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Abstract

The project aims to study the structure-function relationship in the family of enzyme f-glucosidases using
three Thai plants f-glucosidases as model enzymes. Dalcochinase is an isoflavonoid f-glucosidase, purified
from Thai rosewood (Dalbergia cochinchinensis Pierre). Dnbglu2 is an isoflavonoid S-diglycosidase from
blackwood (D. nigrescens Kurz). Linamarase is a cyanogenic f-glucosidase present in cassava (Manihot
esculenta Crantz). These three enzymes catalyse the same hydrolytic reactions, but are remarkably different
in their specificities for natural substrates. Dalcochinase can perform reverse hydrolysis well, and catalyse
transglucosylation using primary and secondary alcohols as acceptor, but not tertiary alcohol. In contrast,
linamarase is exceptional at catalyzing transglucosylation using primary, secondary and tertiary alcohols as
acceptor, but poor in catalyzing reverse hydrolysis. Understanding the mechanisms underlying these

differences should lead us to better applications of the enzymes via protein engineering.

In this project, recombinant dalcochinase and Dnbglu2 have been cloned, expressed in yeast Pichia pastoris
and purified from culture medium. Both purified recombinant enzymes exhibited similar kinetic properties to
their respective natural enzymes isolated from seeds. Site-directed mutagenesis was performed to investigate
the roles of amino acid residues in the aglycone binding pocket of these enzymes that might be responsible
for differences in their catalytic properties. Ten dalcochinase mutants, namely 1185A, N189F, M195V, H253F,
V255F, N323Q, G367S, K402Y, A454N and E4551, were made by replacing residues in dalcochinase with the
corresponding residues in linamarase, and were expressed and purified from P. pastoris cultures. Kinetic
studies showed that most mutant enzymes decreased their specificities toward p-nitrophenyl-S3-D-
glucopyranoside (a commercial substrate) and dalcochinin f-D-glucoside (a natural substrate of
dalcochinase). Notably, a 70- and 22-fold reduction shown by [185A, toward each respective substrate,
suggested the importance of residue 1185 in dalcochinase for substrate specificity. However, the hydrolytic
activities towards linamarin (a natural substrate of linamarase) did not improve. In transglucosylation studies,
three mutants showed improved transglucosylation abilities: [185A and V255F with both primary and
secondary alcohol acceptors, N189F with only primary alcohol acceptors. So, residues A201, F205 and F271
in linamarase seemed to play prominent roles in catalysing transglucosylation. However, none of the mutant
enzyme could catalyze the transfer of glucose to tertiary alcohol. Thus, it is expected that mutations at more
than one position may generate new dalcochinase mutants which may function similarly to linamarase, in

terms of substrate specificity and transglucosylation.

Furthermore, the differences in the aglycone binding pocket of dalcochinase and Dnbglu2 are compared,
since they exhibit marked differences in substrate specificities, despite having 81% sequence identity. Three

dalcochinase mutants, namely A454S and E455G single mutants and A454S/E455G double mutant, were



made by replacing residues in dalcochinase with the corresponding residues in Dnbglu2, and were
expressed and purified from P. pastoris cultures. Kinetic studies showed that the hydrolytic efficiency toward
p-nitrophenyl-3-D-glucopyranoside of both single mutants were similar to that of dalcochinase, but increased
2-fold by the double mutant. Furthermore, their activities for dalcochinin f-glucoside remained unchanged.
For hydrolysis of isoflavonoid diglycosides dalpatein 7-O-,3—D-apiosy|-1,6-,3—D-g|ucoside and dalnigrein 7-O-
,B-D-apiosyH,6-,3—D-g|ucoside (natural substrates of Dnbglu2), the single mutants showed similar hydrolysis
of compared with the wild-type dalcochinase, whereas the double mutant showed 4-7 fold increases in
relative activity toward both isoflavonoid diglycosides. However, this increased activity was only 3% that of

Dnbglu2, indicating other determinants are important for isoflavonoid diglycoside hydrolysis.

As for cloning of cassava linamarase, four full-length cDNA sequences were obtained from RT-PCR and
cloned into pPICZaB for methanol-inducible expression in P. pastoris, similar to the cloning strategies used
for dalcochinase. However, no f-glucosidase activities could be detected in P. pastoris culture media. So
these four cDNA sequences were to be cloned into pYEX-BX as an N-terminal fusion product with the signal
sequence of yeast SUCZ2 invertase followed by a polyhistidine tag for expression in Saccharomyces

cerevisiae under the control of yeast copper metallothionein (CUP?) promoter.

Keywords
[-glucosidase, substrate specificity, transglucosylation, Dalbergia cochinchinensis, protein engineering, site-

directed mutagenesis
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Executive Summary

[-Glucosidases (E.C. 3.2.1.21) belong to a group of enzymes that catalyse the hydrolysis of #-O-glucosidic
linkages between D-glucose and an aglycone or another sugar. All members of this enzyme family recognise
a fglucoside as their substrate. However, f-glucosidases from different sources differ vastly in their
specificities for the aglycone linked to the glucosyl group. Furthermore, they are different in their abilities to
catalyse reverse hydrolysis and glucose transfer reactions. It is likely that these differences occurred as a
result of the specific interactions between unique amino acid residues in the active pocket and the specific
substrates. Thus, the present research project employs techniques in molecular biology and protein
engineering to study the structure-function relationship in the family of f-glucosidases. Understanding the
mechanisms that determine these differences should lead us to better applications of the enzymes via

development of engineered f-glucosidases with desired properties.

Three f-glucosidases from Thai plants are used as model enzymes in this study. Two f-glucosidases are
from related Dalbergia species, namely dalcochinase from Thai rosewood (Dalbergia cochinchinensis Pierre),
and Dnbglu2 from blackwood (D. nigrescens Kurz). Another f-glucosidase, linamarase, is a cyanogenic -
glucosidase present in cassava (Manihot esculenta Crantz). While all three enzymes catalyse the same
hydrolytic reactions, they show remarkable differences in their specificity for substrate, and their catalytic
activities in hydrolysis, reverse hydrolysis and transglucosylation reactions. Dalcochinase and Dnbglu2 show
81% sequence identity and yet their substrate specificities are distinct. Dalcochinase could hydrolyse
dalcochinin ﬂ-D-glucoside, its natural substrate, efficiently, but not the two isoflavonoid diglycosides, the
natural substrates of Dnbglu2, and vice versa. In transglucosylation, dalcochinase can transfer glucose from
a glucosyl donor to primary and secondary alcohol acceptors, while linamarase exhibits a unique ability to
catalyze glucose transfer to primary, secondary as well as tertiary alcohols as glucosyl acceptors. Previously,
the coding sequence of dalcochinase has been cloned and expressed efficiently in yeast Pichia pastoris.
Purified recombinant dalcochinase exhibits enzymatic properties that are similar to those of natural
dalcochinase. The project now focuses on characterisation and site-directed mutagenesis of dalcochinase by
replacing residues in dalcochinase with the corresponding residues in Dnbglu2 or linamarase. The effect of
mutations will be tested to identify the residues that are important for differences in catalytic properties of

dalcochinase and other f-glucosidases.

