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Three leguminous isoflavone p-glucosidases, namely dalcochinase (from
Dalbergia cochinchinensis Pierre), Dnbglu2 (from Dalbergia nigrescen Kruz) and
GmICHG (from Glycine max), share about 60-80% sequence identity, but their
catalytic efficiencies toward soybean isoflavone glucosides are different. Previous
study revealed that changing single amino acid residues in the binding pocket of
dalcochinase to the corresponding residues of GmICHG, namely A454F, E455A and
S459V, could increase the catalytic efficiency for hydrolysis of soybean isoflavone
glucosides, when compared with the wild-type dalcochinase. So, this study aims to
construct the corresponding double and triple mutations in order to determine the
interaction of amino acid residues, which may influence the hydrolytic efficiency
toward soybean isoflavone glucosides. All dalcochinase mutants were approximately
66 kDa, which were similar to the wild-type enzyme. All double mutants showed
improved hydrolytic efficiencies toward p-nitrophenyl-g-D-glucoside and
dalcochinin-8'-O-p-D-glucoside when compared with the wild-type enzyme. For the
hydrolysis of soybean isoflavone glucosides, the A454F/E455A mutant showed high
hydrolytic efficiencies toward daidzin, genistin, malonyldaidzin and malonylgenistin.
The A454F/S459V and E455A/S459V mutants showed increases in hydrolytic
efficiencies toward genistin, malonyldaidzin and malonylgenistin. However, none of
the triple mutants showed improved hydrolytic efficiencies toward those substrates.
Moreover, the E455A/S459V mutant showed high ability for hydrolysis of soybean
flour suspension. Therefore, the E455A/S459V mutant may be applied in food
industry for releasing free isoflavone aglycones to improve the nutritional values of

soybean food products.
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PROTEIN ENGINEERING OF A B-GLUCOSIDASE FOR
HYDROLYSIS OF SOYBEAN ISOFLAVONOIDS

INTRODUCTION

B-Glucosidases (EC 3.2.1.21) catalyze the hydrolysis of pB-glucosidic bonds
between glucose (glycone) and another glycone or noncarbohydrate moiety
(aglycone) such as isoflavone. The molecular mass of most 8 -glucosidase is
approximately 55 — 65 kDa, and the optimal pH is approximately 5.0 — 6.0. Moreover,
B-glucosidases from different sources have different substrate specificities because of
the differences in amino acid sequences (Ketudat Cairns and Esen, 2010). For this
reason, B-glucosidases catalyze the hydrolysis of various glucoside substrates, such as
cyanogenic glucoside, cellobiose, isoflavone glucoside, phenolic glucoside and
thioglucoside (Svasti et al., 1999).

Isoflavone glucosides are important substrates of -glucosidases. Isoflavone
glucosides are hydrolyzed to yield isoflavone aglycones. Soybean isoflavones are
important phytohormones. Their structures are similar to estrogen in human. For this
reason, soybean isoflavones show beneficial activities against cancer, heart disease,
menopausal symptom and osteoporosis (Pyo et al., 2005). Isoflavones, such as
genistein, daidzein, and glycitein, are mostly found in soybean and soybean food
products. However, these soybean isoflavones are often conjugated with glucose, to
form isoflavone glucosides, such as genistin, daidzin and glycitin, respectively.
Moreover, the glucosyl group of the isoflavone glucosides may be modified at the C-6
position by a malonyl group to form malonylgenistin, malonyldaidzin,
malonylglycitin, respectively, or by an acetyl group to form acetylgenistin,
acetyldaidzin and acetylglycitin, respectively (Chuankhayan et al., 2007a). However,
soybean isoflavone glucosides exhibit less bioactivity and are not readily absorbed in
the small intestine when compared with the corresponding free isoflavones because of
their bulk and high polarity. In addition, isoflavone glucosides are minimally

hydrolyzed by B -glucosidase from residential bacteria in the intestine. Thus,



isoflavone glucosides should be hydrolyzed into free isoflavones before consumption
in order to increase the nutritional values of soybean food products (Pyo et al., 2005).

Previous studies have reported the activities of three leguminous plant f§ -
glucosidases toward soybean isoflavone glucosides. g -Glucosidase from Dalbergia
cochinchinensis Pierre, or dalcochinase, is specific to its natural substrate, which is
dalcochinin-8'-O-B-glucoside (Ketudat Cairns et al., 2000). Moreover, dalcochinase
also hydrolyze daidzin and genistin, which are soybean isoflavone glucoside
substrates, with good catalytic efficiencies (Chuankhayan et al., 2007a). In addition,
B-glucosidase from D. nigescens Kurz, or Dnbglu2, shows the high catalytic
efficiency to its natural substrates, which are dalpatein 7-O-B-D-apiofuranosyl-
(1—6)-p-D-glucopyranoside and dalnigrein  7-O-p-D-apiofuranosyl-(1—6)-p-D-
glucopyranoside. Dnbglu2 also hydrolyzes the soybean isoflavone glucosides, namely
daidzin and genistin, with high catalytic efficiencies (Chuankhayan et al., 2007a). On
the contrary, B -glucosidase from Glycine max, or GmICHG, hydrolyzes modified
isoflavone glucosides well, especially malonylgenistin and malonyldaidzin (Suzuki et
al., 2006).

Amino acid sequence comparison showed that the afore-mentionedf3 -
glucosidases shared 60-80% amino acid sequence identity, but exhibited variable
hydrolytic efficiencies toward isoflavone glucoside substrates. Dnbglu2 is the most
efficient enzyme in hydrolysis of the soybean isoflavone glucosides, whereas
GmICHG is the best enzyme in hydrolysis of the modified forms of isoflavone
glucosides, especially malonylgenistin. In our laboratory, the studies of Somphao
(2011) and Klinkhomhom (2012) by replacing single amino acids in the binding
pocket of dalcochinase to the corresponding amino acid of GmICHG, revealed that
the hydrolytic efficiency toward daidzin and genistin, could be increased by the
E455A and S459V mutations. For the modified isoflavone glucosides, the hydrolytic
efficiency toward malonyldaidzin and malonylgenistin was increased by the A454F,
E455A and S459V mutations, while that toward acetyldaidzin and acetylgenistin was

increased by the afore-mentioned mutations plus the D400ON mutation.



Therefore, this research project aims to construct double- and triple-mutations
in the binding pocket of dalcochinase to the corresponding amino acids of GmICHG,
in order to investigate the interaction of amino acid residues, which may influence the
hydrolytic efficiency toward soybean isoflavone glucosides. Furthermore, the
additivity of these double- and triple-mutations of dalcochinase may be gained,
leading to improved hydrolytic efficiency of the mutant enzyme(s) toward soybean
isoflavone glucosides. These mutant enzyme(s) may be applied in food industry to
release free isoflavone aglycones, thereby increasing the nutritional values of soybean

food products.



OBJECTIVES

1. To construct 3 double mutants and 1 triple mutant of dalcochinase, namely
A454F/EAS5A, A454F/S459V, E455A/S459V and A454F/E455A/S459V.

2. To express and purify the dalcochinase mutants.

3. To study the Kkinetic properties of dalcochinase mutants toward isoflavone
glucosides from soybean.



LITERATURE REVIEW

1. General features of B-Glucosidases

B-Glucosidases (B-D-glucopyranoside glucohydrolases, E.C. 3.2.1.21) are
enzymes, which catalyze the hydrolysis of glycosidic bonds between glucose and
aglycone or another sugar. These enzymes are normally found in all living organisms
including Archaea, Eubacteria and Eukaryotes. B-Glucosidases in various organisms
perform a variety of biological functions, which include biomass conversion in
microorganism, hydrolysis of glycolipids and exogenous glucosides in animals, and
lignification, defense, activation of phytohormone, catabolism of cell wall
oligosaccharides and scent release in plants. In general, most B-glucosidases have the
subunit molecular weights about 55-65 kDa, pH optima between pH 4.0-7.5
depending on their source and cellular location, and temperature optima vary from 30-
65 °C. However, B-glucosidases from Thermotoga maritime which is a thermophilic
bacterium may show temperature optima about over 100 °C (Ketudat Cairns and Esen,
2010).

In general, most -glucosidases are divided into three groups depending on the
basis of their substrate specificity, which are (1) aryl-p-glucosidases that show high
specificity to aryl-p-D-glucosides, (2) cellobiases that hydrolyze cellobiose with high
specificity, and (3) broad-specificity p -glucosidases that hydrolyze both types of
substrates (Saha and Bothast, 1996). However, a classification system for glycoside
hydrolases (GH) based on amino acid sequence and structural similarity was widely
accepted (Henrissat, 1991). The enzymes with overall amino acid sequence similarity
and conserved motifs are grouped into the same family. Therefore, this classification
has grouped these enzymes into 131 GH families, some of which are grouped into 14
GH clans (GH-A to GH-N). The database of GH enzymes are updated regularly by
the Carbohydrate Active enZYme (CAZY) web site
(http://www.cazy.org/fam/acc_GH.html) (Ketudat Cairns and Esen, 2010).p -



Glucosidases that have been reported thus far belong to families GH1, GH3, GHS5,
GH?9 and GH30, but most of them are members of GH1.

Glycoside hydrolases hydrolyze their substrates using one out of two
mechanisms, which are either inverting or retaining mechanisms. Both mechanisms
use a pair of acidic and nucleophilic amino acid residues, which are normally
carboxylic acid residues, which are located on either side of the sugar substrates,
approximately 10 A apart in the inverting mechanism and 5 A apart in the retaining
mechanism. In an inverting mechanism, aglycone group of substrate is replaced by an
activated water molecule in a single step. A water molecule is deprotonated by the
catalytic base residue to generate the hydroxyl molecule for attacking the anomeric
carbon in concomitant with the protonation of the glycosidic oxygen by the catalytic
acid residue. The anomeric outcome is inverted from the substrate (Figure 1, A). In a
retaining mechanism, the enzymes hydrolyze the substrate in 2 steps. In the
glycosylation step, the catalytic nucleophile directly attacks the anomeric carbon and
the catalytic acid residue protonates the leaving group aglycone to give a glucosyl-
enzyme intermediate. Then in the deglycosylation step, the water molecule is
deprotonated by the catalytic base residue to generate hydroxyl molecule for attacking
the anomeric carbon of the intermediate in the concomitant with the release of glucose
and the free enzyme. Therefore, the anomeric outcome is retained in the product
(Figure 1, B) (Ketudat Cairns and Esen, 2010). Most B-glucosidases hydrolyze their
substrates through a retaining mechanism, but the GH9 B-glucosidases hydrolyze their
substrates through an inverting mechanism (Ketudat Cairns and Esen, 2010).
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Figure 1 Mechanisms of B -glucosidases including inverting mechanism (A) and

retaining mechanism (B).

Source: Ketudat Cairns and Esen (2010)

B-Glucosidases have various structures, depending on their GH families. The
overall folding of the catalytic domain in each GH family is similar (Fig. 2). The
families GH1, GH5 and GH30 belonging to Clan GH-A share a common (/a)s—
barrel domains. Their catalytic residues are located on (3-strand 4 and B-strand 7. On
the contrary, the family GH3 has two domains, which are a (p/o)s—barrel domain
followed by an o/f sandwich domain. However, the two catalytic residues of the
active site are located on each domain to serve as catalytic acid/base and catalytic
nucleophile. The overall structure of GH9 enzymes have (o/a)s-barrel domain
(Ketudat Cairns and Esen, 2010).



Figure 2 Three-dimensional structures of B-glucosidases from different GH families.
The structures are colored in a spectrum from blue to red corresponding to
their N-termini to C-termini. The catalytic nucleophile and acid/base
residues are shown in stick. The ligands are shown in pink ball-and-sticks.
(GH1 = Zea mays ZmGlul, PDB code 1E1E; GH3 = Hordeum vulgare Exo
I B-glucan glucohydrolase, PDB code 1E1X; GH5 = Candida albicans exo-
B-(1,3)-glucanase Exg exoglucanase, PDB code 1C1Z; GH9 = Vibrio
parahaemolyticus putative exoglucanase, PDB code 3H7L; and GH30 =
Homo sapiens acid P -glucosidase/glucocerebrosidase GBA1, PDB code
2V3D)

Source: Ketudat Cairns and Esen (2010)

2. B-Glucosidase from Dalbergia cochinchinensis Pierre

B-Glucosidase from Dalbergia cochinchinensis Pierre (Thai rosewood), or
dalcochinase, has a native molecular weight about 330 kDa, consisting of 4-6 subunits
of 66 kDa. The enzyme showed dual activities against both para-nitrophenyl-p-D-
glucopyranoside (pNP-Glc) and para-nitrophenyl-B-D-fucopyranoside (pNP-Fuc)
with the Ky, and ke of 5.4 mM and 307 s, respectively, toward pNP-Glc, and 0.54



mM and 151 s, respectively, toward pNP-Fuc. The pH optimum for hydrolysis of
both substrates was pH 5.0. Therefore, kea/Kn value for hydrolysis of pNP-Fuc (283.1
mMs™) was higher than that for hydrolysis of pNP-Glc (57.3 mM™s™) by 5-fold
(Srisomsap et al., 1996). Moreover, dalcochinase was inhibited by 5-gluconolactone,
HgCl, and para-chloromercuribenzoate. Also pNP-Fuc could inhibit the hydrolysis of
pNP-Glc with K; of 0.42 mM. So, both types of substrates were hydrolyzed in the
same active site (Surarit et al., 1997).

The natural substrate of dalcochinase was found to be 12-
dihydroamorphigenin-8'-O-B-D-glucoside, or dalcochinin-8'-O-f-D-glucoside (Fig. 3),
which was isoflavone glucoside obtained from extraction of Thai rosewood’s seeds
(Svasti et al., 1999). The K, value for hydrolysis of dalcochinin-8'-O-B-D-glucoside
was 1.68 mM, which was between the Ky, values for hydrolysis of pNP-Fuc and pNP-
Glc. The structure of the aglycone group of dalcochinin-8'-O-p-D-glucoside is similar
to that of rotenone (Fig. 3), which is a natural toxic substrate against insects. So, the
researchers predicted that the aglycone group of dalcochinin-8'-O-f-D-glucoside may

act as a deterrent against insects in the seeds of Thai rosewood.

Figure 3 Structures of dalcochinin-8'-O-p-D-glucoside (left) and rotenone (right)

Source: Svasti et al. (1999)

To elucidate the structure-function relationship in dalcochinase, the gene of
dalcochinase was cloned by Ketudat Cairns et al. (2000). The coding sequence of



10

dalcochinase was 1,644-bp long, which was translated into a polypeptide of 547
amino acids consisting of 23 amino acids of signal peptide and 524 amino acids for
mature protein sequence (Ketudat Cairns et al., 2000). Multiple sequence alignment
of dalcochinase with other B-glucosidases has assigned dalcochinase as a member of
GH1. Since dalcochinase and 3 -glucosidase from white clover shared about 60%
amino acid sequence identity, thus the three-dimensional structure of dalcochinase
should be similar with that of B -glucosidase from white clover, which was (p/a)s
barrel (PDB code 1CBG) (Barrett et al., 1995). In addition, E182 and E396 of
dalcochinase should be the site of acid/base catalyst and nucleophile, respectively, as
they were conserved with E198 (the catalytic acid/base) of cassava cyanogenic 3 -
glucosidase and E358 (the nucleophile) of B -glucosidase from Agrobacterium,
respectively. These catalytic residues appear on the conserved motifs, TL/FNEP and
I/VTENG, of GH1 enzymes, respectively. Furthermore, Toonkool et al., (2006) have
generated recombinant constructs of dalcochinase from both Escherichia coli and
Pichia pastoris. They found that kinetic properties of the recombinant dalcochinase
from P. pastoris were similar to those of the natural dalcochinase from Thai

rosewood’s seed.

3. B-Glucosidase from Dalbergia nigrescen Kruz

B-Glucosidase from D. nigrescen Kruz (Blackwood), or Dnbglu2, has a native
molecular weight about 240 kDa, consisting of 4 subunits of 62 kDa. The enzyme
could nicely hydrolyze both pNP-Glc and pNP-Fuc with K, and k¢ of 14.7 mM and
10.4 s, respectively, toward pNP-Glc, and 1.8 mM and 7.0 s, respectively, toward
pNP-Fuc. Hence, kea/Km value for hydrolysis of pNP-Fuc (4.02 mM™s™) was higher
than that for hydrolysis of pNP-Glc (0.88 mM™s™) by 4.6-fold. The optimal pH for
hydrolysis of both substrates was pH 5.0-6.0. Its hydrolytic activities toward many
substrates, including  pNP-B-cellobioside, = pNP-B-D-mannoside,  pNP-B-D-
thioglucoside, pNP-a-L-arabinoside and pNP-B-L-arabinoside, were lower than that
toward pNP-Glc (Chuankhayan et al., 2005).
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The natural substrates of Dnbglu2 are two forms of isoflavone diglycosides,
namely dalpatein-7-O-f-D-apiofuranosyl-(1—6)-pB-D-glucopyranoside  (dalpatein
diglycoside) and dalnigrein-7-O-B-D-apiofuranosyl-(1—6)-p-D-glucopyranoside
(dalnigrein diglycoside) (Fig. 4). Dnbglu2 showed good hydrolysis of both substrates
with Km, ket and kea/Km 0f 0.5 mM, 465 s and 990 mM™s™; respectively, toward
dalpatein diglycoside, and 0.7 mM, 334 s and 440 mM™s™, respectively, toward
dalnigrein diglycoside. So, the hydrolytic efficiency of Dnbglu2 toward dalpatein
diglycoside was higher than that toward dalnigrein diglycoside by 2-fold
(Chuankhayan et al., 2005).

HOCH,

Figure 4 Structures of dalpatein diglycoside (R;-R, = O-CH,-O) and dalnigrein
diglycoside (R, R, = OMet)

Source: Chuankhayan et al. (2005)

To elucidate the structure-function relationship in Dnbglu2, the gene of
Dnbglu2 was cloned by Chuankhayan et al., (2007b). The coding sequence of
Dnbglu2 was 1,596-bp long, which was translated into a polypeptide of 531 amino
acids consisting of 23 amino acids of signal peptide and 508 amino acids for mature
protein. Multiple alignment of amino acid sequence of Dnbglu2 and related -
glucosidases including dalcochinase and white clover cyanogenic B-glucosidase were
performed. Dnbglu2 shared the highest percent of amino acid sequence identity with
dalcochinase (81%). The three-dimensional structure of Dnbglu2 should be similar
with that of white clover cyanogenic f-glucosidase, which was (B/a)s barrel (Barrett
et al., 1995). Also, from multiple sequence alignment, E182 in the TINEP motif of
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Dnbglu2 was conserved with the catalytic acid/base residues E182, E183 and E188
from dalcochinase, white clover cyanogenic f -glucosidase and Zea maize f-
glucosidase, respectively. In addition, E396 in the YITENG motif of Dnbglu2 was
also conserved with the catalytic nucleophile residues E396, E397 and E406 from
dalcochinase, white clover cyanogenic 3 -glucosidase and Zea maize B-glucosidase,
respectively. Therefore, E182 in the TINEP motif was catalytic acid/base residue and
E396 in the YITENG motif was nucleophile residue of Dnbglu2. (Chuankhayan et al.,
2007b).

4. B-Glucosidase from Glycine max

Glycine max isoflavone conjugate-hydrolyzing B -glucosidase, or GmICHG,
from the roots of G. max (soybean) seedling has a native molecular weight of 100
kDa, composing of homodimeric forms of 58 kDa. In general, the enzyme catalyzed
the hydrolysis of isoflavone glucosides to release aglycone groups and glucose moiety
(Fig. 5) (Suzuki et al., 2006).

Figure 5 Hydrolysis of isoflavone glucoside substrates by GmICHG to yield
aglycone forms. The isoflavone aglycones can be daidzein (R; = H) or
genistein (R; = OH). The glucosyl group can be unmodified (R, = H), or
modified by acetyl or malonyl group (R, = acetyl or malonyl group,

respectively).

Source: Suzuki et al. (2006)
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When compared kq/Km values (Table 1), the hydrolytic efficiency of
GmICHG toward malonylgenistin was higher than that toward genistin by 10-fold.
Similarly, the hydrolytic efficiency toward malonyldaidzin was higher than that
toward daidzin by 2.7-fold. From kinetic study, GmICHG appears to be specific for
malonylated isoflavone glucosides. Moreover, GmICHG showed minor activities for
some substrates such as cyanidin-3-O-(6"-O-malonyl-B-D-glucosides), cyanidin-3-O-
B-D-glucosides, quercetin-3-O-(6"-O-malonyl-B-D-glucosides), quercetin-3-O-B-D-
glucosides, para-nitrophenyl-a-D-glucoside, para-nitrophenyl-p-D-galactoside and
pNP-Glc, but the relative activities were less than 0.01% of activity for
malonylgenistin (Suzuki et al., 2006).

Table 1 Hydrolysis of isoflavone glucosides by natural GmICHG.

Substrate Keat (5™ Km (MM) Keat/ K (s"mM™)
Malonyldaidzin 46 0.019 2,400
Daidzin 22 0.025 900
Malonylgenistin 98 0.025 3,900
Genistin 13 0.032 400

Source: Suzuki et al. (2006)

To investigate the expression of GmICHG in different tissues, semi-
guantitative real-time PCR was performed. The RNAs of GmICHG were abundantly
found in the root of G. max seedling. Then, the immunocytochemical analysis using
anti-GmICHG antibody showed that the enzyme was localized in the cell wall and
intercellular space of the root hair. So, the cDNA of GmICHG was synthesized by
using GmMICHG RNA as a template. The full-length sequence of GmICHG cDNA was
1,545-bp long, which was translated into 514 amino acids. Multiple alignment of
amino acid sequences revealed that GmICHG should be a member of the GH1 family
and shares about 64% of sequence identity with dalcochinase. Its catalytic acid/base
and nucleophile were placed at E209 and E420 in the motifs TLNEP and YITENG,

respectively (Suzuki et al., 2006). The recombinant enzyme was initially synthesized



14

in the precursor protein form. After that, the signal peptide of 25 amino acids was
cleaved to yield the mature sequence of 489 amino acids. The recombinant GmICHG
was cloned and expressed in E. coli with the N-terminal thioredoxin fusion. The size
of recombinant GmICHG was 71 kDa and the optimal pH of recombinant enzyme
was pH 5.5. The recombinant GmICHG was strongly specific for isoflavone
glucoside and malonyl isoflavone glucoside (Table 2). However, its catalytic
activities were lower than those of the natural enzyme, possibly due to its low stability.
Moreover, the enzyme activity was inhibited by 0.1 mM Hg®" (Suzuki et al., 2006).

