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Abstract:

This project was aimed at the use of B-glucosidase enzymes produced in our lab to
identify and characterize glycosides in plant extracts and the mechanism of enzyme
hydrolysis of these glycosides. It was broken down into two parts, 1) completion of the
characterization of Dalbergia nigrescens natural substrates and the use of D. nigrescens -
glucosidase to hydrolyze natural isoflavone glycosides, and 2) the identification of rice
glycosides that may serve as natural substrates for the rice enzymes characterized in our
laboratory.

sIn the first part, we were able to confirm the structures of two isoflavonoid glycosides,
dalnigrecin [dalpatein 7-0-(1,6)-B-D-apiofuranosyl-B-D-glucopyranoside}, and dalnigrin [7-
O-B-D-apiosyl-(1,6)-B-b-glucosyl-7-hydroxy-2° 4,5’ 6-tetramethoxyisofiavone] or dalnigrein
7-0-(1,6)-B-D-apiofuranosyl-B-D-glucopyranoside]. It was also shown that the enzyme
hydrolyzed the bond between the glucose and the isoflavone 7-O to release the disaccharide
acuminose. This was also found to be true for the recombinant D. nigrescens B-glucosidase
Dnbglu2, which showed high activity toward these two natural substrates, although it
hydrolyzed the soy isoflavone 7-O-glucosides diadzin and genistin with higher efficiency
(kea'Kyy values). The D. nigrescens f-glucosidase could also hydrolyze soy isoflavones in
soy flour extracts and suspensions, suggesting it could be used to increase the levels of free
isoflavones in soy products. The enzyme could hydrolyze malonyl and acetyl genistin and
diadzin, consistent with its acceptance of an apiosyl group at the 6’-O position on the glucosyl
moiety of the natural product glycosides. This work, in addition to suggesting the use of D.
nigrescens for soy food processing, generated 3 international journal papers.

In the second part, the rice B-glucosidases Os3BGlu7 and 0s4BGlul2 were used to
- screen for natural glycoside substrates in methanolic extracts of rice seedling shoot and root
and mature rice plant at flowering stage shoot and root fractions. Initial experiments
indicated that both compounds could hydrolyze a fluorescent glycoside in seedling shoots, but
insufficient quantity and purity of glycoside was generated to determine the structure. Since
the Os4BGlul2 enzyme is more stable for storage, it was used for further screening and was
found to hydrolyze glycosides in seedling roots and mature leaf and stem. The leaf and stem
glycoside fraction was purified by LH20 column chromatography, preparative TLC. and
reverse phase HPLC to give 3 apparently pure glycosides from one TLC spot from a pool of
LH20 fractions, as well as some as-yet impure glycosides. The three purified components,
Cs/ID1, Cs/ID2, and Cs/ID3 were analyzed by electrospray mass spectrometry to show they
have apparent molecular masses of 492, 688 and 688, respectively. The mass of the Cs/ID1
matches that of a trihydroxyl dimethoxy glucoside, such as tricin 4’-O-B-D-glucoside and
tricin 7-O-B-D-glucoside, which have been reported to occur in rice. Further preparations of
large amounts of material will be needed for complete structure determination by NMR. It
was found that three rice B-glucosidases with known structures, Os3BGlu6, Os3BGIu7 and
0s4BGlul2, hydrolyzed Cs/ID1 at similar rates, but Cs/ID2 was hydrolyzed most rapidly by
Os3BGlué6, while Cs/ID3 was hydrolyzed most rapidly by Os4BGlul2. Thus, despite the fact
that they have the same mass, the 0s3BGlu6 and Os4BGlul2 enzymes seem to differentiate
these two compounds. Further studies of large scale preparations of Cs/ID1, Cs/ID2 and
Cs/ID3 will allow structural characterization and kinetic studies of their hydrolysis by the rice
B-glucosidases, which can tell about the functions of these enzymes and the glycosides.
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Section I;: Introduction

1.1. Importance and Background of Reseach Problem (mwdfguaziimveadlgminisise)
Background and literature survey

Many chemical species found in plants, have beensfound-to be glycosides. That is,
they include one or more sugar residues as a part of their structure. Common glycosides of
economic interest include those of vitamins, phytohormones, pigments, lignin precursors,
volatiles involved in aroma production, pesticides and antifungal agents and a broad range of
other compounds (Esen, 1993). These natural glycosides often have properties of medicinal
interest in addition to their roles in the plant (Yoshikawa et al. 1998). Plants that contain such
glycosides often contain enzymes which remove the sugars: glycosidases (Rubinelli, Hu, Ma,
1998; Smith, Starrett, and Gross, 1998, Mizutani et al., 2002). Although many glycosidases
have been found in Thai plants include: o-D-mannosidases, o-D-N-acetylglucosidases, o-D-
galactosidases, B-D-fucosidases, f3-D-glucosidases (Surarit et. al., 1995) and chitinases
(Kaomek et al., 2003), it is mainly the B-D-glucosidases and related enzymes that act on
glycosides (Svasti et al., 1999; Arthan et al,, 2002, 2006, Chuankhayan et al., 2005, 2007a,
2007b).

Many of thesg glycosides and their enzymes function in defense against herbivores
and parasites in plants (Esen, 1993; Falk and Rask L. 1995; Morant et al., 2008). Many plant
p-glucosidases, for instance, hydrolyze glycosides to produce toxic substances upon .
disruption of their tissue integrity, such as linamarinase in cassava, which produces a
cyanogenic product (Dunn, Hughes, and Sharif, 1994). Similar B-glucosidases may similarly
release HCN in other plants (Poulton, 1990; Cicek and Esen, 1998; Morant et al., 2008).
Other compounds, such as rotenone and rotenoids from Dalbergia species may also be toxic
to insects (Abe et al., 1985). Thus, these compounds are of interest in the control of insects,

Glycosides and the glycosidases that hydrolyze them have many functions and
applications of current or potential economic significance to Thailand. For instance, since
vitamins and beneficial phytoestrogens in plants are often glycosides, animal feeds derived
from plants may be treated with B-glucosidases and other glycosidases to improve nutritional
availability of the vitamins (Gregory, 1998). Additionally, resveratrol, a substance associated
with health benefits found in red wines may be increased in the wine by addition of B-
glycosidases. (Gonzalez-Candelas ef. al., 2000). In addition, the aroma of tea increases over
time upon processing due to the gradual mixing of glycosides of aromatic compounds
(especially primerverosides) with the enzyme(s) that hydrolyze them and . release the
aromatics (Mizutani et al., 2002), Volatile compounds from flowers are also released from
glycosides by B-glucosidases (Reuvni et al., 1999).

Many glycosides, some with useful bioactivies have been characterized from
Dalbergia sp. and related legumous trees found in Thailand. These include rotenone and
rotenoid glycosides like amorphigenin-8’-p-D-glucoside and dalbin from Dalbergaia
monetaria L (Abe et al., 1985) and Dalbergia latifolia (Chibber and Khera, 1979) and
dalcochinin-8’-O-B-D-glucoside from Dalbergia cochinchinensis Pierre (Svasti ef al., 1999),
and other isoflavonoids like isocaviunin 7-gentiobioside from Dalbergia sisso (Sharma et al.,
1980) and 5-hydroxy-5,7-dimethoxy-4’-0-(6-O-B-p-furanosyl-p-D-glucopyranosyl)
isoflavone from Dalbergia nigra (Mathias et al, 1998). Additionally, many other
compounds have been described from Dalbergia species that may potentially be O-
glycosylated as well (Donnelly ef al, 1965, 1968; Muangnoicharoen and Frahm, 1981; Rao
and Rao, 1991; Bekker et al, 2001; Shirota et al, 2003). Since plant alkaloid synthesis and
other metabolic pathways involve glycosylation to block certain reactions, followed by
deglycosylation at the appropriate step (Warzecha et al., 2000), it is anticipated many other
glycosides remain to be found. Many of these glycosides and potential aglycones have been
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shown to have biological activities such as being insecticidal to mosquito larvae,
antioxidants, inhibitors of enzymes involved in disease, etc. Svasti ef al. (1999) showed the
enzyme which hydrolyzed a glycoside from a plant is a useful tool in identifying that
glycoside and purifying it. They have since used the same B-glycosidase to identify new
glycosides from other plants, such as torvasides A and H from Solanum torvum (Arthan et al.,
2002). Since the gfycoside and aglycone often have quite different bioactivities, it is useful to
have a gentle way to hydrolyze the glycoside to test both (Svasti et al., 1999).