In the first part of this project, the sequence of wild-type Thai rosewood dalcochinase has been expressed
and purified. The expression and purification procedures overcome the limitations in enzyme supply from
natural sources, and allow further studies on structure-function relationships in this enzyme. To identify

residues that are important for distinct properties of dalcochinase and cassava linamarase in substrate



specificities and transglucosylation activities, ten single mutations were made by site-directed mutagenesis to
replace ten different residues in the aglycone binding pocket of dalcochinase with the corresponding
residues of linamarase. This resulted in ten dalcochinase mutants, namely 1185A, N189F, M195V, H253F,
V255F, N323Q, G367S, K402Y, A454N and E455I. All mutants have been cloned into P. pastoris, expressed,

purified, and characterized with respect to their substrate specificities and transglucosylation activities.

Kinetic studies showed showed variable effects of these ten single mutations on substrate specificity. Notably,
the efficiency for hydrolysis of p-nitrophenyl-f-D-glucopyranoside (a commercial substrate) is lowered by 70-
fold in [185A, but increased by 5- and 2-fold in N189F and A454N, respectively, when compared with the
wild-type dalcochinase. Most dalcochinase mutants showed decreased in specificity for dalcochinin S-D-
glucoside (a natural substrate of dalcochinase), especially a 22-fold reduction in 1185A and a 12-fold
reduction in V255F, when compared with the wild-type dalcochinase. Unexpectedly, E455] showed a 5-fold
increase in specificity for dalcochinin f-D-glucoside, possibly indicating a preferable interaction between the
rotenoid moiety of substrate and the hydrophobic side chain of isoleucine at this position. However, none of
the dalcochinase mutants could hydrolyze linamarin (a natural substrate of linamarase), suggesting that the
change in the overall conformation of the aglycone binding pocket, rather than site-specific changes, may be

needed for the successful entry and hydrolysis of linamarin by dalcochinase mutants.

In transglucosylation studies, three mutants showed increased transglucosylation activities, namely 1185A with
long-chain primary and secondary alcohols, N189F with all primary alcohols, and V255F with both primary
and secondary alcohols. However, none of the dalcochinase mutants could transfer glucose to tertiary
alcohols, the property that is unique to cassava linamarase. Again, the change in the overall conformation of
the aglycone binding pocket, rather than site-specific changes, may be needed for the successful entry and
transglucosylation of tertiary alcohols by dalcochinase mutants. Thus, it is expected that mutations at more
than one position may generate new dalcochinase mutants, which may function similarly to linamarase, in

terms of substrate specificity and transglucosylation.

The second part of this project has been done in collaboration with Associate Professor James R. Ketudat
Cairns at Schools of Biochemistry and Chemistry, Suranaree University of Technology. In this part, a cDNA
encoding Dnbglu2 was also cloned and expressed in P. pastoris. Purified recombinant Dnbglu2 showed
similar enzymatic properties to those of natural enzyme. The recombinant Dnbglu2 was less efficient at
hydrolysis of both dalpatein 7-O-f-D-apiosyl-1,6-4-D-glucoside and dalnigrein 7-O-f-D-apiosyl-1,6-4-D-
glucoside (natural substrates of Dnbglu2) compared to natural Dnbglu2 from seed. Nonetheless, recombinant
Dnbglu2 maintains a high preference for both isoflavonoid diglycosides over dalcochinin f-D-glucoside (a

natural substrate of dalcochinase).



Also, in this part of the project, three more dalcochinase mutants, namely A454S and E455G single mutants
and A454S/E455G double mutant, were made by replacing residues in the aglycone binding pocket of
dalcochinase with residues of blackwood Dnbglu2 to identify residues that are important for distinct substrate
specificities between these two enzymes. All mutants have been cloned into P. pastoris, expressed, purified,
and characterized with respect to their substrate specificities. The single mutants of dalcochinase showed
similar hydrolysis of dalpatein 7-O-f8-D-apiosyl-1,6--D-glucoside and half the rate of hydrolysis of dalnigrein
7-O- #-D-apiosyl-1,6--D-glucoside compared with the wild-type dalcochinase. The double mutant showed 4-
and 6.8-fold increases in relative activity toward dalpatein 7-O-f-D-apiosyl-1,6--D-glucoside and dalnigrein
7-O-#-D-apiosyl-1,6-f-D-glucoside, respectively. However, this activity was only 3% that of Dnbglu2,
indicating other determinants are important for isoflavonoid diglycoside hydrolysis. The results from this part
of the project have been reported in Archives of Biochemistry and Biophysics, 468 (2007) 205-216 (Appendix
1).

In the third part of this project, the cDNA of cassava linamarase was cloned and sequenced for future site-
directed mutagenesis and characterization. Six different cDNA sequences of linamarase from cassava were
amplified by reverse transcription-polymerase chain reaction (RT-PCR) using primers designed from the
previously reported cDNA sequence of cassava linmarase. Deduced amino acid sequences from four cDNA
clones showed 98-99% sequence identity to that of pCAS5, while the other two cDNA clones contained
nucleotide sequences that led to premature termination. The four full-length cDNA sequences were inserted
into pPICZaB for methanol-inducible expression in P. pastoris as a secretory protein with the alpha mating
factor propeptide and the polyhistidine tag at the N-terminus, similar to the cloning strategies used for
dalcochinase. However, none of them showed significant f-glucosidase activities in P. pastoris culture media.
A new cloning strategy has been devised to clone the four cDNA sequences in pYEX-BX as an N-terminal
fusion product with the signal sequence of yeast SUC2 invertase followed by a polyhistidine tag, and to
express the recombinant protein in Saccharomyces cerevisiae under the control of yeast copper
metallothionein (CUPT) promoter. The results from this part of the project have been reported in Kasetsart

Journal (Natural Science), 40 (2006) 123-128 (Appendix 2).
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1. Production of recombinant Thai rosewood /S-glucosidase (dalcochinase)

The coding sequence of an N-terminally truncated form of recombinant dalcochinase was cloned with a
polyhistidine-tag after the N-terminal alpha factor signal sequence, and expressed in P. pastoris under an
inducible AOXI promoter. The recombinant enzyme could be efficiently purified via hydrophobic interaction
chromatography and immobilized metal-ion affinity chromatography (IMAC) (Fig. 1). The enzymatic properties
of recombinant dalcochinase were similar to those of natural dalcochinase. The production of recombinant
dalcochinase enables further investigations into the structure-function relationships in this enzyme via site-
directed mutagenesis. The procedures for cloning, expression, purification and enzymatic characterization
have been reported in Toonkool et al. (2006). This preparation of recombinant dalcochinase will be used to

test properties of native enzyme, compared with mutant enzymes.