Table 2 Hydrolysis of isoflavone glucoside by the recombinant GmICHG.

Substrate keat (575 K (MM) keat! K (s*mM™)
Malonyl daidzin 54 0.020 300
Daidzin 0.5 0.018 30
Malonyl genistin 2.7 0.041 70
Genistin 14 0.056 30

Source: Suzuki et al. (2006)

5. Soybean isoflavones

Soybean isoflavones may exist as free isoflavones, such as daidzein, genistein
and glycitein. However, for storage purposes, these isoflavones are usually conjugated
to glucose, forming isoflavone glucosides, namely daidzein-7-O-glucoside or daidzin,
genistein-7-O-glucoside or genistin, and glycitein-7-O-glucoside or glycitin.
Furthermore, the glucosyl moiety of isoflavone glucosides may be modified with
another functional group. The acetylated forms are daidzein-7-O-(6"-O-acetyl-B-D-
glucoside) or  acetyldaidzin,  genistein-7-O-(6"-O-acetyl-p-D-glucoside)  or
acetylgenistin, and glycitein-7-O-(6"-O-acetyl-p-D-glucoside) or acetylglycitin. The

malonylated forms are daidzein-7-O-(6"-O-malonyl-p-D-glucoside) or
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malonyldaidzin, genistein-7-O-(6"-O-malonyl-B-D-glucoside) or malonylgenistin, and

glycitein-7-O-(6"-O-malonyl-B-D-glucoside) or malonylglycitin (Suzuki et al., 2006).

The quantities and proportions of different forms of isoflavone glucoside in
soybean are usually variable. For example, in the soybean hypocotyls, malonyldaidzin,
malonylgenistin, malonylglycitin, daidzin and glycitin represented 93.2% of total
isoflavone glucosides, while genistin, daidzein, genistein and glycitein were found in
low amounts, but acetyldaidzin, acetylgenistin and acetylglycitin were not detected. In
the cotyledons, major isoflavone glucoside forms were malonyldaidzin,
malonylgenistin, daidzin and genistin, representing about 94.8% of total isoflavone
glucosides, whereas daidzein and genistein were minor forms, but malonylglycitin,
glycitin, glycitein, acetyldaidzin, acetylgenistin and acetylglycitin were not found
(Yuan et al., 2009).

The metabolism of isoflavones, which are secondary metabolites, in the cell of
G. max is shown in Fig. 6. Flavanones are changed into isoflavone aglycone by 2-
hydroxyflavanone synthase. Then, glucosylation and malonylation are successfully
performed by isoflavone-7-O-glucosyltransferase and isoflavone-7-O-glucoside-6"-O-
malonyltransferase, respectively. The modified isoflavone glucosides are transported
to the vacuoles for storage. When needed, the malonylated isoflavone glucosides are
mobilized to apoplast, where they will be converted by GmICHG into aglycone forms,
whose actions include attracting the symbiotic organism or defensing against
microorganism (Suzuki et al., 2006).
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Figure 6 Schematic diagram of isoflavone glucoside biosynthesis and its activity.
Name of compounds are 1 = flavanones, 2 = isoflavone aglycones (R = H,
daidzein; R= OH, genistein), 3 = isoflavone-7-O-glucosides, 4 =
isoflavone-7-O-(6"-O-malonyl-B-D-glucoside). Abbreviations of enzyme
are IFS = 2-hydroxyflavanone synthase (microsomal P450 enzyme), IF7GT
= isoflavone-7-O-glucosyltransferase and IF7MaT = isoflavone-7-O-

glucoside-6"-O-malonyltransferase.

Source: Suzuki et al. (2006).

5.1 Biological activity of isoflavones in soybean

Soybean usually produces a large number of isoflavones for serving as both
chemoattractants and defense against microorganism. For symbiotic organism,
Rhizobia need isoflavone aglycones as specific chemoattractants to help them
establish host-symbiont interactions, leading to nodulation in the root hair (Noguchi et
al., 2007; Suzuki et al., 2006; Yuan et al., 2009). For defense mechanism, isoflavone
aglycones act as a toxic substance in the form of phytoanticipin to attack the invading
microorganism (Hsieh and Graham, 2001).
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5.2 Biological activity of isoflavones in human

Soybean food products are known to contain large quantities of isoflavone
glucosides and free isoflavone aglycones. However, soybean isoflavone glucosides
exhibit less bioactivity and are not readily absorbed in the small intestine when
compared with the corresponding free isoflavones because of their bulk and high
polarity. In addition, isoflavone glucosides are minimally hydrolyzed by -
glucosidase from residential bacteria in the intestine. Thus, isoflavone glucosides
should be hydrolyzed into free isoflavones before consumption in order to increase
the nutritional values of soybean food products (Pyo et al., 2005). These isoflavones
have several beneficial biological properties, such as preventing cancer and
cardiovascular disease, diminishing the postmenopausal symptom, and reducing the
risk of osteoporosis and antioxidant activity (Chen et al., 2012). Some experimental
studies have shown that isoflavones were associated with low-density lipoproteins
(LDLs) and capable of preventing against oxidative modification of LDLS in our body
(Tikkanen et al., 1998; Zhang et al., 2013). Also, black soybean has the antioxidant
activity against LDL oxidation (Takahashi et al., 2005). From epidemiological studies,
free isoflavone aglycones (daidzein and genistein) could protect against breast cancer,
prostate cancer and gastric cancer (Andres et al., 2011; Magee and Rowland, 2004,
Sakamoto et al., 2010; Tang et al., 2012). Interestingly, genistein inhibits the
differentiation of preadipocytes, lipid accumulation and glucose uptake in the mature
adipocytes. It increases the secretion of insulin, lipolysis and apoptosis of adipocyte,
while reduces secretion of pro-inflammatory cytokines and generation of reactive

oxygen species (Behloul and Wu, 2013).

6. Hydrolysis of isoflavone glucosides

Isoflavone glucosides can be hydrolyzed by p-glucosidases at the O-glucosidic
bond to release free isoflavone aglycones and a glucosyl moiety. Many sources of 3-
glucosidases have been used in this process, some of which are shown in Table 3.
Most B-glucosidases, such as those from E. coli (Ismail and Hayes, 2005), almond
(Ismail and Hayes, 2005), Pseudomonas ZD-8 (Yang et al., 2004), Bacillus subtilis
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natto (Kuo and Lee, 2008), Lactobacillus rhamnosus CRL981 (Marazza et al., 2009),
Aspergillus oryzae (Horii et al., 2009), Pyrococcus furiosus (Yeom et al., 2012),
Dictyoglomus turgium (Kim et al., 2011b), soybean okara (Chiou et al., 2010),
Paecilomyces thermophile J18 (Yang et al., 2009), Thermoanaerobacter ethanolicus
JW200 (Song et al., 2011) and Sulfolobus solfataricus (Kim et al., 2011a), preferred
to hydrolyze the unmodified isoflavone glucosides than the malonylated isoflavone
glucosides. On the other hand, hydrolytic efficiencies of p-glucosidase from
hyperthermophile Thermotoga maritima toward malonylated forms were slightly
higher than those toward unmodified forms (Xue et al., 2009). In addition, -
Glucosidase from D. turgidum showed high hydrolytic efficiency toward ononin,

which is another isoflavone glucoside found in plants and herbs (Kim et al., 2011b).

Table 3 Kinetic efficiencies of different p-glucosidases toward isoflavone

glucosides
Source of Kead/ K (s"MM™)

enzyme D G Gly 0] MD MG References
P.ZD-8 3.36 443 - - 42 56 | Yangetal., 2004
B. subtilis natto 49.19 147.20 - - - - Kuo and Lee, 2008
B. subtilis natto 17.93 19.45 - - - - Kuo and Lee, 2008
T. maritima 60.3 82.6 - - 93.1 103 | Xueetal., 2009
P. furiosus 4480 12,100 1,840 - - - Yeom et al., 2012
D. turgidum 4,440 8,590 709 1,130 - - | Kimetal., 2011

Note of abbreviation: D = daidzin, G = genistin, Gly = glycitin, O = ononin, MD =
malonyldaidzin and MG = malonylgenistin.

When compared the hydrolytic efficiencies of three leguminous plant p-
glucosidases, namely dalcochinase, Dnbglu2 and GmICHG, toward soybean
isoflavone glucosides (Table 4), Dnbglu2 hydrolyzed both daidzin and genistin with
the highest efficiencies. GmICHG also hydrolyzed them with good efficiencies, while
dalcochinase hydrolyzed them with low efficiencies. For the hydrolysis of
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malonylgenistin, GmICHG showed the highest hydrolytic efficiencies, followed by
Dnbglu2 and dalcochinase, respectively. Therefore, GmICHG appeared to be specific
to malonylated isoflavone glucoside substrates, while Dnbglu2 liked to hydrolyze the
unmodified forms. Nevertheless, it is difficult to compare their efficiencies because
the experiments were performed under different conditions such as amount of enzyme

or time of incubation.

Table 4 Kinetic parameters of dalcochinase, Dnbglu2 and GmICHG toward

soybean isoflavone glucosides.

Kinetic . ~ . Malonyl- Malonyl-
Enzyme Daidzin  Genistin N 4
parameters daidzin genistin
Km (MM) 1.570 0.126 - 0.051
_ Keat (54 50 208 - 1.88
Dalcochinase®
kcat/Km
B.SL/ . 32.2 1,700 - 37.0
(s"mM™)
Knm (MM)  0.144  0.067 k 0.052
Keat (5™ 300 700 3 21
Dnbglu2?®
kcat/Km
| P, 2,080 10,500 - 410
(s"mM™)
Km (MM) 0.025 0.032 0.019 0.025
Y Keat (5™) 22 13 46 98
GmICHG
kcat/Km
4 900 400 2,400 3,900
(s"mM™)

Source: *Chuankhayan et al. (2007a) and "Suzuki et al. (2006).

Multiple alignment of amino acid sequences showed that Dnbglu2 and
dalcochinase shared 81% identity. Therefore, previous studies have employed site-
directed mutagenesis approaches in order to identify the residues responsible for
substrate specificity in dalcochinase (Chuankhayan et al., 2007b). Two single mutants
(A454S and E455G) and one double mutant (A454S/E455G) of dalcochinase were



20

generated by replacing the amino acid in the substrate binding pocket of dalcochinase
with the corresponding residues of Dnbglu2. The double mutant showed 2-fold
increase in the hydrolytic rate for genistin and little increase for daidzin when
compared with wild-type dalcochinase. The E455G mutant also showed little
increases in the hydrolytic rates for both genistin and daidzin, but the A454S mutant
exhibited slight decreases in the hydrolytic rates when compared with the wild-type
dalcochinase (Chuankhayan et al., 2007b). Therefore, changing amino acid residues,

A454S and E455G, did not significantly improve the efficiencies of dalcochinase.

In our laboratory, Somphao constructed four single mutants of dalcochinase
(namely D400N, A454F, E455A and S459V) by replacing the amino acid in the
substrate binding pocket of dalcochinase with the corresponding residues of GmICHG.
The D400N mutant showed decreased hydrolytic efficiencies toward daidzin, genistin,
malonyldaidzin and malonylgenistin, but increased efficiencies toward acetyldaidzin
and acetylgenistin, when compared with the wild-type dalcochinase (Table 5). Also,
the A454F mutant exhibited lower hydrolytic efficiencies toward daidzin and genistin
when compared with the wild-type dalcochinase, but higher efficiencies toward
malonyldaidzin, malonylgenistin, acetyldaidzin and acetylgensitin. Interestingly, both
the E455A and S459V mutants showed higher hydrolytic efficiencies toward all of
isoflavone glucoside substrates when compared with the wild-type dalcochinase
(Klin-khumhom, 2012; Somphao, 2011). Thus, changing of amino acid residues in the
binding pocket of dalcochinase to those of GmICHG could influence the hydrolytic
efficiencies toward isoflavone glucosides.
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Table5 Kinetic efficiencies of dalcochinase and its mutant forms toward soybean
isoflavone glucosides.

_ Keal K (MM
Dalcochinase

D G MD MG AD AG
Wild-type 9547 4537 055  1.83 0015  0.032
D400N 4717 988 027 057 0164  0.453
A454F 7529 1951 095 464 0103  0.307
E455A 30248 23665 238 6544 0418 1732
S459V 22105 109.06 114 233 0435 0314

Note of abbreviation: D = daidzin, G = genistin, MD = malonyldaidzin, MG =
malonylgenistin, AD = acetyldaidzin and AG = acetylgenistin.

Source: Sampao (2010) and Klinkhamhom (2011).

Therefore, this study is interested in constructing the novel p-glucosidases for
hydrolyzing soybean isoflavone glucosides based on the experimental results from
previous studies (Table 5). By combining the effects of single mutants that improved
hydrolytic efficiencies toward soybean isoflavone glucosides, the double- and triple-
mutations in the binding pocket of dalcochinase will be created. The interactions
between the mutated residues in the multiple mutants may yield even better hydrolytic
efficiency than the single mutants.

7. Expression of recombinant dalcochinase in P. pastoris

At present, expression of a recombinant protein can be carried out by cloning
the interested gene into a suitable expression vector and transforming it into the
appropriate expression host. The most common expression host is bacteria such as E.
coli. It has a high growth rate, and is able to provide high yield of protein in a short
time. Because E. coli is a prokaryotic organism, it lacks the machinery needed for
protein folding and protein modification. Some proteins expressed in bacterial system
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may face with the problem of no biological activity if they require post-translational
modifications to be fully functional. Therefore, yeast expression system, such as P.
pastoris, is another choice for protein expression. P. pastoris is a single-cell,
eukaryotic organism, and able to perform various posttranslational modifications,
such as proteolytic cleavage, glycosylation and protein folding. Moreover, P. pastoris
is methylotropic yeast, which uses methanol as a carbon source. Protein expression is
easily induced by adding methanol under the control of alcohol oxidase 1 (or AOX1)
promoter in P. pastoris. The protein can be expressed in either intracellular or
extracellular forms. For extracellular expression, the signal sequence, such as the
Saccharomyses cerevisiae o-factor propepdtide, is added to the N-terminus of the

proteins to direct protein secretion to outside the cell (Invitrogen, 2008).

Figure 7 Diagram of pPICZaA, B and C. The plasmid contains AOX1 promoter
region (5 AOX1), a-factor signal sequence, multiple cloning sites, c-myc
epitope, polyhistidine tag, AOX1 transcription termination region (AOX1
TT), the promoter for regulation of zeocin resistant gene in P. pastoris
(Prer1), the promoter for regulation of zeocin resistant gene in E. coli
(Pem7), Zeocin resistant gene, CYC1 transcription termination region
(CYCL1TT) and pUC origin of replication (pUC ori).

Source: Invitrogen (2008)



23

Dalcochinase was expressed in the E. coli at first, but the protein was
insoluble and had no activities even if the protein was co-expressed with chaperonin
GroESL. Then, recombinant dalcochinase was constructed with a histidine tag at
either the C-terminal or N-terminal ends and expressed in P. pastoris. Both
dalcochinase forms could be not purified by immobilized metal-ion affinity
chromatography column (IMAC), due to post-translational processing at both termini.
So, a new construct of recombinant dalcochinase was made without the first 13
residues of the mature dalcochinase (starting at the VPPFN sequence after the N-
terminal cleavage site), and cloned into pPICZaB following an alpha mating factor
propeptide and 8 histidine residues. The resulting plasmid was named pPICZ-Hisg-
trncTRBG. The protein expression and purification was successful. The kinetic
properties, pH and temperature optima of recombinant dalcochinase were also the
same as natural dalcochonase. Therefore, this construct could be used in further study
(Toonkool et al., 2006).
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MATERIALS AND METHODS

Materials

1. Chemical reagents

All chemicals and reagents used in this project are listed in Table 6.

Table 6 List of chemicals and reagents used in this study and their manufacturers.

Chemicals and Reagents

Manufacturer, Country

2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTYS)

Acetonitrile

Acrylamide

Agar powder, bacteriological

Agarose

Almond B-glucosidase

Amersham™ ECL plus western blotting detection

Ammonium persulfate
Ammonium sulfate

Bio-Rad protein assay

Biotin

Bis-acrylamide

Bovine serum albumin standard
Casamino acids

Casein enzyme hydrolysate, type-1 (Tryptone)
Coomassie brilliant blue R 250
Daidzein

Daidzin

Dalcochinin-8’-O-f3-D-glucoside

Roche, USA

Duksan pure chemical, Korea

Bio Basic, Canada

HiMedia laboratories, India

1% BASE, Singapore

Sigma-Aldrich, USA

GE Healthcare, Sweden

Ajax Finechem, Australia

Vivantis, USA

Bio-Rad laboratories, USA

Sigma-Aldrich, USA

Bio basic, Canada

Pierce, USA

Bio basic INC, Canada

HiMedia laboratories, India

Panreac quimica sau, Spain

LC Laboratories, USA

LC Laboratories, USA

Laboratory of Professor Svasti,
Mabhidol University, Thailand
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Chemicals and Reagents

Manufacturer, Country

Deoxyribonucleotide triphosphate (ANTP)

Dimethyl sulfoxide (DMSO)

Dithiothreitol

Dpnl restriction endonuclease

Ethylenediaminetetraacetic acid (EDTA)

Ethanol

GeneJET™ plasmid miniprep kit

Genistein

Genistin

D-Glucose

Glycerol

Glycine

HEPES free acid

Imidazole

Malonyldaidzin

Malonylgenistin

Methanol

4-Methylumbelliferyl-p-D-glucopyranoside
(4MU-Glc)

Mouse monoclonal antibody against natural

dalcochinase

Ni?* sepharose™ 6 Fast Flow
para-Nitrophenol (pNP)

para-Nitrophenyl-p-D-glucopyranoside (pNP-

Glc)
Peptone
Pfu DNA polymerase

Fermentas, USA
Sigma-Aldrich, USA

GE healthcare, Germany
Fermentas, USA

Ajax Finechem, Australia
Carlo ERBA, ltaly
Fermentas, USA

LC laboratories, USA

LC laboratories, USA

Ajax Finechem, Australia
Ajax Finechem, Australia
Fisher Scientific, UK
Amresco, USA
Sigma-Aldrich, USA

Wako Pure Chemical, Japan
Wako Pure Chemical, Japan
J.T. Baker, USA
Sigma-Aldrich, USA

Laboratory of Professor Kasinrerk,
Chiang Mai University,
Thailand

GE healthcare, Sweden

Sigma-Aldrich, USA

Sigma-Aldrich, USA

HiMedia laboratories, India
Promega, USA
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Chemicals and Reagents

Manufacturer, Country

Phenyl sepharose™ high performance

Phosphoric acid

Polyclonal rabbit anti mouse immunoglobulin
linked-HRP

Polyoxyethylene(20)sorbitan monolaurate

Potassium dihydrogen orthophosphate

di-Potassium hydrogen orthophosphate

Pstl restriction endonuclease

Sacl restriction endonuclease

Skim milk

Sodium acetate

Sodium carbonate

Sodium chloride

Sodium dihydrogen orthophosphate

di-Sodium hydrogen orthophosphate

Sodium hydroxide

Sodium lauryl sulphate

D-Sorbitol

Taq DNA polymerase

N,N,N’,N’-tetramethylethylenediamine (TEMED)

Tris base

Xbal restriction endonuclease

Yeast extract powder

Yeast nitrogen base

Zeocin

GE healthcare, Sweden
Merck, Germany
Dako cytomation, Denmark

Ajax Finechem, Australia
Ajax Finechem, Australia
Ajax Finechem, Australia
Fermentas, USA
Fermentas, USA
HiMedia laboratories, India
Merck, Germany
Rankem, India

Ajax Finechem, Australia
Ajax Finechem, Australia
Ajax Finechem, Australia
Merck, Germany

Ajax Finechem, Australia
Ajax Finechem, Australia
Fermentas, USA
AppliChem, Germany
Sigma-Aldrich, Germany
Fermentas, USA
HiMedia laboratories, India
Bio basic INC, Canada
Invitrogen, USA
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2. Cells and plasmid

Escherichia coli DH5a was used as a cloning host.
Pichia pastoris Y11430 was used as an expression host.
pPICZaB-Hisg-trncTRBG was used as a template for generating dalcochinase

mutants (Fig. 8).

N-terminally truncated dalcochinase

T\
r

Sto
a-factor /77 F

L

pPICZ-Hisg-trncTRBG
5.2 kb

Prery
S'AOX1

Pewr

pUC ori

Figure 8 Diagram of pPICZ-Hiss-trncTRBG. The plasmid contains AOX1 promoter
region (5° AOX1), a-factor signal sequence, coding sequence of
dalcochinase (starting at the VPPFN), the promoter for regulation of zeocin
resistant gene in P. pastoris (Pter1), the promoter for regulation of zeocin
resistant gene in E. coli (Pemy), zeocin resistant gene, CYC1 transcription

termination region (CYC1 TT) and pUC origin of replication (pUC ori).

Source: Toonkool et al. (2006)
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Methods

1. Construction of four plasmids containing dalcochinase mutants

Three double mutations,
E455A/S459V,

namely A454F/E455A, A454F/S459V  and

and one triple mutation, namely A454F/E455A/S459V, of

dalcochinase were constructed to replace amino acid residues in the binding pocket of

dalcochinase to the corresponding residues of GmICHG. The sense and antisense

mutagenic primers (Table 7) of all dalcochinase mutants were designed according to

QuikChange™ site-directed mutagenesis kit (Stratagene).

Table 7 Mutagenic primers used in this study.

