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Abstract

Glycoside hydrolase family 1 (GH1) contains B-glucosidases that hydrolyze various
glucoconjugates and transglucosidases, which instead transfer glucose from one
molecule to another. Os9BGIu31 is the rice enzyme that has been shown to function
as a transglucosidase during this and previous work. In order to determine the
biological substrates for Os9BGIu3l, two approaches were used. First, alcoholic
extracts from rice plants were used as transglycosylation reaction acceptors in
reactions with Os9BGIlu31 and the compounds that were transglycosylated identified
by purification, mass spectrometry (MS) and nuclear magnetic resonance (NMR).
Second, rice plants containing a T-DNA insertion in the gene for Os9BGIlu31 were
extracted and the metabolites compared to those of wild type by LCMSMS. By
combining these methods, we were able to show that the fatty acid esters, 1-O-oleoyl
B-D-glucose and 1-O-linoleoyl B-D-glucose, can serve as products or substrates of
Os9BGIu31 and build-up in plants deficient in Os9BGIu31l. We also mutated
0Os9BGIu31 at sites around the active site to see if we could change it to a hydrolase,
in order to understand the basis for transglucosidase activity. Although none of the
mutations made hydrolysis activity higher than transglucosidase activity, the W243N
(Tryptophan residue 243 to Asparagine) mutation resulted in an enzyme with higher
activity and greater substrate range than wild type Os9BGIlu31. Moreover, we could
identify a number of glycosides and bis-glycosides of the flavonol kaempferol that
were created by 0Os9BGIu3l W243N, based on their mass spectrometric
fragmentation patterns. This work suggested that Os9BGIu31 could be used to
produce a number of compounds, including phytohormone glucoconjugates, of use to
our lab and other investigators in the field. Additional work on expression of the
other relatively highly expressed GH1 Cluster At/Os6 enzymes Os1BGIlu5 and
0Os6BGIlu22 were cloned and expressed in Escherichia coli, but no activities could be
detected from the expressed proteins. Nonetheless, the transglucosidase activity of
0Os9BGIu31 is useful for synthesis of various compounds and can be modulated by
mutations to produce unique products.
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CHAPTER 1. Introduction

1.1 Importance and Background of Reseach Problem (mmﬁﬁmuazﬁmmmﬂaﬂmwmﬁﬁa)

Transfer of sugars onto other molecules is an important way of regulating molecular
recognition and bioactivity. The products of these reactions include important molecules,
such as glycoproteins and glycolipids, as well as glycosides of phytohormones and other
biologically or chemically active moieties. In plants, these compounds are of considerable
economic importance, since they can regulate growth and development of crops, and some
glycosides, such as the antioxidant arbutin, are of economic importance as products as well.

Most glycosyltransferases operate by transferring sugars from alpha-linked nucleotide
(i.e. uridine) diphosphate (i.e. UDP) glycosyl conjugates onto various acceptors, including
alcohols, carboxylic acids, lipids and proteins. The nucleotide diphosphate is a high energy
intermediate, which provides the energy for the formation of the new bond. On the other
hand, glycoside hydrolases cut these bonds by taking a sugar from one glycoconjugate and
releasing it to water, but many can also catalyze transglycosidase reactions to put the sugar
onto a new acceptor other than water, thus conserving the energy of the glycosidic bond and
producing potentially useful products. For instance, plants use xyloglucan transferases,
which belong to the same gene family as certain xyloglucan hydrolases to link xyloglucan
chains and thereby cross-link the cell wall (EkI6f & Brumer, 2010). In addition, reaction
conditions with high acceptor and/or low water concentrations are often used to generate
glycosyl transfer products, such as alkyl glucosides (Shaik & Withers, 2008), and certain
mutations of the catalytic amino acid residues can alter glycoside hydrolases to give
glycosynthases and thioglycoligases that give transfer reactions with no or little hydrolysis.

Plant glycoside hydrolase family 1 (GH1) enzymes include a broad range of enzymes
with different reaction and substrate specificities, including B-glucosidases, B-mannosidases,
disaccharidases, and hydoxyisourate hydrolase, which is not a glycoside hydrolase at all
(Ketudat Cairns & Esen, 2010). Rice and Arabidopsis GH1 enzymes have been split into 8
phylogenetic clusters found in both plants, along with 2 found only in Arabidopsis and other
crucifers (Opassiri et al., 2006). In our efforts to characterize the functions of rice GH1
enzymes, we recently discovered that one enzyme, Os9BGIu31, from GH1 At/Os cluster 6
acted not as a hydrolase, but was primarily a glucosyl transferase, which preferred to transfer
glucose to carboxylic acids, though it could also transfer to certain alcohols (Luang et al.,
2013). About the time we first discovered this, Matusuba et al. (2010) published the
characterization of two glycosyl transferases (transglucosidases) from carnation and
delphinium that belonged to the same phylogenetic cluster and used aromatic glucosyl esters,
such as feruloyl glucose and cinnamoyl glucose to anthocyanin 3-glucoside. We have shown
that the rice enzyme we characterized used similar donors and could also transfer to them as
acceptors, as well as to phytohormones, such as indole acetic acid and gibberellin GA4
(Luang et al., 2013). Since the rice Os9BGIlu31 enzyme appears more promiscuous in its
donor and acceptor substrates, it allows us to synthesize various glucose esters and
glycosides, with little hydrolysis. Thus, it is of interest to further investigate the role of the
0s9BGIlu31 and other GH1 At/Os cluster 6 enzymes in the plant and their application to
glycoconjugate synthesis.

In this work, we tried to answer the critical questions that remained to be answered
about Os9BGIu31 and the other members of GH1 At/Os cluster 6. These included: What is
the basis for glycosyltransferase vs. hydrolase activity and substrate specificity in general?
What are predominant and important substrates in the plant? What is the biological



significance of their transfer of glucose to and from phytohormones, phenolic acids and other
compounds in the plant? Do other cluster 6 enzymes also act as transferases and do they
show different substrate specificity? Can Os9BGIlu31 be effectively used for production of
economically valuable glycoside products? We were able to make significant progress on
several of these issues (Komvongsa et al, 2015a, 2015b).

- . [y J a v
1.2 Research Objectives (aﬂqﬂ‘szmﬂmmmsnﬂ)

The objectives of this research project were:
1.2.1 To investigate the biological substrates of Os9BGIlu31l glucosyl transferase and
determine the enzyme’s likely function in the plant.
1.2.2 To determine what amino acids in Os9BGIu31 are responsible for its preference for
transfer reactions over hydrolysis reactions.
1.2.3 To determine whether other rice GH1 At/Os cluster 6 enzymes that have different
sequences around their catalytic nucleophile act as transferases or hydrolases.
1.2.4 To determine whether the Os9BGIu31 glucosyl transferase can be used to efficiently
and economically synthesize arbutin or other economically valuable products.

1.3 Scope of Research (vouuauaIn13328)

In this project, we completed the characterization of Os9BGIlu31 and made mutations
around the active site and substrate-binding cleft to see whether it could be converted to a
hydrolase. We also determined the structures and identities of two substrates found in rice
extracts and found that the knockout of this enzyme in rice plants, resulted in the increase in
the amounts of their glucose esters. In addition, we cloned the cDNA for Os1BGIlu5 and
0s6BGIlu22 into the pET32a expression vector, along with a synthetic gene for Os5BGlul9,
and found that no activities could be detected. We will also tried to apply the Os9BGIlu31
enzymes to production of arbutin from 4-hydroxy phenol, but found it was not economical,
and found that it could also produce octyl glucoside, a biologically degradable nonionic
detergent, though at low levels. The Os9BGIu31 W243N mutant was found to be effective at
transglycosylation of many compounds, so development of an effective process for
production and purification of interesting products was the subject of the next project.

1.4 Short Description of Methods (%ﬂnmgﬁmﬁm

1.4.1 Identification of natural substrates of Os9BGIlu31 in rice.

To identify rice substrates for Os9BGIu31, rice seedlings were extracted with alcohol
and fractionated by reverse phase and silica gel chromatography, as described in Komvongsa
et al. (2015b). The fractions were tested by incubation with recombinantly produced
Os9BGIu31l and new product spots and substrate spots identified by thin layer
chromatography, followed by mass spectrometry (MS) and nuclear magnetic resonance
(NMR) of the purified compounds to identify the structures. A liquid chromatography-
tandem mass spectrometry (LCMSMS) multiple reactant monitoring (MRM) methods were
then developed to monitor the levels of unsaturated fatty acids and their glucose esters and
feruloyl glucose (FAG) and ferulic acid (FA) in rice extracts.

Meanwhile, our collaborators in Kyung Hee University, Korea, Bancha Mahong and
Jong-Seong Jeon bred Os9BGIu3l knockout insertion lines to identify the effects of the
mutation. The flag leaves of the plants were extracted and measured for the amounts of oleic
acid, linoleic acid, their 1-O-glucose esters, ferulic acid and feruloyl glucose to identify the
effect of Os9BGIu31 or its defect on these compounds.