M 1 2
66
45
35
— — -

Figure 1. SDS-PAGE of purified recombinant dalcochinase. Lane M, protein standards (kD); lanes 1-2,

recombinant wild-type dalcochinase.

2. Identification of amino acid residues for site-directed mutagenesis

Due to the lack of three-dimensional structures of the three [-glucosidases in this study, their three-
dimensional models were generated using Geno3D (geno3d-pbil.ibcp.fr). The crystal structure of maize -
glucosidase ZmGlu1 (PDB code 1E56A), which showed ~40% sequence identity to these three enzymes, was
used as a template. The overall structures of the models were checked by Ramachandran plot and z-score
using PROCHECK and ProSA, respectively. The Ramachandran plot showed that 76.2% of amino acid
residues of dalcochinase were located in the most favorable region and only 1.5% in the disallowed region.
Generally, models in which less than 2% of amino acid residues were located in the disallowed region are

considered as reliable and were chosen for further study. The z-score of selected dalcochinase model was



also within the acceptable range. The three-dimensional models of dalcochinase (Fig. 2), Dnbglu2 and
linamarase (not shown) exhibited similar ([3/0()8 barrel structures as expected for enzymes in glycosyl

hydrolase family 1.

Figure 2: The three-dimensional model of dalcochinase. The catalytic acid/base residues (E182) and

nucleophile residues (E396) of dalcochinase are shown as stick drawings with labels.

To identify the target residues in dalcochinase for site-directed mutagenesis, comparison has been made
between amino acid sequences of dalcochinase, Dnbglu2 and linamarase using ClustalW 2.0.8 (Fig. 3).
Dalcochinase showed 81% and 47% sequence identity to Dnbglu2 and linamarase, respectively. The highly
conserved (L/F)NEP and (I/V)TENG motifs, with two glutamate residues acting as the acid/base catalyst and

nucleophile in the hydrolysis, respectively, form parts of the glycone binding pocket.

As a result of sequence alignment and structural modeling, amino acid residues were chosen for site-directed
mutagenesis based on 2 criteria: a) their location in the aglycone binding pocket, and (b) being different in
the two enzymes. To study the differences in substrate specificity and transglucosylation between
dalcochinase and linamarase, ten amino acid residues in dalcochinase, namely 1185, N189, M195, H253,
V255, N323, G367, K402, A454 and E455, were identified as targets for site-directed mutagenesis, and would
be replaced with the residues of linamarase at the corresponding positions. This would generate ten single
mutants of dalcochinase, which are 1185A, N189F, M195V, H253F, V255F, N323Q, G367S, K402Y, A454N
and E455I.

To study the differences in substrate specificity between dalcochinase and Dnbglu2, two amino acid residues
in dalcochinase, namely A454 and E455, were identified as targets for site-directed mutagenesis, and would
be replaced with the residues of Dnbglu2 at the corresponding positions. This would generate 2 single

mutants (A454S and E455G) and one double mutant (A454S/E455G) of dalcochinase. This part of the project



has been done in collaboration with Associate Professor James R. Ketudat Cairns at Schools of Biochemistry

and Chemistry, Suranaree University of Technology.

Dalcochinase @  -—-—- IDFAKEVRETI ----—- TEVPP-FNRSCFPSDFIFGTASSSYQYEGE----GRVP 44
Dnbglu2  ————- 1AFPKEVRATI ---——- TEVPP-FNRSCFPSDFIFGASSSAYQYEGE----GRVP 44
Linamarase MLVLFISLLALTRPAMGTDDDDDN IPDDFSRKYFPDDFIFGTATSAYQIEGEATAKGRAP 60
ZmGlul --SARVGSQNGVQMLS----- PSEIPQ---RDWFPSDFTFGAATSAYQIEGAWNEDGKGE 50
Dalcochinase SIWDNFTHQYPEKIADRSNGDVAVDQFHRYKKD IAIMKDMNLDAYRMSISWPRILPTGRYV 104
Dnbglu2 SIWDNFTHQYPEKIADGSNGDVT IDQFHRYKEDVAIMKYMNLDAYRLSISWPRILPTGRA 104
Linamarase SVWD IFSKETPDRILDGSNGDVAVDFYNRY 1QD IKNVKKMGFNAFRMS I SWSRVIPSGRR 120
ZmGlul SNWDHFCHNHPER I LDGSNSD I GANSYHMYKTDVRLLKEMGMDAYRFSISWPRILPKG-T 109
Dalcochinase SGGINQTGVDYYNRLINESLANGITPFVT IFHWDLPQALEDEYGGFLNH---SVVNDFQD 161
Dnbglu2 SGGINSTGVDYYNRLINETLHNGITPYVT IFHWDLPQALEDEYGGFLDR---RVVNDFRD 161
Linamarase REGVNEEG IQFYNDVINE I ISNGLEPFVT IFHWDTPQALQDKYGGFLSR---DIVYDYLQ 177
ZmGlul KGGINPDGIKYYRNLINLLLENGIEPYVT IFHWDVPQALEEKYGGFLDKSHKSIVEDYTY 169
Dalcochinase YADLCFQLFGDRVKHWITLN[EPSIFTANGYAYGMFAPGRCSPSYNPTCTGGDAGTETYLYV 221
Dnbglu2 YADLCFKFFGDRVKHWIT INEPQVFTTNGYTYGMFAPGRCSPSYDPTCTGGDAGTEPYKY 221
linamarase YADLLFERFGDRVKPWMTFEN[EPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPY IV 237
ZmGlul FAKVCFDNFGDKVKNWLTFEN[EPQTFTSFSYGTGVFAPGRCSPGLDCAYPTGNSLVEPYTA 229
:*_: *_ ***:** *:*:***_ :_ _: *:*******_ : *:: _*_* _

