OH groups of Glc molecules in initial
and final structures were above 15 A.

Reporting summary. Further information on experimental design is available
in the Nature Research Reporting Summary linked to this article.

Data availability

The atomic coordinates and structure factors were deposited in the Protein Data Bank
(www.pdb.org) with the PDB accessions: native HvExol, and in complex with 3dGlc,
4dGlc, octyl-O-Glc, octyl-S-Glc and PEG400 are 3WLH, 3WLJ, 3WLK, 3WLM, 3WLN
and 3WLL, respectively. The PDB accessions of WT recombinant ligand-free HvExol
and in complex with Glc, G2SG-OMe and G6SG-OMe are 3WLI, 3WLO, 6MD6 and
3WLP, respectively. The PDB accessions of recombinant R158A/E161A ligand-free
HvExol and in complex with Glc and G6SG-OMe, are 3WLQ, 3WLR and 6MI1,
respectively. A reporting summary for this Article is available as a Supplementary
Information file. All other data generated and/or analysed during the current study are
available from the corresponding author upon reasonable request.

Code availability

Software applications described in Methods with associated references were used without
code modifications. For analyses of geometrical parameters along MD simulations, we

have used an in-house script, which is available upon request from the corresponding

author.
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Abstract

Rice Os4BGlul8 was proposed to be a monolignol B-glucosidase and has been shown to hydrolyze the
monolignol glucoside substrates, coniferin, syringin, and p-coumatyl alcohol glucoside, with higher catalytic
efficiency than other natural substrates. The Os4BGlul8 protein was produced as a thioredoxin-His, fusion
protein in Escherichia coli and purified by immobilized metal affinity chromatography (IMAC). The N-terminal
thioredoxin-His, tag was cutoff and the protein was further purified by a second IMAC step. Screening in
microbatch crystallization showed that Os4BGlul8 could be successfully crystallized to form many crystals with
rod shape. The rod shaped crystals were grown in a precipitant solution containing 0.1 M Tris-HCI, pH 8.5, and
25% polyethylene glycol 3350 after 3 weeks of incubation at 15°C. The crystals of free Os4BGlul8 and its
complex with 2-deoxy-2-fluoroglucose (G2F) could diffract X-rays at a 1.0 A wavelength x-ray beam and an
ADSC Quantum 315 CCD detector with nominal resolutions of 6.5 and 7.0 A, respectively. The crystallographic
analysis of free Os4BGlul8 showed that it was indexed to the orthorhombic P2,2,2, space group, and had the unit
cell parameters: a = 163.8 A, b=1674 A, ¢ =240.2 A. For the G2F complex, it was indexed to the tetragonal

P42 2 space group, and had the unit cell parameters: a = 164.5 A, b=1645A,c=241.0A.

Keywords: monolignol B-glucosidase, 2-deoxy-2-fluoroglucose, microbatch crystallization
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