1.4.2 Determination of amino acid residues responsible for transglycosylation and
substrate specificity in Os9BGIlu3L1.

To identify the amino acids responsible for transglycosylation activity in Os9BGIlu31,
a homology model was developed based on the Os3BGIlu6 x-ray crystallographic structure
and was superimposed on that structure to identify residues different between the residues in
0Os9BGu31 and Os3BGIu6 active sites. These residues were then mutated and the hydrolysis
and transglycosylation activites evaluated, as described by Komvongsa et al. (2015a).
Further work was done to characterize the multiple products of transglycosylation by some
mutants by mass spectrometric analysis (Komvongsa et al., 2015a).

1.4.3 Cloning and characterization of novel GH1 At/Os cluster 6 enzymes.

The relative expression patterns of the rice enzymes in the same phylogentic cluster
with Os9BGlu3l (At/Os 6) were evaluated on the rice XPRO website and those with
relatively high expression evidence were chosen for recombinant expression and
characterization, including Os1BGIlu5, Os5BGlul9, and Os6BGlu22. Two of these,
Os1BGIu5 and Os6BGlu22 had previously been cloned from cDNA clones from Japan and
were expressed from the pET32a plasmid, while the Os5BGlu19 was synthesized and cloned
into the pET32a and pPICZaBNHS8 (Toonkool et al., 2006) plasmids for expression in E. coli
and pichia. The enzymes were expressed in the appropriate systems. The expressed enzymes
were tested with 4-nitropheny B-D-glucopyranoside (4NPGIc) donor and acetic acid or ferulic
acid acceptor and release of 4NP evaluated. Activity was also assessed by production of
FAG in assays with rice extract and FA acceptor by the mass spectrometric analysis
described above.

1.5 Benefits and output from this research project (szlerinlasuainmside)

1.5.1 Knowledge.

In this project, we learned about the natural substrates of Os9BGIlu31 and found that
they were more diverse than previously expected. We found that the fatty acid glucose esters
occur in the plant in low amounts, which suggests they may be investigated further as
possible signaling compounds of importance to the plant. Furthermore, the role of FA and
FAG is still being further monitored and may have important implications for biomass
conversion of rice straw for rice breeders to consider in the future. Moreover, we found that
the Os9BGIu3l enzyme and its mutants are very useful for the production of many
glycosides, which can be applied to product development in the future.

1.5.2 Human Resources Development.

This project was critical to the development of knowledge in young scientiests,
providing for the thesis research of one Ph.D.student and one M.Sc. student, as well as
training 2 research assistants in laboratory science. This allowed the assitants to go on to
productive careers in government research as well.



1.5.3 Research Publication.
1.5.3.1 International Journal Publications
1.5.3.1.1 Luang S, Cho J-I, Mahong B, Opassiri R, Akiyama T, Phasai K, Komvongsa

revision on this project).

1.5.3.1.2 Komvongsa J, Luang S, Marques JV, Phasai K, Davin LB, Lewis NG,
Ketudat Cairns JR. 2015a. Active site cleft mutants of 0Os9BGlu3l
transglucosidase modify acceptor substrate specificity and allow production of
multiple kaempferol glycosides. Biochimica et Biophysica Acta, General
Subjects 1850 (7), July 2015, 1405-1414.

1.5.3.1.3 Komvongsa J, Mahong B, Phasai K, Hua Y, Jeon JS, Ketudat Cairns JR.
2015b. Identification of fatty acid glucose esters as 0Os9BGlu3l
transglucosidase substrates in rice flag leaves. Journal of Agricultural and Food
Chemistry 63(44):9764-9769.

1.5.3.1 International and National Conference Presentations

1.5.3.1.1 Ketudat Cairns JR, Komvongsa J, Luang S, Phasii K, Lewis NG. (2014)
Acceptor and product specificity in rice Os9BGIu3l, a glycoside hydrolase
family 1 transglucosidase. 27" International Carbohydrate Symposium. Indian
Institute of Science, Bangalore, India 12-17 January, 2014. Invited Lecture 11-B-
IL-9. Proceedings Pg. 144.

1.5.3.1.2 Ketudat-Cairns JR, Pengthaisong S, Tankrathok A, Komvongsa J, Svasti J.
2014. Protein-carbohydrate interactions leading to specificity in glycoside
hydrolase 1 enzymes. The 4" Asia Pacific Protein Association (APPA)
Conference, 17-20 May, 2014, Jeju International Convention Center, Jeju,
South Korea. Invited lecture, Symposium 4A. Proceedings Pg. 104.

1.5.3.1.3 Ketudat Cairns JR. 2014. Biochemical functions of rice glycoside hydrolase
family 1 enzymes. 2014 Annual Meeting of the Korean Society for Plant
Biotechnology. Kyung Hee University, Suwon, South Korea, 15-16 May, 2014.
Invited Lecture S5-2; Proceedings Pg. 49

1.5.3.1.4 Ketudat-Cairns JR, Pengthaisong S, Tankrathok A, Hua Y, Komvonsa J,
Rimlumnduan T, Baiya S, Prawisut A, Ekkhara W. Phasai K,
Charoenwattanasatien R, Svasti J. 2014. Protein-carbohydrate interactions in -
D-glycosidases and transglycosidases. The 7the Asia Oceania Human Proteome
Organization Congress and 9" International Symposium of the Protein Society
of Thailand “Frontiers in Protein and Proteomic Research”. 6-8 August, 2014.
Miracle Grand Convention Hotel, Bangkok, Thailand Invited Lecture 9;
Proceedings Pg. 17.

1.5.3.1.5 Phasai K, Ketudat Cairns JR. 2014. ldentification of transglucosylation
products for Os9BGIu31 transglucosidase and its W243N mutant. The 7" Asia
Oceania Human Proteome Organization Congress and 9" International
Symposium of the Protein Society of Thailand “Frontiers in Protein and
Proteomic Research”. 6-8 August, 2014. Miracle Grand Convention Hotel,
Bangkok, Thailand; Poster Presentation PP154-59, Proceedings Pg. 127
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CHAPTER 2. Literature Review

Carbohydrate active enzymes include glycoside hydrolases (GT), glycosyltransferases
(GT), polysaccharide lyases (PL), and carbohydrate esterases (CE), according to the CAZY
website (www.cazy.org, Cantarel et al., 2009; Coutinho et al., 1999). Of these enzymes, the
GHs and GTs are most responsible for the addition and removal of glucosyl residues from
various complex carbohydrates, polysaccharides and glycoconjugates. Most GTs utilize
monosaccharides put onto nucleotide carriers, such as UDP-glucose, as donor substrates for
glycosylation, but some are known to transfer from lipid donors (Lairson et al., 2008).
Recently, aromatic acid glucose esters, such as feruloyl glucose and vanillyl glucose have
been found to serve as the source of glucose for transfer to the anthocyanin cyaniding 3-
glucoside (Matsuda et al., 2010). Although the process of addition and removal of
monosaccharides can follow analogous mechanisms, it is thought that this is not always the
case. Inverting GH and GT, in which the stereochemistry at the anomeric carbon of the
donor substrate and product are the same, are thought to act through the same Snz single-
displacement mechanism, in which acceptor attacks from the opposite side as the nucleotide
or other donor substrate (Lee et al., 2011). However, while retaining GH are thought to act
through a double displacement mechanism with formation of a covalent glycosyl-enzyme
intermediate, the GT are thought to act through a oxocarbenium ion intermediate, with the
phosphate of the nucleotide acting as a catalytic base. Nonetheless, the presence of
hydrolases and transferases in the same families, in the case of xyloglucan endotransferases,
suggests that for these transglycosidases (TG), which do not use nucleotide sugar donors, the
mechanisms may be more similar to GH. The presence of both in GH1 suggests the retaining
GH and TG enzymes in this family may share a common mechanism, but this remains to be
proven.

GH1 is one family of GH clan A, which is composed of enzyme families with similar
(B/a)s structures and retaining mechanisms (Henrissat, 1991, Henrissat et al., 1995, Jenkins et
al., 1995). The proteins in this family range from broad specificity glycosidases, B-
glucosidases, phospho-p-glycosidases, and p-mannosidases in bacteria and archaea, to
glycolipid B-glucosidases, B-galactosidases, and hormonal regulators in animals, to p-
glucosidases, B-mannosidases, thioglucosidases, disaccharidases, glycolipid galactosyl
transferases and hydroxyisourate hydrolase in plants (Henrissat, 1991; Cantarel et al., 2009;
Ketudat Cairns and Esen, 2010). In Arabidopsis, there are 48 genes in this family (Xu et al.,
2004), while in rice 40 genes have been identified in genome sequences, although these
include 2 likely endophyte genes, 2 pseudo genes and 2 gene fragments (Opassiri et al.,
2006). The rice and Arabidopsis protein sequences where found to fall in 8 phylogenetic
clusters containing both rice and Arabidopsis genes more closely related to each other than to
genes from the same plant outside that cluster, along with two clusters found only in
Arabidopsis and other crucifers. These crucifer-specific clusters include one for classical
myrosinases (thioglucosidases) and another with nonclassical myrosinases and -glucosidases
found in endoplasmic reticulum (ER) derived bodies. Curiously, most Arabidopsis genes that
have been functionally characterized fall into these two crucifer-specific clades (e.g. Lee et
al., 2006), except for two monolignol glucoside hydrolyzing B-glucosidases (from At/Os
cluster 5, Escamilla-Trevifio et al., 2006), a p-mannosidase (from At/Os cluster 4, Xu et al.,
2004), and a galactolipid galactosyl transferase (SFR2, which makes up At/Os cluster 8,
Moellering et al., 2010). Rice enzymes for which the characterization has been published
include Os3BGIlu6 B-glucosidase from Os/At cluster 1 (Seshadri et al., 2009), Os3BGlu7 and
Os3BGlu8 B-glucosidases and Os7BGlu26 B-mannosidase from At/Os cluster 4 (Opassiri et
al., 2003, 2004; Chuenchor et al., 2008; Kuntothom et al., 2009), and Os4BGlul2 (cell wall



associated B-glucosidase; tuberonic acid B-glucosidase 2, TAGG2, Akiyama et al., 1998;
Opassiri et al., 2006, 2010, Sansenya et al., 2011; Wakuta et al., 2011) and Os4BGlul3
(TAGG1, Wakuta et al., 2010).