Dalcochinase AHNL ILSHAATVQVYKRKYQEHQKGT I1G I SLHVVWVIPLSNSTSDQNATQRYLDFTCGWF 281
Dnbglu2 AHNLLLSHAATVQVYKEKYQKDQNGK I1G I TLDQRWV IPLSNSTSDKKAAQRYLDFTFGWF 281
Linamarase AHNLLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSKVDVQAAKTALDFMFGLW 297
ZmGlul GHNILLAHAEAVDLYNKHYKRDDT-R IGLAFDVMGRVPYGTSFLDKQAEERSWD INLGWF 288
Dalcochinase MDPLTAGRYPDSMQYLVGDRLPKFTTDQAKLVKGSFDFIGLNYYTTNYATKSDASTCCPP 341
Dnbglu2 MDPLTVGRYPDSMQYLVGNRLPKFTTYEAKLVKGSFDFIGINYYTSNYATKSDASTCCPP 341
linamarase MDPMTYGRYPRTMVDLAGDKLIGFTDEESQLLRGSYDFVGLQYYTAYYAEP IPPVDPKFR 357
ZmGlul LEPVVRGDYPFSMRSLARERLPFFKDEQKEKLAGSYNMLGLNYYTSRFSKNIDISPNYSP 348
Dalcochinase SYLTDPQ-VTLL-QQRNGVFIGPVTPSGWMCI1YPKGLRDLLLYFKEKYNNPLVYIT[ENGI 399
Dnbglu2 SYLTDPQ-VTLS-SQRNGVFIGPMTPSGWICIYPKGLRDLLLY IKENYNNPLVYIT[ENGM 399
Linamarase RYKTDSG-VNATPYDLNGNL IGPQAYSSWFY IFPKGIRHFLNYTKDTYNDPVIYVT[ENGV 416
ZmGlul VLNTDDAYASQEVNGPDGKP IGPPMGNPWI'YMYPEGLKDLLMIMKNKYGNPPIYITENGI 408
dalcochinase DEKN--DASLSLEESLIDTYRIDSYYRHLFYVRYAIRS-GANVKGFFAWSLLDNFEWAEG 456
Dnbglu2 DETN--DPSLSLEESLMDTYRIDSYYRHLFYVLSAIKS-GANVKGFFAWTLMDDFEWSGG 456
Linamarase DNYN--NESQP IEEALQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIG 474
ZmGlul GDVDTKETPLPMEAALNDYKRLDY IQRHIATLKES IDL-GSNVQGYFAWSLLDNFEWFAG 467
Dalcochinase YTSRFGLYFVNYT-TLNRYPKLSATWFKYFLARDQESAKLE ILAPKARWSLSTMIKEEKT 515
Dnbglu2 FTSRFGLNFVDYN-TLNRYPKLSAKWFKYFLTRDQESAKLD ISTPKASAAYQR---—-—-— 508
Linamarase YTSRFGLYYVDYKNNLTRYPKKSAHWFTKFLNISVNANNIYELTSKDSRKVGKFYVM--- 531
ZmGlul FTERYGIVYVDRNNNCTRYMKESAKWLKEFNTAKKPSKKILTPA-————=—————————— 511
Dalcochinase KPKRGIEGF 524

Dnbglu2  ———————

Linamarase @ = = -———————-—-

ZmGlul  —m————

Figure 3: Alignment of amino acid sequences of dalcochinase, Dnbglu2, linamarase and ZmGlu1 generated
by ClustalW 2.0.8. The highly conserved (L/F)NEP and (I/V)TENG motifs are underlined, and the two catalytic
glutamate residues are shown as white letters against black background. The residues that are targeted for

site-directed mutagenesis are shaded.
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3. Site-directed mutagenesis and production of mutant enzymes

Site-directed mutagenesis has been performed to make mutant forms of dalcochinase. All mutant constructs
have been confirmed by DNA sequencing. The mutant constructs were transformed into P. pastoris,
expressed, and purified to homogeneity according to the procedures used for wild-type recombinant
dalcochinase (Toonkool et al., 2006). They were subjected to SDS-PAGE, western blot analyses and activity-
stained non-denaturing PAGE analyses. Fig. 4 shows SDS-PAGE and western blot analysis of some of the
purified dalcochinase mutants compared with the natural and recombinant wild-type dalcochinase. As
expected, all dalcochinase mutants gave a broad band with an apparent molecular weight of approximately
66 kD on SDS-PAGE (Fig. 4, A, lanes 3-4), similar to recombinant wild-type dalcochinase (Fig. 4, A, lane 2).
All mutants showed immunoreactivity against mouse monoclonal antibody against natural dalcochinase (Fig.
4, B, lanes 3-4), as seen with the natural and recombinant dalcochinase (Fig. 4, B, lanes 1-2). Mutant forms of
dalcochinase showed variable activity when their non-denaturing PAGE was stained with 1 mM 4-MU-Glc

(results not shown).

M 1 2 3 4
1160  w=
66.2 W ‘ .
450
350 '
250 | ww

(A) (B)

Figure 4: Example of SDS-PAGE of some purified enzymes. (A) coomassie stain and (B) western blot. Lane M,
protein standards (kD); lane 1, natural dalcochinase; lane 2, recombinant wild-type dalcochinase; lane 3,

A454N; lane 4, N189F.

4. Kinetic study of dalcochinase mutants

4.1 Dalcochinase versus linamarase

To study the differences in substrate specificity between dalcochinase and linamarase, the hydrolytic
activities of ten dalcochinase mutants, each containing a residue of linamarase in its aglycone binding
pocket, were characterised, and compared with natural and recombinant wild-type enzymes. Kinetic

parameters of these enzymes toward p-nitrophenyl-£-D-glucopyranoside (pNP-Glc, a commercial substrate)

and dalcochinin ﬂ—D-qucoside (a natural substrate of dalcochinase) are shown in Table 1.
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The kinetic studies showed variable effects of mutations in the aglycone binding pocket of dalcochinase on
enzyme specificity toward pNP-Glc and dalcochinin f-D-glucoside substrates (Table 1). Natural and
recombinant wild-type dalcochinase showed similar kinetic properties as expected. For hydrolysis of pNP-
Glc, natural linamarase was 3 times more efficient than the wild-type dalcochinase (natural and recombinant
enzymes), with a 5.4-fold lowered K and a 1.7-fold lowered k__. Most mutants were less efficient in hydrolysis
of pNP-Glc, especially a 70- and 34-fold reduction by 1185A and G367S, respectively, compared with the
recombinant wild-type dalcochinase. However, the efficiency for hydrolysis of pNP-GIc was increased by 5-
and 2-fold in N189F and A454N, respectively, compared with the recombinant wild-type dalcochinase. While
the effects on the affinity to pNP-Glc were rather variable and mild (less than an order of magnitude), the turn-
over numbers of all dalcochinase mutants were lowered than the wild-type dalcochinase, following the same
trend as natural linamarase. In particular, [185A and G367S showed 18- and 24-fold reduction in Koot
compared with the recombinant wild-type dalcochinase, while N189F and A454N gave similar k_, values to
linamarase. These effects indicate a change in steric and/or polar complementarities between the aglycone

binding pocket of enzymes and the pNP moiety of substrate.