In addition to the identification of new glycosides, B-glucosidases can be used to
convert known glycosides to useful forms, with one of the prominent targets being soy
isoflavones. The soy isoflavones, predominantly diadzein, genestein and glycitein, have been
shown to reduce the incidence of breast, prostrate and colon cancer (Barnes and Messina,
1991; Messina et al., 1994; Hendrich et al, 1994), Since they are phytoestrogens, soy
isoflavones have also been considered as a potential treatment for menopausal women, since
the normal estrogen-replacement therapy carries the risk of stimulating some forms of breast
cancer (Song et al., 1999; Albertazzi and Purdie, 2002; Barnes, 2003). In addition, these '
isoflavones are antioxidants and have been reported to have anti-atherosclerotic properties
and lower blood glucose and low-density lipoproteins, while increasing high-density
- lipoproteins, so they provide protection from coronary disease (Kwon et al., 1998; Chung et
al., 2000; Demonty et al., 2003). Although there is some debate, due to the presence of
bacterial and human B-glucosidases in the intestines, deglycosylating the glycosides of these
isoflavones, daidzin, genestin, and glycitin, appears to improve their bioavailability (Barnes
and Messina, 1991; Anderson et al., 1995; Bahram et al., 1996). Thus, B-glucosidases from
almond and bacteria have previously been analyzed for their actions in releasing the free soy
isoflavones from their glycosides, and showed varying degrees of efficiency (Hessler et al.,
1997; Pandjaitan et al., 2000; Tsangalis et al., 2002; Ismail and Hayes, 2005).

Using the evolutionary relationship between these enzymes, we have cloned ¢cDNA
for PB-galactosidases, B-glucosidases, and chitinases from various plants (Ketudat Cairns ef
al., 2000, Ketudat-Cairns et af, 1999, Kaomek et al., 2003, Opassiri et al, 2003, 2006,
Chuankhayan et al, 2007b). The novel rotenoid B-glucosidase from Dalbergia
cochinchinensis Pierre, dalcochinase, which was the first enzyme cloned in an effort with the
Chulabhorn Research Institute Biochemistry laboratory, had a potentially useful substrate
{Svasti et al., 1998; Ketudat Cairns ef al., 2000). This dalcochinase can also be used for
synthesis of p-glucosides of various alcohols (Lirdprapamongkol and Svasti, 2000; Svasti et
al, 2003). A closely related B-glucosidase from Dalbergia nigrescens has also been cloned
recently (Chuankhayan et al., 2007b). This enzyme was 81% identical at the amino acid level
to the D. cochinchinensis P-glucosidase and the substrate-specificity is similar, but there are
significant differences and the major natural substrates are not the same. At the start of this
project, we had still not completely defined the substrates for Dalbergia nigrescens, so. this
was one of the first activities of this project. We have previously expressed recombinant D.
cochinchinensis enzyme in P. pastoris, however the low yields made it difficult to completely
characterize and engineer the enzyme (Ketudat Cairmns et al., 2000). Therefore, a new system
was developed for the expression of this enzyme that allowed purification via an N-terminal
His8-tag (Toonkool et al., 2006). This system ws also used to express D. nigrescens Dnbghu2
(Chuankhayan et al.,, 2007b), while several rice B-glucosidases and p-galactosidases and
Leucaena leucocephala chitinase were expressed as N-terminal thioredoxin and His6-tagged
fusion proteins in Escherichia coli in our group (Kaomek et al., 2003; Opassiri et al., 2003,
2006, 2007; Chantarangsee et al., 2007; Tantanuch et al., 2008; Seshadri et al., 2009). These
glycosidases provided useful tools that could be used to screen for, characterize and hydrolyze
natural glycosides in this work. Once the glycosides were found, they were purified for
structure elucidation and used to characterize the substrate-specificity of various glycosidases.



1.2. Research Objectives (Ingilszaafivoan1sitn)

1.2.1. Production and purification of B-glucosidases from Dalbergia sp and rice we have
previously cloned by recombinant methods or extraction from seeds.

1.2.2. Identification of natural glycoside substrates for the enzymes from their own plant
source and from extracts of other plants, especially Dalbergia nigrescens and rice.

1.2.3. Purification of the glycosides by chromatography using enzymatic hydrolysis as an
assay. |

1.2.4, Determination of the structures of the glycosides.

1.2.5. Application of Dalbergia B-glucosidase to conversion of isoflavone glycosides in
$0Y.

1.3. Scope of Research (vou1yavesn1sity)

Due to the limitation on funding, the project concentrated on glycoside-related aspects
of other projects. These included finalizing the structure of isoflavonoid glycosides from D.
nigrescens and their purification for use in comparing substrate specficities between D.
nigrescens and D. coehinchinensis B-glucosidases, application of Dalbergia p-glucosidases to
hydrolysis of soy isoflavones, and screening for substrates of B-glucosidases in rice plant and
Dalbergia seed extracts. Screening of glycosides provided by colleagues in India for
hydrolysis by various enzymes was also carried out. Efforts to solve the structures of the

isolated glycosides were also carried out, though only the D. nigrescens diglycoside substrate
structures were fully elucidated.

1.4. Short Description of Methods (feannuiiiostu)

Dalbergia cochinchinensis Pierre B-glucosidase was expressed in Pichia pastoris and
extracted from seeds and purified by column chromatography, as previously described
(Srisomsap ef al., 1996; Ketudat Cairns ef al, 2000; Toonkool et al., 2006). The B-
glucosidase from Dalbergia nigrescens Kurz, was purified from seeds (Chuankhayan et al.,
2005), as well as being expressed in the same system, and purified by dialysis of pichia
media, followed by immobilized metal affinity chromatography (IMAC, Chuankhayan et al.,
2007b). The B-glucosidases from rice were expressed in E. coli strain Origami(DE3) from
the pET32 plasmid and purified by IMAC, as previously described (Opassiri et al., 2003,
2006; Chuenchor et al., 2006; Seshadri et al., 2009).

Seeds of Dalbergia sp. were collected from trees on the campus of Suranaree University of
Technology, Nakhon Ratchasima, Thailand. The seeds were surface sterilized and ground in
a blender. The seed coats were separated from the remainder of the seeds (mainly
endosperm) and the endosperm portion was extracted in methanol. The seeds were ground
further and extracted sequentially with methano} and the crude extracts wre cleared by
centrifugation, extracted once with hexane and dried. The extract was redissolved in water
back extracted with ethyl acetate, then dried and redissolved in methanol. The extract was
further separated by LH20 resin column chromatography, then preparative TLC to give
purified D. nigrescens glycosides and some semipurified glycosides from D. cochinchinensis
and D, nigrescens.

In this project glycosidase enzymes purified from recombinant expression or natural
sources were used to screen for natural glycoside substrates from Dalberia sp. seeds and rice
seedling shoots and roots, and mature rice flowers, stems and leaves. The plants materials
were extracted with methanol or ethanol and the extracts dried. The extract was redissolved
in methanol and separated on an LH20 column, then the fractions were digested with or
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without the enzymes and the reactions concentrated, then spotted onto analytical TLC plates
to compare the with and without enzyme reactions. TLC plates were examined with long and
short wavelength UV light for absorbance and fluorescence, then sprayed with 10% sulfuric
acid in methanol and heated to 120 °C to detect sugars. Spots that changed positions with the
addition of enzymes were considered substrates of the enzyme utilized in the reaction.
Purification proce¢ded with preparative TLC, as desctibed for D. nigrescens substrates, and
reverse phase high performance liquid chromatography (HPLC), in some cases.