At/Os cluster 6 is the phylogenetic cluster that contains hydroxyisourate hydrolase
(HIUH), which has the unusual sequence of HENG around the nucleophile, instead of the
usual TENG, and lacks the sugar binding residues (Raychaudburi and Tipton, 2002; 2003).
Recently, we characterized Os9BGIlu31 from At/Os cluster 6 in our laboratory and found it to
be glucosyl transferase with little hydrolase activity and no HIUH activity. About the time
we discovered the glycosyltransferase activity, Matsuda et al. (2010) reported two
glycosyltransferases from carnation and delphinium that transfer glucose from phenolic
glucosyl esters, such as feruloyl glucose and vanillyl glucose to the anthocyanin cyanidin 3-
O-glucoside. These enzymes, like Os9BGIlu31, have the HENG sequence at the catalytic
nucleophile, but contain the conserved sugar-binding residues missing in the purine hydrolase
HIUH. Upon obtaining ferulic acid and feruloyl glucose, we found that these compounds
served as excellent substrates and other compounds serving as substrates included various
cinaminic acids and their glucosyl esters, indole acetic acid (IAA), naphthalene acetic acid
(NAA) and gibberellic acid GA4 (Luang et al., 2013). Since these substrates suggest cross-
talk between feruloyl glucose and phytohormone glycosyl conjugates is possible, we are
continuing to try to determine likely substrates and their effects in the plant.

Both GT and GH can be used to synthesize oligosaccharides and glycosides (Shaik
and Withers, 2008). GT can be used to produce these through their natural reaction, but the
requirement of nucleotide-sugars by most makes this process rather expensive. What is
more, many classical GT are membrane-bound and difficult to express and manipulate. On
the other hand, GH can achieve synthesis of these compounds by reverse hydrolysis or
transglycosylation under high substrate and/or low water conditions. For instance, synthesis
of glycosides of primary alcohols has been achieved in good yield using Thai rosewood
dalcochinin B-glucosidase (Lirdprapomongkol and Svasti, 2000), while the use of cassava p-
glucosidase allows synthesis of secondary and tertiary alcohols in good yields (Svasti et al.,
2003).

On the other hand, the limitations on GH generated by their hydrolytic activities can
be eliminated or minimized by mutations that change or interfere with the normal mechanism
of hydrolysis (Shaik and Withers, 2008). Mutations to the catalytic acid/base can allow
retaining GH to form covalent intermediates with a sugar from a donor with a leaving group
that does not require acid assistance, while a nucleophile can be added to displace the sugar
from the enzyme to generate a glycoside. Typically, thiols have been shown to be effective
nucleophiles, so these mutants are called thioglycoligases. Converting the catalytic
nucleophile to a small amino acid like glycine, alanine or serine prevents the retaining GH
from forming a covalent intermediate with the enzyme, but allows a 1-fluoro-glucoside with
the opposite anomeric configuration as the normal substrate to substitute for the catalytic
intermediate, thereby serving as a donor substrate for transglycosylation by these
“glycosynthase” enzymes. Such enzymes have very low hydrolysis activity, so the product is
not lost to hydrolysis. For instance, Hommalai et al. (2007) were able to make long pNP-
cellooligosaccharides from pNP-cellobioside and o-fluoroglucoside with a glycosynthase
mutant of rice BGlul (Os3BGlu7) B-glucosidase. On the other hand, mutagenesis of other
amino acids have also given enzymes with similar glycosynthase activities (Shaik and
Withers, 2008) and GH1 enzymes with natural TG activities may be “natural mutants” of
GHs to generate TGs, thereby serving as a model for engineering of other enzymes with
useful specificities.



As noted above, natural TG enzymes exist in plants, including galactolipid-
galactolipid galactosyl transferase (Moellering et al., 2010), acyl glucose-dependent
anthocyanin glucosyltransferases (Matsuba et al., 2010) and rice Os9BGIlu31, which transfers
glucosyl moieties between phenolic acids and their 1-O-acyl B-D-glucosyl esters (Luang et
al., 2013). Recently, we characterized Os9BGIlu31 variants mutations around the active site
and found that the mutations of Trp243, especially Trp243Asn, allowed glycosylation of a
broader range of acceptors, including different hydroxyl positions on the flavonoid
kaempferol and its glucosides (Komvongsa et al., 2015). Therefore, it is of interest to test
these mutants on a broader range of compounds, especially compounds of potential medical
significance.

An expanding impact of complex carbohydrates and glycosides in drug discovery
supports the development of practical ways to add various sugars onto drug targets, which is
sometimes called glycorandomization or glycodiversification (Gantt et al., 2011). The
products of these reactions can be screened via low or high throughput discovery-scale
bioactivity assays and the reactions used in large-scale production processes. Many
carbohydrate-based therapeutics are both orally bioavailable and highly effective. These are
often glycosylated natural product-based drugs, which include existing and emerging
anticancer and anti-infective agents (Newman and Cragg, 2007).



CHAPTER 3. Materials and Methods

3.1. Materials

3.1.1 Plant material

Rice grown in Thailand were KDML105, including bran from a local rice mill and
seedlings grown to the 2-3 week stage in the laboratory, then harvested and extracted in
ethanol or frozen at -80 C for later extraction. Rice lines used for extraction in Korea were
Dongjin and Nipponbare rice and their T-DNA insertion mutants (see below, Komvongsa et
al., 2015b), which were gown in a contained patty field and the flag leaves were harvested
during the setting stage after flowering.

3.1.2 Chemicals and laboratory supplies

Ferulic acid, linoleic acid, oleic acid, p-nitrophenyl-B-D-glucopyranoside (pNPGIc),
peroxidase/glucose oxidase assay (PGO), phenylmethylsulfonyl fluoride (PMSF), ampicillin,
DNase I, kanamycin, tetracyclin, isopropyl p-D-thiogalactoside (IPTG), lysozyme, methanol-
d4, acetone-d6, chloroform-d, deuterium oxide and tetramethylsilane (TMS) were purchased
from Sigma-Aldrich (St. Louis, USA). Molecular sieve 4 A, trifluoroacetic acid (TFA),
polyethylene glycol (PEG), 2-morpholinoethanesulfonic acid (MES), Triton X-100, bovine
serum albumin (BSA), calcium chloride, metal sodium and formic acid were purchased from
Fluka (Steinheim, Switzerland). Silica gel 60 and silica gel 60 Fxa TLC plates were
purchased from Merck (Darmstad, Germany). HPLC-grade water and HPLC-grade methanol
were purchased from RCI Labscan (Bangkok, Thailand). Trypsin (sequencing grade) was
purchased from Promega (Madison, WI, USA). The Bradford assay kit was purchased from
Bio-Rad (Hercules, CA, USA). Imidazole was purchased from USB Corporation (Cleveland,
OH, USA). Acetic acid, sulfuric acid, methanol, ethanol, acetone, pyridine, isopropanol, n-
propanol, acetonitrile, disodium ethylenediamine tetraacetate (EDTA), bromophenol blue,
ammonium bicarbonate, calcium chloride (anhydrous), sodium sulfate (anhydrous),
magnesium sulfate (anhydrous), ammonium sulfate, sodium bicarbonate, sodium chloride,
sodium hydroxide, sodium carbonate, citric acid, disodium hydrogen phosphate, hydrochloric
acid, Coomassie brilliant blue R250, Tris(hydroxymethyl)-aminomethane (Tris) and sodium
dodecyl sulfate were purchased from CARLO ERBA (Rodano, Milano, Italy). Acrylamide,
N,N’,N",N"’-tetramethyl-ethyllenediamine (TEMED), ammonium persulphate, N,N'-
methylenebisacrylamide, Superdex-200 gel filtration resin, immobilized metal affinity
chromatography (IMAC) resin, HiPrep CM-Sepharose fast flow column (16/10, 20 ml),
HiTrap SP Sepharose XL column (1 ml) and HiTrap Octyl Sepharose 4 fast flow column (1
ml) were purchased from GE Healthcare (Uppsala, Sweden). QuikChange® Site-Directed
Mutagenesis Kit was purchased from Stratagene (La Jolla, CA, USA). Ultra centrifugal filters
(Amicon Ultra, regenerated cellulose, 30,000 MWCO) were purchased from Millipore
Corporation (Bedford, MA, USA). Other chemicals and laboratory materials used but not
listed here were purchased from a variety of suppliers.
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3.2 Experimental methods

3.2.1 Identification of Os9BGIu31 substrates in rice
3.2.1.1 Extraction of natural substrates and verification of substrates and products.