Table 1: Kinetic parameters of natural and recombinant dalcochinase, natural linamarase, and dalcochinase

mutants toward pNP-Glc and dalcochinin f-D-glucoside.

Substrate PNP-Glc Dalcochinin f-D-glucoside

Enzymes K (mM) | k_(s) | k /K ("M | K (mMM) | k_(s) | k /K, (s'M)
Natural dalcochinase 3.92 274.43 70,000 6.78 90.63 13,000
Recombinant dalcochinase 3.91 225.49 58,000 5.67 62.25 11,000
Natural linamarase 0.72 131.91 183,000 - - -
[185A 14.33 12.29 860 1.62 0.74 500
N189F 0.59 172.51 292,000 0.63 4.00 6,300
M195V 1.77 36.38 20,500 6.25 31.44 5,000
H253F 2.69 58.01 21,600 4.35 21.92 5,000
V255F 2.67 10.60 4,000 1.74 1.55 900
N323Q 1.84 36.21 20,000 4.94 33.52 6,800
G367S 5.53 9.34 1,700 1.62 1.73 1,100
K402Y 2.61 15.49 6,000 3.60 4.00 1,100
A454N 1.34 157.90 118,000 4.69 9.19 2,000
E455I 11.83 49.85 4,200 3.63 192.39 53,000
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The replacement of an amino acid residue of linamarase in the aglycone binding pocket of dalcochinase also
showed variable effects on the specificity toward dalcochinin f-D-glucoside. Most mutants showed between
2-22 fold reduction in its specificity compared with the recombinant wild-type dalcochinase, following the
same trend as natural linamarase, which could not appreciably hydrolyse dalcochinin f-D-glucoside. Most
notable reduction was by [185A, V255F, G367S and K402Y (22-, 12-, 10- and 10-fold, respectively),
suggesting close interactions between residues in the aglycone binding pockets of dalcochinase and the
rotenoid moiety of substrate. Unexpectedly, E455| showed a 5-fold increase in specificity for dalcochinin f-D-
glucoside, possibly indicating a preferable interaction between the rotenoid moiety of substrate and the
hydrophobic side chain of isoleucine at this position. Again, the effects on the turn-over numbers were more
pronounced than the effects on the affinity of enzymes for dalcochinin f-D-glucoside, which surprisingly was
not significantly affected by the mutations (less than an order of magnitude). So interactions between residues
in the aglycone binding pockets of dalcochinase and the rotenoid moiety of substrate seemed to be flexible in

terms of binding, but contribute significantly in terms of catalysis.

For hydrolysis of linamarin (a natural substrate of linamarase), natural linamarase exhibited a K, 2.28 mM, k_,
of 47.03 54, and k_, /K of 20,600 s'™M" However, none of the wild-type or mutant constructs of dalcochinase
could hydrolyze linamarin, suggesting that the change in the overall conformation of the aglycone binding
pocket, rather than site-specific changes, may be needed for the successful entry and hydrolysis of linamarin
by dalcochinase mutants. Thus, it is expected that mutations at more than one position may generate new

dalcochinase mutants with similar substrate specificity to linamarase.

4.2 Dalcochinase versus Dnbglu2

To study the differences in substrate specificity between dalcochinase and Dnbglu2, two residues in the
aglycone binding pocket of dalcochinase were replaced with the corresponding residue of Dnbglu2,
generating 2 single mutants (A454S and E455G) and one double mutant (A454S/E455G) of dalcochinase. The
hydrolytic activities of dalcochinase mutants toward pNP-Glc, dalcochinin f-D-glucoside, and dalpatein 7-O-
[-D-apiosyl-1,6-f-D-glucoside and dalnigrein 7-O-f-D-apiosyl-1,6-3-D-glucoside (natural substrates of
Dnbglu2), were characterised, and compared with natural and recombinant wild-type enzymes. This part of
the project has been done in collaboration with Associate Professor James R. Ketudat Cairns at Schools of

Biochemistry and Chemistry, Suranaree University of Technology.

The single mutants of dalcochinase showed similar hydrolysis of dalpatein 7-O-f-D-apiosyl-1,6--D-glucoside
and half the rate of hydrolysis of dalnigrein 7-O-f-D-apiosyl-1,6--D-glucoside compared with the wild-type
dalcochinase. The double mutant showed 4- and 6.8-fold increases in relative activity toward dalpatein 7-O-£-

D-apiosyl-1,6-f-D-glucoside and dalnigrein 7-O-f-D-apiosyl-1,6-£-D-glucoside, respectively. However, this
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activity was only 3% that of Dnbglu2, indicating other determinants are important for isoflavonoid diglycoside

hydrolysis.

5. Transglucosylation study of dalcochinase mutants

To study the differences in transglucosylation specificity between dalcochinase and linamarase, the
transglucosylation activities of ten dalcochinase mutants, each containing a residue of linamarase in its
aglycone binding pocket, were compared with natural and recombinant wild-type enzymes. The
transglucosylation reaction used 10 mM pNP-Glc as a glucosyl donor and 0.9 M short chain alkyl alcohols as

a glucosyl acceptor. The % mole of alkyl glucoside products are shown in Table 2.

Table 2: Percent mole of alkyl glucoside products from transglucosylation reactions.

Alcohol Primary Secondary Tertiary

Enzymes Methanol| Ethanol | n-Propanol | n-Butanol | iso-Butanol | iso-Propanol | sec-Butanol| tert-Butanol
Natural dalcochinase 24 38 66 83 69 4 12 -
Recombinant dalcochinase 22 42 68 79 7 4 12 -
Natural linamarase 52 51 73 Al 74 60 65 35
[185A 20 40 73 92 90 18 25 -
N189F 43 64 86 96 90 7 11 -
M195V 24 46 68 90 71 3 10 -
H253F 29 44 66 87 75 6 11 -
V255F 40 54 80 92 84 15 21 -
N323Q 29 43 69 88 74 6 12 -
G367S 30 36 58 73 62 9 8 -
K402Y 25 40 65 89 74 6 13 -
A454N 29 50 68 85 75 4 15 -
E455] 26 40 67 87 80 7 10 -

In transglucosylation studies, natural and recombinant wild-type dalcochinase showed similar
transglucosylation activities as expected. Natural linamarase was much better than any enzymes in
transglucosylation to all primary, secondary and tertiary alcohols acceptors. Most mutants gave similar levels
of % mole of alkyl glucosides from the reactions to the recombinant wild-type dalcochinase. Three mutants
showed increased transglucosylation activities, namely [185A with long-chain primary and secondary

alcohols, N189F with all primary alcohols, and V255F with both primary and secondary alcohols. Notably,
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these three mutants gave higher yields of alkyl glucosides made from long-chain primary alcohols than
natural linamrase, but those made from secondary alcohols were still lower. However, none of the
dalcochinase mutants could transfer glucose to tertiary alcohols, the property that is unique to cassava
linamarase. Again, the change in the overall conformation of the aglycone binding pocket, rather than site-
specific changes, may be needed for the successful entry and transglucosylation of tertiary alcohols by
dalcochinase mutants. Thus, it is expected that mutations at more than one position may generate new

dalcochinase mutants with similar to transglucosylation activity to linamarase.