Name of
) Nucleotide sequence (5’ to 3')
primer
A454F/E455A  GGTCATTGTTGGACAACTTTGAATGGTTTGCTGGTTATACATCACGATTT
forward GG
A454F/E455A  CCAAATCGTGATGTATAACCAGCAAACCATTCAAAGTTGTCCAACAATGA
reverse CcC
A454F/S459V  GGTCATTGTTGGACAACTTTGAATGGTTTGAGGGTTATACAGTTCGATTT
forward GGATTATATTTTGTG
A454F/S459v  CACAAAATATAATCCAAATCGAACTGTATAACCCTCAAACCATTCAAAGT
reverse TGTCCAACAATGACC
E455A/S459V  GTTGGACAACTTTGAATGGGCTGCTGGTTATACAGTTCGATTTGGATTAT
forward ATTTTGTG
E455A/S459v  CACAAAATATAATCCAAATCGAACTGTATAACCAGCAGCCCATTCAAAGT
reverse TGTCCAAC
A454F/E455A/ GCATGGTCATTGTTGGACAACTTTGAATGGTTTGCTGGTTATACAGTTCG
S459V forward ATTTGGATTATATTTTGTGAAC
A454F/E455A/ GTTCACAAAATATAATCCAAATCGAACTGTATAACCAGCAAACCATTCAA

S459V reverse

AGTTGTCCAACAATGACCATGC

Note: The mutagenic nucleotides are underlined.
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The polymerase chain reaction (PCR) consisted of 500 ng of pPICZaB-Hisg-
trncTRBG as a template, 125 ng of each sense and antisense mutagenic primers, 1x
reaction buffer, 10 nmol of dNTP mix, and 3 units of Pfu DNA polymerase. The
reaction volume was adjusted to 50 ul by adding high pure water. The reaction cycles
were set as follows: denaturation at 95 °C for 30 s; 16 cycles of denaturation at 95 °C
for 30 s, annealing at 55 °C for 1 min, and extension at 68 °C for 12 min; final
extension at 72 °C for 8.5 min. The size of PCR product was determined by 1%
agarose gel electrophoresis (Appendix Al). Then, the reaction was incubated with 10
units of Dpnl restriction endonuclease at 37 °C overnight in order to remove the DNA
template. The mutated plasmid was then transformed into E. coli DH5a by
electroporation (Appendix A2) and selected on LB agar [1% (w/v) tryptone, 0.5%
(w/v) yeast extract, 0.5% (w/v) sodium chloride and 1.5% (w/v) agar] containing 25
pg/ml zeocin at 37 °C for 16 h. The clones containing correctly mutated plasmids
were screened by using colony PCR method with screening primers (Table 8). The
PCR mixture consisted of 5 pl suspension of cells containing mutated plasmids as a
DNA template, 20 pmol of each screening forward and reverse primers, 1x reaction
buffer, 6 nmol of dNTP mix, 3 uM MgCl,, and 1.25 units of Taq DNA polymerase.
The reaction volume was adjusted to 25 pl by adding high pure water. The reaction
cycles for screening were set as follows: denaturation at 95 °C for 5 min; 30 cycles of
denaturation at 95 °C for 1 min, annealing at 50 °C for 30 s, and extension at 72 °C
for 1 min; and final extension at 72 °C for 10 min. The PCR products were analyzed
by 1% agarose gel electrophoresis. The correct clone of each mutant was cultured in
LB broth, and its plasmid was extracted (Appendix A3). The mutations were then
confirmed by DNA sequencing.
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Table 8 Screening primers used in this study.

. Size of
Mutant forms of Name of Nucleotide sequences oCR
dalcochinase primer (5"t0 3)
product
PrimerEA for GACAACTTTGAATGGTTTGCT
A454F/E455A - 513 bp
AOXR GCAAATGGCATTCTGACATC
TRF2 GATTTCCAAGACTATGCGGA
E455A/S459V 926 bp
PrimerV_rev  ACAAAATATAATCCAAATCGAAC
TRF2 GATTTCCAAGACTATGCGGA
A454F/S459V 926 bp
PrimerV_rev  ACAAAATATAATCCAAATCGAAC
TRF2 GATTTCCAAGACTATGCGGA
A454F/E4A55A/S459V 926 bp

PrimerV_rev  ACAAAATATAATCCAAATCGAAC

Note: The mutagenic nucleotides are underlined.

2. Cloning the plasmids containing dalcochinase mutants into P. pastoris

The plasmids containing the correctly mutated dalcochinase sequence were
linearized by 20 units of Sacl restriction endonuclease in 1X reaction buffer
containing 1 pg/ul RNase at 37 °C overnight. The linear plasmid was precipitated
with 0.1 volume of 3 M sodium acetate, pH 5.2 and 2.5 volume of absolute ethanol.
The DNA pellet was washed with 70% ethanol and re-suspended with 10 pl
DNase/RNase free water, before transformation into P. pastoris Y11430 by using
electroporation (Appendix A4). Transformants were then selected on the YPDS agar
containing 100 pg/ml zeocin [1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v)
glucose, 1 M sorbitol and 2% (w/v) agar] for 5 days at 30 °C. All colonies were re-
streaked again on the YPD agar containing 100 pug/ml zeocin [1% (w/v) yeast extract,

2% (w/v) peptone, 2% (w/v) glucose and 2% (w/v) agar].



31

3. Small-scale expression

To screen for the colony with highest expression, fifty colonies of each
dalcochinase mutant were cultured in 5 ml of BMGH [0.34% (w/v) yeast nitrogen
base, 1% (w/v) ammonium sulfate, 0.1 M potassium phosphate, pH 6.0, and 1% (v/v)
glycerol], which was supplemented with 4x10°% (w/v) biotin, at 30 °C, 200 rpm
overnight. Then, the cultures were centrifuged at 3,000 rpm to collect the cell pellet.
The pellets were washed in cold sterile water, centrifuged, and resuspended in
BMMH [0.34% (w/v) yeast nitrogen base, 1% (w/v) ammonium sulfate, 0.1 M
potassium phosphate, pH 6.0, 0.5% (v/v) methanol and 0.5% (w/v) casamino acid]
supplemented with 4x10°% (w/v) biotin. The cultures were incubated at 30 °C, 200
rpm and induced by 0.5% (v/v) methanol daily for protein production for a week. 3-
Glucosidase activity in the culture media was measured by using pNP-Glc as a
substrate (section 6). The colony which showed the highest $-glucosidase activity of

each dalcochinase mutant would be selected for large-scale expression.

4. Large-scale expression

The selected colony of each dalcochinase mutant was grown in 20 ml of
BMGH containing 4x10°% (w/v) biotin at 30 °C, 200 rpm overnight. The starter
culture was transferred into 130 ml of BMGH supplemented with 4x10°% (w/v)
biotin, and grown under the same condition. The culture media was removed by
centrifugation at 3000 rpm, and the cells were washed once by cold sterile water. The
cell pellet was resuspended in BMMH supplemented with 4x10°% (w/v) biotin to a
starting ODggo Of 10. The culture was grown at 30 °C, 200 rpm and the protein
production was induced by 0.5% (v/v) methanol daily until the activities did not
increase further. Finally, culture media were harvested by centrifugation at 3,000 rpm,
4 °C, and p-glucosidase activity of each dalcochinase mutant was measured by using

pPNP-Glc as a substrate (section 6).
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5. Purification of four recombinant dalcochinase mutants

Culture media was collected for protein purification. The large volume of
culture media was reduced by using ultrafiltration membrane (30 kDa cut-off,
Millipore, USA). Then, the concentrated media was added with 1 M final
concentration of ammonium sulfate before applying to a phenyl sepharose column.
The phenyl sepharose column was initially equilibrated with 10 mM potassium
phosphate, pH 7.0, containing 1 M ammonium sulfate. The protein was loaded into
the phenyl sepharose column, and eluted with 10 mM potassium phosphate, pH 7.0.
The 2-ml fractions were collected and B-glucosidase activity of all fractions was
determined by using pNP-Glc as a substrate (section 6). The fractions containing
highest activity were combined and dialyzed against 50 mM sodium phosphate, pH
8.0, containing 300 mM sodium chloride and 10 mM imidazole. Then, the protein
sample was applied to the Ni** sepharose column, which was previously equilibrated
with 50 mM sodium phosphate, pH 8.0, containing of 300 mM sodium chloride and
10 mM imidazole. The protein was eluted with the same buffer containing 250 mM
imidazole. The 1-ml fractions were collected and p-glucosidase activity of all
fractions was determined by using pNP-Glc as a substrate (section 6). Finally, the
fractions containing high p-glucosidase activity were pooled and dialyzed against 0.1

M sodium acetate, pH 5.0. The purified protein samples were stored at -20 °C.

The amount of protein was measured by using Bio-Rad protein assay kit, and
compared to a standard curve of bovine serum albumin (Appendix B1). The purified
enzymes were analyzed by 10 % SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) (Appendix A5), 8 % non-denaturing PAGE stained with 1 mM 4MU-Glc
(Appendix A6) and western blotting analysis with the use of mouse monoclonal
antibody against natural dalcochinase as a primary antibody, and polyclonal rabbit
anti-mouse immunoglobulin linked-HRP as a secondary antibody (Appendix A7).
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6. Enzyme assay for g-glucosidase activity

To measure pB-glucosidase activity during expression and purification, the
culture media or protein fractions were incubated with 1 mM pNP-Glc in 0.1 M
sodium acetate, pH 5.0, at 30 °C for 30 min. The final reaction volume was adjusted
to 500 pl. The control reaction was prepared by incubating 1 mM pNP-Glc in 0.1 M
sodium acetate, pH 5.0, under the same condition. All reactions were stopped by
adding 1 ml of 2 M sodium carbonate to yield yellow solution. The amount of pNP
released was measured by reading its absorbance at 400 nm, and compared to its
standard curve (Appendix B2). One unit of enzyme was defined as the amount of
enzyme that released 1 umole of pNP per min at 30 °C in 0.1 M sodium acetate, pH
5.0.

To measure p-glucosidase activity of the purified enzyme, the enzyme was
incubated with 15 mM pNP-Glc in 0.1 M sodium acetate, pH 5.0, in a 50 pl reaction,
at 30 °C for 5 min. The control reaction was performed by incubating 15 mM pNP-
Glc in 0.1 M sodium acetate, pH 5.0, under the same condition. Then, 100 pl of 2 M
sodium carbonate was added in order to stop the reaction. The amount of pNP
released was then measured by reading its absorbance at 405 nm, and compared to its
standard curve (Appendix B3). One unit of enzyme is defined as the amount of

enzyme that releases 1 pmol pNP in 1 min.

7. Kinetic analysis

7.1 Kinetic study of the dalcochinase mutants for hydrolysis of pNP-Glc

According to Somphao (2011), 0.01 unit of the purified enzyme was incubated
with 0-45 mM pNP-Glc in 0.1 M sodium acetate, pH 5.0, in a 50 pl reaction, at 30 °C
for 10 min. The reaction was stopped by adding 100 pl of 2 M sodium carbonate. The
amount of pNP released was measured by reading its absorbance at 405 nm and

compared to the standard curve of pNP (Appendix B3).
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7.2 Kinetic study of the dalcochinase mutants for hydrolysis of dalcochinin-8’-O-

B-D-glucoside

0.01 unit of the purified enzyme was incubated with 0-25 mM dalcochinin-8’-
O-B-D-glucoside in 0.1 M sodium acetate, pH 5.0, containing 5 % DMSO, in a 50 pl
reaction, at 30 °C for 10 min. The reactions were stopped by boiling for 5 min, and
then cooled on ice. The glucose released were reacted with 0.5 unit glucose oxidase
reagent and 0.5 mg/ml ABTS at 37 °C for 15 min. The amount of product were
determined by reading its absorbance at 405 nm and compared to the glucose standard

curve (Appendix B4).

7.3 Kinetic study of dalcochinase mutant toward hydrolysis of soybean isoflavone

glucosides

0.01 unit of the purified enzyme was incubated with 0-1 mM soybean
isoflavone glucosides (daidzin, genistin, malonyldaidzin, and malonylgenistin) in 0.1
M sodium acetate, pH 5.0, containing 5 % DMSO, in a 50 pl reaction, at 30 °C for 10
min. Then, all reactions were stopped by boiling for 5 min, and cooled on ice. These
reactions were dried by speed vacuum and re-suspended in 50 pl of 70 % solvent A
[0.1 % phosphoric acid in ultrapure water] 30 % solvent B [100 % acetonitrile]. The
amount of isoflavone aglycone released in the reaction was analyzed by injecting 10
pl of reaction mixture into the HPLC system (Perkin Elmer, U.S.A.). The analytes
were separated by using Venusil XBP C18 column (4.6 mm x 250 mm) (Agela
Technologies, USA), and detected at 260 nm. The elution was performed at a flow

rate of 0.8 ml per min, using elution gradients as follows:

70 % Solvent A 10 min
70 % Solvent A to 35 % Solvent A 20 min
35 % Solvent A to 5 % Solvent A 5 min
5 % Solvent A 10 min
5 % Solvent A to 70 % Solvent A 5 min

Total 50 min
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The amount of free isoflavone aglycones in the reaction was calculated by
comparing the areas under peaks with either daidzein or genistein standard curves
(Appendices B5 and B6, respectively).

7.4 Kinetic calculation

Kinetic parameters, Vmax and Ky, are calculated from the Michelis-Menten

equation (equation 1) using KaleidaGraph program (Synergy Software).

— Vmax[s]
Y 7 Km+[S] (1)

where V is the velocity of reaction, Vmax is the maximum reaction velocity, [S] is the
concentration of substrate and K, is Michaelis-Menten constant.

In case of high K, values, the Lineweaver-Burk equation was used in order to
calculate the Vmax and K, (equation 2).

1 K, 1 1
S — 0
14 Vmax [S] Vmax

)

The turnover number, ke, was calculated by dividing of Vyax With the enzyme
quantity used in the reaction.

8. Hydrolysis of soybean flour

Soybean flour was purchased from a local market. 40 g of the flour was
defatted by using Soxhlet extractor with 500 ml of petroleum ether as solvent for 14 h.
5 g of defatted soybean flour was extracted with 40 ml of 80 % methanol by stirring at
ambient temperature overnight. The crude supernatant was collected by centrifugation
at 13,000 rpm for 15 min, and concentrated 10-fold. A 5 ul aliquot of the concentrated
extract was incubated with 0.01 unit of purified enzymes (the wild-type dalcochinase,
the E455A, the A4544F/E455A and the E455A/S459V mutants, or a commercial

preparation of almond p-glucosidase) in 50 pl of 0.1 M sodium acetate, pH 5.0,
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containing 5% DMSO, at 30 °C for 10 min, 2 h or 4 h. The reactions were stopped by
boiling for 5 min, and dried by speed vacuum. The dried products were re-suspended
in 50 pl of 70 % solvent A [0.1 % phosphoric acid in ultrapure water] 30 % solvent B
[100 % acetonitrile]. The amount of isoflavone glucosides and aglycones were

analyzed by HPLC as described in section 7.3.

9. Molecular docking

The homology models of dalcochinase and GmICHG were generated by using
Modeller 9v4 with the crystal structure of cyanogenic p-glucosidase from white
clover (1CBG) as a template (Barrett et al., 1995). The qualities of the models were
evaluated by using 4 online programs including PROCHECK (Laskowski et al.,
1993), ProSA (Sippl, 1993; Wiederstein and Sippl, 2007), Verify3D (Eisenberg et al.,
1997), and WHATIF (Hooft et al., 1996). The docking parameters were set as default
and the hydrogen bonds between ligand and protein were fixed previously published
(Table 9) (Somphao, 2011). Then, malonylgenistin was docked into the binding
pockets of wild-type dalcochinase and GmICHG, and malonyldaidzin was docked
into the binding pocket of the A454F/E455A mutant by using GOLD (Jones et al.,
1995). The docking outputs were visually analyzed by using PyMOL (Schrodinger,
2010). The different residues from dalcochinase located close to malonylated group of
isoflavone glucoside were compared and then mutated into the corresponding residues
from GmICHG to generate four single mutations (Somphao, 2011).



Table 9 Hydrogen fixed for docking.
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Protein Residues fixed Ligand

Dalcochinase E395 (Oxygen 5,936) MG (Hydrogen 47)
W452 (Hydrogen 6,868) MG (Oxygen 4)

GmICHG E420 (Oxygen 6,535) MG (Hydrogen 47)

WA477 (Hydrogen 7,453)

MG (Oxygen 4)

The A454F/E455A mutant  E483 (Oxygen 5,936)
W540 (Hydrogen 6,868)

MD (Hydrogen 37)
MD (Oxygen 6)

Note: MG is malonylgenistin and MD is malonyldaidzin
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RESULTS AND DISCUSSION

1. Cloning of dalcochinase mutants

The previous study revealed that the A454F dalcochianse mutant showed
increased efficiencies toward malonylated soybean isoflavone glucosides, while the
E455A and S459V mutants increased efficiencies toward both unmodified and
malonylated forms (Somphao, 2011). This study therefore aimed to combine the
effect of the three single mutations (A454F, E455A, and S459V) to generate the
double and triple mutations in dalcochinase. This will enable us to investigate the
interactions between these mutations in hydrolysis of soybean isoflavone glucosides.

1.1 Construction of double- and triple-mutants of dalcochinase

pPICZ-Hisg-trncTRBG, which was used as a template for generating
double and triple dalcochinase mutants, was extracted from its E. coli host. The
plasmid was digested with Pstl-Xbal to give 3,562-bp and 1,537-bp fragments, and
with BamHI to give a 5,208-bp fragment. The DNA fragments were analyzed by

agarose gel electrophoresis (Fig. 9).

M 1 2

23,139 bp

9416 bp <9
6.557 bp —23.2 P
4.361 bp - 5.0 Kb
2,322 bp

2037 bp «— 1.5kb

Figure 9 Restriction digestion of plasmid pPICZ-Hisg-trncTRBG by Pstl, Xbal and
BamHI restriction endonucleases. Lane M: ADNA cut by HindlIll, Lane 1:

the plasmid digested by Pstl-Xbal, Lane 2: the plasmid cut by BamHI.
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In order to construct three double and one triple mutations of dalcochinase,
namely A454F/E455A, A454F/S459V, E455A/S459V, and A454F/E455A/S4A59V,
the sense and anti-sense mutagenic primers were designed. All dalcochinase mutants
were generated by site-directed mutagenesis approach. After the thermal cycles, the
correct size of PCR products, which was 5.2 kb, was obtained (Fig. 10A). The PCR
reaction was then incubated with 10 units of Dpnl restriction endonuclease at 37 °C

overnight in order to remove the parental double-stranded DNA (Fig. 10B).

23.139 bp 6.557 bp
bord 4361 b{a

et B
2./ D
4361 bp d b ot PP TN

<-—5.2kb

Figure 10 PCR products of all dalcochinase mutants generated by site-directed
mutagenesis approach, before (A) and after (B) digestion with Dpnl
restriction endonuclease. Lane M: ADNA cut by Hindlll, Lane 1:
A4S54F/E455A, Lane 2: A454F/S459V, Lane 3: E455A/S459V, Lane 4:
A454F/E455A/S459V.
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1.2 Plasmid transformation into the E. coli DH5a

Plasmids containing dalcochinase mutants were transformed into E. coli
DH5a, which was the cloning host. Eight colonies of each transformant were selected
and screened by using colony PCR method and specific screening primers. PCR
products of all dalcochinase mutants were analyzed by 1% agarose gel electrophoresis
(Fig. 11). The correct size of PCR product of A454F/E455A was 513 bp, while the
correct size of PCR products of other mutants was 926 bp. Colony numbers 1, 4, 5,
and 4 of A454F/E455A, A454F/S4A59V, E455A/SA59V, and A454F/E455A/S459V,
respectively, were chosen for DNA sequencing.

) . (B)

M 12345 678

3kb
2kb :
15kb prch

1 kb
513 bp—= L0 500 bp 500 bp

<0926 bp

(D) M 1 2345 678

3 kb
2kb

1 kb

<926 bp
=926 bp 500 by

Figure 11 Screening of E. coli colonies harboring dalcochinase mutants by using
colony PCR method and specific screening primers: A454F/E455A (A),
A454F/S459V (B), E455A/S459V (C), and A454F/E455A/S459V (D).
Lane M: DNA marker, Lanes 1-8: colony numbers 1 to 8.
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The nucleotide sequences of all dalcochinase mutants were confirmed by
DNA sequencing (Appendix C). The chromatograms of the wild-type and mutant

constructs are shown in Figs. 12 and 13, respectively.

For the A454F/E455A mutant, GCT and GAG, which are codons for alanine
and glutamic acid, respectively (Fig. 12), were mutated to TTT and GCT, which are

codons for phenylalanine and alanine, respectively (Fig. 13A).

For the A454F/S459V mutant, GCT and TCA, which are codons for alanine
and serine, respectively (Fig. 12), were mutated to TTT and GTT, which are codons

for phenylalanine and valine, respectively (Fig. 13B).

For the E455A/S459V mutant, GAG and TCA, which are codons for glutamic
acid and serine, respectively (Fig. 12), were mutated to GCT and GTT, which are

codons for alanine and valine, respectively (Fig. 13C).

For the A454F/E455A/S459V mutant, GCT, GAG, and TCA, which are
codons for alanine, glutamic acid, and serine, respectively (Fig. 12), were mutated to
TTT, GCT, and GTT, which are codons for phenylalanine, alanine, and valine,

respectively (Fig 13D).
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Figure 12 Chromatogram of the wild-type dalcochinase. The codons for A454, E455,

and S459 are indicated in purple, orange and blue boxes, respectively.
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Figure 13 Chromatograms of the dalcochinase mutants: A454F/E455A (A),
A454F/S459V (B), E455A/S459V (C), and A454F/E455A/S459V (D).
The codons for F454, A455, and V459 are indicated in purple, orange and

blue boxes, respectively
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These sequences were aligned with that of the wild-type dalcochinase (Fig.

14).