Purified products were analyzed by UV/visible spectrophotometry, mass spectrometry
(LCMS), and NMR to determine their structure. NMR techniques used for elucidationof the
D. nigrescens substrates included '"H-NMR, "C-NMR, and 2-dimensional analyses: COSY,
HMBC, HMQC and DEPT. Attempts were made to crystallize the compounds by
concentration and mixing of their alcohol solvents with water and other solvents, although
none yielded crystals. Glycoside sugars were also analyzed by hydrolysis with the enzyme
and with acid, then separation on TLC under conditions which separate sugars alongside
standard sugars for comparison, To determine the linkage cleaved by the D. nigrescens B-
glucosidase in its natural substrates, the substrate was digested to completion with either D,
nigrescens P-glucosidase or HCI, and the sugar silylanated with tetramethyl silane and
separated on GC-MS with sugar standards.

For analysis of hydrolysis of soy isoflavones by Dalbergia enzymes, pure soy isoflavone
glycosides, methanolic extracts, and buffered suspensions of soy flour were digested with D.
cochinchinensis dalcochinase, D. nigrescens p-glucosidase or almond B-glucosidase at 30 °C.
The soy flour suspensions were separated into soluble and insoluble fractions and extracted
with methanol, The amount of glycoside and aglycone remaining were analyzed by silica gel
TLC and quantified with reverse phase HPLC.

1.5. Benefits and output from this research project (52 Tomin 145unnmsiv)

From the work on glycoside characterization, hydrolysis of glycosides by
glycosidases, and identification of new glycoside substrates, we were able to contribute to the
publication of three papers (Chuankhayan et al., 2005, 2007a, and 2007b), as well as
providing data and compounds to contribute to future publications. The identification of the
mode of action of D. nigrescens B-glucosidase in cutting off a disaccharide from its natural
substrates led to a new Enzyme Commission number being designated (E.C. 3.2.1.161). This
work also contributed to the training of 2 Ph.D. students and several research assistants. The
work suggested that D. nigrescens B-glucosidase (and recombinant Dnbglu2) would be
appropriate enzymes for application to improving the nutritional value of soy in an industrial
setting, though no effort has since been made to do this due to the reluctance of Thai industry
to invest in development. In addition three rice glycosides were identified as potential natural
substrates for the enzymes in rice, although the small amounts and difficulty of purification
have prevented us from determining their structures to date.



2. Materials and Methods

2.1 Materials.

Dalbergia nigrescens Kurz. Dalbergia cochinchinensis Pierre seeds were collected at
Suranaree University of Technology. Rice seeds were obtained from the Nakhon Ratchasima
rice seed center, while flowering KDML105 plants were collected at the Pathum Thani Rice
Research Center of the Department of Agriculture.

Para-nitrophenyl glycoside substrates, and other commercial glycosides, aside from
isoflavone glycosides, were products from Sigma, Fine Chemicals (St Louis, MO, USA), as
was almond beta-glucosidase. Diadzein, diadzin, genestein, genestin, malonylgenistin and
glycitin were purchased from LC Laboratories (Woburn, MA, USA). Defatted soybean flour
from ADM Protein Specialties (Decatur, IL, USA). All other chemicals were analytical grade
or better. The IMAC resin was from GE Amersham Pharmacia Biotech (Uppsala, Sweden).

D. nigrescens isoflavone glycosides, dalpatin p-D-apiosyl-6-O-B-D-glucoside and
dalnigrecin B-D-apiogyl-6-O-B-D-glucoside, were. purified by the method of Chuankhayan et
al., 2005. The suface-sterilized seeds were ground briefly in a blender and the pericarp
removed, then the endosperm was ground to a powder, which was extracted with 3 volumes

of absolutemethanol by stirring overnight at room temperature. The extract was filtered and
partitioned in a separtory funnel with 1 volume of hexane. The methanol phase was dried by
rotary speed vacuum and the residue dissolved with water. The water fraction was extracted
with 2.5 volumes of ethyl acetate and then dried by speed vacuum. The dried residue
was dissolved with methanol and separated on a 1.2 by 85 cm Sephadex LH-20 gel
filtration chromatography column. The compounds were eluted with methanol, and the
fractions containing B-glucosidase substrates were identified by digestion with or without §-
glucosidase (10% substrate by volume) in 0.1 M NaOAc (pH 5.0) 10 min at 30°C. '
The products were separated on analytical silica gel 60 F254 aluminum TLC sheets developed
twice with solvent A, (EtOAc/methanol/H2O/acetic acid 15:2:1:2 by
vol). The sheets were visualized under 254 nm wavelength UV light to identify spots with
shifted mobility after enzymatic digest. Dalpatin 3-D-apiosyl-6-O-B-D-glucoside (1) and
dalnigrecin B-D-apiosyl-6-O-p-D-glucoside (2) were purified from pooled fractions by
preparative thin-layer chromatography by developing twice with solvent A. The LH-20
column fractions containing dalpatin B-D-apiosyl-6-O-B-D-gluceside (1) were incubated
overnight in 0.1 M NaOAc buffer, pH 5.0, with D. cochinchinensis B-glucosidase to
hydrolyze low abundance glycoside contaminants before TLC purification of the compound 1
glycoside. The glycosides were digested to the aglycones with 0.1 unit of D. nigrescens -
glucosidase by in 0.1 M sodium acetate buffer, pH 5.0, at 30°C, overnight. The aglycone of
dalnigrecin was purified by preparative silica gel 60 F254 TLC using solvent B
(EtOAc/methanol/H,0 5:2:1 by vol).

Dalcochinin p-D-glucoside was purified from D. cochinchinensis seeds by ethanol
extraction. Ten grams of seed powder was stirred 16 h with ethanol at room temperature.
The ethanol extract was decanted off the seed powder and filtered, thend dried, and the solid
residue was extracted with hexane 2-3 times and redissolved with methanol. This crude
extract was separated on an LH-20 column with methanol as eluent. The pooled daicochinin
glucoside fraction was further purified by HPLC on an Agilent XDB-C,; reverse phase
column with 38% methanol as solvent on an Agilent 1100 series HPLC with detection by
absorbance at 260 nm wavelength on a diode array detector. The dalcochinin glucoside
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fractions were collected and dried by speed vacuum. The mass of the purified glycoside was
verified to match dalcochinin B-D-glucoside by electrospray mass spectrometry.

2.2 Enzyme assays.

Assays for B-gludosidase, f-fucosidase and other glycesidase activities were tested by
hydrolysis of p-nitrophenol (pNP) glycosides in 0.1 M sodium acetate, pH 5.0 for
dalcochinase and initial rice glycosidase studies and pH 5.5 for D. nigrescens for 10 min, as
described by Surarit et al (1995). To test hydrolysis of natural glucosides, enzyme was
incubated with the substrate for 10 min, as above, and the glucose released was quantitated
with a PGO glucose oxidase assay (Sigma Fine Chemicals). For soy isoflavone glycosides,
the glucose was detected in this manner, but with a reduced PGO development time (15 min)
to avoid interference by the isoflavone aglycones or the aglycones were detected by HPLC
according to the method of Chuankhayan et al. (2007a). The compounds were separated with
an Eclipse XDBC18 (4.6 by 250 mm, 5 um) reverse phase column on a Hewlett-Packard
series 1100 HPLC (Agilent Corp., Palo ‘Alto, CA) with the UV detection at a wavelength of
260 nm. Solvent A was 0.1% phosphoric acid in water, and solvent B was acetonitrile. The
sample was injected in 10% solvent B, and was held at 10% B for 5 min and then increased in
a linear gradient from 10 to 35% B over 45 min at a flow rate of 0.8 mL/min.

2.3. Recombinant expression and purification of Dnbglu2

The pPICZo/Dnbglu2 plasmids was linearized with Sacl restriction enzyme and then
transformed into P. pastoris strain YM11430 by electroporation. The transformed P. pastoris
strain was grown in BMGY medium and induced in BMMY medium with 1% methanol
induction as described in the Pichia manual (Invitrogen) for small scalé expression. The
media were tested for hydrolysis of 1 mM pNP-Fuc, using 5 pL of media, as described above.
Then, the reaction was stopped with 2 volumes of 2 M Na;CO; and the absorbance of the
* released p-nitrophenol (pNP) was measured at 405 nm. To obtain more protein, it was
expressed in a 1-L culture in a 2-L fermentor by methanol-limited fed-batch fermentation in
defined media, as previously described by Charoenrat et al. (2005). The media was dialyzed
and concentrated. Recombinantly expressed enzymes were purified from desalted,
concentrated fermentor media with Talon Co®" immobilized metal affinity chromatography
(IMAC) resin, according to the manufacturer’s protocol (Clontech, Mountain View, CA,
USA). The purified enzyme was used for screening for glycosides from Dalbergia seeds, as
well as to test for hydrolysis of isoflavone glycosides in soy flour.