6. Cloning and expression of recombinant Dnbglu2

This part of the project has been done in collaboration with Associate Professor James R. Ketudat Cairns at
Schools of Biochemistry and Chemistry, Suranaree University of Technology. In this part, a cDNA encoding
Dnbglu2 was also cloned and expressed in P. pastoris. Purified recombinant Dnbglu2 showed similar
enzymatic properties to those of natural enzyme. The recombinant Dnbglu2 was less efficient at hydrolysis of
both dalpatein  7-O-f-D-apiosyl-1,6-3-D-glucoside and dalnigrein  7-O-f-D-apiosyl-1,6-4-D-glucoside
compared to natural Dnbglu2 from seed. Nonetheless, recombinant Dnbglu2 maintains a high preference for

both isoflavonoid diglycosides over dalcochinin f-D-glucoside (a natural substrate of dalcochinase).

7. Cloning and expression of recombinant cassava linamarase

Many isozymes of cassava linamarase exist, but only one cDNA sequence (pCAS5) has been reported thus
far. In order to study the structure-function relationships in this enzyme, the cDNA of cassava linamarase was
cloned and sequenced. Six different cDNA sequences of linamarase from cassava were amplified by reverse
transcription-polymerase chain reaction (RT-PCR) using primers designed from the sequence of pCAS5,
which is the previously reported cDNA sequence of cassava linmarase by Hughes et al. (1992). Deduced
amino acid sequences from four cDNA clones showed 98-99% sequence identity to that of pCAS5, while the
other two cDNA clones contained nucleotide sequences that led to premature termination. The four full-length
cDNA sequences were inserted into pPICZaB for methanol-inducible expression in P. pastoris as a secretory
protein with the alpha mating factor propeptide and the polyhistidine tag at the N-terminus, similar to the
cloning strategies used for dalcochinase. However, none of them showed significant linamarase activities in
P. pastoris culture media. A new cloning strategy has been devised to clone the four cDNA sequences in
PYEX-BX as an N-terminal fusion product with the signal sequence of yeast SUC2 invertase followed by a
polyhistidine tag, and to express the recombinant protein in Saccharomyces cerevisiae under the control of

yeast copper metallothionein (CUP1) promoter.

15



8. List of references

Eksittikul, Y. and Chulavatanatol, M. Characterization of cyanogenic f-glucosidase (limanarase) from cassava
(Manihot esculenta Crantz). Arch. Biochem. Biophys. 1988; 266: 263-269.

Esen, A. f-glucosidases: overview. In: f-glucosidases Biochemistry and Molecular Biology. (A. Esen, Ed.)
1993; pp. 1-14. American Chemical Society, Washing D.C.

Hughes, M.A., K. Brown, A. Pancoro, B.S., Murray, E. Oxtoby and Hughes, J. A molecular and biochemical
analysis of the structure of the cyanogenic f-glucosidase (linamarase) from cassava (Manihot esculenta
Crantz). Arch. Biochem. Biophys. 1992; 295: 273-279.

Keresztessy Z., Kiss L. and Hughes M.A. Investigation of the active site of the cyanogenic f-D-glucosidase
(linamarase) from Manihot esculenta Crantz (cassava). |. Evidence for an essential carboxylate and a
reactive histidine residue in a single catalytic center. Arch. Biochem. Biophys. 1994; 314: 142-152.

Keresztessy Z., Kiss L. and Hughes M.A. Investigation of the active site of the cyanogenic f-D-glucosidase
(linamarase) from Manihot esculenta Crantz (cassava). Il. Identification of Glu-198 as an active site
carboxylate group with acid catalytic function. Arch. Biochem. Biophys. 1994; 315: 323-330.

Lirdprapamongkol, K. and Svasti, J. Alkyl glucoside synthesis using Thai rosewood S-glucosidase. Biotechnol
Letters 2000; 22: 1889-1894.

Srisomsap, C., Svasti, J., Surarit, R., Champattanachai, V., Boonpuan, K., Sawangareetrakul, P.,
Subhasitanont, P. and Chokchaichamnankit, D. Isolation and characterization of an enzyme with ﬂ-D-
glucosidase/3-D-fucosidase activities from Dalbergia cochinchinensis Pierre. J. Biochem. 1996; 119:
585-590.

Svasti, J., Srisomsap, C., Techasakul, S. and Surarit, R. Dalcochinin-8-O-f-D-glucoside and its f-glucosidase
enzyme from Dalbergia cochinchinensis. Phytochem. 1999; 50: 739-743.

Toonkool, P., Metheenukul, P., Sujiwattanarat, S., Paiboon, P., Tongtubtim, N., Ketudat-Cairns, M., Ketudat-
Cairns, J. and Svasti, J. Expression and purification of dalcochinase, a f-glucosidase from Dalbergia
cochinchinensis Pierre, in yeast and bacterial hosts. Protein Expres. Purif. 2006; 48: 195-204.

Withers S.G. and Street I.P. Identification of a covalent f-D-glucopyranosyl enzyme intermediate formed on a
f-glucosidase. J. Am. Chem. Soc. 1988; 110: 8551-8553.

Withers S.G., Warren R.A.J., Street |.P., Rupitz K., Kempton J.B. and Aebersold R. Unequivocal demonstration
of the involvement of a glutamate residue as a nucleophile in the mechanism of a retaining glycosidase.