Wi ld-type TCATTGTTGGACAACTTTGAATGGGCTGAGGGTTATACATCACGATTTGGATTATAT
A454F/E455A TCATTGTTGGACAACTTTGAATGGTTTGCTGGTTATACATCACGATTTGGATTATAT
A454F/S459V TCATTGTTGGACAACTTTGAATGGTTTGAGGGTTATACAGTTCGATTTGGATTATAT
E455A/S5459V TCATTGTTGGACAACTTTGAATGGGCTGCTGGTTATACAGTTCGATTTGGATTATAT

A454F/E455A/S459V  TCATTGTTGGACAACTTTGAATGGTTTGCTGGTTATACAGTTCGATTTGGATTATAT

Figure 14 Comparison of nucleotide sequences of the wild-type dalcochinase and

the double and triple mutants. Mutated sites are underlined.

1.3 Transformation of dalcichinase mutants into P. pastoris Y11430 and

enzyme activity screening of each mutant

Plasmids containing double and triple dalcochinase mutants were
linearized by Sacl restriction endonuclease, and transformed into P. pastoris Y11430
for protein expression. Because it is a single-celled eukaryotic organism, it can
perform various posttranslational modifications such as glycosylation, protein folding,
disulfide bond formation, and proteolytic clevage. So, proteins can be folded correctly
without forming inclusion bodies, which are generated by prokaryotic organism such
as E. coli. P. pastoris system showed many advantages such as being fast, easy to
handle, and cheaper than other eukaryotic expression systems. Moreover, this

expression system also gave high yield of protein expression (Higgins, 1998).

There were more than 100 transformant colonies observed for each
dalcochinase mutant. Fifty colonies of each dalcochinase mutant were chosen for
expression screening. These colonies were grown in BMGH and induced in BMMH
by adding 0.5 % methanol everyday for 7 days. The p-glucosidase activities of all
colonies were tested against 1 mM p-NP-Glc as described in section 3 of the Methods.
The colonies which showed the highest 3-glucosidase activities of the A454F/E455A,
A454F/S459V, EA55A/S459V, and A454F/E4A55A/S459V mutants were colony
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numbers 50, 50, 22, and 44, respectively (Table 10). Therefore, these colonies were

chosen for protein expression.

Table 10 Absorbance at 400 nm measuring p-glucosidase activities of 50 colonies of

each dalcochinase mutant toward pNP-Glc

Colony OD 400
No. A454F/EAS5A  A454F/S4A59V  E455A/S459V  A454F/E4AS55A/S459V
1 0.363 0.131 0.201 0.203
2 0.507 0.157 0.502 0.240
3 0.358 0.149 0.765 0.151
4 0.327 0.316 0.824 0.226
5 0.329 0.454 0.677 0.207
6 0.358 0.548 0.743 0.230
7 0.349 0.465 0.796 0.222
8 0.404 0.513 0.740 0.236
9 0.337 0.518 0.636 0.246
10 0.313 0.512 0.640 0.260
11 0.450 0.555 0.910 0.208
12 0.330 0.415 0.931 0.216
13 0.359 0.599 0.652 0.275
14 0.419 0.553 0.776 0.213
15 0.298 0.597 0.808 0.253
16 0.329 0.427 0.750 0.233
17 0.408 0.629 0.711 0.202
18 0.335 0.421 0.757 0.204
19 0.398 0.406 0.563 0.222
20 0.275 0.444 0.654 0.252
21 0.484 0.569 0.731 0.266
22 0.364 0.377 0.956 0.165
23 0.414 0.504 0.669 0.195
24 0.426 0.490 0.633 0.231
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Table 10 (Continued)

Colony ODyos
No. AA454F/E4AS5A  A4A54F/S4A59V  E455A/S459V  A454F/E4AS55A/S459V
25 0.358 0.524 0.496 0.250
26 0.411 0.504 0.783 0.226
27 0.342 0.528 0.041 0.241
28 0.358 0.364 0.768 0.274
29 0.339 0.494 0.600 0.048
30 0.382 0.603 0.808 0.225
31 0.099 0.396 0.784 0.224
32 0.401 0.638 0.724 0.235
33 0.375 0.488 0.843 0.201
34 0.393 0.601 0.742 0.233
35 0.401 0.565 0.770 0.216
36 0.377 0.411 0.033 0.233
37 0.467 0.498 0.605 0.237
38 0.408 0.523 0.650 0.246
39 0.398 0.467 0.884 0.206
40 0.065 0.543 0.682 0.211
41 0.350 0.121 0.738 0.248
42 0.389 0.179 0.638 0.258
43 0.481 0.148 0.847 0.212
44 0.373 0.334 0.049 0.283
45 0.382 0.159 0.867 0.269
46 0.416 0.574 0.683 0.214
47 0.426 0.443 0.715 0.229
48 0.383 0.609 0.676 0.229
49 0.570 0.568 0.868 0.207
50 0.580 0.684 0.684 0.211

Note: The highest absorbance of each mutant is underlined.
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2 Protein expression and purification

P. pastoris colonies of A454F/E455A, A454F/S459V, E455A/S459V, and
A454F/E4A55A/S459V were cultured and induced for protein expression (section 4 of
the Methods). In this system, all dalcochinase mutants were secreted outside the cell
because they possessed the o factor signal peptide at the N-terminal sequence. The
volume of culture media was reduced by ultrafitration. The dalcochinase mutants
were then purified by phenyl sepharose column and Ni?* sepharose column (section 5
of the Methods). The purification tables are shown in Tables 10-13.

In the ultrafiltration step, the activities of the A454F/S459V and
E455A/S459V mutants increased when compared with their activities in the culture
media (Tables 11-12). It may be suggested that culture media contained some
inhibitors that decreased the activities of dalcochinase mutants and were removed by
ultrafiltration. So, this step is helpful not only for reducing the large volume, but also
for removing small molecules that inhibited the activities of enzyme. However, the
activities tended to decrease in the following purification steps, because only fractions
containing high activities were pooled. Some fractions showing small activities were
not collected. After Ni** sepharose column, the activities were found in all fractions
collected, but only fraction numbers 3-4 that showed high activities of $-glucosidase,
were collected. As a result, the purification yields of dalcochinase mutants were
between 17 % and 44 % (Tables 10-13).

The amount of proteins in each step also decreased due to removal of
contaminated proteins or some lost during the purification steps. So, the specific
activities of all dalcochinase mutants tended to increase in each protein purification
step due to large decreases in protein content but slight decreases in enzyme activities.
However, different dalcochinase mutants showed different specific activities. The
mutants showing high specific activities may be determined as good mutants for
hydrolysis of $-glucoside substrates. In this case, The A454F/E455A mutant showed
the highest specific activity, followed by the E455A/S459V, A454F/S459V, and
A454F/E455A/S459V mutants, respectively (Tables 11-14).
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Table 11 Purification table of the A454F/E455A mutant

Activity  Protein  Specific activity Purification

Purification step ) % Yield
(unit) (mg) (unit/mg) fold
Culture media 19.49 20.32 0.96 1 100
Ultrafiltration 14.71 17.09 0.86 0.90 75.50
Phenyl column 12.41 8.32 1.49 1.56 63.66
Ni** column 5.57 0.15 37.13 38.68 28.60

Table 12 Purification table of the A454F/S459V mutant

Activity  Protein  Specific activity Purification

Purification step 1 % Yield
(unit) (mg) (unit/mg) fold
Culture media 9.94 8.68 1.15 1 100
Ultrafiltration 16.79 7.04 2.39 2.08 168.86
Phenyl column 9.53 2.10 4.54 3.97 95.84
Ni** column 4.38 0.22 19.71 17.20 44.02

Table 13 Purification table of the E455A/S459V mutant

Activity  Protein  Specific activity Purification

Purification step % Yield
(unit) (mg) (unit/mg) fold
Culture media 15.25 26.04 0.59 1 100
Ultrafiltration 21.92 17.69 1.24 2.12 143.75
Phenyl column 10.79 10.47 1.03 1.76 70.75

Ni%* column 3.06 0.14 22.58 38.57 20.04
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Table 14 Purification table of the A454F/E455A/S459V mutant

Activity  Protein  Specific activity Purification

Purification step ] ) % Yield
(unit) (mg) (unit/mg) fold
Culture media 11.07 14.30 0.77 1 100
Ultrafiltration 7.01 6.40 1.09 1.41 63.30
Phenyl column 3.33 2.07 1.60 2.08 30.05
Ni** column 1.98 0.40 4.95 6.39 17.87

3 The basic properties of dalcochinase mutants

All dalcochinase mutants showed the molecular weight of 66 kDa (Fig. 15A),
which is the same as the wild-type dalcochinase. The identities of dalcochinase
mutants were then confirmed by western blot analysis with the use of a mouse
monoclonal antibody against natural dalcochinase as the primary antibody (Fig. 15B).
The smear in the proteins’ band may be due to heterologous glycosylation of the wild-

type dalcochinase and the mutant forms.
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Figure 15 Analysis of sizes and identities of all dalcochinase mutants: 10% SDS-
PAGE (A), and western blot analysis (B). Lane M: protein marker, Lane
1: wild-type, Lane 2: A454F/E455A, Lane 3: A454F/S459V, Lane 4:
E455A/S459V, Lane 5: A454F/E455A/
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The native forms of all dalcochinase mutants were analyzed by non-
denaturing PAGE (Fig 16A), and their activities were stained with 1 mM 4MU-Glc
(Fig 16B). The amount of each enzyme used in this experiment was 0.1 unit. The
A454F/E4A55A/S459V mutant showed the largest protein band (Fig 16A), while it also
gave the highest activity toward 4MU-Glc (Fig. 16B). The A454F/E455A,
E455A/S459V and A454F/S459V mutants showed similar activities toward this
substrate. However, the wild-type dalcochinase represented the lightest protein band
and the lowest activity toward 4MU-Glc (Fig. 16B). So, the A454F/E455A/S459V
mutant hydrolyzed the 4MU-Glc with the highest preference (with respect to the
activity toward pNP-Glc) than other dalcochinase forms.

@

[§.)

Figure 16 Analysis of the native forms of wild-type dalcochinase and the mutant
forms: 8% non-denaturing PAGE stained with coomassie brilliant blue
(A), and stained with 1 mM 4MU-GlIc and visualized under the ultraviolet
light (B). Lane 1: AJ454F/E455A, Lane 2: wild-type, Lane 3:
E455A/S459V, Lane 4: A454F/S459V, Lane 5: A454F/E455A/S459V.
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4. Kinetic study of dalcochinase mutants

The kinetic study of all dalcochinase mutants was determined against pNP-Glc,
which is the chromogenic substrate tested for $-glucosidase activity, dalcochinin-8’-
O-p-D-glucoside, which is the natural substrate of dalcochinase, and four soybean
isoflavone glucoside substrates, namely daidzin, genistin, malonyldaidzin, and
malonylgenistin. The kinetic parameters were calculated by using Michaelis-Menten
equation. In case of high Ky, values, the Lineweaver-Burk equation was used.

4.1 Hydrolysis of pNP-Glc

The kinetic parameters of the wild-type dalcochinase and all dalcochinase
mutants toward pNP-Glc are shown in Table 15, and the plots are shown in
Appendices D1-D4. The A454F/E455A and E455A/S459V mutants showed improved
hydrolytic efficiencies by 4-fold and 5-fold, respectively, when compared with the
wild-type dalcochinase, due to their 2-fold lower K, values, but 2-fold higher kca
values. The A454F/S459V mutant showed a slight increase in the efficiency toward
pNP-Glc, when compared with the wild-type dalcochinase, as a result of about 2-fold
reductions in both the K, and the ke values. On the contrary, the
A454F/E455A/S459V mutant showed a 2-fold decrease in the efficiency toward pNP-
Glc, when compared with the wild-type enzyme because of 2- and 5-fold reductions
in the K, and the ke, values, respectively.
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Table 15 Kinetic parameters of the wild-type and mutant forms of dalcochinase
toward pNP-Glc

Dalcochinase K (MM) keat (57 Keat! K (MM™s™)
Wild-type 5.82+£0.47 110.76 £ 2.55 19.03 £1.58
A454F? 8.18 £ 0.88 132.17 £4.90 16.16 £ 1.84
E455A° 7.73+£0.61 24255 +6.77 31.38 £ 2.63
S459Vv? 5.45+0.40 27.10+£0.58 497 £0.38
AA54F/E4AS5A 2.61+0.14 183.14 £ 2.35 70.15+ 3.94
AA54F/S459V 2.90+£0.20 73.61+1.18 2541 +1.76
E455A/5459V 2.11+£0.12 196.74 £ 2.26 93.17 +£5.40
A454F/EA55A/S459V 2.39+0.14 21.64 +£0.27 9.06 £ 0.53

Note: * Data obtained from Somphao, 2011

The previous study revealed that the E455A mutant could improve its
efficiency toward pNP-Glc by 2-fold, while the efficiencies of the A454F and S459V
mutants were lower when compared with the wild-type enzyme (Somphao, 2011). So,
the combination of A454F/E455A and E455A/S459V mutations could significantly
increase its efficiency, compared with the corresponding single mutants. Therefore,
these results suggest that for hydrolysis of pNP-Glc, there may be synergistic
interaction between the residues in all double mutants, but antagonistic interaction in

the triple mutant, when compared with the corresponding single mutants.

In this experiment, replacing A454, E455, and S459 with F, A, and V,
respectively, in the double and triple mutants created hydrophobic environment
around the binding pocket. These hydrophobic residues interacted tightly with the
pNP-Glc resulting in the reduction of the K, values in the double and triple mutants.
Moreover, the negative charge of glutamate residue in the wild-type enzyme may
have obstructed the binding between pNP-Glc and catalytic residues.
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4.2 Hydrolysis of dalcochinin-8'-O-f3-D-glucoside

The kinetic parameters of the wild-type dalcochinase and all dalcochinase
mutants toward dalcochinin-8'-O-3-D-glucoside are shown in Table 16, and the plots
are shown in Appendices D5-D8. The A454F/E455A, A454F/S459V, and
E455A/S459V mutants showed improved efficiencies toward dalcochinin-8'-O-f3-D-
glucoside by 13-, 3-, and 6-fold, respectively, when compared with the wild-type
dalcochinase. The Ky, value of the A454F/E455A decreased 2-fold, while those of the
other 2 double mutants increased slightly, when compared with the wild-type
dalcochinase. Their ke values increases 6-, 4-, and 8-fold, for the A454F/E455A,
A454F/S459V, and E455A/S459V mutants, respectively, when compared with the
wild-type dalcochinase. Although the k., value of the E4A55A/S459V mutant was the
highest, the mutant that showed the highest efficiency was the A454F/E455A mutant
because of the largest reduction in the K, value. On the other hand, the
A454F/E455A/S459V mutant showed a decrease in its efficiency toward dalcochinin-
8'-O-p-D-glucoside, due to a 2-fold increase in the Ky, value and a slight increase in

the ket Value.

Table 16 Kinetic parameters of the wild-type and mutant forms of dalcochinase

toward dalcochinin-8'-O-f-D-glucoside

Dalcochinase K (MM) keat (57 Keat/ K (MM™s™)
Wild-type 0.87 £ 0.07 25.68 + 0.60 29.65 + 2.53
A454F? 2.36+0.21 2482 +0.72 10.53£1.00
E455A° 2.42 £0.39 122.52 £ 8.22 50.66 + 8.89
S459Vv? 1.40+£0.17 59.3 £ 2.36 42.44 £ 5.45
AA54F/EAS5A 0.39+£0.04 152.97 £ 3.79 393.52+41.94
AA54F/S459V 1.22 +£0.10 109.84 + 3.26 89.95 + 8.06
E455A/S5459V 1.09+£0.10 206.73 £ 6.45 190.17 £17.80
A454F/EA55A/S459V 1.86 £ 0.20 37.19+1.83 19.99 + 2.34

Note: * Data obtained from Somphao, 2011
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The previous study revealed that only the E455A and S459V mutants
could improve their efficiencies toward dalcochinin-8'-O-3-D-glucoside by 2-fold and
1.5-fold, respectively, while the A454F mutant showed the opposite effect (Somphao,
2011). All double mutants showed higher efficiencies than their corresponding single
mutants, due to increases in the k¢ values but decreases in the K, values. On the
other hand, the A454F/E455A/S459V mutant showed a decrease in its efficiency
because of a high K, value. Therefore, these results suggest that it may be synergistic
interaction in all double mutants for hydrolysis of dalcochinin-8'-O-f3-D-glucoside,
but antagonistic interaction in the triple mutant for hydrolysis of this substrate, when
compared with the corresponding single mutants.

Again, replacing A454, E455, and S459 with F, A, and V, respectively, in
the double and triple mutants built up hydrophobic environment around the binding
pocket. The hydrophobic residues in the binding pocket seemed to assist in the
hydrolysis of dalcochinin-8'-O-3-D-glucoside. However, in all dalcochinase mutants,
except the A454F/E455A mutant, these residues may interact weakly with

dalcochinin-8'-O-f3-D-glucoside, resulting in increases in the K, values.

4.3 Hydrolysis of daidzin

The kinetic parameters of the wild-type dalcochinase and all dalcochinase
mutants toward daidzin are shown in Table 17, and the plots are shown in Appendices
D9-D14. Only, the A454F/E455A mutant exhibited a slight increase in its efficiency,
when compared with the wild-type dalcochinase, due to 3-fold increases in both the
kear and Ky, values. On the other hand, the efficiencies of the other double mutants
decreased, when compared with the wild-type dalcochinase, due to larger increases in
the Kn, values than the ke values. In the triple mutant, the K, value increased by 5-
fold, while the kg value decreased slightly, when compared with the wild-type
enzyme. Thus, the increases in the K., values lowered the efficiencies of double and

triple mutant enzymes.
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Table 17 Kinetic parameters of the wild-type and mutant forms of dalcochinase

toward daidzin

Dalcochinase K (MM) Keat (5 kea! K (MM s
Wild-type 0.07 £ 0.007 7.07 £0.17 95.47 £9.43
A454F? 0.07 £0.008 5.17+£0.17 75.29 £9.41
E455A° 0.04 £0.003 11.04 £ 0.19 302.48 + 27.34
S459Vv? 0.08 + 0.008 18.13+0.44 221.05 + 21.55
AA54F/E4AS5A 0.24 +£0.02 24.22 +0.62 100.43 £ 7.58
AA54F/S459V 0.32 £0.03 14.45 £ 0.43 4571 + 4.04
E455A/S459V/" 0.45+£0.03 35.04 £ 2.29 78.39 +7.52
A454F/E455A/S459V" 0.33+0.04 4,97 +0.59 15.24 £ 0.61

Note: * Data obtained from Somphao, 2011
® Data obtained via the Lineweaver-Burk equation

The previous study revealed that the E455A and S459V mutants exhibited
increased efficiencies toward daidzin by 3-fold and 2-fold, respectively, when
compared with the wild-type dalcochinase (Somphao, 2011). In fact, the ke, values of
the A454F/E455A and E455A/S459V mutants were higher than those of the E455A
and S459V mutants, but their Ky, values were also higher. Therefore, the higher Ky,
values of the A454F/E455A and E455A/S459V mutants led to their lower catalytic
efficiencies, when compared with the E455A and S459V mutants. So, the
combination of single mutations resulted in weak binding interactions between the
residues and daidzin. Therefore, these results suggest that it may be antagonistic
interaction in double and triple mutants for hydrolysis of daidzin, when compared
with the corresponding single mutants.

Our kinetic data suggested that the hydrophobic residues in the binding
pocket of single mutants were required for hydrolysis of daidzin, but not in
combination. Moreover, in double and triple dalcochinase mutants, these residues

may interact weakly with daidzin, resulting in increases in the Ky, values.
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4.4 Hydrolysis of genistin

The kinetic parameters of the wild-type dalcochinase and all dalcochinase
mutants toward genistin are shown in Table 18, and the plots are shown in
Appendices D15-D18. The A454F/E455A and E455A/S459V mutants showed
increases in their efficiencies toward genistin by 3- and 2-fold, respectively, when
compared with the wild-type dalcochinase. For the A454F/E455A mutant, it was
mainly due to an increase in the ke value, while for the E455A/S459V mutant, both
the K, and ke values increased by 4- and 7-fold, respectively, when compared with
the wild-type dalcochinase. The A454F/S459V mutant also showed a slight increase
in its efficiency, when compared with the wild-type enzyme, due to 2-fold increases
in both the Ky, and ke, values. However, the A454F/E455A/S459V mutant exhibited
3.5-fold lower efficiency, when compared with the wild-type enzyme, mainly due to
the 2.5-fold increase in the K, value.

Table 18 Kinetic parameters of the wild-type and mutant forms of dalcochinase

toward genistin

Dalcochinase K (MM) Keat (57 kead/ K (MM™s™)
Wild-type 0.08 +£0.01 3.67+0.12 45.37 £5.80
A454F? 0.14 £ 0.02 277+0.11 19.51 £ 2.33
E455A° 0.12 £ 0.02 27.96 £ 1.45 236.65 = 44.95
S459Vv? 0.11+£0.01 12.19 £ 0.37 109.06 £12.98
AA54F/EAS5A 0.07 £ 0.007 9.74 £ 0.25 147.36 + 16.50
AA54F/S459V 0.13+0.02 6.88 £ 0.10 54.95 + 6.63
E455A/S459V 0.29£0.04 25.23+1.37 87.09+11.54
A454F/EA55A/S459V 0.20 £0.02 2.64 £ 0.08 13.04+£1.24

Note: * Data obtained from Somphao, 2011

The previous study revealed that the E455A and S459V mutants showed
higher hydrolytic efficiencies toward genistin by 5-fold and 2-fold, respectively, when
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compared with the wild-type dalcochinase (Somphao, 2011). The combination of
E455A/S459V mutation resulted in only a 2-fold increase in the efficiency, due to a 7-
fold increase in the ke value (similar to the E455A mutant) but also almost 4-fold
increase in Kn value. So, even though the E455A and the S459V mutations could
improve hydrolytic efficiencies toward genistin, the combinations of these single
mutations did not improve the efficiencies, when compared with the corresponding
single mutants. Therefore, these results suggest that it may be antagonistic interaction
in double and triple mutants for hydrolysis of genistin, when compared with the

corresponding single mutants.