2.4. Recombinant expression and purification of rice B-glucosidases

Rice Os3BGlu6, 0s3BGlu7 and Os4BGlul2 P-glucosidases were expressed and
purified as previously described (Opassiri et al., 2003; 2006; Seshadri et al., 2009). All three
enzymes were expressed as N-terminal thioredoxin/hexahistine-tagged fusion proteins from
the pET322 (Os3BGlu7) or pET32/DEST (0s4BGlul2 and Os3BGlu6) plasmids. The
plasmids were transformed into Origami(DE3) or Origami B(DE3) strains of E. coli and
expressed by IPTG induction at 20°C, after the culture reached an optical density of 0.4 to 0.6
at 600 nm of growth at 37°C in LB medium containing 50 pg/ml ampicillin, 15 pg/mi
kanamycin and 12.5 pg/ml tetracycline. After 16 to 20 h of induction, the cells were pelleted
by centrifugation at 4500 rpm for 15 min at 4°C, then frozen at -80°C. '
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The cell pellets were thawed and suspended in 5 mL/g pellet freshly prepared
extraction buffer (20 mM Tris-HCl, pH 8.0, 300 mM sodium chloride, 200 pg/mL. lysozyme,
1% Triton-X 100, 1 mM phenylmethylsulfonylfluoride (PMSF), 0.1 mg/ml trypsin inhibitor
and 0.25 mg/mL DNasel). The suspension was incubated at room temperature for 30 min,
mixed, then segregated into soluble and insoluble fractions by centrifugation at 12,000 rpm at
4°C for 10 min. The soluble fractions were transferred to 4 column of immobilized metal
(cobalt) affinity chromatography (IMAC) resin (GE Healthcare) that had been washed with 10
volumes of equilibration buffer (20 mM Tris-HCIl, pH 8.0, 300 mM NaCl), the column was
generally capped and inverted at 4 C for 30 min, before allowing the flow-through fraction to
flow out the bottom. The column was then washed with 5 volumes of equilibration buffer,
then 5 volumes of 5 mM imidazole in. equilibration buffer (wash 1), and finally with 5
volumes of 10 mM imidazole in equilibration buffer (wash 2). The IMAC bound protein was
eluted with 250 mM imidazole in equilibration buffer and the fractions tested for activity with
1 mM pNPGle, and for protein by 12.5% SDS-PAGE. The buffer was then changed and the
protein concentrated in a 30 kDa MWCO centrifugal filter (eg. Centricon YM-30, Millipore).
Activities were determined by the standard assay described above (1 mM pNPGle as
substrate), and 1 unit of activity was defined as the amount of enzyme that released 1 pmol of
pPNP per min.

For Os3BGlué, the protein was digested with tobacco etch virus protease (TEV) and
further purified by a further round of IMAC. The protein eluted in the equilibrium wash and
wash 1 fractions and was concentrated by centrifugal filtration as described above,

2.5. Identification of Dalbergia nigrescens natural substrates.

The natural substrates for Dalbergia nigrescens had been purified before this work
began, but were further characterized. Briefly, the compounds were extracted from the
deshelled, powdered endosperm of D. nigrescens with methanol, then the extracts were dried,
the compounds taken up with water and back-extracted-with 2.5 volumes of ethyl acetate, and
the water fraction dried. The compounds were redissolved in methanol and separated on an
LH20 column and fractions containing substrates were identified by digesting 10 microliter
aliquots in the standard enzyme reaction (above) with D. nigrescens B-glucosidase. To
remove one coeluting compound from compound 1 (Dalpatein apiosyl-glucoside), the pool of
~ the fractions containing this compound was digested with D. cochinchinensis B-glucosidase.
The substrates were then separated on preparative silica gel TLC (Merck) and the bands
scraped off the TLC and extracted from the silica gel with methanol. The substrates were
dissolved in deuterated DMSO and analyzed by 'H- and PC-NMR, along with COSY,
NOESY, DEPT, HMBC, and HMQC.

To identify the sugar, 5.5 mgs of each glycoside was boiled with 0.7 mL 0.1 N H;S0,
in 1 mL microcentrifuge tube for 25 min. The solution was cooled and extracted with n-
butanol, then neutralized with NaHCO; and the aqueous layer was dried by rotary evaporator.
Alternatively, the sugar was removed from the aglycone by overnight digestion with D.
nigrescens B-glucosidase. The released sugar was isolated by silica gel chromatography,
followed by trimethylation or digest with sulfuric acid as described above. The
trimethylsitylation of sugar was done by the method of Nikolov and Reilly (1983} with three
milligrams of dried residue. The trimethylsilylation mixture was injected into the gas
chromatograph and separated with the following conditions: injector at 250 °C; split ratio
20:1; helium carrier gas at 1.2 mL/min; the column temperature was held at 150 °C for 5 min
. and increased to 190 °C at 20 °C/min and held for 20 min. Mass spectra were collected with
a source temperature of 200 °C, a source voltage of 70 eV, and 3.2x 107 torr.
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2.6. Identification and purification of rice glycosides

Five to seven-day-old rice seedlings were divided into the root, shoot, and remaining
seed for extraction. Rice stems and leaves were cut into approximately 2 c¢m long pieces.
The different fractions were extracted in 2-5 volumes of methanol, stirring overnight, then the
methanol extract was separated from the plant material. The éxtract was centrifuged at 12,000
rpm for 15 min at room temperature to remove any solid material, then extracted with an
equal volume of hexane. The methanol fraction was dried on a rotary evaporator. In the case
that le?f or stem material with a high amount of chloroform was used, the dried extract was
extracted several times in cold acetone until the color faded. The rice extract was redissolved
in methanol and aliquots were tested for digestion with enzymes, while the remainder was
fractionated on an LH20 liquid chromatography column with methanol as solvent. Fractions
were screened by digesting with and without enzymes (10% fraction in a standard enzyme
reaction with Os3BGlu7 or Os4BGlul2). Fractions containing apparent glycosides were
further fractionated on preparative silica gel TLC, In the case of the mature leaf and stem
fractions, the compounds of interest were further separated on an analytical C18 reverse phase
HPLC column in 30-40% methanol, 0.05% TFA in water, with UV detection at 220, 254, and
360 nm. Putatively pure peaks were analyzed by NMR and mass spectrometry.

2.7. HPLC and TLC analysis of hydrolysis products

The reaction products after enzymatic hydrolysis of natural substrates were separated
and quantified with an Eclipse XDB-C18 (4.6 mm x 250 mm (5 pm)) reverse phase column
on an HP-Series 1100 HPLC (Agilent Corp, Palo Alto, CA, USA) with a linear gradient of 0-
100% methanol in 0.1% TFA/water.

TLC of hydrolyzed products was performed on analytical silica gel 60 Fzs4 aluminum
(Merck, Darmstadt, Germany) with CHCl:/MeOH/H,O (15:3:1) as solvent.