The putative acceptor substrates were extracted from rice bran, purified and shown to
be oleic acid and linoleic acid in collaboration with Dr. Prasat Kittakoop. The extraction was
as described by Komvongsa et al. (2015b). First, 1 g of rice bran was extracted in 50%
ethanol overnight, and the supernatant was separated by silica gel thin layer chromatography
(TLC) on silica gel plates developed with a 7:2.8:0.2 chloroform/methanol/30% ammonia
solvent system, and carbohydrate and lipid spots were detected by staining with 10% sulfuric
acid in ethanol and heating at 110 °C. From another TLC without staining, the regions
corresponding to the major stained spots were scraped, and each banded fraction was
individually eluted in 100% methanol overnight. The crude extract and TLC-purified
components were reacted in reactions with 10 pg of recombinant Os9BGIu31 (produced as
described by Luang et al., 2013), 10 mM 4NPGilc, and 10% ethanol extract in 50 mM sodium
citrate (pH 4.5). The reaction compoents were again separated via TLC, to identify the
component serving as the substrate for Os9BGIu31l. Once the spots were identified, the
substrates were purified from a larger extraction. A 20 g sample of rice bran was extracted
with 50% ethanol in water by stirring overnight at room temperature. The mixture was
filtered through a 0.45 pm filter. Ten milliliters of supernatant was loaded into a Waters Sep-
Pak tC18 resin column (Waters, Milford, MA). The column was washed with 10 mL of
water, and 20 mL each of 5, 50, 60, 70, 80, 90, and 100% methanol. Fractions were evaluated
via silica gel TLC with a chloroform/methanol/30% ammonia [7:2.8:0.2 (v/v/v)] solvent,
stained with 10% sulfuric acid in ethanol, and charred at 110 °C. Fractions eluted in 70, 80,
and 90% methanol that appeared to act as substrates were evaluated by *H NMR (proton
nuclear magnetic resonance spectroscopy).

The pure substrates oleic acid, linoleic acid and stearic acid were then tested as
substrates to verify oleic acid and linoleic acid act as substrates (Komvongsa et al., 2015b).
Since the products ran at the same Rf as the product from rice bran, the product of the
reaction with oleic acids was purified by silica gel TLC, eluted from the resin in 50%
methanol, and submitted to 1H NMR to confirm the structure of 1-O-oleoyl B-D-glucose
ester. A similar preparation of 1-O-linoleoyl B-D-glucose gave multiple product spots,
because of the instability of this product, so it could not be similarly evaluated. 1H NMR for
oleic acid glucosyl ester was performed on a 500 MHz NMR spectrometer (Bruker AVANCE
111 HD) with a CPP BBO 500 Cryoprobe with CD3OD as the solvent. The *H NMR spectra
were collected at a frequency of 500.366 MHz. The 1H NMR experiment data were
processed with BRUKER TOPSPIN version 3.2.

The production of 1-O-linoleoy! B-D-glucose was confirmed by an NMR time course
(Komvongsa et al., 2015b). Enzymatic and control reaction mixtures were prepared in D20
and monitored by *H NMR. The 500 pL reaction mixtures contained 20 mM 4NPGlc, 20 mM
linoleic acid, and 50 mM citrate (pH 4.5). To start the enzymatic reaction, 280 pg of
Os9BGIlu31 was added and the reaction mixtures were incubated at 30 °C for 3 and 24 h
before being assayed with *H NMR. The NMR was as described for oleoyl glucose, but the
water peak was suppressed.
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3.2.1.2 Kinetic evaluation of the fatty acid substrates with Os9BGIlu31.

The kinetics of reactions with these glucosyl acceptors were determined as described
by Komvongsa et al. (2015b). First, the relative activity toward 4NPGIc donor substrates was
determined by incubating 10 ug of Os9BGIu31 with 20 mM 4NPGlc and 0.25 mM fatty acids
in 140 pL of 50 mM citrate (pH 4.5) at 30 °C for 1 h. The apparent Ky and Vmax values of
ANPGlc in the presence of various acceptors were determined by varying the concentration of
4ANPGIc in the range of 0.2-10 mM with 0.25 mM fatty acid acceptors and 10 pg of
Os9BGIu31 in 50 mM citrate (pH 4.5). The apparent Km and Vmax Values of the fatty acid
acceptors were determined by varying their concentrations between 0.05 and 2 mM in the
presence of 8 mM 4NPGlc with 10 pg of Os9BGIu31 in 50 mM sodium citrate (pH 4.5). The
reaction was stopped with 100 uL of 2 M NaxCOs, and the 4NP released was quantified by
the absorbance at 405 nm. The kinetic parameters were calculated by nonlinear regression of
the Michaelis—Menten plots with GraFit version 5.0 (Erithacus Software, Horley, U.K.).

3.2.1.3 Identification of the substrates by comparison in mutant rice plants.

The 0s9bglu3l knockout mutant alleles were identified from the population of T-DNA-
tagged mutants and from the Tosl7 insertion mutant collection. The japonica cultivar
Dongjin is the background genotype of 0s9bglu31-1 and 0s9bglu31-4, and and Nipponbare is
for 0s9bglu31-2 and o0s9bglu31-3. Homozygous lines for insertions in the Os9BGIu31l gene
and wild-type segregant lines from the same heterozygous parents were compared.
Homozygous mutants for the insertions were identified by polymerase chain reaction (PCR)
analysis of genomic DNA isolated from mature rice leaves with the gene-specific and
insertion-specific primers shown in Table 3.1. Note that the Nibonbare Tos17/2 insertion
lines, oshglu31-2 and oshglu31-3, were analyzed with the same primers.

Table 3.1 Primers used for identification of homozygous knockout and wild-type lines

Mutant line Gene specific primers Insertion-specific primer

os9bglu31l-1 | 5'-CCTCGCTCCCCAATACTATTTTGA-3' 5’ -ATCCAGACTGAATGCCCACAGG-3"
5'-GAAGACGATGGAAACAAACACATC-3"'

0s9%bglu3l-2 5'"-CTGGAGCACTGTCAATGAGCCTAA-3"' 5'"-CTGGACATGGGCCAACTATACAGT-3"'

0s9bglu3l-3 | 5'-TCAACCCGAGTGGGAACTGTTATT-3

0s9%bglu3l-4 5'"-GCTCTTGTGAAATTATACTGTCTG-3"' 5'-ATCCAGACTGAATGCCCACAGG-3"'
5'-ATTCTATATCTATCTTGGACCACC-3'

Flag leaves from 3-month-old plants were freeze-dried and ground to powder in a
mortar and pestle with liquid nitrogen. Fifty mg samples were extracted with 500 puL of 70%
ethanol for UPLC—MS/MS QQQ analysis. The amounts of fatty acids and glucose esters in
the extracts were quantified by triple quadrupole (QQQ) LC—ESI MS/MS and NMR, with
oleic acid and linoleic acid standards (CalBiochem, La Jolla, CA). To produce the glucose
ester standard curves, 10 pg of Os9BGIu31l was used to catalyze the reaction of 20 mM
4ANPGIc with 5 mM oleic acid or linoleic acid in 50 mM sodium citrate buffer (pH 4.5) at 30
°C for 1 h. The reactions were stopped with 1% formic acid and the mixtures filtered through
a 0.22 um filter before injection into an Agilent 1290 LC system (Agilent) in line with an
electrospray ionization (ESI) Agilent 6400 series QQQ mass spectrometer. Separation was
conducted through an Agilent SB-C18 RRHD 1.8 um, 2.1 mm x 150 mm column (Agilent).
The mobile phase consisted of 0.2% formic acid in water (solvent A) and 0.2% formic acid in
acetonitrile (solvent B). The gradient varied linearly from 40 to 60% B (v/v) over 13 min and
from 60 to 100% B (v/v) over 15 min with a flow rate of 0.3 mL/min. The mass spectrometry
analysis was performed in negative ion mode, with a capillary voltage of 3 kV and a gas
temperature of 300 °C. The gas flow was set at 16 L/min, nebulizer at 45 psi with the sheath
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gas heater at 300 °C, and the sheath gas flow at 11 L/min. The fatty acid product ions were
identified for each precursor, and the fragmentation voltage was optimized to yield the
highest product ion abundance. Finally, the specific compounds were detected by multiple-
reaction monitoring (MRM) with MassHunter software. The abundance of oleic acid and
linoleic acid was monitored with a collision energy of 15 V. The product ion at m/z 185.1
generated from the precursor ion at m/z 281 was monitored for oleic acid, while the m/z 211
product ion of the m/z 279 precursor was monitored for linolenic acid. The selected product
ions for monitoring the abundance of oleoyl glucose ester and linoleoyl glucose ester were
generated with a collision energy of 20 V and were at m/z 281.2 (precursor ion at m/z 489
with formate) and m/z 279 (precursor ion at m/z 441), respectively. The feruloyl glucose and
ferulic acid levels were monitored by the same technique, but utilizing their respective
masses and fragments.