Our results suggested that, in the single mutants, replacing E455 and S459
with A and V, respectively, created hydrophobic environment around the binding
pocket, which appeared to be beneficial for the hydrolysis of genistin. The negative
charge of glutamate residue and the polarity of serine residue may have obstructed the
binding between the residues and genistin. However, the combination of hydrophobic
residues showed negative effects in the double and triple mutants, when compared
with the corresponding single mutants. Moreover, in all dalcochinase mutants, except
the A454F/E455A mutant, these residues may interact weakly with genistin, resulting

in increases in the K, values.

4.5 Hydrolysis of malonyldaidzin

The kinetic parameters of the wild-type dalcochinase and all dalcochinase
mutants toward malonyldaidzin are shown in Table 19, and the plots are shown in
Appendices D19-D25. All double mutants exhibited between 5- to 18-fold higher
efficiencies toward malonyldaidzin, when compared with the wild-type dalcochinase.
The A454F/E455A mutant showed the highest increase in the efficiency (18-fold) due
to an 8-fold increase in the ks value, and a 2.5-fold decrease in the Ky, value, when
compared with the wild-type dalcochinase. On the other hand, the E455A/S459V
mutant showed the highest increase in the k. value (26-fold), but its K, value also
increased 3-fold, resulting in only an 8-fold increase in the efficiency, when compared
with the wild-type dalcochinase. The K value of the A454F/S459V mutant was
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similar to the wild-type enzyme, while its ke, value increased by 5-fold. However, the
A454F/E4A55A/S459V mutant showed a very high K, value, such that it could not be
accurately determined by the present method.

The previous study revealed that the A454F, E455A, and S459V mutants
showed increases in the hydrolytic efficiencies toward malonyldaidzin by 1.4-fold, 4-
fold, and 2-fold, respectively, when compared with the wild-type enzyme (Somphao,
2011). The single mutants showed slight increases in the ke values, while the Ky,
values changed slightly, when compared with the wild-type dalcochinase. So, the
double mutations performed in this study could improve hydrolytic efficiencies
toward malonyldaidzin, when compared with the corresponding single mutants.
Therefore, these results suggest that it may be synergistic interaction in all double
mutants for hydrolysis of malonyldaidzin but antagonistic interaction in triple mutants,
when compared with the corresponding single mutants.

Table 19 Kinetic parameters of the wild-type and mutant forms of dalcochinase

toward malonyldaidzin

Dalcochinase K (MM) Keat (574 kead/ K (MM™s™)
Wild-type 0.45 +0.06 0.27 £ 0.02 0.62 £ 0.09
A454F? 0.47 £0.07 0.40 £0.03 0.85+£0.13
E455A° 0.18 £0.02 0.42 £0.02 2.32+£0.31
S459Vv? 0.81+0.10 0.93+0.06 1.15+0.16
AA54F/EAS5A 0.18 £ 0.02 2.04 +0.07 1110+ 1.17
A454F/S459V/° 0.41£0.05 1.35+0.15 3.31+0.52
E455A/S459V/° 1.35+0.25 6.89 £ 1.26 511+1.32
A454F/E455A/S459V° N.D. N.D. N.D.

Note: * Data obtained from Somphao, 2011;

® Data obtained via the Lineweaver-Burk equation;

¢ Data not determined due to a very high K, value.
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The results suggested that replacing A454, E455, and S459 with F, A, and
V, respectively, in the double and triple mutants created hydrophobic environment
around the binding pocket. These hydrophobic residues in the binding pocket seemed
to be important for hydrolysis of malonyldaidzin. Especially, the F454 and A455
residues in the A454F/E455A mutant showed tight binding with malonyldaidzin. It is
likely that these positions prefer an aromatic hydrophobic residue (F454) and a small
hydrophobic residue (A455) for binding and hydrolysis of malonyldaidzin.

4.6 Hydrolysis of malonylgenistin

The kinetic parameters of the wild-type dalcochinase and all dalcochinase
mutants toward malonylgenistin are shown in Table 20, and the plots are shown in
Appendices D26-D30. The A454F/E455A, A454F/S459V, and E455A/S459V
mutants showed increased efficiencies toward malonylgenistin by 3.6-fold, 1.5-fold,
and 2-fold, respectively, when compared with the wild-type dalcochinase. As
described previously for the hydrolysis of malonyldaidzin, the E455A/S459V mutant
showed the highest increase in the ke value (2-fold) among the double mutants, but
its Ky, value also increased slightly, resulting in only 2-fold increase in the efficiency,
when compared with the wild-type dalcochinase. For the other 2 double mutants, their
Kear values were similar to the wild-type enzyme, while the K, value slightly
decreased, resulting in increases in the efficiencies. However, the
A454F/E455A/S459V mutant showed decrease in the efficiency by 2-fold, when
compared with the wild-type dalcochinase, because of the increase in the K, value by
1.6-fold without affecting the k¢, value.



Table 20 Kinetic parameters of the wild-type and mutant forms of dalcochinase

toward malonylgenistin

Dalcochinase K (MM) keat (57 Keat! K (MM™s™)
Wild-type 0.30 £0.02 0.60 £ 0.02 1.97 £0.16
A454F? 0.09 £0.01 0.43 £0.02 4.64 £ 0.58
E455A° 0.09 £0.01 5.84 £0.12 65.44 + 5.25
S459Vv? 0.44 +£0.01 0.99+0.01 2.25 £ 0.06
AA54F/E4AS5A 0.08 £ 0.007 0.55+0.01 7.02 £0.62
AA54F/S459V 0.20 £ 0.02 0.58 £ 0.02 290+0.34
E455A/5459V 0.37 £0.02 1.32+0.03 3.54+0.21
A454F/E455A/S459V" 0.68 £ 0.08 0.59 +0.07 0.87 £0.15

Note: * Data obtained from Somphao, 2011;
® Data obtained via the Lineweaver-Burk equation;

The previous study revealed that the A454F and E455A mutants showed
increases in the efficiencies by 2.4-fold and 33-fold, respectively, while the efficiency
of the S459V mutant slightly increased, when compared with the wild-type
dalcochinase (Somphao, 2011). In particular for the E455A mutant which showed the
highest efficiency, its ke value increased by almost 10-fold, while its Ky value
decreased by 3-fold, when compared with the wild-type enzyme. However, in the
combination of A454F/E455A mutation, the ke value did not change, while the Ky,
value decreased 4-fold, when compared with the wild-type dalcochinase. In the
combination of E455A/S459V mutation, the ks value increased 2-fold, while the Ky,
value also increased slightly. So, even though the single mutations at A454F, E455A
and S459V could increase the hydrolytic efficiencies toward malonylgenistin, the
combinations of these single mutations did not improve the efficiencies, when
compared with the corresponding single mutants. Therefore, these results suggest that
it may be antagonistic interaction in the double and triple mutants for hydrolysis of

malonylgenistin, when compared with the corresponding single mutants.
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Again, our data suggested that replacing A454, E455, and S459 with F, A,
and V, respectively, created hydrophobic environment around the binding pocket.
These hydrophobic residues interacted tightly with malonylgenistin in the A454F,
E455A, and A454F/E455A mutants resulting in the reduction of K., values, but
showed weak binding in the A454F/E455A/S459V mutant. Moreover, the negative
charge of glutamate residue in the wild-type enzyme may have obstructed the binding
and hydrolysis between malonylgenistin and catalytic residues. Especially, the A455
residues in the E455A mutant showed tight binding and a high ke value with
malonylgenistin. It is likely that this position prefers a small hydrophobic residue
(A455) for binding and hydrolysis of malonylgenistin. However, the combination of
these hydrophobic residues in the double and triple mutants showed negative effect

when compared with the corresponding single mutants.

5. Hydrolysis of soybean flour extracts

In order to determine the abilities of our dalcochinase mutants in the
hydrolysis of soybean isoflavone glucosides present in common food sources, such as
soybean flour, the mutants that showed the highest efficiencies toward soybean
isoflavone glucosides (the E455A and A454F/E455A mutants) and the highest Kcat
value (the E455A/S459V mutant) were tested, and compared with the activities of the
wild-type dalcochinase and the commercial preparation of almond p-glucosidase. In
this study, the commercially available soybean flour was firstly de-fatted, and then
extracted by 80% methanol. The amount of soybean isoflavone glucosides from crude
soybean flour extracts was determined by reverse phase HPLC before the reactions
were performed. The peaks of daidzin, genistin, malonyldaidzin, malonylgenistin,
acetyldaidzin, acetylgenistin, daidzein, and genistein were identified by comparing
them with those of the commercially available soybean isoflavone glucosides (Fig.
17A). Malonylgenistin, genistin, and daidzin were found to be the major forms in
crude soybean flour extracts (Fig. 17B). The acetylated forms and malonyldaidzin
were also present in small amounts in the extracts, but the corresponding free
aglycone forms were very little. According to Coward et al. (1998) and Wang and
Murphy (1996), the isoflavone glucosides were the dominant forms in unprocessed
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soybean flour, while the amount of aglycone forms were very small. Moreover,

among the gluco-conjugated forms, malonylated isoflavone glucosides were the major

forms in the unprocessed soy food.

(A) (B) Soybean flour extract

Standard soybean isoflavone glucosides

=

AG

— MG
Genistein
|
C

— AD

— Daidzein

- MD

Genistein

MD

AD
AG
Daidzein

Figure 17 HPLC profiles of soybean isoflavone glucoside standards (A) and soybean

isoflavone glucoside from soybean flour extract (B); D = daidzin, G
genistin, MD = malonylgenistin, MG= malonylgenistin, AD

acetyldaidzin, and AG = acetylgenistin.
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For hydrolysis by almond p-Glucosidase (Table 21), the enzyme hydrolyzed
31 % of daidzin and 14 % of genistin within 10 min. After incubation for 4 h, daidzin
and genistin were then hydrolyzed by 40 % and 31 %, respectively. However, -
glucosidase from almond hardly hydrolyzed malonylated and acetylated soybean

isoflavone glucosides.

Table 21 Relative amount of soybean isoflavone glucosides after incubation with -
glucosidase from almond. The amount before incubation was taken as
100%. The amount at other incubation times was calculated relative to the

amount before incubation.

; Area under peaks
Soybean isoflavones

0 min 10 min 4h
Daidzin 100 68.63 60.26
Genistin 100 85.67 69.00
Malonyldaidzin 100 111.56 0

Malonylgenistin 100 82.68 92.79

Acetyldaidzin 100 92.52 121.59

Acetylgenistin 100 90.78 117.11
Daidzein 100 189.94 1,124.10

Genistein 100 152.59 861.74

For hydrolysis by the wild-type dalcochinase (Table 22), 17 % and 5 % of
daidzin and genistin were hydrolyzed, respectively, after 10 min of incubation. After
incubation for 4 h, daidzin and genistin were hydrolyzed by 65 % and 70 %,
respectively. Moreover, the wild-type dalcochinase also slightly hydrolyzed

malonylgenistin.
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Table 22 Relative amount of soybean isoflavone glucosides after incubation with the

wild-type dalcochinase. The amount before incubation was taken as 100%.

The amount at other incubation times was calculated relative to the amount

before incubation.

Soybean isoflavones

Area under peaks

0 min 10 min 4h

Daidzin 100 82.53 34.85

Genistin 100 95.28 29.57

Malonyldaidzin 100 135.51 119.50

Malonylgenistin 100 104.00 93.07

Acetyldaidzin 100 126.72 108.67

Acetylgenistin 100 114.43 104.85
Daidzein 100 326.15 1,524.68
Genistein 100 368.10 1,578.03

For hydrolysis by the E455A mutant (Table 23), only small amounts of

soybean isoflavone glucosides were hydrolyzed after 10 min of the reactions. When

the reactions were incubated for 4 h, the E455A mutant hydrolyzed daidzin, genistin,

and malonylgenistin by 56 %, 65 %, and 9 %, respectively.
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Table 23 Relative amount of soybean isoflavone glucosides after incubation with the
E455A mutant. The amount before incubation was taken as 100%. The
amount at other incubation times was calculated relative to the amount

before incubation.

_ Area under peaks
Soybean isoflavones

0 min 10 min 4h

Daidzin 100 86.72 43.84

Genistin 100 100.12 35.04

Malonyldaidzin 100 132.82 123.52

Malonylgenistin 100 107.61 91.46

Acetyldaidzin 100 118.22 125.04

Acetylgenistin 100 120.21 107.86
Daidzein 100 308.90 1,215.16
Genistein 100 365.69 1,332.19

For hydrolysis by the A454F/E455A mutant (Table 24), the enzyme
hydrolyzed 11 % of daidzin within 10 min. After incubation for 4 h, malonyldaidzin
was completely hydrolyzed, while daidzin, genistin, malonylgenistin, acetyldaidzin,
and acetylgenistin were then hydrolyzed by 70 %, 77 %, 30 %, 23 %, and 28 %,

respectively.
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Table 24 Relative amount of soybean isoflavone glucosides after incubation with the
A454F/E4A55A mutant. The amount before incubation was taken as 100%.
The amount at other incubation times was calculated relative to the amount

before incubation.

_ Area under peaks
Soybean isoflavones

0 min 10 min 4h
Daidzin 100 89.23 30.41
Genistin 100 105.16 23.25
Malonyldaidzin 100 130.14 0
Malonylgenistin 100 109.57 70.02
Acetyldaidzin 100 107.13 77.32
Acetylgenistin 100 118.04 72.74
Daidzein 100 263.58 974.95
Genistein 100 291.02 1,037.91

For hydrolysis by the E455A/S459V mutant (Table 25), the enzyme
hydrolyzed 48 % of daidzin, 52 % of genistin, 24 % of malonylgenistin, 32 % of
acetyldaidzin, and 31 % of acetylgenistin within 10 min. However, some experiments,
the areas under peaks of all soybean isoflavone glucosides were higher than the
control. It may be because, in this experiment, all reactions were separately
performed. The amount of substrates used may not be equal in all reactions. However,
the E455A/S459V mutant released the highest amount of soybean isoflavone
aglycones after 4 h of incubation (data not shown).
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Table 25 Relative amount of soybean isoflavone glucosides after incubation with the
E455A/S459V mutant. The amount before incubation was taken as 100%.

The amount at other incubation times was calculated relative to the amount

before incubation.

Soybean isoflavones

Area under peaks

0 min 10 min 4h

Daidzin 100 52.15 12.86

Genistin 100 47.73 14.71
Malonyldaidzin 100 0 133.17

Malonylgenistin 100 75.90 96.05

Acetyldaidzin 100 68.18 87.97

Acetylgenistin 100 69.47 72.72
Daidzein 100 373.14 1451.57
Genistein 100 487.72 1503.32

To compare the abilities of these enzymes in the hydrolysis of soybean

isoflavone glucosides in soybean flour extract, the relative amount of soybean

isoflavone glucosides at 10 min and 4 h of incubation were plotted (Fig. 18). At 10

min, the E455A/S459V mutant appeared to be the best enzyme for hydrolysis of

soybean isoflavone glucosides in soybean flour extract, as it gave the highest relative

amount of free isoflavone aglycones (Fig. 18A). However at 4 h, both the wild-type
dalcochianse and the E455A/S459V mutant showed similar capabilities (Fig. 18B).



(A)
£
€
o
—
©
€
>
o
£
©
[«5)
2
=
(]
o4

(B)
<
<
©
€
>
o
S
(]
[<5]
2
=
(5]
o

Figure 18

67

600 -,
500
HAIBG
400 =H18
300 E455A
200 B AASAF/EA55A
100 ‘ B E455A/S459V
"k 0k B ok e 0k BE A
R 4 $® @6 Y"Q ?*O ,&é‘& .g\é&
Q‘b‘\ 6@‘&
Soybean isoflavones
1800 -
1600
1400
1200 4
: |

1000 .AIBG

600 ! E455A

400 B A454F/E455A

200 _ , B E455A/S459V

L Hl ma BHa -
o © < &> &>
Q @Q @ § YV .©q)©\ ’&é@}
P&

Soybean isoflavones

Relative amount of soybean isoflavone glucosides after incubation with
various enzymes for 10 min (A) and 4 h (B). The amount before

incubation was taken as 100%. D = daidzin, G = genistin, MD

malonylgenistin, MG= malonylgenistin, AD = acetyldaidzin, and AG
acetylgenistin.
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6. Molecular docking

Since the crystal structures of dalcochinase and GmICHG have not been
determined, their structural models were generated by Modeller 9v4. The wild-type
dalcochinase, the A454F/E455A mutant, and the GmICHG were modeled by using
cyanogenic p-glucosidase from Trifolium repens L. (white clover) (PDB code: 1CBG)
as a template. Their quality was also evaluated by using several free online programs,
namely PROCHECK, ProSA, verify 3D, and WHATIF. The high quality of the
modeling structure should contain over 90 % of residues in the most favoured regions
as judged by PROCHECK. Our structural models showed percentage of residues in
the most favoured regions between 87 % to 89 %, which were close to 90%.
Moreover, these models contained 0.2 % of the residues in the disallowed regions,
which was acceptable because it should be less than 2 % of residues in disallowed
regions. ProSA is a tool for evaluating the three-dimensional structure of models for
potential errors. The z-scores obtained by ProSA for the three $-glucosidase models (-
8.36 to -9.18), which were within an acceptable range and indicated good model
qualities. Verify 3D, which checked the correctness of three-dimensional structure of
these models based on low-resolution electron density maps, inadequate distance
constraints, or computational procedures, gave z-scores over 90 %, indicating correct
folding in most of protein structures. WHATIF evaluated several factors such as the
missing unit cell, backbone and residue conformation, bond length, and etc. The z-
scores obtained by WHATIF of these B-glucosidase models were all above -2.0,

which were acceptable (Table 26).



69

Table 26 Evaluation of the structural models of the wild-type dalcochinase, the
A454F/E455A mutant, and GmICHG

Program Dalcochinase  A454F/E455A mutant GmICHG
PROCHECK:
- Residues in most
_ 87.4 87.4 89.2
favoured regions (%)
- Residues in additional
) 11.9 11.9 9.0
allowed regions (%)
- Residues in generously
g 0.5 0.5 1.6
allowed regions (%)
- Residues in disallowed
_ 0.2 0.2 0.2
regions (%)
ProSA: z-score -8.4 -8.36 -9.18
Verify 3D: z-score (% of
residues with a score 94.05 94.07 90.73
over 0.2)
WHATIF: z-score -1.356 -1.355 -0.044

The models of dalcochinase and GmICHG showed (pB/a)s—barrel of domains
(Fig. 19). The length and width of the binding pocket of dalcochinase were 22 A
(measured by the distance of P347-Cy and E455-O¢2) and 7.8 A (measured by the
distance of N189-N62 and W368-Cd1), respectively. The distance between two
catalytic residues was 5.5 A. The length and width of the binding pocket of GmICHG
were 24.3 A (measured by the distance of S371-Oy and A479-Cp) and 10.9 A
(measured by the distance of G216-Ca and W392-Co1), respectively. The distance

between two catalytic residues was 4.2 A
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(A)

Figure 19 Overall structural models of the wild-type dalcochinase (A) and GmICHG
(B). The catalytic acid/base residues, E182 and E209 in the wild-type
dalcochinase and GmICHG, respectively, are shown as blue stick models.
The catalytic nucleophile residues, E396 and E420 in the wild-type
dalcochinase and GmICHG, respectively, are shown as cyan stick models.

A previous study revealed that the hydrolytic efficiency of the GmICHG
toward malonylgenistin was higher than that of the wild-type dalcochinase by 100-
fold. In order to investigate the interaction of the two p-glucosidases and
malonylgenistin, malonylgenistin was docked into the binding pocket of dalcochinase
and GmICHG by using GOLD. From the docking result, the subsite -1, which is the
glycone binding site, was formed via the interactions between the glycone moiety and
seven residues of dalcochinase (hamely Q36, N181, E182, E396, W445, E452, and
W453), which correspond to seven residues of GmICHG (namely Q59, N208, E209,
E420, W469, E476, and W477, respectively) (Figs. 20 and 21, and Tables 27 and 28).
In dalcochinase, residues E182 and E396 were catalytic acid/base and catalytic
nucleophile residues, respectively. O-2 of the glycone moiety formed a hydrogen
bond with E396 at a distance of 3.3 A, and also with N181. The side-chains of Q36
and W453 were bonded with O-3 of the glycone moiety at a distance of 2.9 A and 3.4
A, respectively. Residue Q36 also formed a weak hydrogen bond between its NH
group and O-4 of the glycone moiety. The side-chains of W445 and E452 were
bonded with O-4 at hydrogen bonding distances of 2.5 A and 2.8 A, respectively.
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Residue E452 also formed hydrogen bond with O-6 with a distance of 1.9 A.
Moreover, the side-chain of W445 of dalcochinase turned its aromatic face to C3 and
C5 of the glycone group (Czjzek et al., 2000; Saino et al., 2014; Verdoucq et al.,
2004). These residues, which formed the glycone binding site, were conserved in all

GHL1 glycoside hydrolases.

Figure 20 The docking result of malonylgenistin in the wild-type dalcochinase
model. The side-chains of dalcochinase that interacted with the ligand are
shown in green stick models. The structure of malonylgenistin is shown as

a cyan stick model.
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Figure 21 The docking result of malonylgenistin in the GmICHG model. The side-
chains of GmICHG that interacted with the ligand are shown in green
stick models. The structure of malonylgenistin is shown as a cyan stick
model.