2.8. Analysis of Dalbergia p-glucoesidase hydrolysis of glycosides from soy flour.

Ten grams of defatted soybean flour was extracted with 40 mL of 80% methano! by
stirring overnight at room temperature. The solid was removed from the extract supernatant
by centrifugation at 12,000 rpm for 15 min. Ten microliters of crude soybean extract was
hydrolyzed with 0.001 unit of B-glucosidase in 100 pL 0.1 M sodium acetate buffer, pH 5.5.
The reaction mixtures were incubated at 37°C for 10 min or 16 h, and the reaction was
stopped by boiling for 5 min. The stopped reactions were dried by speed vacuum and
resuspended in 100 pL. 10% acetronitrile in 0.1% phosphoric acid/water. A control reaction of
crude extract without enzyme was set up in the same manner,

To test the use of D. nigrescens $-glucosidse in hydrolysis of glycosides directly in
soy flour, the defatted soybean flour was suspended in 0.1 M sodium acetate buffer, pH 5.5,
(0.15 g/mL), and 200 pL aliquots of the suspension were incubated with and without 0.001
unit of D. nigrescens B-glucosidase. The reaction mixtures were incubated at 37°C for 10 min
and the reaction stopped by boiling for 5 min. The reactions were centrifuged at 12,000 rpm
for 5 min to remove the supernatant and the solid was extracted with 80% methanol, the
methanol extract was removed by centrifugation at 12,000 rpm for 5 min. The reaction
supernatant and methanol extract were dried by speed vacuum and resuspended in 20 pL 10%
acetronitrile in 0.1% phosphoric acid/water. The hydrolysis of diadzin and genistin in the soy
flour suspension was evaluated by thin layer chromatography with butanol: methanol: acetic
acid: water (15:1:2:2) (v/v) as solvent.

The kinetic properties of both Dalbergia B-glucosidases toward soybean isoflavonoid
glycosides were determined by incubating genistin, malonyl genistin and daidzin at
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concentrations of 0.035-1 mM in 50 pL reactions containing 5% DMSO in 0.1 M sodium
acetate buffer, pH 5.5, with 0.45 ng of D. nigrescens or 10 ng of D. cochinchinensis B-
glucosidase at 30°C. After 10 min, the reactions were stopped by boiling for 5 min. The
reactions were dried and resuspended in 50 pL of 0.1% phosphoric acid in water (solvent A),
then 20 pL of each sample was injected for HPLC analysis. The column was equilibrated with
85% solvent A. After the sample was injected, ACN was inlcreased from 15% to 35% as a
linear gradient over 45 min. The aglycone product of each soybean isoflavonoid glycoside
substrate was detected by measuring the absorbance at 260 nm. The amounts of liberated
aglycones were calculated from aglycone standard curves of genistein and daidzein over the
0.7-10 ‘mmol range. The calculation of kinetic parameters were obtained from the double-

reciprocal (Lineweaver Burke) plots. The kinetic constants shown are mean values of
duplicate determination.

2.9. Determination of antioxidant activity (DPPH (diphenylpicryhydrazyl) radical
scavenging assay). ‘

The DPPH assay was performed as described by Gerhauser et al. (2003). Five
microliters of test compounds (in DMSQ) were mixed with 195 uL of 100 uM DPPH
solution (in ethanol) Yin a 96-well plate and incubated at room temperature for 30 min.
Vitamin C (at 1 mM final concentration) was used as the positive control and the reaction
without the test compound was used as the solvent control. Absorbance was measured at 515
nm in a microplate reader. The data was expressed as percent residual DPPH radicals
compared with the solvent control, calculated as follows:

% Radical Scavenging Activity = [1-(AbS pepi-Abs )] x 100%
sample
Abs DPPH
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3. Results

3.1. Dalbergia nigrescens natural substrates and the mechanism of their hydrolysis.

Previously, we had purified and characterized two substrates from the seeds of D.
nigrescens, but the structures of their sugars were still unclear. Although NMR showed
signals consistent with B-D-glucopyranosyl and {-D-apiosyl residues, no glucose could be
detected to be released from the substrates. However, when the substrate was hydrolyzed
with sulfuric acid, glucose and apiose could be identified by TLC and by GC-MS after
silylation by comparison to standard sugars. When the enzyme hydrolysis products were
compared, a slower migrating compound was detected in place of the sugars, and this
compound was hydrolyzed to glucose and apiose by sulfuric acid. Therefore, based on the
NMR data (Table 1), the structures were determined to be 6,2'-dimethoxy-4',5'-
methylenedioxyisoflavone 7-O-[p-D-apiofuranosyl-(1—6)-p-D-glucopyranoside] or dalpatein
7-O-B-acuminoside (acuminose being the disaccharide of [-D-apiofuranosyl-(1-—6)-D-
glucose) and 7-hydroxy-2’,4°,5’,6-tetramethoxyisoflavone 7-O-[f3-D-apiofuranosyl-(1->6)-p-
p-glucopyranoside], named dalnigrein 7-O-B-D-apiosyl-(1-—6)-p-D-glucoside or dalnigrin, as
shown in Figure 1. [n both cases, it was clear that the sugar must be hydrolyzed from the
substrate as a dissacharide (acuminose) by the D. nigrescens enzyme.

Since the substrates of D. nigrescens P-glucosidase were isoflavonoids, the the
isoflavonoid glycosides, its activity toward the soy isoflavonoid glucosides diadzin' and
genestin were tested, and it was found to hydrolyze them well. When the activity toward
these glucosides was compared to the natural substrate diglycosides, it was found that the
enzyme hydrolyzed the isoflavone glucosides somewhat better, due to 5-7-fold lower Ky
values, though apparent k. values were similar (Table 2). So, the D. nigrescens enzyme
could properly be designated as an isoflavone 7-O-B-D-glucosidase. '

Subsequent to the 1mt1a1 characterization, the D. nigrescens Dnbglu2 cDNA was
cloned and used to express Dnbglu2 B-glucosidase in Pichia pastoris. The recombinant
enzyme was tested with the natural substrates that were purified from D. nigrescens and D,
cochinchinensis seeds and the kinetic parameters for hydrolysis determined, as shown in
Table 3. Then, the hydrolysis of Dalbergia natural substrates was compared with D.
cochinchinesis dalcochinase, as shown in Figure 2. It was clear that Dnbglu2 hydrolyzed the
D. nigrescens substrates much better, while dalcochinase hydrolyzed dalcochinin better.
Dnbglu2 also hydrolyzed diadzin 3.1-fold and genistin 2.8-fold more rapidly than
recombinant dalcochinase expressed in the same system, in terms of relative activity with 1
mM substrate.

3.2. Action of Dalbergia p-glucosidases on soy isoflavone glycosides.

To test the usefulness of Dalbergia P-glucosidases for conversion of natural -
glycosides of economic importance, the D. nigrescens and D. cochinchinensis B-glucosidases
were compared with commercial almond P-glucosidase for hydrolysis of isoflavone
glycosides in methanolic extracts of defatted soy flour. As seen in Table 4, the Dalbergia
enzymes hydrolyzed nearly all identified isoflavoniod glycosides faster than almond b-
ghucosidase, except that D. cochinchinensis dalcochinase hydrolyzed glycitin at nearly the
same rate as almond P-glucosidase. However, D. nigrescens exhibited the most rapid
hydrolysis of all substrates, including diadzin, genistin, glycitin, acetyl diadzin, malonyl
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diadzin, acetyl genistin and malonyl genistin, the last of which was not significantly
hydrolyzed by almond B-glucosidase after 16 h of incubation.
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Table 1. "H and ®C NMR Spectral Data of Compounds 1, 2 and 2a,