3.2.2 Investigation of the effects of amino acid residues near the Os9BGIlu31 active site
3.2.2.1 Modeling

The 3-dimensional structure of Os9BGIu31 transglucosidase was modeled based on
the most-closely related (in terms of amino acid sequence similarity) structure in the Protein
Data Bank (PDB), Os3BGlu6 p-glucosidase (PDB: 3GNO) (Komvongsa et al., (2015a).
Modeling was done with the Modeller 9.0 program (Marti-Renon et al., 2000) to produce 5
models, and the model with the lowest DOPE score was used. Since Os3BGIu6 has little
transglycosylation activity (Seshadri et al., 2009), the homology model of Os9BGIlu31 was
further superimposed with its structure in a covalent complex with 2-fluoroglucoside (PDB:
3GNR) to inspect for residues close to a water molecule that is in position to displace the
glucosyl-enzyme intermediate.

3.2.2.2 Mutagenesis

Mutations designed based on the 3D model comparison were produced according to the
instructions of the QuikChange XL Il site-directed mutagenesis kit (Agilent, USA). The
pET32a/DEST/Os9BGIu31 vector (Luang et al., 2013) was used as template to generate
single point mutation of 1172T, L183Q, L241D, and W243 to N, A, D, F, M, and Y. The
primers used are given in Table 2.2. The reaction was thermocycled as follows: 95 °C 1 min,
then 18 cycles at 95 °C 50 s; 60 °C 50 s and 68 °C 7 min, followed by a final extension at 68
°C 7 min. The templates were digested by Dpn | for 3 h and the mutant plasmids were
transformed into XL10-Gold Ultracompetent cells. Plasmids were prepared by standard
methods and the full inserts were sequenced to verify that they matched the intended
sequence.
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Table 3.2 Sequences of oligonucleotides used for site-directed mutagenesis.

Primer Nucleotide sequence (5'-3")

1172T_fwd GCACTGTCAATGAGCCTAACACCGAGCCGATTGGCGGATACG

1172T _rev CGTATCCGCCAATCGGCTCGGTGTTAGGCTCATTGACAGTGC

L183Q_fwd CGGATACGATCAAGGAATCCAACCGCCACGGCGATGCTCATTCC

L183Q_rev GGAATGAGCATCGCCGTGGCGGTTGGATTCCTTGATCGTATCCG

L241D_fwd GGACAAATTGGGCTCACATTGGACGGTTGGTGGTACGAGCCCG

L241D_rev CGGGCTCGTACCACCAACCGTCCAATGTGAGCCCAATTTGTCC

W243A_fwd GGGCTCACATTGCTCGGTGCGTGGTACGAGCCCGGGACG

W243A_rev CGTCCCGGGCTCGTACCACGCACCGAGCAATGTGAGCCC

W243D_fwd GGGCTCACATTGCTCGGTGATTGGTACGAGCCCGGGACG

W243D_rev CGTCCCGGGCTCGTACCAATCACCGAGCAATGTGAGCCC

W243F_fwd GGGCTCACATTGCTCGGTTTCTGGTACGAGCCCGGGACG

W243F_rev CGTCCCGGGCTCGTACCAGAAACCGAGCAATGTGAGCCC

W243M_fwd GGGCTCACATTGCTCGGTATGTGGTACGAGCCCGGGACG

W243M_rev CGTCCCGGGCTCGTACCACATACCGAGCAATGTGAGCCC

W243N_fwd GGGCTCACATTGCTCGGTAATTGGTACGAGCCCGGGACG

W243N_rev CGTCCCGGGCTCGTACCAATTACCGAGCAATGTGAGCCC

W243Y_fwd GGGCTCACATTGCTCGGTTACTGGTACGAGCCCGGGACG

W243Y_rev CGTCCCGGGCTCGTACCAGTAACCGAGCAATGTGAGCCC
3.2.2.3 Protein Expression and purification

The Os9BGIu3l1 protein and its mutants were expressed and extracted from the

Origami B(DE) E. coli, as described by Luang et al. (2013). The protein was purified as
described by Komvongsa et al. (2015a). Briefly, the Os9BGIu31 protein was purified in 3

steps of IMAC on TALON metal affinity resin (Clontech, S. San Francisco, CA, USA),
proteolytic cleavageof the tag from the protein with enterokinase and IMAC to adsorb the
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tag, uncut protein, and IMAC-binding contaminants. The protein was concentrated and the
buffer changed by centrifugal filtration.

3.2.2.4 Enzymatic comparison of Os9BGIlu31 and its mutants

The activities of Os9BGIu31l and it mutants were assayed with various glucose
acceptor substrates at 0.25 mM acceptor, 2.5% dimethylsulfoxide (DMSO, as solvent for the
acceptors), with 5 mM 4-nitrophenyl B-D-glucopyranoside (4NPGIc) as glucose donor, and
0.25 pug of Os9BGIu31 wild type and W243A, D, M, F, and Y mutants, 0.1 ug of Os9BGlu31
W243N mutant, 1.25 pg of Os9BGIlu31 L183Q mutant or 5 pg of 1172T mutant, in 50 mM
citrate buffer, pH 4.5 (Komvongsa et al., 2015a). For hydrolysis reactions, water replaced the
acceptor and DMSO. Reactions were incubated at 30 °C and stopped by adding formic acid
to 1% final concentration. Time courses were completed with all acceptors to establish the
amount of product that could be produced with a linear response, corresponding to vo. Then,
reactions were run for 15 min, which gave a linear response. The reactions were filtered and
separated through a ZORBAX SB-C18 (1.8 um, 2.1 x 150 mm) column (Agilent) on an
Agilent 1290 UPLC. The mobile phase was 0.2% formic acid in water (solvent A) and 0.2%
formic acid in acetonitrile (solvent B). The compounds were eluted with a gradient from 5%
to 50% B (v/v) in 13.0 min, 50% to 70% B (v/v) in 1.00 min, and 70% to 100% B (v/v) in
2.00 min at a flow rate of 0.2 mL/min. The diode array detector (DAD) scanned the range
from 190-500 nm, but the results were monitored and quantified at 360 nm.

Due to the availability of kaempferol and its glucoside a separate set of reactions was
carried out to determine the positional specificity of Os9BGIlu3l and its mutants for the
hydroxyl groups on the flavonoid rings (Komvongsa et al., 2015a). The products of
transglycosylation by Os9BGIu3l and its W243 mutants were generated in reactions with
0.25 mM kaempferol as glucose acceptor, 4NPGlc as donor, and 5 pg of wild type ormutant
0Os9BGIu31 in 50 mM citrate buffer, pH 4.5. In other reactions, 0.25 mM kaempferol 3-O-
glucoside (generously provided by Prof. Dr. Toscahi Amahura, Matsuyama University,
Japan) was used as the only substrate of the enzyme. The products were quantitated on an
ACQUITY UPLC system (Waters, USA) with a DAD detector and a WATERS Xevo G2
QToF mass spectrometer, which was run in the negative ion mode, with a capillary voltage of
2 kV, a source temperature of 100 °C and desolvation temperature of 200 °C. The desolvation
gas flow was set as 600 L/h with the lock spray infusion flow rate set at 20 uL./min and lock
spray capillary voltage at 2.50 kV. The data were analyzed with MassLynx Software.

3.2.3 Production and evaluation of uncharacterized GH1 At/Os Cluster 6 enzymes

The Os1BGIu5 and Os6BGlu22 cDNA were cloned into pET32a/DEST in our
previous work, but no activity of protein was detected. Therefore, since the possibility of
transglucosidase activity was not known at that time, the plasmids were transformed into
BL21(DE3), Origami2(DE3), and Origami B(DE3), and expression carried out as described
for Os9BGIu31, but with optimization of the time and IPTG concentration at 20 and 25 °C.

For Os9BGIu31, initially primers were designed based on the gene sequence, but no
full-length gene could be amplified. So, the gene optimized for expression in Pichia pastoris
was synthesized and cloned into pUC57 by Genscript Corp. This cDNA was excised from
the plasmid with Pstl and Xbal and cloned into the corresponding sites in pPICZaBNH8and
pPICZaBNH8-eGFP. The cDNA was also excised with Ncol and Xhol and cloned into
pPET32a, and the sequence confirmed plasmids, pET32a/0Os5BGIul9 was transformed into
Origami(DE3), Origami B(DE3) and BL21(DE3) E. coli. The pPICZaBNH8-0Os5BGIlul9
and pPICZaBNH8-0Os5BGIlul9-eGFP were linearized and then electroporated into Pichia
pastoris strain SMD1168H and selected on 125 ug/mL zeocin.
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For protein production, pET32a/Os5BGIul9 containing Origami(DE3), Origami
B(DE3) and BL21(DE3) clones were screened by growth in LB media with appropriate
antibiotics (ampicillin for pET32a, tetracycline and kanamycin for Origami(DE3) and
Origami B(DE3) cells). Starter cultures were grown overnight and diluted 1:200 into protein
production cultures. After growth to OD600 of 0.4-0.6, the cells were induced with 0, 0.1,
0.2, 0.3, 0.4, and 0.5 mM IPTG and cultured overnight at 20 °C. The cells were lysed and
soluble and insoluble fractions analyzed by SDS-PAGE. Lysates were also tested for activity
to release 4NP from 4NPGIc in 0.05 M acetate buffer (as described for Os9BGlu31).