Table 27 Summary of distances between residues of dalcochinase and

malonylgenistin

Dalcochinase

Malonylgenistin

Distance (A)

Subsite +1

N189-Nd2 Oxygen of aglycone (O-7) 3.7
H252-Nd1 Hydroxyl of aglycone (O-8) 3.8
W368-Nel Carbonyl oxygen (O-10) 3.8
Subsite -1

E182-O¢l O-glucosidic linkage 2.6
N181-Nd2 Glucose O-2 3.9
E396-O¢l Glucose O-2 3.3
Q36-O¢l Glucose O-3 2.9
W453-Nel Glucose O-3 3.4
Q36-Ne2 Glucose O-4 4.0
W445-Nel Glucose O-4 2.5
E452-O¢l Glucose O-4 2.8
E452-O¢2 Glucose O-6 1.9
Subsite -2

E452-O¢2 Carboxylate oxygen of (O-12) 2.4

malonyl group
E455-O¢l Carboxylate oxygen of (O-11) 2.7

malonyl group
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Table 28 Summary of distances between residues of GmICHG and malonylgenistin

Dalcochinase Malonylgenistin Distance (A)

Subsite +1

N279- N&2 Carbonyl oxygen 3.5
Subsite -1

E209-O¢l O-glucosidic linkage 2.4
N208-Nd2 Glucose O-2 3.7
E420-O¢l Glucose O-2 2.8
Q59-O¢l Glucose O-3 3.5
W477-Nel Glucose O-3 3.1
Q59-Ne2 Glucose O-4 4.0
W469-Nel Glucose O-4 2.7
E476-O¢l Glucose O-4 3.1
E476-O¢2 Glucose O-6 2.5
Subsite -2

W392-Nel Carboxylate oxygen of malonyl 2.8

group

In the dalcochinase model, subsite +1, which is the aglycone binding site,
consisted of five residues, namely 1185, N189, M195, F196, H253, and W368. The
side-chains of N189, H253 and W368 appeared to form weak hydrogen bond with the
aglycone group, while, in GmICHG, only N279 was hydrogen-bonded with oxygen at
the carbonyl group in aglycone of malonylgenistin (Figs. 22A and 22B). The side-
chains of W392 of GmICHG and W368 of dalcochinase likely formed zt-rt interaction
between its residue and aromatic face of malonylgenistin (Figs. 22C and 22D).
Moreover, the side-chain of W392 of GmICHG also formed hydrogen bond with
carboxylate oxygen of substrate. This binding was not observed in dalcochinase.



(A)

(B)

Figure 22 The interactions between malonylgenistin and the residues in the aglycone
binding pocket of the wild-type dalcochinase (A) and GmICHG (B), and
the m-rt interaction between aromatic face of the side-chain of W368 in
dalcochinase (C) and the side-chain of W392 in GmICHG (D). The side-
chains of dalcochinase that interacted with the ligand are shown in green
stick models. The structure of malonylgenistin is shown as a cyan stick
model.

Because the GmICHG showed very high hydrolytic efficiency toward
malonylgenistin, while the dalcochinase poorly hydrolyzed the modified isoflavone
glucosides, the models of these two enzymes docked with malonylgenistin were
studied in order to compare the structures of ligand and protein. From the docking
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result of malonylgenistin in dalcochinase (Fig. 23A), hydrophobic side of the malonyl
group faced to the aglycone group (Saino et al.,, 2014). From this reason, the
carboxylate group of malonylgenistin faced to residue E455 of the wild-type enzyme.
The negative charge of E455 may push the malonyl group, resulting in reduction the
flexibility of malonylgenistin. On the other hand, the binding pocket of GmICHG
contained hydrophobic environment (Fig. 23B). Residues F478, A479, and V483
showed hydrophobic interactions with the malonyl group of malonylgenistin,
resulting in flexibility of malonyl group. From these reasons, it is suggested that the
negative charge and polar residues in the wild-type dalcochinase resulted in loose
binding for malonylgenistin, but the hydrophobic residues in the binding pocket of
GmICHG recognized and provided more spaces for the modified group of isoflavone
glucosides. So, GmICHG showed very high efficiencies toward malonylated

isoflavone glucosides because of reduction in Ky, values and increase in Kcy values.
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E420

Figure 23 The interactions between malonylgenistin and the residues in the binding
pocket of the wild-type dalcochinase (A) and GmICHG (B). The side-
chains of dalcochinase that interacted with the ligand are shown in green
stick models. The structure of malonylgenistin is shown as a cyan stick
model. Mesh and dotted surfaces show the interactions between the
substrate and the side-chains, respectively.
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Moreover, the A454F/E455A mutant also showed high hydrolytic efficiency
toward malonyldaidzin. So, the molecular docking of malonyldaidzin in this mutant
was performed. From the result, replacing the negative charge of E455 with A
increased the binding surface in the binding pocket, while F454 helped to stabilize the
malonyl group of substrate (Fig. 24).

Figure 24 The interactions between malonyldaidzin and the residues in the binding
pocket of the A454F/E455A mutant. The side-chains of the
A454F/E455A mutant that interacted with the ligand are shown in green
stick models. The structure of malonyldaidzin is shown as a cyan stick
model. Mesh and dotted surfaces show the interactions between the
substrate and the side-chains, respectively.

Amino acid sequence of dalcochinase was compared with other GH1 §-
glucosidases, whose structures have been solved. The dalcochinase shared 44 %,
45 %, and 53 % sequence identities with Zea mays (maize) p-glucosidase, Sorghum
bicolor dhurrinase-1, and Camellia sinensis p-primeverosidase, respectively.
Residues in the glycone binding site (subsite -1) were fully conserved, but some
residues in the aglycone binding site (subsite +1) were conserved in some enzymes
(Fig 25). Moreover, S473 and Q477 of B-primeverosidase, corresponding to residues

E455 and S459 of dalcochinase, respectively, formed hydrogen bonds with its
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substrate in the subsite -2, and were responsible for recognition of disaccharide of its

substrate (Saino et al., 2014). It is possible that the hydrophobic residues in the

binding pocket of GmICHG may recognize the modified isoflavone glucosides.
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SLANGITPFVT IFHWDLPQALEDEYGGFLNHS---VVNDFQDYADLCFQLFGDRVKHWIT 179
LLENGIEPYVTIFHWDVPQALEEKYGGFLDKSHKS IVEDYTYFAKVCFDNFGDKVKNWLT 188
LLENGIEPY ITIFHWDTPQALVDAYGGFLDER---1 IKDYTDFAKVCFEKFGKTVKNWLT 237
LLSKGIQPFITIFHWDLPQALEDEYGGFLSPH---1VNDFRDFAELCFKEFGDRVKHWIT 200
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ﬂhEPSﬁFTRhGYAYdmFAPGRCSPSYNPTCTGGDAGTETYLVAHNLILSHAATVQVYKRK 239
FNEPQTFTSFSYGTGVFAPGRCSPGLDCAYPTGNSLVEPYTAGHNILLAHAEAVDLYN-K 247
FNEPETFCSVSYGTGVLAPGRCSPGVSCAVPTGNSLSEPY IVAHNLLRAHAETVDIYN-K 296
MNEPWSYSYGGYDAGLLAPGRCS-AFMAFCPKGNSGTEPY IVTHNLLLSHAAAVKLYKEK 259

YQEHQKGT IGISLHVVWV IPLSNSTSDQNATQRYLDFTCGWFMDPLTAGRYPDSMQYLVG 299
HYKRDDTR IGLAFDVMGRVPYGTSFLDKQAEERSWD INLGWFLEPVVRGDYPFSMRSLAR 307
YHKGADGR IGLALNVFGRVPYTNTFLDQQAQERSMDKCLGWFLEPVVRGDYPFSMRVSAR 356
YQAYQKGQIGITLVTYWMIPYSNSKADKDAAQRALDFMYGWF IEPLSFGEYPKSMRRLVG 319

DRLPKFTTDQAKLVKGSFDFIGLNYYTTNYATKSDASTCCPPSYLTDPQVTLLQQR--NG 357
ERLPFFKDEQKEKLAGSYNMLGLNYYTSRFSKNIDISPNYSPVLNTDDAYASQEVNGPDG 367
DRVPYFKEKEQEKLVGSYDMIGINYYTSTFSKHIDLSPNNSPVLNTDDAYASQETKGPDG 416
KRLPRFTKEQAMLVKGSFDFLGLNYY FANYVLNVPTSNSVNLSYTTDSLSNQTAFR--NG 377
v
VFIGPVTPSGWMC 1 YPKGLRDLLLYFKEKYNNPLVY I TENG ID--EKNDASLSLEESLID 415
KP IGPPMGNPWI1YMYPEGLKDLLMIMKNKYGNPP 1Y ITENGIGDVDTKETPLPMEAALND 427
NATGPPTGNAWINMYPKGLHD I LMTMKNKYGNPPMY I TENGMGD IDKGD--LPKPVALED 474
VAIGRPTGVPAFFMYPKGLKDLLVYTKEKYNDPV1Y ITENGMG--DNN--NVTTEEGIKD 433

TYRIDSYYRHLFYVRYAIRSGANVKGFFA%SLLDNEEWAEGYTSRFGLYFVNYTT—LNRY 474
YKRLDY IQRHIATLKESIDLGSNVQGYFAWSLLDNFEWFAGFTERYGIVYVDRNNNCTRY 487
HTRLDY 1QRHLSVLKQS IDLGADVRGYFAWSLLDNFEWSSGYTERFGIVYVDRENGCERT 534
PORVYFYNQHLLSLKNATAAGVKVKGYFTWAFLDNFEWLSGYTQRFGIVYVDFKDGLKRY 493

PKLSATWFKYFLARDQESAKLEILAPKARWSLSTMIKEEKTKPKRGIEGF 524

MKESAKWLKEFN-TAKKP=SKK I LTPA= == === == —— e e 512
MKRSARWLQEFNGAAKKVENNK I LTPAGQLN === === === ————————— 565
PKHSALWFKKFLLK === === == = === — o oo 507

Figure 25 Sequence alignment of four B-glucosidases. The catalytic residues are

indicated by filled triangles above the sequence. The residues in the glycone
and aglycone binding sites are indicated by blue and red boxes, respectively.
The residues of dalcochianse that were mutated to the corresponding residues
of GmICHG were underlined. Dal: Dalcochinase, MBg: Maize $-glucosidase,

DN: Dhurrinase-1, and PD: f3-primeverosidase.
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CONCLUSION

The dalcochinase mutants, A454F/E455A, A454F/S459V, E455A/S459V, and
A454F/E4A55A/S459V, were successfully generated by using site-directed
mutagenesis methods. All double and triple dalcochinase mutants were then expressed
in P. pastoris system, and purified by phenyl sepharose and Ni?* sepharose
chromatography. The purified dalcochinase mutants showed the molecular mass of 66
kDa and their identities were also detected by using western blot analysis. The
activities of all dalcochinase mutants were also tested by non-denaturing PAGE using
4MU-Glc as a substrate.

The kinetic studies of all dalcochinase mutants were determined toward pNP-
Glc, dalcochinin-8'-O-B-D-glucoside and four soybean isoflavone glucosides. For
hydrolysis of pNP-Glc and dalcochinin-8'-O-3-D-glucoside, all double mutants
showed improved efficiencies, while the triple mutants showed a decrease in
efficiency toward pNP-Glc, when compared with the wild-type enzyme and their
corresponding single mutants. However, the E455A/S459V mutant showed the
highest efficiency for hydrolysis of pNP-Glc, while the A454F/E455A mutant
exhibited the highest efficiency for hydrolysis of dalcochinin-8'-O-3-D-glucoside. For
hydrolysis of daidzin, the efficiency of the A454F/E455A mutant was similar to the
wild-type dalcochinase but lower than its corresponding single mutants, while other
mutants showed decreases in the efficiencies toward daidzin when compared with the
wild-type enzyme. For hydrolysis of genistin, the A454F/E455A and E455A/S459V
mutants exhibited high efficiencies when compared with the wild-type enzyme, but
did not improve the efficiencies when compared to the corresponding single mutants.
For hydrolysis of malonyldaidzin, all double mutants showed improved efficiencies
when compared with the wild-type enzyme and their corresponding single mutants.
The A454F/E455A mutant exhibited the highest efficiency for hydrolysis of
malonyldaidzin. For hydrolysis of malonylgenistin, all double mutants showed
increases in efficiencies when compared with the wild-type dalcochinase, but did not

show improved efficiencies when compared to their corresponding single mutants.
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In these cases, these results suggested that the interactions in all double
mutants may have synergism for hydrolysis of pNP-Glc, dalcochinin-8'-O-f-D-
glucoside, and malonyldaidzin, and antagonism for hydrolysis of daidzin, genistin,
and malonylgenistin. However, the triple mutant did not show improved efficiencies
toward all substrates tested. So, these results suggested that it might be antagonistic

interaction in the triple dalcochinase mutant for all substrates tested.

In the hydrolysis of soybean isoflavone glucosides in soybean flour extracts,
the E455A/S459V mutant could completely hydrolyzed malonyldaidzin within 4 h of
the reaction of soybean flour extracts. Therefore, these mutants may be applied in the
food industry in order to release free isoflavone aglycones, which will increase the
nutritional values in soybean food products.
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1. Agarose gel electrophoresis method

The sizes of DNA fragements were determined by 1 % agarose gel
electrophoresis. To prepare 1 % agarose, 0.5 g of agarose was dissolved in 50 ml of
1X TAE buffer [5S0X TAE stock: 2 M Tris, 5.71 % (v/v) acetic acid, and 0.1 M EDTA,
pH 8.5] with heating. The temperature of agarose solution was cooled to lower than
60 °C before pouring into the tray. After complete polymerization, agarose gel was
soaked in 1X TAE buffer. DNA samples were mixed with 1X loading buffer [6X
stock: 300 mM EDTA, pH 8.0, 0.25 % (w/v) bromphenol blue, 30 % (w/v) glycerol]
before loaded into the well. The DNA samples were separated by electrophoresis at
100 volt for 30 min. Then, DNA samples were stained with 1 pg/ml ethidium bromide,

and visualized under the ultraviolet light by using gel documentation system.

2. Preparation of competent E. coli DH5a and transformation

E. coli DH5a was grown on LB agar and incubated at 37 °C for 16 h. One
colony was grown in 10 ml LB at 37 °C, 200 rpm. The culture was inoculated in 200
ml LB broth and incubated at 200 rpm, 37 °C until the ODggo reached to 0.55-0.65.
The culture was cooled at 4 °C for 30 min in order to stop cell growth. Then, cells
were collected by centrifugation at 2,000 xg, 4 °C for 15 min. The cell pellet was
washed by 100 ml cold water and then centrifuged at 2,000 xg, 4 °C for 15 min.
Moreover, the cell pellet was washed again by 50 ml cold water, and centrifuged
under the same condition. The cell pellet was re-washed with 50 ml of cold 10 %
glycerol, centrifuged under the same condition, and re-suspended in 200 pl of cold
10 % glycerol. Eighty microliter of cell suspension in 10 % glycerol was collected in
each tube and kept at -80 °C. For DNA transformation into E. coli DH5a., one to ten
nanogram of DNA plasmid was mixed 80 pl competent cell and then incubated on ice
for 30 sec. The cell-plasmid mixture was gently pipetted into the electro-cuvette
without gas bubble. Plasmid was transformed into the bacterial cells via an electric
pulse at 25 pF, 200 2, and 2.5 V. Then, the transformed cells were rapidly added with
1 ml LB broth, incubated at 200 rpm, 37 °C for 1 h, and plated on LB agar containing
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25 pg/ml zeocin. All transformants were grown at 37 °C for 16 h, which is their

optimal growth condition.

3. Plasmid extraction by miniprep method and restriction digestion

E. coli DH5a harboring the wild-type or mutant dalcochinase gene in the
pPICZaB-Hisg-trncTRBG construct was inoculated in 2 ml LB broth containing 25
pg/ml zeocin for 16 h. Cells were collected by centrifugation at 13,000 rpm for 10
min. Cell pellet was re-suspended with 100 ul Solution I [50 mM glucose, 25 mM
Tris, pH 8.0 and 10 mM EDTA] and incubated at room temperature for 10 min. Then,
cell suspension was gently mixed with 200 pl Solution Il [0.2 M sodiumhydroxide
and 1 % SDS], incubated on ice for 5 min, and neutralized by adding with 150 pl
Solution 11l [3 M potassiumacetate and 2 M acetic acid]. The cell debris was
separated by centrifugation at 13,000 rpm for 10 min. Supernatant were collected, and
the DNA was precipitated with 2 volume of absolute ethanol, and incubated at -20 °C
for 30 min. The DNA pellet was separated by centrifugation at 13,000 rpm for 10 min.
The plasmid was washed by 70% ethanol, dried, and re-suspended with 20 pl TE
buffer pH 8.0 [10 mM Tris, pH 8.0, 1 mM EDTA]. The extracted plasmid was
digested with Pstl and Xbal restriction endonucleases in 1X FastDigest Green buffer.
The sizes of cut and/or uncut plasmid fragments were analyzed by 1 % agarose gel

electrophoresis (Appendix Al).

4. Preparation of competent P. pastoris Y11430 and transformation

P. pastoris Y11430 from stock was grown on YPD agar at 30 °C for 4-6 days.
Single colony of yeast was inoculated in 5 ml YPD broth to be a starter culture and
incubated at 200 rpm, 30 °C for overnight. The starter culture of P. pastoris Y11430
was inoculated in 125 ml YPD broth with the initial ODgyo 0f 0.1, and then incubated
at 200 rpm, 30 °C until the ODggo reached 1.3-1.5. The cells were then harvested by
centrifugation at 2,000 xg, 4 °C for 15 min. Cell pellet was re-suspended with 25 ml
YPD containing 0.02 M HEPES, pH 8.0. Then, cell suspension was gently added with
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DTT to 0.25 M final concentration, and incubated further at 200 rpm, 30 °C for 15
min. After incubation, sterile cold water was added into the cell suspension up to 125
ml, and the cells were collected by centrifugation at 4 °C for 15 min. The cell pellet
was re-washed with 62.5 ml sterile cold water under the same condition. Finally, the
competent cell was re-suspended with 0.25-0.50 ml of 1 M sorbitol. Forty microliter
of cell suspension was collected in each sterile tube, and kept at -80 °C. For
transformation, one hundred nanogram of linear DNA plasmid was mixed with
competent cell and incubated on ice for 30 sec. Cell suspension containing DNA
plasmid was gently pipetted into the electro-cuvette without gas bubble. The plasmid
was transformed into the yeast cells via an electric pulse at 25 pF, 200 Q, and 1.5 V.
Then, the transformants were rapidly added with 1 M sorbitol, incubated at 200 rpm,
30 °C for 1 h, and grown on YPDS agar containing 100 pg/ml of zeocin. The

transformed cells were incubated at 30 °C for 2-4 days.

5. Protein determination by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE)

10% SDS-polyacrylamide gel was prepared (Appendix Table Al) and soaked
in 1X running buffer [10X stock: 250 mM Tris, pH 8.3, 2 M glycine, and 1 % SDS].
After protein purification, one microgram of purified protein sample was mixed with
1X sample buffer [4X stock: 4 % (w/v) SDS, 20 % (v/v) glycerol, 5 % (v/v) B-
mercaptoethanol, 0.01 % (w/v) coomassie blue G, and 50 mM Tris, pH 6.8], and
heated in boiling water for 5 min. The denatured proteins were centrifuged for 1 min
and loaded into the SDS-polyacrylamide gel. All proteins were separated by
electrophoresis at 150 volt for 60 min. The gel was stained with staining solution
[0.125 % (w/v) coomassie blue R, 45 % (v/v) methanol, and 10 % (v/v) acetic acid]
for an hour, and washed twice by de-staining solution [40 % methanol and 10 %

acetic acid] for an hour.
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Appendix Table A1 Preparation of 10% SDS-polyacrylamide gel

Materials 10 % resolving gel 4 % stacking gel
Sterile distilled water 2050 pl 3000 pl

30 % Acrylamide 1600 pl 650 pl

1.5 M Tris, pH 8.8 1250 pl -

0.5 M Tris, pH 6.8 - 1250 pl

10 % (w/v) SDS 50 pl 50 pl

10% (w/v) Ammonium persulfate 50 pl 50 pl

TEMED 8 ul 8 ul

6. Protein determination by non-denaturing polyacrylamide gel electrophoresis
(Non-denaturing-PAGE)

8 % Non-denaturing polyacrylamide gel was prepared (Appendix Table A2)
and soaked in 1X running buffer [10X stock: 250 mM Tris, pH 8.3, 2 M glycine].
After protein purification, 0.1 unit of purified enzymes was mixed with 1X sample
buffer [4X stock: 10 % (v/v) glycerol, 12.5 % (w/v) bromophenol blue, and 125 mM
Tris, pH 6.8], and loaded into the non-denaturing polyacrylamide gel, All samples
were separated by electrophoresis at 150 volt for 60 min. The gel was incubated with
1 mM 4MU-Glc and visualized under the ultraviolet light. Moreover, the gel was
washed with sterile water, stained with staining solution (same as section A5) for an

hour, and washed twice by de-staining solution (same as section A5) for an hour.
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Appendix Table A2 Preparation of 8 % Non-denaturing polyacrylamide gel

Materials 8 % resolving gel 4 % stacking gel
Sterile distilled water 2248 pl 2200 pl

30 % Acrylamide 1250 pl 500 pl

1.5 M Tris, pH 8.8 1250 pl -

0.5 M Tris, pH 6.8 - 1250 pl

0.2 M EDTA, pH 6.9 - 50 pl

10% (w/v) Ammonium persulfate 50 pl 50 pl

TEMED 8 ul 8 ul

7. Western blotting analysis

After SDS-PAGE, the gel was soaked in the 1X transfer buffer [20X stock:
200 mM Tris and 2 M Glycine] for 20-60 min. The PVDF membrane was previously
activated by 100% methanol for 5 s. Then, the PVDF membrane and 6 pieces of
filtered paper were also soaked in 1X transfer buffer for 20 min and 10 min,
respectively. The protein samples were electrically transferred from the
polyacrylamide gel to the PVDF membrane by electrophoresis at 10 V for 30 min
(Appendix Figure Al). The membrane was further incubated with 5% non-fat skim
milk in 1X PBST [0.08 M Na;HPO,4, 0.02 M NaH,PO,4, 0.1 M NaCl, and 0.1 %
Tween 20] for 1 h. The PVDF membrane was washed twice by 1X PBST and
incubated with a mouse monoclonal antibody against natural dalcochinase [1 in 5,000
dilution in 1X PBST] for 1 h. Then, membrane was washed with 1X PBST for 5 min,
3 times and 1X PBST for 15 min with gentle shaking. The membrane was then
incubated with a polyclonal rabbit anti-mouse immunoglobulin linked-HRP [1 in
5,000 dilution in 1X PBST] for 1 h. The PVDF membrane was washed again in the
same manner, and then incubated with the chemiluminescent substrate (GE healthcare,
Sweden) for visualizing the band of dalcochinase samples.
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Appendix Figure A1 The orientation of PVDF membrane and polyacrylamide gel.
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1. Standard curve of protein