Compound (BMSO-4) Compound 2 (D,0) Compound 2a (CD,0OD)
Lpfdu'ion ¢ 'H HMBC e 'H HMBC - c 'H HMBC
2 15442 CH B9 () 156,40 CH 803 (5) 15624 CH 7.87(s)
3 12103 C 2,36 12105 C 2,76 | ios2c 2,36
4 174,66 C 2,58 17747 C 2,58 176.48 C 2,5,8
s 10463 CH  7.44(s) 8 10521 CH 71K 9 ] 102.72 CH 6.50 {s) 8
6 14731 € 5,8,0Mc | 15143 C 580Me | 15292 C 5,8, 0Me
7 T st 58 15219 C 5,8 15330 C 53
8 10372 CH  732(8) 5 104.10 CH 135(9) 5 10197 CH 133 (9 s
9 15119 C 2,58 14158 € 2,58 15018 C 2,58
10 11768 C 2,58 msz ¢ 2,58 a2 ¢ 2,58
Y Hz9 ¢ 2,36 | 16 C 23,6 nss ¢ 2,36
7 15277 C 3,6, ome| i5206 C ¥.¢ oM | 1B3C ¥ ¢, OMe
3’ 9545 CH 687 (s) &' %72 CH 6.71(s} ¢ 98.76 CH 6.73 () I
g 4779 C I Y 14975 € 3,6’ oMe | 15206 C 3 ¢ oMe
s 140.26 C 3¢,y 14235 C 3,6 OMe | 143.10 CH 3, 6" OMe
¢ 110.9¢ CH 683( 3 8.1 CH 6.86(5) 3 11690 CH 693 (8 ¥
7 101.08 CH 6.0(s)
1" ] 9950 CH  5.08(d) J=6.84 10026CH  521(d) J=7.00
2" 7298 CH 133 72.94 CH 165
3" 76.67 CH 334 7709 CH 3.86
'y 69.80 CH 315 69.57 CH 3.59
s 75.65 CH 3.60 75.41 CH 3.76
¢ 6785 CH, 3.83(d)J=9.19 6776 CH,  4.02(d) 1=9.15
T 0948 CH  4.80(d) F=2.94 10933 CH  5.02(d) 3=2.87
2" 7535 CH 377 75.69 CH 3.69
3" 78.60 C 7951 C
4" 7330 CH, 393 73.87 CH, 392
5" 63.32 CH, 33 64.02 CH, 3.5
6-OMe 5875 3.93 6-OMe 36.67 373 6-OMe 55,98 380
2-OMe 56.63 3.66 7'-OMe 56.85 3.68 2'-OMe 5635 315
4'-OMs 56,17 385 4-OMe 5468 - 395
s'-OMe 56,38 382 5"-OMe 55.65 350

Note: Compound one corresponds to D. nigrescens substrate DnS1 or Dalgrecin (dalpatein apiosylglucoside),

while Compound 2 is substrate DnS2 or Dalnigrin and Compound 2a is its aglycone.

Table 2. Kinetics of hydrolysis of natural substrates and soy isoflavone glucosides

Substrate Ky (mM) ke (5 Keg Ko (M 5
pNP-B-D-glucoside 147 10.4 876
pNP-B-D-fucoside 1.8 7.0 4020
Dalnigrecin (DnS!) 0.5 465 9.9x 10°
Dalnigrin (DnS2) 0.7 334 44x10°
Daidzin 0.11 480 44x10°

| Genistin 0.09 500 56x10°

The values of keat and k /K., Were estimated assuming a subunit molecular weight of 62 kDa.
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compound 1

comﬁound la

Compound 1

compound 2

compound 2 a

Compound 2

Figure 1. Structures of D. nigrescens natural substrate glycosides and their aglycones.
Compound 1 corresponds to Dalnigrecin (dalpatein B-apiosyl glucoside), while Compound 2
corresponds to Dalnigrin (dalnigrein B-apiosyl glucoside, which are also designated D.
nigrescens B-glucosidase substrates DnS1 and DnS2, respectively.
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Table 3. Kinetic properties of D. nigrescens -glycosidase toward its natural substrates.

[4

Substrates * Pnbglu2
Ko (mM) ke () kel K (5TMY)
dalpatein-"i-D—B-D-apioﬁlranosyl (1,6)-p-D- 5.143.5 27+ 15 (5.3% 3.1) x10°
glucopyranoside
dalnigrein-7-O-B-D-apiofuranosyl (1,6)-B-D- 4954 0.90 239 £ 97 (5.6 2.3) x10°
ghicopyranoside _
dalcochinin-B-D-glucopyranoside

7418 62+ 13 (8.4+18)x10°

*Calculation of kinetic parAmeters with standard errors were obtained from linear regression of the double-
reciprocal {Lineweaver—Burk) plots with the Enzfitter 1.05 program (Elsevier Biosoft, Cambridge, UK.).

123 45 6 7 8 9101112

Figure 2. TLC of dalcochinin B-glucoside, dalpatein apiosylglucoside (DnS1) and dalnigrein
apiosylglucoside (DnS2) hydrolysis by recombinant Dnbglu2 and D. cochinchinensis B-
glucosidases. Digests were done with 0,01 unit for 16 hrs at 30°C. Lane 1, glucose std; lane
2, apiose std; lane 3, cellobiose std; lane 4, dalcochinin std; lane 5, dalcochinin hydrolyzed
with recombinant D. cochinchinensis; lane 6, dalcochinin hydrolyzed with Dnbglu2; lane 7,
DnS1 std; lane 8, DnS1 hydrolyzed with recombinant D. cochinchinensis; lane 9, DnS1
hydrolyzed with Dnbglu2; lane 10, DnS2 std; lane 11, DnS2 hydrolyzed with recombinant D.
cochinchinensis; lane 12, DnS2 hydrolyzed with Dnbglu2. _
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Table 4. Comparison of the effect of prolonged incubation of Dalbergia pB-glucosidases and
almond P-glucosidase. The crude extract was hydrolyzed with 0.001 unit of the f-
glucosidases for 10 min and 16 h at 37°C.

Soybean glycosides % hydrolysis of substrates iy extract
D. nigrescens p-glucosidase  D. cochinchinensis f-glucosidase Almond p-glucosidase
10 min 16 h 10 min 6h 16h

Daidzin 100 100 52 100 74
Glycitin 100 100 5 31 33
Genistin 100 100 62 98 70
Malonyldaidzin 5 60 0 10 10
Acetyldaidzin 100 100 0 44 17
Malonylgenistin 63 96 0 12 0
Acetylgenistin 100 100 0 47 18

To further characterize the differences between the two Dalbergia enzymes, their
kinetic parameters for hydrolysis of diadzin, genistin and malonyl genistin were determined.
As shown in Table 5, D. nigrescens hydrolyzed diadzin and genistin with 6-fold lower Km
values than D. cochinchinensis, and also showed a nearly 10-fold higher ke for diadzin,
although its key for genistin ws slightly lower. ' In contrast, D. cochinchinensis had a much
lower K, for malonyl genistin, but barely hydrolyzed it, due to its extremely low key, which
suggests it can bind mainly in an unproductive or suboptimal position for hydrolysis. In
contrast, D. nigrescens had a >200-fold higher ke, with a 5-fold higher Ky, thereby allowing
it to hydrolyze genistin more rapidly at nearly all concentrations, '

Table S. Kinetic properties of purified Dalbergia B-glucosidases with soy isoflavone
glycosides.

- D. nigrescens B-glucosidase D, cochinchinensis B-glucosidase
substrate Ko, (mM) Koo (8% ke /K, (M) E,(mM) Ko (3™ Koy 1Ky (MI5)
Genistin 0.06£0007 700+40  11x10°27x10° 03810026 8161538  43x10°:50x10°
Daidzin 0.14+£0017 298+18  21x10°+13x10° 088+£0.007 311251 37x10':1.4x% 107
Malonyl genistin ~ 0.48 £0.042 5249 LIx10°+22x10°  0.08+0008 023%0015 29x10°%146

Although D. nigrescens exhibited high activity toward isoflavone glycosides in
methanolic extracts, it was unclear how useful this would be for treatment of soy flour to
increase the levels of free isoflavones. So, D. nigrescens enzyme was tested for treatment of
soy flour suspended in buffer. As seen in Figure 3, treatment with D. nigrescens f-
glucosidase not only resulted in hydrolysis of diadzin and genistin in the aqueous phase, but
also of the diadzin and genistin that remained associated with the flour particles and could be
extracted from these particles with methanol. Thus, it appears to be applicable in conditions
that could be used in food processing.
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Many of the desireable properties of diadzin and genistin stem from their antioxidant
capabilities, so the ability of D. nigrescens B-glucosidase to release antioxidant activity was
assessed. The antioxidant properties of daidzin and genistin were tested with and without
treatment with D. nigrescens B-glucosidase by the DPPH assay with daidzein and genistein as
positive controls. After hydrolysis with D. nigrescens 8-glycosidase, the antioxidant activity
of 1 mM daidzin and genistin were the same as ImM' daidzein and genistein, with
approximately 6% and 30% of the radicals scavenged, respectively. Without enzyme
hydrolysis, no radicals scavenging activity could be detected for daidzin and genistin at the
same concentration. However, crude soy flour extract with or without digestion was found to
have 100% scavenging activity in this assay, suggesting that compounds other than these
isoflavones were the main antioxidants in this extract.