For protein expression in Pichia pastoris, 50 colonies were screened for activity
agains 4NPGlc in acetate buffer. The colonies were grown in 5 mL cultures (as described in
the Pichia Manual by Invitrogen) and the cells removed by centrifugation and the media
tested for activity. The one that seemed to have the most activity was checked by growing a
25 mL culture and the media used to attempt to purify protein by immobilized metal affinity
chromatography, as described by Luang et al. (2010). For those cells transformed with
pPICZaBNH8-0s5BGIul9-eGFP, the media was checked for green fluorescent protein
fluorescence and the cells examined by fluorescence microscopy.
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CHAPTER 4. Results

4.1 ldentification of Os9BGIlu31 natural substrates from rice
4.1.1 ldentification of unsaturated fatty acids and their esters as substrates in rice
extracts

To start, we tested seedling and bran extracts for potential acceptor substrates to
which 0s9BGIu3l could transfer a glucosyl residue (Komvongsa et al., 2015b). Due to
pigments and other compounds in shoot leaves, bran was found to give a clearer result, so it
was pursued further. A product that was formed from the crude extract was seen on silica gel
TLC plates. When that band was TLC-purified, it gave a more intense light brown spot (Rt
=0.53) migrating ahead of 4NPGlc (Rf = 0.50) in the chloroform/methanol/ammonia solvent
system. The glucosyl conjugate product migrated ahead of the substrate in the ammonia-
containing solvent system (Figure 4.1, corresponding to Figure 1 from Komvongsa et al.,
2015b), but slower in a system with water in place of ammonia, suggesting the substrate was
a carboxylic acid that would be ionized in the ammonia solvent system. Purification of this
component by reverse phase chromatography gave a product with NMR peaks consistent
with a mixture containing oleic acid and linoleic acid (data not shown, but similar to the
peaks for oleic acid listed below).

When oleic acid and linoleic acid were tested for transglycosyaltion in a similar assay,
they each produce a spot with an Rt value within error of that of the original product in this
system. The reaction with oleic and 4NPGIc showed a new product (M — H + HCO2)™ at m/z
489, and that with linoleic acid at m/z 441 (M — H")” on UPLC-MS/MS QQQ in negative ion
mode. The NMR of the purified oleic acid product was consistent with that for the crude
mixture (except for linoleic acid peaks in the rice extract mixture). The oleic acid 'H peaks
were assigned as follows: & 0.90 (3H, t, J = 6.9 Hz, H18), 1.28 (20H, m, H4-H7, H12-H17),
1.61 (2H, m, H3), 2.03 (4H, m, H8, H11), 2.36 (2H, t, J = 7.9 Hz, H2), 5.35 (2H, t, J = 5.0
Hz, H9 and H10), 3.35 (1H, m, H2"), 3.57 (1H, m, H4"), 3.67 (1H, m, H3'), 3.84 (1H, m, HY'),
4.06 (1H, m, H6"), 4.14 (1H, m, HE'), 5.48 (1H, J = 8.5 Hz, H1'). The chemical shift of 5.48
ppm and coupling constant of 8.5 Hz for H1" were consistent with the expected beta-
configuration at the anomeric carbon.

The product of the linoleic ester appeared to give an impure product and was lost or
degraded in the purification process, so a time course of the reaction was studied by NMR
instead. The NMR spectrum was complicated with multiple peaks, but was consistent with
the initial product of linoleoy! 1-O-p-D-glucose gradually shifting to linoleoyl 3-O-glucose by
acyl migration (Komvongsa et al., 2015b).

When the activity of Os9BGIlu31 was tested for relative activity with three fatty acids,
stearic acid (18:0), oleic acid (18:12°) and linoleic acid (18:24%%2), the activity was seen to be
greater found to be approximately 2-fold higher for oleic acid and linoleic acid, compared to
stearic acid (Figure 4.2, Komvongsa et al., 2015b). Of these, oleic acid was the most efficient
substrate with a Kea/Km of 0.291 mM™s? compared to 0.128 mM™s? for linoleic acid,
although these were both much lower than the value of 25.4 mMs? for ferulic acid
(Komvongsa et al., 2015b).

When the rice extracts of Os9BGIlu31l knockout lines and segregated wild type
controls were tested for oleic acid, linoleic acid and their 1-O-glucosyl esters, consistent
differences were seen for the glucose esters (Figure 4.3). Although the os9bglul-1 line also
showed higher oleic acid and linoleic acid concentrations compared to control, the other 3
lines had oleic acid and linoleic acid levels within error of controls (Komvongsa et al.,
2015b).
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Figure 4.1 Silica gel TLC of Os9BGIu31 products with 4NPGIc donor and rice bran, oleic acid and
linoleic acid acceptors. A 7:2.8:0.2 (v/v/v) chloroform/methanol/30% ammonia solvent
system was used and carbohydrate or lipid containg spots detected by charring with
sulfuric acid. The lanes show 4NPGIc standard, glucose standard(Glc), linoleic acid
standard (LA), oleic acid standard (OA), and purified rice bran substrate (Rice bran),
followed by reactions with (+) and without (=) Os9BGIlu31 enzyme with linoleic acid,
oleic acid, and purified rice bran substrate and 4NPGIc donor substrate.
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Figure 4.2 Relative activities of Os9BGIu31 with 18 carbon fatty acid acceptors. The acceptors
include saturated (stearic acid, 18:0) and unsaturated (oleic acid,18:1, and linoleic acid,
18:2) fatty acids. 4NPGIc (20 mM) was used at the donor and fatty acids were tested at
0.25 mM concentration, which are nearly saturating conditions. The figure is from
Komvongsa et al., (2015b).
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Figure 4.3 Relative levels of oleic acid, oleic acid glucose ester, linoleic acid, and linoleic acid
glucose ester in lines with knock out of Os9BGIu31 (dark bars) and segregated wild type
control lines (light colored bars). The figure is from Komvongsa et al. (2015b).

4.1.2 Identificatin of feruloyl glucose as a natural substrate in rice flag leaves.

When flag leaf extracts from wild type Dongjin rice were analyzed by QToF
LCMSMS, compounds were putatively identified in either positive or negative ion modes.
The compounds with m/z corresponding to naringin, kaempferol 3-O-rutinoside, peonidine 3-
O-pB-p-galactoside, and oenin were detected only in positive ion mode, while compounds with
masses corresponding to sinapoyl glucose, kaempferol 3-O-B-D-glucopyranosyl 7-O-
rhamnoside, kaempferol 3-O-glucoside, tricin 7-O-glucoside (or tricin 5-O-glucoside), and
gibberellin A5 were only be discovered in negative ion mode (Table 4.1). However, none of
these compounds could clearly be identified as increasing or decreasing in the Os9BGIlu31l
mutant lines. However, difference could be seen on close inspection of the total ion
chromatogram (Figure 4.4). When the mass spectrum in the region of one of these peaks was
inspected, it corresponded to feruloyl glucose, which we had previously identified as a
substrate and product of recombinant Os9BGIu31 in vitro. The extracted ion chromatogram
for the mass of feruloyl glucose (355.1 a.m.u.) clearly showed one major peak that was much
higher in the mutant plant flag leaf extract than in the extract from the wild type plant (Figure
4.5).

In order to quantitatively evaluate the difference between wild type and
0s9BGlu31knockout lines, the MRM assay similar to that used for fatty acid glucose esters
was used to measure the levels of feruloyl glucose. As shown in Table 4.2, the levels of
feruloyl glucose were clearly higher in all mutant lines compared to their segregated wild
type controls.