J. Am. Chem. Soc. 1990; 112: 5887-5889.

16



Output NlAanlAganng

Publications in international journal

Chuankhayan, P., Rimlumduan, T., Tantanuch, W., Mothong, N., Kongsaeree, P.T., Metheenukul, P., Svasti, J.,
Jensen, O.N. and Ketudat Cairns, J.R. Functional and structural differences between isoflavonoid ﬂ-
glycosidases from Dalbergia sp. Archives of Biochemistry and Biophysics 2007; 468: 205-216.
(NMAKUAN 1)

Kongsaeree, P.T., Ratananikom, K., Choengpanya, K., Sujiwattanarat, P., Porncharoennop, C., Onpium, A.,
Saparpakorn, P. and Svasti, J. Substrate specificity for hydrolysis and transglucosylation in glycosyl

hydrolase family 1. (in preparation)

Publication in national journal

Toonkool, P. and Tongtubtim, N. Nucleotide and derived amino acid sequences of the cyanogenic beta-
glucosidase (linamarase) from cassava (Manihot esculenta Crantz). Kasetsart Journal (Natural Science)

2006; 40: 123-128. (NMAKNUIN 2)

Presentations at national conferences

Toonkool, P. and Tongtubtim, N. Nucleotide and derived amino acid sequences of the cyanogenic beta-
glucosidase (linamarase) from cassava (Manihot esculenta Crantz) (Poster). Proceedings of the 44th
Kasetsart University Conference (30 Jan. - 2 Feb. 2006). Bangkok, Thailand. (N1ANWAN 3)

Onpium, A., Svasti, J. and Kongsaeree, P. Site-directed mutagenesis in the aglycone binding pocket of Thai
rosewood beta-glucosidase (Dalbergia cochinchinensis Pierre) (Poster). Proceedings of the 32nd
Congress on Science and Technology of Thailand (10-12 Oct. 2006). Bangkok, Thailand. (N1ANWIN 4)

Porncharoennop, C., Svasti, J. and Kongsaeree, P. Production and Characterization of mutant forms of Thai
rosewood f-glucosidase (Poster). Proceedings of the 32nd Congress on Science and Technology of
Thailand (10-12 Oct. 2006). Bangkok, Thailand. (N1ANWAN 5)

Sujiwattanarat, P., Svasti, J. and Kongsaeree, P. Effects of mutation in the aglycone binding pocket of Thai
rosewood f-glucosidase (Oral presentation). Proceedings of the 32nd Congress on Science and
Technology of Thailand (10-12 Oct. 2006). Bangkok, Thailand. (N1AXAN 6)

Porncharoennop, C. and Kongsaeree, P. Production and characterization of mutant forms of Thai rosewood ﬂ-
glucosidase (Oral presentation). Proceedings of the 1st National Graduate Research Conference (1-2

Aug. 2007). Patumthanee, Thailand. (N1ANYIN 7)

17



NIANUIN 1
Chuankhayan, P., Rimlumduan, T., Tantanuch, W., Mothong, N., Kongsaeree, P.T., Metheenukul, P., Svasti, J.,

Jensen, O.N. and Ketudat Cairns, J.R. Functional and structural differences between isoflavonoid ﬂ-

glycosidases from Dalbergia sp. Archives of Biochemistry and Biophysics 2007; 468: 205-216.

18



Available online at www.sciencedirect.com

ScienceDirect

ELSEVIER Archives of Biochemistry and Biophysics 468 (2007) 205-216

www.elsevier.com/locate/yabbi

Functional and structural differences between 1soflavonoid
B-glycosidases from Dalbergia sp.

Phimonphan Chuankhayan *', Thipwarin Rimlumduan ®, Waraporn Tantanuch °,
Narumol Mothong ?, Prachumporn T. Kongsaeree ©, Pornphimon Metheenukul ?,
Jisnuson Svasti ¢, Ole N. Jensen ¢, James R. Ketudat Cairns **

& Schools of Biochemistry and Chemistry, Institute of Science, Suranaree University of Technology, Nakhon Ratchasima 30000, Thailand
> National S ‘ynchrotron Research Center, Nakhon Ratchasima 30000, Thailand
¢ Department of Biochemistry, Kasetsart University, Bangkok 10900, Thailand
4 Department of Biochemistry, Faculty of Science, Mahidol University, Bangkok 10400, Thailand
¢ Department of Biochemistry and Molecular Biology, University of Southern Denmark, DK-5230 Odense M, Denmark

Received 24 July 2007, and in revised form 10 September 2007
Available online 11 October 2007

Abstract

Among isoflavonoid B-glucosidases from Dalbergia species, that from Dalbergia nigrescens hydrolyzes isoflavonoid-7-O--p-apiosyl-
1,6-B-p-glucosides more efficiently, while Dalbergia cochinchinensis B-glucosidase (dalcochinase) hydrolyzes its rotenoid glycoside sub-
strate, dalcochinin B-p-glucoside (I), more efficiently. A cDNA encoding a glycosylated B-glucosidase with 81% identity with dalcochin-
ase was cloned from D. nigrescens seeds, and its protein (Dnbglu2) expressed in Pichia pastoris. Purified Dnbglu2 hydrolyzed the D.
nigrescens natural substrates dalpatein 7-O-B-p-apiofuranosyl-(1 — 6)-B-p-glucopyranoside (II) and dalnigrein 7-O-B-p-apiofuranosyl-
(1 = 6)-B-p-glucopyranoside (I1I) at 400- and 5000-fold higher catalytic efficiency (kc./Ky) than 1. Dalcochinase was mutated at two
amino acid residues, A454S and E455G, that are homologous to previously described substrate binding residues and differ from the cor-
responding residues in Dnbglu2. The double mutant showed 4- and 6.8-fold increases in relative activity toward II and III, respectively.
However, this activity was only 3% that of Dnbglu2 B-glucosidase, indicating other determinants are important for isoflavonoid digly-
coside hydrolysis.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Dalbergia nigrescens; Dalbergia cochinchinensis; B-Glucosidase; Isoflavonoid glycoside; Diglycosidase; Glycosyl hydrolase family 1; Substrate
specificity; Glycosylation; Plant; 7-O-B-p-Apiofuranosyl-(1 — 6)-B-p-glucopyranoside

Glycosyl hydrolase family 1 (GH1)? includes enzymes glucosidases (EC 3.2.1.21), B-fucosidases (EC 3.2.1.38), -
with a variety of glycone (sugar) specificities, including B- galactosidases (EC 3.2.1.23), p-mannosidases (EC
3.2.1.25), phospho-B-glucosidases (EC 3.2.1.86), and phos-
pho-B-galactosidases (EC 3.2.1.85) [1]. Some of these
enzymes show very narrow sugar specificity, while others
hydrolyze a range of sugars from glycosides. Recently,

* Corresponding author. Fax: +66 44 224185.
E-mail address: cairns@sut.ac.th (J.R. Ketudat Cairns).
! Present address: Life Science Group, National Synchrotron Radiation

Research Center, Hsinchu 30076, Taiwan, ROC. diglycosidases have been added to this list [2].