Although several other spots that changed position when treated with D.
cochinchinensis or D. nigrescens B-glucosidases were identified in the seeds from which
these enzymes were derived, none of these compounds could be purified to homogeneity. It
appeared that these compounds were at lower concentrations and tended to be mixed with
other glycosides, making their purification difficult. - In addition, we were told that the group
of Dr. Palangpol Kongsaeree of Mahidol University had purified several of these compounds
from D. cochinchinengis seed extracts, so we did not pursue these compunds further.

3.3. Rice Glycoside Screening.

Since we have identified the genes for 34 putative GH1 [-glucosidases in rice
(Opassiri et al., 2006), it was of interest to see if natural substrate glycosides could be
determined for these enzymes, which might give a view of their function, and yield insights
into the roles of B-glucosidases in plants. Therefore, we started to screen for rice glycosides
that could be hydrolyzed by rice enzymes from rice extracts, similar to the identification of
substrates from Dalbergia seeds, with the Os3Bglu7 (BGlul) and Os4BGlul2 GHI b-
glucosidases and a GH family 5 enzyme, designated GH5BG, that had been expressed in a
recombinant E. coli system in our group. Initial woik was conducted with all three enzymes,
but later mainty the Os4BGlul2 was used for screening, since it was relatively stable and one
batch of purified enzyme could last longer than the other enzymes. Initial screening of the
LH20 column of a methanolic extract of 5-day-old rice seedling shoots with Os3BGlu7 and
0s4BGlul2 is shown in Figure 3.

The bright white fluorescent substrate that was identified by TLC was further
investigated by HPLC on a C8 reverse phase column. When the pool of the fractions
containing that spot was injected onto the HPLC with and without enzymatic digest, several
new peaks appeared in the digested pool compared to the undigested sample, but the
- glycoside peaks that were being digested were not obvious in the undigested sample
chromatogram (Figure 4). Nonetheless, the fractions containing the glycoside could be
identified by running the fractions collected from the HPLC on TLC. One spot was collected
and purified by this method, as shown in Figure 5. The nearly purified sample was analyzed
by NMR, but the amount of material was less than 1 mg and the 300 MHz NMR was not able
to give a clear spectrum from this small amount of incompletely purified material. Since the
postdoctoral researcher conducting this extraction went to a new position, the purification of
this compound was not continued. It was noted that fluorescence is generally very sensitive,
so spots identified by fluorescence may not have sufficient material for characterization
(despite the fact that the fluorescent substrates of D. nigrescens could be purified and
characterized).
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Figure 3. TLC of undigested and digested LH20 fractions of a 5-day-old rice seedling shoot
methanolic extract. A. 10 min digest of LH20 fractions 17, 19, 21 and 23 alone and with the
0s3BGlu7 (Bg7) and Os4BGlul2 (Bgl2) B-glucosidases. B. Overnight digest of the same
fractions with the same enzymes (with TLC developed a shorter time). The TLC were
visualized under UV light. Note the bright fluorescent white spot in fractions 19-23 is
decreased after incubation with either of the two enzymes.

Figure 4. Analytical C8 HPLC of péoled LH20 fractions containing the fluorescent glycoside
before (A) and after (B) digest with Os4BGlul2 $-glucosidase. The HPLC elution gradient
was in water for 5 min, then 0 to 60% methanol over 20 min, then from 60 to 100% methanol

in 5 min, and continuing in 100% methanol for 5 min, before returning to water. Absorbance
was monitored at 220 nm (UV).
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Figure 5. TLC of Semipreparative C8 HPLC fractions of the LH20 fractions 19-25 pool of 5-
day-old seedling shoot methanol extract: Detection under UV light was used to give the
fluorescent spot and spots that adsorbed the background (F254) fluorescence. The white spot

seen in the Figure 3 fractions can be seen to resolve into two closely linked spots in fractions
12 and 13.

Further work was done to test different rice seedling and flowenng stage tissues.
Glycosides were also identified in seedling roots, but the complexity of the sample and the
small amounfs also made these compounds difficult to purify. However a set of glycosides
was identified in fractions of rice leaves and stem from flowering stage, which were purified,
as described for the seedling shoot putative glycoside. The TLC spot position from initial
screening was used to identify the fractions containing the same compounds in large scale
LH20 column chromatography runs, as indicated in Figure 6. Once these fractions were
identified and pooled, they were separated by preparative silica gel TLC to generate a more
highly purified fraction, which was injected onto C18 HPLC to separate its components.
Since these fractions had quite similar polarity, the HPLC conditions had to be adapted to get
the maximal separation. Then, at least three glycoside components, designated Cl/sD1,
Cl/sD2 and CI/sD3, could be resolved as shown in Figure 7, with a fourth impure glycoside
fraction eluting in front of these resolved peaks at 6-7 min. Repeated analytical HPLC runs
were used to resolve the peaks, since attempts to move to semipreparative columns failed to
resolve the peak components. These compounds were further analyzed by mass spectrometry
and proton NMR were run on the isolated components, but the sighals were weak and
unclear. The mass spectrometry (Figure 8) indicated apparent molecnlar masses of 492
(M+H = 493) for Cl/sD1 and 688 (M+H = 389) for both CI/sD2 and Cl/sD3.

To test whether other rice B-glucosidases hydrolyze the same glycosides, hydrolysis of
the HPLC peak compounds by Os3BGlu6 and Os3BGlu7 was compared to that by
0s4BGlul2. As shown in Figure 9, all three enzymes seemed to rapidly hydrolyze CVsD1,
and no obvious differences could be seen in their rates of hydrolysis of this compound.
However, Os3BGlu6 hydrolyzed Cl/sD2 most rapidly, while Cl/sD3 was hydrolyzed most
rapidly by Os4BGlul2. This later result is interesting in that the two compounds have
identical molecular masses, suggesting they may be isomeric compounds, but the three rice
- enzymes tested could distinguish them. However, all three enzymes could hydrolyze each of
these glycosides to some extent. In contrast, the impure components that eluted at 4 min
seemed to have only a small amount of hydrolysis (light band at the top of the TLC) by all
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three enzymes, while the 6 min peak was only significantly hydrolyzed by Os4BGlul2.
These last two peaks are not yet pure enough and have not been further analyzed.

Figure 6. Fractions from the LH20 column of a methanolic extract of mature rice leaves and
stems, with the spot containing glycoside indicated by the arrow. Note that fractions from a
previous run identifying the glycoside by its hydrolysis are run on the sides to indicate the
position of the glycoside spot.
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Figure 7. Separation of the CI/sD components from LH20 and preparative TLC on reverse
phase HPLC. The peaks confirmed to contain glycosides are circled, starting from Peak 6,
followed by Cl/sD1, Cl/sD2 and Cl/sD3. The peaks were separated by isocratic elution on a
C18 analytical column in 30% methanol in 0.1% TFA with detection with 254 and 330 nm
light, | '
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Figure 8. Mass spectra of Cl/sD1 (top), ClsD2 (middle) and Cl/sD3 (bottom), The mass
spectra were collected by electrospray ionization mass spectrometry in positive ion mode.

A. CUsD peak 6 B, Cl/sD1 C. C¥sD2 - D.ClsD3

¢ 1231 23 cC123 123 C123123 - C1t1 231 23
15 min 30 min . 15 min 30 min 15 min 30 min 15 min 30 min

Figure 9. TLC of Cl/sD peak fractions digest by 0s4BGlui2, Os3BGlué and Os3BGlu7.
The fractions were run as a control reaction (C), reactions with Os4BGlul2 (1), Os3BGlu6
(2) and Os3BGlu7 (3). A. is Cl/sD HPLC separation peak 6, B is Cl/sD1, C is Cl/sD2 and D
is Cl/sD3. The digests included 1 mg/mL compound, 1 mg enzyme in 50 mM sodium
acetate, pH 5.0. The reactions were separated on Silica gel F254 analytical TLC and detected
by fluorescence absorption under UV light.
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Section 4 Analysis
4.1 Discussion:

This project consisted of two components, 1) cha.ractenzatlon of Dalbergza nigrescens
p-glucosidase natural substrates and hydrolysis of these and other known glycosides of
interest, such as soy flour isoflavones, and 2) identification of novel glycosides based on their
hydrolysis by the B-glucosidases available in our laboratory. Initially, these parts would have
both included Dalbergia pB-glucosidases, but the latter part of the project focused on rice p-
glucosidases at the end, due to the fact that we would like to determine the roles of the
various P-glucosidases found in rice. This work supplemented other projects in the
laboratory and contributed to three D. nigrescens B-glucosidase papers (Chuankhayan et al.,
2005, 2007a, 2007b), though these projects were largely funded from other sources. The rice
glycoside work is ongoing, and it is hoped that it will eventually yield publications as well.