Table 4.1 Com

Putative compound

pounds tentatively identified in rice flag leaf extracts by LCMSMS

Negative ion mode

Positive ion mode
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Formula RT | UV peaks | Calc. Mass | Ext. Mass | ppm | Formula RT uv Calc. Mass | Ext. Mass | ppm
(nm) peaks
(nm)

1. Sinapoy! glucoside Cy7Hy 040 7.5 325 385.1140 385.1140 0 NA NA NA NA NA NA
2.Naringin NA NA NA NA NA NA CoeHueOse 8.5 | 270,350 | 581.1508 | 581.1506 @ -0.3
3.Rutin CyyHyp046 8.7 | 270,348 ' 609.1456 609.1461 | 0.8 CyHyOs6 8.7 | 270,350 | 611.1603 | 611.1607 @ 0.7
4. Kaempferol-3-O-B-D- CyHye04s 9.5 | 270,340 | 593.1506 593.1512 | 1.0 NA NA NA NA NA NA
glucoparanosyl-7-O-
rhamnoside
5. Kaempferol-3-O-rutinoside, NA NA NA NA NA NA CyHyyOss 9.7 | 270,350 | 595.1679 | 595.1657 @ -3.7
Kaempferol-3-glucoside-3"-
rhamnoside, Kaempferol-3-O-
neohesperiside
6. Isorhamnetin-3-galactosyl- CgHy016 9.9 | 269,319 | 623.1618 623.1618 0 CgHesO46 99 | 270,320 | 625.1752 | 625.1763 1.8
Isorhamnetin-3-O-rutinoside
7. Kaempferol-3-O-glucoside C,HO, | 10.4 | 270,348 | 447.0933 | 447.0933  -1.1 NA NA NA NA NA NA
8. Tricin-7-O-glucoside CpyHyiOss 10.8 348 491.1193 491.1195 04 NA NA NA NA NA NA
9. Peonidine-3-0-p- NA NA NA NA NA NA CH0,, 10.9 | 268,334 | 463.1230 | 463.1235 | 1.1
galactopyranoside
10. Gibberalin A5 CioH,,05 11.0 | 270,345 | 329.1386 329.1394 | 2.4 NA NA NA NA NA NA
11. Oenin NA NA NA NA NA NA CyyHy:Oss 11.1 270,350 & 493.1338 | 493.1341 | 0.6
12. Cirsiliol C,;H:0; 11.2 | 270,348 | 329.0659 329.0667 2.4 C;H,:0, 11.2 270,350  331.0819 | 331.0812 | -2.1

Table 4.2 Concentrations of feruloyl glucose (FAG) determined in Os9BGIlu31 mutant lines

and their segregated wild type controls by MRM LCMSMS.
Knockout Os9BGlu31

Line

osbglu31-1

osbglu31-2

osbglu31-3

osbglu31-4(1)

osbglu31-4(2)

osbglu31-4(3)

FAG (uM)

11.144

6.938
9.391
6.139
4.179
5.618

Wild type
FAG (uM)

0.875
1.461
1.213
0.393
0.487
0.359
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Figure 4.4 Region of the LCMS total ion chromatogram showing the different peaks between the
wild type (top) and Os9BGIu31 knockout line flag leaf extracts (6.0 to 8.2 min). The
peak with the mass matching 1-O-feruloyl glucose (355.1 a.m.u.) is marked in the mutant
extract chromatogram.
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Figure 4.5 Extracted ion chromatogram comparison of the Os9BGIu31 knockout mutant (top) and
segregated wild type line flag leaf ethanolic extracts. The relative abundance (percent) of the ion
peaks is graphed against the chromatography time in minutes.

4.2 Activities of Os9BGIlu31 active site cleft mutants

4.2.1 ldentification of residues of interest

The homology model of the Os9BGIlu31l structure was aligned to the structure of
0s3BGlu6 covalent intermediate structure with 2-deoxy-2-fluoroglucoside, which displayed
a water molecule in the position to attack and displace the glycosyl-enzyme intermediate
(Firgure 4.6). It was hypothesized that the transglycosylation preference of Os9BGIlu3l
might be caused by a less polar environment that would be less accommodating to the attack
by the water molecule compared to a less polar acceptor. Residues in close proximity with the
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acceptor water molecule and were hydrophobic in Os9BGIu31 but polar in Os3BGlu6
included 1172 (T181 in Os3BGIlu6), L183 (Q192), and L241 (D241). W243 was also chosen
for mutagenesis, since it corresponds to a critical residue for oligosaccharide binding in
Os3BGlu7 (Sansenya et al., 2012).

Figure 4.6 Superposition of the active sites of the homology model of Os9BGIu31 and the crystal
structure of Os3BGIu6 in complex with 2-deoxy-2-fluoroglucoside. A water molecule in
range to attack the anomeric center of the covalent intermediate and hydrogen bond to the
catalytic base is shown with the corresponding distnaces. Sidechains identified for
mutagenesis are shown in stick format and labeled with Os3BGlu6 numbers on top and
0s9BGIlu31 residue numbers on the bottom. (Komvongsa et al., 2015a).

3.2.2 Acceptor specificity of Os9BGlu31 mutants

The 0Os9BGIu31 1172T and L183Q mutatns exhibited adequate solubility and activity
for purification and testing, but the L241D mutant showed low amounts of solubility and low
activity, so it was not characterized further. Although both the 1172T and L183Q mutants
had lower activities than wild type, their relative hydrolysis versus transglycosylation ratios
were not significantly different. Nonetheless, they did exhibit some differences as shown for
a set of substrates in Figure 4.7.

In contrast to the other mutations, the W243N mutant (designed based on the residue
at that position in the Os3BGIu7 active site showed much higher activity than wild type in
transglycosylation of ferulic acid (Figure 4.7 a). The Os9BGIlu31 W243N mutant also
showed a higher ratio of hydrolysis to transglycosylation compared to wild type Os9BGIlu31,
but this difference was rather small. Because of the increased activity resulting from
mutagenesis of this site, the W243 residue was further mutated to Met based on the
corresponding residue in Os3BGlu6 (W243M), Ala (W243A), Asp (W243D), Phe (W243F)
and Tyr (W243Y). Although none of these mutations displayed the high activity equivalent
to W243N, they all showed particular relative activities toward the range of substrates tested.
It was clear that W243D showed the highest ratio of hydrolysis to transglycosylation, but its
activity was quite low in all assays. When the products of the reaction with ferulic acid were



22

analyzed by LCMS, the wild type Os9BGIu31 produced essentially only glucose ester, as
reported by Luang et al. (2013). However, the W243 mutants also produced varying amounts
of ferulic acid glucoside (Figure 3.8) (Komvongsa et al., 2015a). Further analysis of the
products in reactions with kaempferol can be found in Komvongsa et al (2015a).
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Figure 4.7 Relative activities of Os9BGIlu31 wild type and mutants toward ferulic acid acceptor (a)
and of each mutant toward a range of substrates. The substrates tested are defined on the
right. In the case of hydrolysis, the assay was carried out in citrate buffer alone and no
glucoconjugate of citrate was detected.

As one of our initial goals was to produce arbutin, the glycosylation of para-
hydroxyquinone was also evaluated. Although wild type and mutant Os9BGIlu31 enzymes
could transglycosylate to make a-arbutin, evaluation of prices on the internet showed that
best prices for a-arbutin were less than $100 USD per kilogram, while our donor substrate,
4ANPGIc was several hundred USD per kg, so the process was not economical.
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Figure 4.8 LCMS analysis of transglycosylation of ferulic acid by Os9BGIlu31 and its residue 243
mutants. The structure of ferulic acid is shown to indicate the possible glycosylation
positions is shown in the upper left, followed by the mass chromatogram for the wild
type. The mass spectra of the peaks at 7.4 min (glucose ester) and 5.5 min (glucoside)
from the W243N mutant are also shown.

4.3 Expression and characterization of new GH1 phylogenetic cluster At/Os6 proteins

When we tried to express the new rice GH1 cluster 6 genes Os1BGlu5 and Os5BGlu22,
a weak band was seen in the soluble extract of the Origami B(DE3) E. coli strain in each
case. However, the extracts gave no clear activity for these proteins, so we did not know
whether they were expressed in active forms in the E. coli expression system. So, we
concentrated on other genes from this phylogenetic cluster. 0Os9BGIu32 was targeted
because it was found to complement an Arabidopsis BG1 knockout line by our collaborators
in Korea. We ordered an Os9BGIlu32 gene optimized for expression in Pichia pastoris, but
around 50 clones were screened and activity with 4NPGlc as a substrate could not be
detected. We also attempted to detect protein by an anti-His-tag antibody immune-dot blot,
but did not see it.

We further attempted to clone Os5BGIlul9 and Os6BGlu25 cDNA for expression of
these proteins, since these are the next most highly expressed GH1 cluster 6 genes after
Os1BGIu5 and Os5BGIlu22. We were not able to amplify a full-length cDNA, although
amplification of half cDNA was achieved. To accelerate progress on this, an Os5BGIlul9-
encoding gene optimized for expression in P. pastoris was synthesized at Genscript Corp.,
and cloned into pET32a for expression in E. coli and pPICZalphaBNHS8 for expression in P.
pastoris. On the initial attempt, soluble Os5BGIlul9 protein could not be detected in E. coli.
In the P. pastoris, we initially thought there was activity in the media, but it turned out to be
background activity from the yeast’s own proteins. When the construct with eGFP was used,
the green fluorescence could be detected in the media and in the cells, but it seemed to mostly
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be found in the cells, possibly in the vacuole (Figure 4.9). Attempts at IMAC purification
failed, leading us to believe that the protein might have lost its N-terminal His-tag.

A B

Figure 4.9 Enhanced green fluorescent protein fluorescence in P. pastoris cells expressing
Os5BGIul9-eGFP. A. eGFP fluorescence of cells. B. Staining of cells with Hoerst stain
of the DNA to show the nuclei. In a few cells to the left, the eGFP fluorescence is also
apparent and is not nuclear.