0-20 ug of bovine serum albumin (BSA) in 800 ul water was mixed with 200
ul Bio-Rad protein assay for 5 min. The absorbance of the mixture was measured at

595 nm.
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Appendix Figure B1 Standard curve of protein

2. Standard curve of pNP (used during protein expression and purification)

0-0.1 pmol of pNP was dissolved in 500 pl of 0.1 M sodium acetate, pH 5.0.
The solutions were added with 1 ml of 2 M sodium carbonate, and their absorbance

was measured at 400 nm.
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Appendix Figure B2 Standard curve of pNP for determination of B-glucosidase

activities during expression and purification steps
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3. Standard curve of pNP (used for kinetic study)

0-0.02 pmol of pNP pNP was dissolved in 50 pl of 0.1 sodium acetate, pH 5.0.
The solutions were added with 0.1 ml of 2 M sodium carbonate, and their absorbance

was measured at 405 nm.
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Appendix Figure B3 Standard curve of pNP for determination of B-glucosidase

activities for Kinetic study

4. Standard curve of glucose

0-0.01 pmol of glucose was dissolved in 50 pl of 0.1 M sodium acetate, pH
5.0. The solutions were added with 0.5 unit glucose oxidase reagent containing 0.5
mg/ml ABTS, and incubated at 37 °C for 15 min. Finally, the absorbance of the

reaction products was measured at 405 nm.
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Appendix Figure B4 Standard curve of glucose
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5. Standard curve of daidzein

0-0.5 mM of daidzein was dissolved in 50 pl of 0.1 M sodium acetate, pH 5.0,
containing 5 % DMSO. Then, the samples were dried, and re-suspended in 50 pl of
70 % Solvent A [0.1% phosphoric acid in ultrapure water] 30 % Solvent B
[acetonitrile]. Ten pl of the samples were injected into HPLC. The analytes were
eluted with the elution gradients described in section 7.3 of Materials and Methods,

and detected at 260 nm. The peak of daidzein appeared at 10.5 min after the start of
the elution gradient.
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Appendix Figure B5 Standard curve of daidzein

6. Standard curve of genistein

0-0.5 mM of genistein was dissolved in 50 ul of 0.1 M sodium acetate, pH 5.0,
containing 5 % DMSO. Then, the samples were dried, and re-suspended in 50 pl of
70 % Solvent A [0.1% phosphoric acid in ultrapure water] 30 % Solvent B
[acetonitrile]. Ten pl of the samples were injected into HPLC. The analytes were

eluted with the elution gradients described in section 7.3 of Materials and Methods,
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and detected at 260 nm. The peak of daidzein appeared at 14.5 min after the start of
the elution gradient.
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Appendix figure B6 Standard curve of genistein
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Appendix C
Sequencing results of dalcochinase mutants
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1. Sequencing result of the A454F/E455A dalcochinase mutant using AOXF1 primer
(1,432 bp)

CCGTATTAGACTTTTTTACGACACTTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGATGAGATTTCCTTCT
ATTTTTACTGCTGTTTTGTTCGCAGCATCTTCTGCATTGGCTGCTCCAGTCAACACTACAACAGAAGATGAAACGG
CACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTC
CAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCT
CTCGAGAAAAGAGAGGCTGAAGCTGCACATCACCATCACCATCATCACCATGCTGCAGTTCCTCCATTCAACCGAA
GCTGTTTTCCTTCAGATTTCATTTTTGGGACAGCATCCTCCTCGTACCAGTATGAAGGTGAGGGCAGAGTACCAAG
TATATGGGATAACTTCACCCACCAATATCCAGAAAAGATAGCGGATAGAAGCAACGGAGATGTTGCAGTTGACCAA
TTTCACCGCTATAAGAAGGATATTGCAATCATGAAGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGC
CTAGAATTCTCCCAACGGGTAGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAA
TGAGTCACTGGCCAATGGCATAACACCATTTGTAACCATTTTTCATTGGGATCTTCCACAAGCCTTGGAGGATGAG
TACGGTGGCTTCTTAAATCATAGCGTTGTAAATGATTTCCAAGACTATGCGGATCTTTGCTTCCAATTATTTGGAG
ATAGGGTAAAGCATTGGATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTATGCATACGGTATGTTTGC
ACCAGGTCGATGTTCTCCATCGTACAATCCAACTTGCACAGGGTGGGGATGCAGGAACAGAGACTTATCTGGTTGC
GCACAACCTGATCCTTTCTCATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGGAACATCAGAAAGGTACA
ATAGGCATTTCCTTGCACGTAAGTTTGGGTTATACCGCTTTCAAATAGCACATCAGATCAAAATGCTACCCAGCGA
TATCTTGACTCTCCATGGGGGATGGGTTTATGGACCCCCTTACCGCCAGGAAGGGATCCCGATAGCAGGCAATATC
TAGTTGGGAATCGATTGCCCAAATTTACTACCAATCAAGCCAAATAAGTTAAGGGGTCATTTGGATTTTATTGGAC
TAACCTATTACCCCCCTAACTATGGTACCAAATCAAATGCGTCCAAATGGTTGCCACCTAGTTACCTCCAGAATCT
CAAGTCATTCTTTAAACAACCGCATGGGGGTCTTTTATGGTCCTGGCCTCCCTCCCAAAGGAGT

2. Sequencing result of the A454F/E455A dalcochinase mutant using TRF 1 primer
(1,396 bp)

GAAATTTTGGGAGCATCCTCCTCGTACAGTATGAAGGTGAGGGCAGAGTACCAAGTATATGGGGATAACTTCACCC
ACCAATATCCAGAAAAGATAGCGGATAGAAGCAACGGAGATGTTGCAGTTGACCAATTTCACCGCTATAAGAAGGA
TATTGCAATCATGAAGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGCCTAGAATTCTCCCAACGGGT
AGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAATGAGTCACTGGCCAATGGCA
TAACACCATTTGTAACCATTTTTCATTGGGATCTTCCACAAGCCTTGGAGGATGAGTACGGTGGCTTCTTAAATCA
TAGCGTTGTAAATGATTTCCAAGACTATGCGGATCTTTGCTTCCAATTATTTGGAGATAGGGTAAAGCATTGGATT
ACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTATGCATACGGTATGTTTGCACCAGGTCGATGTTCTCCAT
CGTACAATCCAACTTGCACAGGTGGGGATGCAGGAACAGAGACTTATCTGGTTGCGCACAACCTGATCCTTTCTCA
TGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGGAACATCAGAAAGGTACAATAGGCATTTCCTTGCACGTA
GTTTGGGTTATACCGCTTTCAAATAGCACATCAGATCAAAATGCTACCCAGCGATATCTTGACTTCACATGTGGAT
GGTTTATGGACCCACTTACAGCAGGAAGGTATCCAGATAGCATGCAATATCTAGTTGGAGATCGATTGCCTAAGTT
TACTACAGATCAAGCCAAATTAGTTAAGGGTTCATTTGATTTTATTGGACTAAACTATTACACCACTAACTATGCT
ACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGCA
ATGGGGTCTTTATAGGTCCAGTGACTCCCTCAAGGATGGATGTGCATTTATCCAAAAGGACTTCGAGATTTGTTGC
TTTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTACATCACTGAAAATGGTATAGATGAAAAGAATGATGCATC
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ACTATCACCTTGAGGAATCCTTGATAGAACCTTATAAGAATTGATAGTTATTATCCGTCACTCCTTTTATGTTCCA
ATTGCAATTAAGTCTGGCGCCAAATGTGAAAAGGATTTTTTGCATGGGGCATGGTTGGACACATTTTAAATGGTTG
CTGGGTATACCTCACCGATTTGGGATATATTTTTTGGAACAACACCACTTTGGAAAAGAATCCCAAGCTCCCTGCA
CAATGGTTCAATAATTTCTTTGGCACTG

3. Sequencing result of the A454F/E455A dalcochinase mutant using TRF 2 primer
(1,338 bp)

CCTTTACTTTATTTGGGAGATAGGGTAAAAGCATTGGATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGG
TATGCATACGGTATGTTTGCACCAGGTCGATGTTCTCCATCGTACAATCCAACTTGCACAGGTGGGGATGCAGGAA
CAGAGACTTATCTGGTTGCGCACAACCTGATCCTTTCTCATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCA
GGAACATCAGAAAGGTACAATAGGCATTTCCTTGCACGTAGTTTGGGTTATACCGCTTTCAAATAGCACATCAGAT
CAAAATGCTACCCAGCGATATCTTGACTTCACATGTGGATGGTTTATGGACCCACTTACAGCAGGAAGGTATCCAG
ATAGCATGCAATATCTAGTTGGAGATCGATTGCCTAAGTTTACTACAGATCAAGCCAAATTAGTTAAGGGTTCATT
TGATTTTATTGGACTAAACTATTACACCACTAACTATGCTACCAAATCAGATGCGTCAACATGCTGCCCACCTAGT
TACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGCAATGGGGTCTTTATAGGTCCAGTGACTCCCTCAGGAT
GGATGTGCATTTATCCAAAAGGACTTCGAGATTTGTTGCTTTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTA
CATCACTGAAAATGGTATAGATGAGAAGAATGATGCATCACTATCACTTGAGGAATCCTTGATAGACACTTATAGA
ATTGATAGTTATTATCGTCATCTCTTTTATGTTCGATATGCAATTAGGTCTGGCGCAAATGTGAAAGGATTTTTTG
CATGGTCATTGTTGGACAACTTTGAATGGTTTGCTGGTTATACATCACGATTTGGATTATATTTTGTGAACTACAC
TACTTTGAATAGATATCCCAAGCTCTCTGCAACATGGTTCAAGTATTTTCTGGCACGTGATCAAGAGAGTGCTAAA
TTGGAAATTTTAGCACCAAAGGCAAGATGGAGCTTATCAACGATGATCAAGGAAGAAAAGACAAAACCCAAGTGGG
GGCATTGAAGGCTTTTGATCTAGATCTTAATCACTAAGTGAATTCGCGGCCGCCTGCAGTACGTAGAATTCACGTG
GCCCAGCCGGCCGTCTCGGATCGGTACCCCAAGCCCGGGGGGCCGCCAGCTTTCTAGAACAAAAATCATCTTCAAA
AAAAGATCTTGAATAACGCCCTCGACCATCTCCACATCCACCCTTGGAGTTTGGAGCCCTAAACATAGACGGGTCC
TCAATTTAAATTTGGGCACTTACCAAAAAACCAGGGCTTGCGGAAT

4. Sequencing result of the A454F/E455A dalcochinase mutant using TRF 3 primer
(1,177 bp)

TCTAATAAGAGATATAGCACTTAGTTAAAGGGTTCATTTGATTTTATTGGACTAAACTATTACACCACTAACTATG
CTACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACG
CAATGGGGTCTTTATAGGTCCAGTGACTCCCTCAGGATGGATGTGCATTTATCCAAAAGGACTTCGAGATTTGTTG
CTTTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTACATCACTGAAAATGGTATAGATGAGAAGAATGATGCAT
CACTATCACTTGAGGAATCCTTGATAGACACTTATAGAATTGATAGTTATTATCGTCATCTCTTTTATGTTCGATA
TGCAATTAGGTCTGGCGCAAATGTGAAAGGATTTTTTGCATGGTCATTGTTGGACAACTTTGAATGGTTTGCTGGT
TATACATCACGATTTGGATTATATTTTGTGAACTACACTACTTTGAATAGATATCCCAAGCTCTCTGCAACGTGGT
TCAAGTATTTTCAGGCACGTGATCCAAAGAGTGCTACATTGCACATTTTAGCACCTAAGGCACGACGGAGCTTATA
ACCTATCATCAAGCAACACTCGACTACTACCCCAGCGACACCCTTGCAGGGCCATAGAGATACCTCCACGTTCCCG
ACCTGACAACCTCCGCCGGTGCGCACCACTAGCTCAGACCCTTGGCGCGTTACCCTCATACCTGCACCACATCTAC
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TCCTCTTCCCGCAACCGTATCCGCATTCAACATAGCCTCAAGCTGATAGGCTCTCTCCAATTAAGGCAGTACCGCC
TTATCAACTCGCAAGGTCGCGCCTTTATAGCATCGAACTCCCTCAGGTACAATCGCTGACCGGACTGCGACGATTA
TCACAGGTGAACGCATCGATACTACGACGTACTAGACGCCGCCTTACGGACCATCGAACTTTAATCAGCCCACATT
GGCCAGTCTAATTCTACTTCGGCTAAACAGGTTGATCAAGGCAATTAAACCGTAGGGTTAAAGGTAAAAGCCGTTT
GACCGTTCGAGGAGGTTTACAATCGGGAAAGTTGGGTAAGGGGCCGTTAATCTATTTTCGGCCTTACCACCCCGAG
AAATCCAATTCCATTTCTATTGTTATGGAAAAATAAG

5. Sequencing result of the A454F/S459V dalcochinase mutant using AOXF1 primer
(1,092 bp)

CCTTTTTCGACTTTTTTACGACACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGATGAGATTTCCTTCTA
TTTTTACTGCTGTTTTGTTCGCAGCATCTTCTGCATTGGCTGCTCCAGTCAACACTACAACAGAAGATGAAACGGC
ACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTCC
AACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTC
TCGAGAAAAGAGAGGCTGAAGCTGCACATCACCATCACCATCATCACCATGCTGCAGTTCCTCCATTCAACCGAAG
CTGTTTTCCTTCAGATTTCATTTTTGGGACAGCATCCTCCTCGTACCAGTATGAAGGTGAGGGCAGAGTACCAAGT
ATATGGGATAACTTCACCCACCAATATCCAGAAAAGATAGCGGATAGAAGCAACGGAGATGTTGCAGTTGACCAAT
TTCACCGCTATAAGAAGGATATTGCAATCATGAAGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGCC
TAGAATTCTCCCAACGGGTAGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAAT
GAGTCACTGGCCAATGGCATAACACCATTTGTAACCATTTTTCATTGGGATCTTCCACAAGCCTTGGAGGATGAGT
ACGGTGGCTTCTTAAATCATAGCGTTGTAAATGATTTCCAAGACTATGCGGATCTTTGCTTCCAATTATTTGGAGA
TAGGGTAAAGCATTGGATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTATGCATACGGTATGTTTGCA
CCAGGTCGATGTTCTCCATCGTACAATCCAACTTGCACAGGGTGGGGATGCAGGAACAGAGACTTATCTGGTTGCG
CACAACCTGATCCTTTCTCATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGGAACATCAGAAAGGTACAA
TAGGCATTTCCTTGCACGTAGTTTTGGG

6. Sequencing result of the A454F/S459V dalcochinase mutant using TRF 1 primer
(1,012 bp)

GGGAATTTTGGGGAGCATCCTCCTCGTACAGTATGAAGGTGAGGGCAGAGTACCAAGTATATGGGATAACTTCACC
CACCAATATCCAGAAAAGATAGCGGATAGAAGCAACGGAGATGTTGCAGTTGACCAATTTCACCGCTATAAGAAGG
ATATTGCAATCATGAAGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGCCTAGAATTCTCCCAACGGG
TAGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAATGAGTCACTGGCCAATGGC
ATAACACCATTTGTAACCATTTTTCATTGGGATCTTCCACAAGCCTTGGAGGATGAGTACGGTGGCTTCTTAAATC
ATAGCGTTGTAAATGATTTCCAAGACTATGCGGATCTTTGCTTCCAATTATTTGGAGATAGGGTAAAGCATTGGAT
TACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTATGCATACGGTATGTTTGCACCAGGTCGATGTTCTCCA
TCGTACAATCCAACTTGCACAGGTGGGGATGCAGGAACAGAGACTTATCTGGTTGCGCACAACCTGATCCTTTCTC
ATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGGAACATCAGAAAGGTACAATAGGCATTTCCTTGCACGT
AGTTTGGGTTATACCGCTTTCAAATAGCACATCAGATCAAAATGCTACCCAGCGATATCTTGACTTCACATGTGGA
TGGTTTATGGACCCACTTACAGCAGGAAGGTATCCAGATAGCATGCAATATCTAGTTGGAGATCGATTGCCTAAGT
TTACTACAGATCAAGCCAAATTAGTTAAGGGTTCATTTGATTTTATTGGACTAAACTATTACACCACTAACTATGC
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TACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGC
AATGGGGGTCTTTATAGGTCCAGT

7. Sequencing result of the A454F/S459V dalcochinase mutant using TRF 2 primer
(1,008 bp)

CCCGTCACTTATTTGGGAGATAGGGTAAAAGCATTGGATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGG
TATGCATACGGTATGTTTGCACCAGGTCGATGTTCTCCATCGTACAATCCAACTTGCACAGGTGGGGATGCAGGAA
CAGAGACTTATCTGGTTGCGCACAACCTGATCCTTTCTCATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCA
GGAACATCAGAAAGGTACAATAGGCATTTCCTTGCACGTAGTTTGGGTTATACCGCTTTCAAATAGCACATCAGAT
CAAAATGCTACCCAGCGATATCTTGACTTCACATGTGGATGGTTTATGGACCCACTTACAGCAGGAAGGTATCCAG
ATAGCATGCAATATCTAGTTGGAGATCGATTGCCTAAGTTTACTACAGATCAAGCCAAATTAGTTAAGGGTTCATT
TGATTTTATTGGACTAAACTATTACACCACTAACTATGCTACCAAATCAGATGCGTCAACATGCTGCCCACCTAGT
TACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGCAATGGGGTCTTTATAGGTCCAGTGACTCCCTCAGGAT
GGATGTGCATTTATCCAAAAGGACTTCGAGATTTGTTGCTTTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTA
CATCACTGAAAATGGTATAGATGAGAAGAATGATGCATCACTATCACTTGAGGAATCCTTGATAGACACTTATAGA
ATTGATAGTTATTATCGTCATCTCTTTTATGTTCGATATGCAATTAGGTCTGGCGCAAATGTGAAAGGATTTTTTG
CATGGTCATTGTTGGACAACTTTGAATGGTTTGAGGGTTATACAGTTCGATTTGGATTATATTTTGTGAACTACAC
TACTTTGAATAGATATCCCAAGCTCTCTGCAACATGGTTCAAGTATTTTCTGGCACGTGATCAAGAGAGTGCTAAA
TTGGAAATTTTAGCACCAAA

8. Sequencing result of the A454F/S459V dalcochinase mutant using TRF 3 primer
(1,171 bp)

CCCACTATCAGCCAATTTAGTTAGGGTTCATTTGATTTTATTTGGACTAAACTATTACACCACTAACTATGCTACC
AAATCAGATGCGTCAACATGCTGCCCACCTAGTTACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGCAATG
GGGTCTTTATAGGTCCAGTGACTCCCTCAGGATGGATGTGCATTTATCCAAAAGGACTTCGAGATTTGTTGCTTTA
CTTCAAGGAAAAGTATAACAATCCTTTGGTTTACATCACTGAAAATGGTATAGATGAGAAGAATGATGCATCACTA
TCACTTGAGGAATCCTTGATAGACACTTATAGAATTGATAGTTATTATCGTCATCTCTTTTATGTTCGATATGCAA
TTAGGTCTGGCGCAAATGTGAAAGGATTTTTTGCATGGTCATTGTTGGACAACTTTGAATGGTTTGAGGGTTATAC
AGTTCGATTTGGATTATATTTTGTGAACTACACTACTTTGAATAGATATCCCAAGCTCTCTGCAACATGGTTCAAG
TATTTTCTGGCACGTGATCAAGAGAGTGCTAAATTGGAAATTTTAGCACCAAAGGCAAGATGGAGCTTATCAACGA
TGATCAAGGAAGAAAAGACAAAACCCAAGTGGGGCATTGAAGGCTTTTGATCTAGATCTTAATCACTAGTGAATTC
GCGGCCGCCTGCAGTACGTAGAATTCACGTGGCCCAGCCGGCCGTCTCGGATCGGTACCTCGAGCCGCGGCGGCCG
CCAGCTTTCTAGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCATTG
AGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTGCTAGATTCTA
ATCAAGAGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGTAACCTAT
ATAGTATAGGAATTTTTTTTTGTCATTTGGTTCTTCTCGTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGCTGA
TGAATATCTTGTGGTAGGGGGTTTGGGAAAGACCATAAAAGTTGGAGGTTCTACGTGGTATCTCTCTCCCCGTGTT
AAAGTTATAGAGGAATAAGTTGAAGCTTACG
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9. Sequencing result of the E455A/S459V dalcochinase mutant using AOXF1 primer
(1,016 bp)

CCTTTTACGACTTTTTACGACAAACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGATGAGATTTCCTTCT
ATTTTTACTGCTGTTTTGTTCGCAGCATCTTCTGCATTGGCTGCTCCAGTCAACACTACAACAGAAGATGAAACGG
CACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTC
CAACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCT
CTCGAGAAAAGAGAGGCTGAAGCTGCACATCACCATCACCATCATCACCATGCTGCAGTTCCTCCATTCAACCGAA
GCTGTTTTCCTTCAGATTTCATTTTTGGGACAGCATCCTCCTCGTACCAGTATGAAGGTGAGGGCAGAGTACCAAG
TATATGGGATAACTTCACCCACCAATATCCAGAAAAGATAGCGGATAGAAGCAACGGAGATGTTGCAGTTGACCAA
TTTCACCGCTATAAGAAGGATATTGCAATCATGAAGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGC
CTAGAATTCTCCCAACGGGTAGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAA
TGAGTCACTGGCCAATGGCATAACACCATTTGTAACCATTTTTCATTGGGATCTTCCACAAGCCTTGGAGGATGAG
TACGGTGGCTTCTTAAATCATAGCGTTGTAAATGATTTCCAAGACTATGCGGATCTTTGCTTCCAATTATTTGGAG
ATAGGGTAAAGCATTGGATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTATGCATACGGGTATGTTTG
CACCAGGTCGATGTTCTCCATCGTACAATCCAACTTGCACAGGGTGGGGGATGCAGGGAACAGAGACTTATTCTGG
TTGCGCACAACCTGATCCTTTCTCATGC