When we started this project, we had run many of the NMR analyses of the D.
nigrescens substrates, but we were still not able to complete the structures, due to the
unexpected lack of glucose release upon hydrolysis. However, the discovery that the D.
nigrescens enzyme could release the sugar as a disaccharide (B-D-apiofuranosyl-(1,6)-D-
glucose, also called acuminose) solved this inconsistency and allowed resolution of the
structures of dalpatein apiosylglucoside and dalnigrin (dalnigrein apiosyl glucoside), as
shown in Figure 1. In fact, it was previously noted that chick pea B-glucosidases could
release acuminose from isoflavones (Hosel and Barz, 1975), and furcatin hydrolase, which is
primarily a disaccharidase releases the same sugar (Ahn et al,, 2004), although furcatin is not
an isoflavonoid. However, the reinvestigation of this activity led to a new enzyme
commission number being assigned to it, E.C. 3.2.1.168. This type of disaccharidase activity
can only work for (1,6)-linked disaccharide, since the nonreducing sugar must be folded back
alongside the -aglycone in the active site, since the bottom of the pocket has room for only
glucose (Chuankhayan et al., 2007b). The enzyme cannot hydrolyze p-1,4-linked
oligosaccharides and glycosides, such as cellobiose or pNP-cellobioside, since they are
straight chains that cannot fold back on themselves like the B-(1,6)-linkage can.

As noted in the Introduction, there has been significant inferest in the release of
isoflavones from their glycosides, due to their bioactivity and the possible increase in
bioavailability of these compounds. We also thought that the presence of more free
isoflavones could provide additional antioxidant activity to prevent oxidation of the soy
products leading to loss of quality. When tested, it was found that D. nigrescens had very
good ability to release soy isoflavones from their glycosides, including 6-O-modified
glucosides, such as acetyl-genestin and malony! genestin. These activities correlate well with
the natural substrates, which contain the addition of an apiosyl group on the glucose 6 carbon.
Recently a isoflavone B-glucosidase from soybean roots has been identified that had even
higher specificity for malonyl genistin (Suzuki et al., 2006). Nonetheless, the general ability
of D. nigrescens to hydrolyze all soy isoflavone glucosides is useful for processing of soy
products. The demonstration that D. nigrescnes p-glucosidase can hydrolyze even the soy
isoflavones associated with the flour particles shows this to be the case. However, the use of
this reaction for increasing the antioxidant content of the soy flour in order to decrease
oxidation did not appear useful, since the overall antioxidant content in the methanol extract
of the flour was not increased by treatment with the enzyme.

Initial studies with D. cochinchinensis and D. nigrescens seed extracts indicated that
there were additional glycoside substrates for these enzymes in their seeds. However, the
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amounts were evidently lower than the glycosides substrates that had been purifed,
dalcochinin for D. cochinchinesis and dalpatein apiosylglucoside and dalnigrin for D.
nigrescens. As our colleagues in Mahidol University had already purified some of the D.
~ cochinchinesis compounds and the D. nigrescens glycosides appeared harder to purify, no
further progress was made in these glycosides. Instead, we turned our attention to rice P-
glucosidase glycoside substrates, a work we had begun on a previous grant, but had only
completed initial screenings.

The rice B-glucosidases that we used to screen for glycosides, Os4BGlul2 and
0s3BGly7 had previously been shown to act on oligosaccharides, but had lower activity on
some natural glycosides, suggesting they may have alternative substrates in the rice plant
(Opassiri et al.,, 2003, 2004, 2006). In fact, these two enzymes were able to hydrolyze
glycosides in each of the extracts, but the change was difficult to see without fractionation
first to decrease the complexity. The first purification from rice shoots showed that both
enzymes hydrolyzed the same fluorescent compound. Since Os4BGlul2 is more stable for
storage, it was used for further screening. The initial fluorescent compound could not be
purified in sufficient quantity and purity to characterize the structure, but served to prove the
concept. Later, we found compounds from seedling root and mature plant leaf and stem. The
leaf and stem compound was further fractionated by preparative TLC and HPLC, which
- showed there were still several compounds. However, three HPLC peaks appeared to have
relatively pure compounds Cl/sD1, Cl/sD2, and Cl/sD3, the masses of which could be
determined to be 492, 688 and 688 amu, respectively. The first compound mass correlates to
the mass of several flavonoid glycosides and other glycosides, including Crassifoside C,
Tarenninoside B, Crassifoside F, Licoagroside A, Isothymusin-8-O-B-D-glucoside,
Yixigensin, Camaraside, Coccinoside A, Lagotiside, Andrographidin B, Eupalitin 3-O-8-D-
glucoside, Quercetin-5,3'-dimethyl ether-3-glucoside, Tricin 4'-O-glucoside, Tricin 5-O-B-D-
glucoside, Tricin 7-O-B-D-glucoside, 3',7-Dimethoxyhyperin, Homotectoridin, Cirsiliol 4'-
glucoside,  4',5,7-Trihydroxy-3,6-dimethoxyflavone ~ 7-O-B-D-glucoside,  Jaceoside,
Prudomenin, and Glucotricin. Of these tricin 4'-O-glucoside and 7-O-f-D-glucoside have
been reported in rice, where they were found to be probing stimulants for white plant hopper
(Adjei-Afriyie et al,, 2000). So, it is possible that Cl/sD1 is one of the tricin glucosides or
another glycoside of a trihydroxy, dimethoxy flavone. Further work will be needed to prepare
enough enzyme for reliable NMR analysis. '

4.2, Conclusions and Comments

Although the rice compounds have yet to have their structures identified, this project
has successfully aided in the identification of these substrates, as well as aiding in the
characterization of D. nigrescens B-glucosidase hydrolysis of natural glycosides from its own
seeds and soybeans. As such, it has contributed to the publication of three international
papers (Chuankhayan et al., 2005, 2007a, 2007b), as well as the training of several students,
The rice compounds that have been identified will be characterized completely in the near
future, and they may then be used for enzymatic studies to see what is the kinetic basis for the
more rapid hydrolysis of Cl/sD2 by Os3BGlu6 and Cl/sD3 by Os4BGlul2. If they are good
substrates, we will also look at their interactions with these enzymes by protein
crystallography, since the structures of these enzymes have been solved.

In fact, the content of the project had to be adapted to adjust to the lower than
requested budgets and availability and abilities of students and agsistants, but this is not
unusual. Overall, much was achieved in this project.
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1998-present  Assistant Professor, Suranaree University of Technology
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Research Grants Awarded:

1995-1997 200,000 Baht from National Science and Technology Development
Agency (NSTDA) for The Production of Taq DNA polymerase for
Research and Laboratory Classes.

1997-1999 1,418,080 Baht from NSTDA for Tilapia Sex Chromosome
identlﬁcatmn Using DNA Marker.

1999-2001 400,000 Baht from Suranaree University of chhno]ogy
The study of Thai Dendrocalamus asper (bamboo) genetic maps

2000-2002 450,000 Baht from Suranaree University of Techmology
Expression of B-glucoside from Thai Rosewood in Pichia pastoris

1997-1999 3,500,000 Baht from Ministry of University Affairs, Thailand
Biotechnology Graduate Curriculum Development

2000-2005 - 10,000,000 Baht from Ministry of University Affairs, Thailand
Development of Sustainable International Biotechnology Graduate Education
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