BL21(DE3) OriB(DE3) BL21(DE3) OriB(DE3)

Soluble
A B
BL21(DE3) OriB(DE3)

Figure 4.10 Expression of truncated Os5BGIlul9 (TrOs5BGIlul9). A. SDS-PAGE of the soluble
fractions of E. coli strains BL21(DE3) and Origami B(DE3) (OriB) containing
pET31a/TrOs5BGIul9 and induced with different concentrations of IPTG
(concentrations given across the top). B. SDS-PAGE of the insoluble portion of the
cells described in A. C. Western blot of the soluble fraction of the cells described in A
with Anti-Os5BGlul9-peptide antiserum. Lanes marked pET32a, indicate cells
transformed with empty pET32a plasmid and induced with 0.5 mM IPTG.
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To try to eliminate any N-terminal or C-terminal protease sites of vacuole targeting sites,
the Os5BGIul9 cDNA was truncated to remove the N-terminal precission protease site and
C-terminal site that did not match the structure of the known proteins used for the template in
homology modeling (Os3BGIlu7), assuming this may be extra, unstructured region that might
contain sequence that acted as a localization tag. Although this construct was intended for
expression in P. pastoris, it was also cloned into pET32a and expression in E. coli resulted in
a noticible soluble band (Figure 4.10). This protein could also be purified by IMAC.

When TrOs5BGIul9 was purified by IMAC with a step gradient of imidazole, the
protein eluted at nearly all imidazole concentrations, with the most at 60 and 80 mM
imidazole. The pooled protein was mixed with 4NPGIc in acetate buffer or with various
acceptors in citrate buffer (as described for Os9BGIlu31, but no reaction could be detected.
Finally, the protein was mixed with 4 and 10-week old rice seedling leaf extracts as donor
and FA as acceptor. The assays were then measured for FAG according to the method
developed for measuring Os9BGIlu31 mutant leaf extracts, and showed that FAG increased in
assays containing leaf extract and FA, in the presence of recombinant Os5BGIlul9 (Table
4.3). Similar assays using the extracts of cells producing Os1BGIlu5, Os5BGlu22 or
0s9BGIu32 did not produce any such change in FAG concentration, suggesting these
proteins do not transglycosylate FA or the recombinantly expressed proteins are inactive.

Table 4.3 Production of feruloyl glucose (FAG) in reactions of Os5BGIlul9 with leaf extracts
and ferulic acid (FA).

Sample Without Os5BGIlul9 - FAG (uM)  With Os5BGlul9 — FAG (uUM)
4 week old leaves 0.26 £ 0.04 89+16
10 week old leaves 76+1.6 20624
10 week old stem 0.12+£0.01 0.78 £0.08

Attempts to use FAG as a donor and other 4-hydroxy coumaric acids as acceptors for
0Os5BGIlul9 did not give any activity, suggesting that either the enzyme required some
cofactor from the rice extracts or the other hydroxycoumaric acid derivatives could not serve
as acceptors as ferulic acid could. However, it was noted that the activity to produce FAG
could only be detected in the MRM LCMSMS method.
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CHAPTER 5. Analysis

5.1 Discussion

0Os9BGIu31 is a unique transglucosidase from rice that can transfer glucose between a
range of compounds with 4-hydroxycoumaric acids and their 1-O-glucose esters serving as
some of the best substrates (Luang et al., 2013). It was fortunate that Os9BGIu31 was
promiscuous enough to accept 4NPGlc as a donor substrate, so that we were able to identify
that is was an active enzyme and use this commercial donor for our routine assays. This did
not appear to be the case for Os5BGIul9, and it is likely not the case for Os1BGIu5,
0Os5BGIlu22 or 0s9BGIu32 for which we have not found activity, although it is difficult to
know with certainty until some activity is found. The range of substrates accepted by
0s9BGIu31 make it and its mutants very useful for producing glucoconjugates of interest,
however, our initial expectation that we might use it for a-arbutin production appears
economically unfeasible due to the low prices for a-arbutin available in the market, relative to
our glucosyl donor substrate, 4ANPGIlc. Nonetheless, it should be useful for production of
specialty chemicals where the economy of scale has not driven prices to the level of arbutin.

The relatively broad substrate specificity of Os9BGIlu31 makes it difficult to uncover
its natural function in rice plants. Indeed, rice lines with knockouts of Os9BGIu31 expression
look essentially like wild type. To discover what is different, we had to look into leaf
extracts. Treatment of leaf extracts and their fractions with Os9BGIlu31 and a glucose donor
(4NPGIc) identified the unsaturated fatty acids oleic acid and linoleic acid as possible
acceptors for Os9BGIlu31 transglucosidase activity that are found in rice extracts. When an
MRM LCMSMS method was developed to measure these compounds and their glucose
esters, it was found that the oleoyl glucose and linoleoyl glucose esters were elevated in the
0s9BGIu31 mutant plants rather than be depleted, suggesting that in the plant they mainly
serve as donor substrates for Os9BGIlu31. What is the acceptor for the glucose is unclear.

The biological significance of these fatty acyl glucose esters is also unclear. They are
relatively unstable and might serve as short-lived messenger molecules. Indeed, they were
first identified in plants during the isolation of brassinosteroids and were initially thought to
have this activity (Mitchell et al., 1970; Mandava, 1988). Although Tanaka and colleagues
(1979) did not find bioactivity for 1-O-oleoyl glucose when they synthesized it, they tested it
in only a limited assay. So, these compounds may in fact be signaling compounds that are
modulated by Os9BGIu31. We showed that Os9BGIlu31 also appears to use FAG as a donor
substrate, in that it is also elevated in Os9BGIlu31 knockout plants. Indeed other, as yet
unidentified Os9BGIu31 compounds were found to be elevated in the rice leaf extracts of
0s9BGIu3l knockout lines, although it is not know whether they are donor or acceptor
substrates. Nonetheless, the complex function of Os9BGIu31 in the plant appears to involve
multiple donor (and acceptor) substrates.

Surprisingly, mutations that made the Os9BGIlu31 active site near the acceptor
binding site for water more polar did not increase the hydrolysis vs. transglucosidation
activity significantly, but mutations at the W243 residue, corresponding to the +2 subsite in
celloligosaccharide-hydrolyzing pB-glucosidases like Os3BGlu7 did have a significant effect
on acceptor specificity. The Os9BGIu31 W243N mutant, which changed the residue to be be
the same as that in Os3BGIu7 resulted in a roughly 5-fold increase in activity with ferulic
acid and an increase in the hydrolysis versus transglycosylation ratio, although the mutant
still catalyzed transglycosylation more rapidly than hydrolysis.  The enzyme also
transglycosylated naphthalene acetic acid better than ferulic acid, thereby changing the
relative activities toward these two substrates, but was otherwise similar to wild type in its
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relative activities toward other substrates in Figure 4.7, though with higher activity toward all
these substrates. While none of the other mutations showed similarly high activity as
W243N, W243D showed high hydrolysis activity relative to transglycosylation, as was
originally expected for the other mutations. However, some of the other mutatations caused
greater changes inspecificity, such as the Os9BGIlu31 N243A and N243M mutants having
much higher preference for 4-hydroxybenzoic acid than wild type and the other mutants,
while the W243F and W243Y mutations, despite their similarity to wild type, showed higher
relative activities toward naphthol and salicylic acid than the wild type. It should be noted
that, none the less, none of these other mutations had higher activity toward any substrate
relative to W243N.

Of note, all of the mutants seemed to have higher activity toward phenolic alcohols
compared to the wild type. All of the W243 mutants could produce ferulic acid glucoside,
whereas the wild type did not make this product in significant amounts in reaction with
ferulic acid, but only produced detectable amounts of FAG. It is notable that these mutants
could have higher activity and broader acceptor substrate specificity, since it suggests that
they could be used to make glycosides of interest, such as glucosylating drugs to make them
more soluble. Thus, the application of these mutants was the goal of our next project.

We had little success in expressing and characterizing GH1 At/Os cluster 6 enzymes
other than Os9BGIu3l. Most attempts to produce such proteins resulted in apparently
insoluble proteins and no activity in soluble fractions. Only Os5BGIlu31 could be produced
in an active form, and then only after truncation of the N- and C-termini to produce a more
readily soluble form. Although FA could be seen to be an acceptor substrate when mixed
with rice extract in the assay with Os5BGIlul9, the exact nature of the donor substrate(s) in
the rice extract are still not known. No substrates could be determined for Os1BGIub5,
0s5BGIlu22 and Os9BGIlu32, despite the use of rice extracts and FA as a donor like with
BGIul9 or other substrate mixtues as with Os9BGIu32, so we do not know whether the
enzymes expressed in the recombinant systems have narrower substrate specificity or are
simply inactive.

Overall, the mutational analysis of Os9BGIlu31 appeared to be the most successful
aspect of this project. The high activity W243N and other mutants can be explored for
activity against substrates of interest, such as antibiotics in the future.

4.2 Conclusions and Comments

In this project, we were able to complete the first paper on Os9BGIlu31 and generate
two more, on exploring the changes in activity and increase substrate and product range upon
mutation of the Os9BGIlu31, and one determining natural substrates found in rice extracts.
Although other GH1 cluster At/Os6 enzymes were expressed in recombinant systems, only a
single substrate of Os5BGIlul9 could be identified, while the none were found for Os1BGIlu5,
Os5BGIlu22 and Os9BGIu3l. In the future, we anticipate exploitation of Os9BGlu31 and its
mutants will allow us to synthesize many glucoconjugates, including drugs and
phytohormone, which will be useful for research and clinical application.
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