10. Sequencing result of the E455A/S459V dalcochinase mutant using TRF 1 primer
(964 bp)

GGGAAATTTTGGGGAGCATCCTCCTCGTACAGTATGAAGGTGAGGGCAGAGTACCAAGTATATGGGGATAACTTCA
CCCACCAATATCCAGAAAAGATAGCGGATAGAAGCAACGGAGATGTTGCAGTTGACCAATTTCACCGCTATAAGAA
GGATATTGCAATCATGAAGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGCCTAGAATTCTCCCAACG
GGTAGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAATGAGTCACTGGCCAATG
GCATAACACCATTTGTAACCATTTTTCATTGGGATCTTCCACAAGCCTTGGAGGATGAGTACGGTGGCTTCTTAAA
TCATAGCGTTGTAAATGATTTCCAAGACTATGCGGATCTTTGCTTCCAATTATTTGGAGATAGGGTAAAGCATTGG
ATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTATGCATACGGTATGTTTGCACCAGGTCGATGTTCTC
CATCGTACAATCCAACTTGCACAGGTGGGGATGCAGGAACAGAGACTTATCTGGTTGCGCACAACCTGATCCTTTC
TCATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGGAACATCAGAAAGGTACAATAGGCATTTCCTTGCAC
GTAGTTTGGGTTATACCGCTTTCAAATAGCACATCAGATCAAAATGCTACCCAGCGATATCTTGACTTCACATGTG
GATGGTTTATGGACCCACTTACAGCAGGAAGGTATCCAGATAGCATGCAATATCTAGTTGGAGATCGATTGCCTAA
GTTTACTACAGATCAAGCCAAATTAGTTAAGGGTTCATTTGATTTTATTGGACTAAACTATTACACCACTAACTAT
GCTACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTACCTCACAGATC
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11. Sequencing result of the E455A/S459V dalcochinase mutant using TRF 2 primer
(997 bp)

CCGTGTCTTTTTTTGGAGAAGGGGTAAAGCATTGGATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTA
TGCATACGGTATGTTTGCACCAGGTCGATGTTCTCCATCGTACAATCCAACTTGCACAGGTGGGGATGCAGGAACA
GAGACTTATCTGGTTGCGCACAACCTGATCCTTTCTCATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGG
AACATCAGAAAGGTACAATAGGCATTTCCTTGCACGTAGTTTGGGTTATACCGCTTTCAAATAGCACATCAGATCA
AAATGCTACCCAGCGATATCTTGACTTCACATGTGGATGGTTTATGGACCCACTTACAGCAGGAAGGTATCCAGAT
AGCATGCAATATCTAGTTGGAGATCGATTGCCTAAGTTTACTACAGATCAAGCCAAATTAGTTAAGGGTTCATTTG
ATTTTATTGGACTAAACTATTACACCACTAACTATGCTACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTA
CCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGCAATGGGGTCTTTATAGGTCCAGTGACTCCCTCAGGATGG
ATGTGCATTTATCCAAAAGGACTTCGAGATTTGTTGCTTTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTACA
TCACTGAAAATGGTATAGATGAGAAGAATGATGCATCACTATCACTTGAGGAATCCTTGATAGACACTTATAGAAT
TGATAGTTATTATCGTCATCTCTTTTATGTTCGATATGCAATTAGGTCTGGCGCAAATGTGAAAGGATTTTTTGCA
TGGTCATTGTTGGACAACTTTGAATGGGCTGCTGGTTATACAGTTCGATTTGGATTATATTTTGTGAACTACACTA
CTTTGAATAGATATCCCAAGCTCTCTGCAACATGGTTCAAGTATTTTCTGGCACGTGATCAAGAGAGTGCTAAATT
GGAAATTTT

12. Sequencing result of the E455A/S459V dalcochinase mutant using TRF 3 primer
(1,157 bp)

GCCACGTATAGCCAAATTTAGTTTAAGGGTTCATTTGATTTTATTTGGACTAAACTATTACACCACTAACTATGCT
ACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGCA
ATGGGGTCTTTATAGGTCCAGTGACTCCCTCAGGATGGATGTGCATTTATCCAAAAGGACTTCGAGATTTGTTGCT
TTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTACATCACTGAAAATGGTATAGATGAGAAGAATGATGCATCA
CTATCACTTGAGGAATCCTTGATAGACACTTATAGAATTGATAGTTATTATCGTCATCTCTTTTATGTTCGATATG
CAATTAGGTCTGGCGCAAATGTGAAAGGATTTTTTGCATGGTCATTGTTGGACAACTTTGAATGGGCTGCTGGTTA
TACAGTTCGATTTGGATTATATTTTGTGAACTACACTACTTTGAATAGATATCCCAAGCTCTCTGCAACATGGTTC
AAGTATTTTCTGGCACGTGATCAAGAGAGTGCTAAATTGGAAATTTTAGCACCAAAGGCAAGATGGAGCTTATCAA
CGATGATCAAGGAAGAAAAGACAAAACCCAAGTGGGGCATTGAAGGCTTTTGATCTAGATCTTAATCACTAGTGAA
TTCGCGGCCGCCTGCAGTACGTAGAATTCACGTGGCCCAGCCGGCCGTCTCGGATCGGTACCTCGAGCCGCGGCGG
CCGCCAGCTTTCTAGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCA
TTGAGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTGCTAGATT
CTAATCAAGAGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGTAACC
TATATAGTATAGGATTTTTTTTGCCATTTTGTTTCTTCTCGTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGCT
GATGAAATCTTGGGGTTAGGGGTTTGGGAAATTCCTTCAAGTTCGAAGGTTTCCATGGTTATTCCCATTCCCCTTC
AAAATATAGAAGATAAA
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13. Sequencing result of the A454F/E455A/S459V dalcochinase mutant using
AOXF1 primer (1,006 bp)

CCGTATACGACTTTTACGAACCACTTGAGAAGATCAAAAAACAACTAATTATTCGAAACGATGAGATTTCCTTCTA
TTTTTACTGCTGTTTTGTTCGCAGCATCTTCTGCATTGGCTGCTCCAGTCAACACTACAACAGAAGATGAAACGGC
ACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTCC
AACAGCACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTC
TCGAGAAAAGAGAGGCTGAAGCTGCACATCACCATCACCATCATCACCATGCTGCAGTTCCTCCATTCAACCGAAG
CTGTTTTCCTTCAGATTTCATTTTTGGGACAGCATCCTCCTCGTACCAGTATGAAGGTGAGGGCAGAGTACCAAGT
ATATGGGATAACTTCACCCACCAATATCCAGAAAAGATAGCGGATAGAAGCAACGGAGATGTTGCAGTTGACCAAT
TTCACCGCTATAAGAAGGATATTGCAATCATGAAGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGCC
TAGAATTCTCCCAACGGGTAGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAAT
GAGTCACTGGCCAATGGCATAACACCATTTGTAACCATTTTTCATTGGGATCTTCCACAAGCCTTGGAGGATGAGT
ACGGTGGCTTCTTAAATCATAGCGTTGTAAATGATTTCCAAGACTATGCGGATCTTTGCTTCCAATTATTTGGAGA
TAGGGTAAAGCATTGGATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTATGCATACGGGTATGTTTGC
ACCAGGTCGATGTTCTCCATCGTACAATCCAACTTGCACAGGGTGGGGGATGCAGGGAACAGAGGACTTATCTGGT
TGCGCACAACCTGATCCT

14. Sequencing result of the A454F/E455A/S459V dalcochinase mutant using TRF 1
primer (1,010 bp)

GGAATGTTTGGGGAGCATCCTCCTCGTACAGTATGAAGGTGAGGGCAGAGTACCAAGTATATGGGATAACTTCACC
CACCAATATCCAGAAAAGATAGCGGATAGAAGCAACGGAGATGTTGCAGTTGACCAATTTCACCGCTATAAGAAGG
ATATTGCAATCATGAAGGATATGAACTTGGATGCTTATAGAATGTCCATCTCCTGGCCTAGAATTCTCCCAACGGG
TAGGGTTAGTGGAGGCATAAACCAAACAGGAGTTGACTACTACAACAGGCTCATCAATGAGTCACTGGCCAATGGC
ATAACACCATTTGTAACCATTTTTCATTGGGATCTTCCACAAGCCTTGGAGGATGAGTACGGTGGCTTCTTAAATC
ATAGCGTTGTAAATGATTTCCAAGACTATGCGGATCTTTGCTTCCAATTATTTGGAGATAGGGTAAAGCATTGGAT
TACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTATGCATACGGTATGTTTGCACCAGGTCGATGTTCTCCA
TCGTACAATCCAACTTGCACAGGTGGGGATGCAGGAACAGAGACTTATCTGGTTGCGCACAACCTGATCCTTTCTC
ATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGGAACATCAGAAAGGTACAATAGGCATTTCCTTGCACGT
AGTTTGGGTTATACCGCTTTCAAATAGCACATCAGATCAAAATGCTACCCAGCGATATCTTGACTTCACATGTGGA
TGGTTTATGGACCCACTTACAGCAGGAAGGTATCCAGATAGCATGCAATATCTAGTTGGAGATCGATTGCCTAAGT
TTACTACAGATCAAGCCAAATTAGTTAAGGGTTCATTTGATTTTATTGGACTAAACTATTACACCACTAACTATGC
TACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGC
AATGGGGGTCTTTATAGGTCCA
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15. Sequencing result of the A454F/E455A/S459V dalcochinase mutant using TRF 2
primer (989 bp)

CGTTATACTTATTTGGAGAAGGGTAAGCATTGGGATTACACTAAATGAGCCATCAATCTTCACCGCGAATGGGTAT
GCATACGGTATGTTTGCACCAGGTCGATGTTCTCCATCGTACAATCCAACTTGCACAGGTGGGGATGCAGGAACAG
AGACTTATCTGGTTGCGCACAACCTGATCCTTTCTCATGCAGCAACTGTCCAAGTGTACAAAAGGAAGTATCAGGA
ACATCAGAAAGGTACAATAGGCATTTCCTTGCACGTAGTTTGGGTTATACCGCTTTCAAATAGCACATCAGATCAA
AATGCTACCCAGCGATATCTTGACTTCACATGTGGATGGTTTATGGACCCACTTACAGCAGGAAGGTATCCAGATA
GCATGCAATATCTAGTTGGAGATCGATTGCCTAAGTTTACTACAGATCAAGCCAAATTAGTTAAGGGTTCATTTGA
TTTTATTGGACTAAACTATTACACCACTAACTATGCTACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTAC
CTCACAGATCCTCAAGTCACTCTCTTACAGCAACGCAATGGGGTCTTTATAGGTCCAGTGACTCCCTCAGGATGGA
TGTGCATTTATCCAAAAGGACTTCGAGATTTGTTGCTTTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTACAT
CACTGAAAATGGTATAGATGAGAAGAATGATGCATCACTATCACTTGAGGAATCCTTGATAGACACTTATAGAATT
GATAGTTATTATCGTCATCTCTTTTATGTTCGATATGCAATTAGGTCTGGCGCAAATGTGAAAGGATTTTTTGCAT
GGTCATTGTTGGACAACTTTGAATGGTTTGCTGGTTATACAGTTCGATTTGGATTATATTTTGTGAACTACACTAC
TTTGAATAGATATCCCAAGCTCTCTGCAACATGGTTCAAGTATTTTCTGGCACGTGATCAAGAGAGTGCTAAATTG
G

16. Sequencing result of the A454F/E455A/S459V dalcochinase mutant using TRF 3
primer (1,333 bp)

GGGGATATCAGCCAAATTTAGTTTAAGGGTTCATTTGATTTTATTGGGACTAAACTATTACACCACTAACTATGCT
ACCAAATCAGATGCGTCAACATGCTGCCCACCTAGTTACCTCACAGATCCTCAAGTCACTCTCTTACAGCAACGCA
ATGGGGTCTTTATAGGTCCAGTGACTCCCTCAGGATGGATGTGCATTTATCCAAAAGGACTTCGAGATTTGTTGCT
TTACTTCAAGGAAAAGTATAACAATCCTTTGGTTTACATCACTGAAAATGGTATAGATGAGAAGAATGATGCATCA
CTATCACTTGAGGAATCCTTGATAGACACTTATAGAATTGATAGTTATTATCGTCATCTCTTTTATGTTCGATATG
CAATTAGGTCTGGCGCAAATGTGAAAGGATTTTTTGCATGGTCATTGTTGGACAACTTTGAATGGTTTGCTGGTTA
TACAGTTCGATTTGGATTATATTTTGTGAACTACACTACTTTGAATAGATATCCCAAGCTCTCTGCAACATGGTTC
AAGTATTTTCTGGCACGTGATCAAGAGAGTGCTAAATTGGAAATTTTAGCACCAAAGGCAAGATGGAGCTTATCAA
CGATGATCAAGGAAGAAAAGACAAAACCCAAGTGGGGCATTGAAGGCTTTTGATCTAGATCTTAATCACTAGTGAA
TTCGCGGCCGCCTGCAGTACGTAGAATTCACGTGGCCCAGCCGGCCGTCTCGGATCGGTACCTCGAGCCGCGGCGG
CCGCCAGCTTTCTAGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATCA
TTGGAGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTGCTAGAT
TCTAATCAAGAGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGTACC
TATATAGTATAGGGATTTTTTTTGTCATTTTGTTTCTTCTCGTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGC
TGATGAAATCTTGGGGGTAGGGGGTTTGGGAAAATCATTCCAAGTTTGATGTTTTTCTTGGTATTTCCCACTCCTC
TTCAAAGTACAGAAGATTAAGTGAGACCTTCGTTTGTGCGGATCCCCCACAACCCATAGCTTCAAAAGGTGCTAAC
CCCTTTTTAACCCTCCCAAATTTTCCCGGACTCCGCCCATCCCCGTTACACTTTAAAAACCCCAAGCCCAGCATAC
TAAATTTCCCCCCTTTCTCCCTCAGGGGGGCGTAAATACCC




110

Appendix D
Kinetic studies
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1. Kinetic parameters of dalcochinase wild-type and its mutant forms toward pNP-

Glc

MM of AE mutant toward pNP-Glc
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Appendix Figure D1 Michaelis-Menten plot of the A454F/E455A dalcochinase

mutant toward p-NP-Glc

MM of AS mutant toward pNP-Glc

12
(o]
===
10 @ e DR (o)
-2
o)
L o)
z 8 o
£
£ &
= 6 )
= P
g ' y = m0*m1/(m0+m2)
5 4 ? Value Error
H m1 11.243| 0.1796
? m2 2.897| 0.19564
> 1 Chisq | 1.3608 NAL |
: r2| 0.99019 NA
n
0 i
0 10 20 30 40 50
[PNP-Glc] (mM)

Appendix Figure D2 Michaelis-Menten plot of the A454F/S459V dalcochinase

mutant toward p-NP-Glc



MM of ES mutant toward pNP-Glc
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Appendix Figure D3 Michaelis-Menten plot of the E455A/S459V dalcochinase

mutant toward p-NP-Glc
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Appendix Figure D4 Michaelis-Menten plot of the A454F/E4A55A/S459V
dalcochinase mutant toward p-NP-Glc
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2. Kinetic parameters of dalcochinase wild-type and its mutant forms toward

dalcochinin-8'-O-p-D-glucoside

MM of AE mutant toward Dal-glc
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Appendix Figure D5
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Appendix Figure D6 Michaelis-Menten plot of the A454F/S459V dalcochinase
mutant toward dalcochinin-8'-O-3-D-glucoside
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MM of ES mutant toward Dal-glc
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Appendix Figure D7 Michaelis-Menten plot of the E455A/S459V dalcochinase

mutant toward dalcochinin-8'-O-3-D-glucoside
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Appendix Figure D8 Michaelis-Menten plot of the A454F/E4A55A/S459V

dalcochinase mutant toward dalcochinin-8'-O-3-D-glucoside
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3. Kinetic parameters of dalcochinase wild-type and its mutant forms toward daidzin

MM of AE mutant toward daidzin
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Appendix Figure D9 Michaelis-Menten plot of the A454F/E455A dalcochinase

mutant toward daidzin
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Appendix Figure D10 Michaelis-Menten plot of the A454F/S459V dalcochinase

mutant toward daidzin



MM of ES mutant toward daidzin
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Appendix Figure D11 Michaelis-Menten plot of the E455A/S459V dalcochinase

mutant toward daidzin
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Appendix Figure D12 Lineweaver-Burk plot of the E455A/S459V dalcochinase

mutant toward daidzin
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4. Kinetic parameters of dalcochinase wild-type and its mutant forms toward genistin

MM of AE mutant toward genistin
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Appendix Figure D15 Michaelis-Menten plot of the A454F/E455A dalcochinase

mutant toward genistin
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Appendix Figure D16 Michaelis-Menten plot of the A454F/S459V dalcochinase

mutant toward genistin
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MM of ES mutant toward genistin
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Appendix Figure D17 Michaelis-Menten plot of the E455A/S459V dalcochinase

mutant toward genistin
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Appendix Figure D18 Michaelis-Menten plot of the A454F/E4A55A/S459V
dalcochinase mutant toward genistin



120

5. Kinetic parameters of dalcochinase wild-type and its mutant forms toward

malonyldaidzin

MM of AE mutant toward malonyldaidzin
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Appendix Figure D19 Michaelis-Menten plot of the A454F/E455A dalcochinase

mutant toward malonyldaidzin
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Appendix Figure D20 Michaelis-Menten plot of the A454F/S459V dalcochinase

mutant toward malonyldaidzin
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LB of AS mutant toward malonyldaidzin
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Appendix Figure D21 Lineweaver-Burk plot of the A454F/S459V dalcochinase

mutant toward malonyldaidzin
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Appendix Figure D22 Michaelis-Menten plot of the A454F/S459V dalcochinase

mutant toward malonyldaidzin
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LB of ES mutant toward malonyldaidzin
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Appendix Figure D23 Lineweaver-Burk plot of the E455A/S459V dalcochinase

mutant toward malonyldaidzin
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Appendix Figure D24 Michaelis-Menten plot of the A454F/E4A55A/S459V

dalcochinase mutant toward malonyldaidzin
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LB of AES mutant toward malonyldaidzin
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Appendix Figure D25 Lineweaver-Burk plot of the A454F/E455A/S459V

dalcochinase mutant toward malonyldaidzin



6. Kinetic parameters of dalcochinase wild-type and its mutant forms toward

malonylgenistin

MM of AE mutant toward malonylgenistin
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Appendix Figure D26 Michaelis-Menten plot of the A454F/E455A dalcochinase

mutant toward malonylgenistin
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Appendix Figure D27 Michaelis-Menten plot of the A454F/S459V dalcochinase

mutant toward malonylgenistin



MM of ES mutant toward malonylgenistin
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Appendix Figure D28 Michaelis-Menten plot of the E455A/S459V dalcochinase

mutant toward malonylgenistin

MM of AES mutant toward malonylgenistin
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Appendix Figure D29 Michaelis-Menten plot of the A454F/E4A55A/S459V

dalcochinase mutant toward malonylgenistin
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Appendix Figure D30 Lineweaver-Burk plot of the A454F/E455A/S459V

dalcochinase mutant toward malonylgenistin
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Appendix E
HPLC chromatograms
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Appendix Table E1 Area under peaks of the soybean isoflavone glucoside standards.

Soybean isoflavones Retention time (min) Area under peaks (unit)
Daidzin 4.381 2028624.53
Genistin 6.070 3246779.93
Malonyldaidzin 4.917 921038.69
Malonylgenistin 7.522 3061445.72
Acetyldaidzin 6.833 2295581.03
Acetylgenistin 9.150 3669062.63
Daidzein 10.833 2059426.86
Genistein 14.654 2954286.14

1. Hydrolysis of soybean flour extracts

Appendix Figure E1

Control reaction

MG

MD
AD
AG
Daidzein
Genistein

HPLC chromatogram of control reaction
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Reaction of AIBG 10 min

MG
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AD
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- Genistem

MD

Appendix Figure E2 HPLC chromatogram of reaction incubated with almond 3-

glucosidase at 10 min.

Reaction of AIBG 4 h

s

- Genisten

Daidzein
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AD

Appendix Figure E3 HPLC chromatogram of reaction incubated with almond 3-

glucosidase at 4 h.
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Reaction of HI8 10 min
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Appendix Figure E4 HPLC chromatogram of reaction incubated with the wild-type
dalcochinase at 10 min.

Reaction of HIS 4 h

MG

— (Genistein

Daidzein

AG

MD
AD

Appendix Figure E5 HPLC chromatogram of reaction incubated with the wild-type

dalcochinase at 4 h.
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Reaction of the E455A mutant 10 min
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Appendix Figure E6 HPLC chromatogram of reaction incubated with the E455A

mutant at 10 min.

Reaction of the E455A mutant 4 h
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Daidzein
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Appendix Figure E7 HPLC chromatogram of reaction incubated with the E455A
mutant at 4 h.
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Reaction of the A454F/E455A mutant 10 min

MG
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AG
Genistemn
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Appendix Figure E8 HPLC chromatogram of reaction incubated with the
A454F/E455A mutant at 10 min.

Reaction of the A454F/E455A mutant 4 h
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Appendix Figure E9 HPLC chromatogram of reaction incubated with the
A454F/E4A55A mutant at 4 h.
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Reaction of the E455A/S459V mutant 10 min

MG

Genistein

Daidzein

AD
AG

Appendix Figure E10 HPLC chromatogram of reaction incubated with the
E455A/S459V mutant at 10 min.

Reaction of the E455A/S459V mutant 4 h
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= Daidzein

AG

MD
AD

Appendix Figure E11 HPLC chromatogram of reaction incubated with the
E455A/S459V mutant at 4 h.
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