2 Abbreviations used: GH1, glycosyl hydrolase family 1; PGO, glucose- Monoglycosidases, such as B-glucosidases and B-galac-
oxidase/peroxidase mixture; PVPP, 2-mercaptoethanol, polyvinyl-poly- tosidases, have been widely reported in plants and
pyrolidone; PMSF, phenylmethylsulfonyl fluoride; TdT, terminal deoxy- microorganisms, but not many diglycosidases have been

nucleotidyl transferase; RACE, rapid amplification of cDNA ends; NCBI, . . . .
National Center for Biotechnology Information; pNP-Fuc, p-nitrophenyl- reported m hlgher plants. D1glycos1dases that have been

B-p-fucopyranoside; pNP, p-nitrophenol; IMAC, immobilized metal studied include Camellia sinensis B-primeverqsidase (EC
affinity chromatography. 3.2.1.149) [2,3], Rhamnus dahurica rhamnodiastase [4],
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Viburnum furcatum furcatin hydrolase (EC 3.2.1.161) [5,6],
Fagopyrum esculentum L. rutinase [7], Fagopyrum tatari-
cum L. rutinase [8], and Vicia angustifolia vicianin hydro-
lase [9] in plants, and Aspergillus flavas (rutinase) in
fungus [10].

Diglycosidases or disaccharide glycosidases directly
hydrolyze the second B-glycosidic bond from the nonreduc-
ing end of disaccharide glycosides to liberate a disaccharide

-
CH,OH

-
HOCH,

OH OH

Dalpatein glycoside ID); R1-R2=0-CH,-0
Dalnigyein glycoside (IID); R1;R2 = OMe

unit and an aglycone. For example, furcatin hydrolase
hydrolyzes furcatin (p-allylphenyl 6-O-B-p-apiofuranosyl-
B-p-glucopyranoside, Fig. 1(IV)) into p-allylphenol and
the disaccharide acuminose (1,6-B-apiofuranosyl-glucopyr-
anose, [6]) and B-primeverosidase hydrolyzes B-primevero-
sides to release primeverose (6-O-B-D-xylopyranosyl-B-p-
glucopyranose) and alcoholic floral aroma derivatives
[2,3]. Furcatin hydrolase shows low activity toward mono-

5 D. nigrescens glycosides

HOCH,

O\B'

Genistin; R1= OH (V)
Daidzin; R1=H (VI)

CH,

Soy isoflavone glucosides

Fig. 1. Structures of natural substrates of Dalbergia B-glycosidase to show the different positions of the bonds that are hydrolyzed. The position of the
bond that is hydrolyzed is indicated by the arrow for each substrate. The Dalbergia glycosides shown are (I) dalcochinin B-p-glucoside, (I11) dalpatein 7-O-
B-p-apiofuranosyl-(1 — 6)-B-p-glucopyranoside, and (I11) dalnigrein 7-O-B-p-apiofuranosyl-(1 — 6)-B-p-glucopyranoside. For comparison, the structures
of the disglycoside furcatin (VI) and the soy isoflavone glucosides genistin (V) and daidzin (VI) are included.
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glycoside substrates [6]. It hydrolyzes p-allylphenol B-p-
glucopyranoside at 43% of its rate toward furcatin, even
though these substrates bear the same aglycone moieties.
It hydrolyzes pNP-B-p-glucopyranoside (pNP-Glu) and
pNP-B-gentiobioside at 3% and 4% of its furcatin hydroly-
sis activity, respectively, and does not hydrolyze other
monosaccharide glycosides, such as pNP-B-p-xylopyrano-
side (pNP-Xyl), pNP-a-L-arabinopyranoside and pNP-p-
D-galactopyranoside. Therefore, this enzyme has high sub-
strate specificity for the disaccharide glycone, as well as the
aglycone moiety. Similarly, B-primeverosidase was able to
hydrolyze other compounds that have disaccharide moie-
ties, such as PB-visianoside, furcatin, and B-gentiobioside,
but cannot efficiently hydrolyze monoglycosides (pNP-
Glu and pNP-Xyl) [2]. In addition, its relative activity
toward its natural substrate PB-primeveroside was much
higher than that toward the other natural disaccharide gly-
cosides tested. Thus, furcatin hydrolase and B-primeveros-
idase are examples of unique disaccharide specific
glycosidases, in that they showed highest specificity for
their natural substrates, furcatin and B-primeverosides,
respectively.

Hosel and Barz [11] isolated B-glucosidases from gar-
banzo bean (Cicer arietinum L.) roots, leaves, and hypoco-
tyls that were specific for isoflavone 7-O-glucosides. These
B-glucosidases had the greatest affinity for isoflavone 7-O-
B-p-glucosides and were highly specific for the 7-position of
the aglycone in isoflavonoid and flavonoid glycosides. In
addition, these enzymes also removed the [-1,6-apiosyl-
glucose of biochanin A 7-O-B-p-glucoapioside as a disac-
charide, which was not further hydrolyzed, indicating they
also act as diglycosidases.

Previously, we reported the purification of a B-glucosi-
dase and its natural substrates from Dalbergia nigrescens
Kurz seeds [12]. This D. nigrescens B-glucosidase (Dnbglu)
was similar to Dalbergia cochinchinensis B-glucosidase (dal-
cochinase, also called Thai rosewood B-glucosidase) in its
activity toward a variety of synthetic glycoside substrates
[13]. However, unlike dalcochinase, Dnbglu had high activ-
ity toward its diglycoside natural substrates dalpatein 7-O-
B-p-apiofuranosyl-(1 — 6)-B-p-glucopyranoside (II) and
dalnigrein 7-O-B-p-apiofuranosyl-(1 — 6)-B-p-glucopyran-
oside (III) (Fig. 1), releasing B-1,6-apiosyl-glucose disac-
charide and aglycones [12]. D. nigrescens B-glucosidase
was better than dalcochinase at hydrolyzing isoflavonoid
B-glucosides from soybean, such as genistin (V) and daid-
zin (VI), as well as six-conjugated glycosides, such as mal-
onyl genistin [14], but poorer at hydrolyzing dalcochinin [3-
D-glucopyranoside (I), the natural substrate of the D.
cochinchinensis B-glucosidase [12]. Sequencing of the N-ter-
minus and four isolated peptides from Dnbglu indicated
that its sequence is quite similar to that of dalcochinase,
despite their functional differences.

In order to understand the structural basis of the activity
differences between the closely related Dalbergia B-glucosi-
dases, we cloned a D. nigrescens B-glucosidase cDNA, Dnb-
glu2. Recombinant expression of Dnbglu2 and

dalcochinase, in combination with mutagenesis of the latter
allows us to more directly explore what differences in pri-
mary structure may explain their functional differences.

Materials and methods

Chemicals

Oligonucleotides were purchased from the BioService Unit of the
National Science and Technology Development Agency of Thailand or
from Proligo Inc. (Singapore). The pPICZaB plasmid and Superscript 11
reverse transcriptase were purchased from Invitrogen (Carlsbad, CA,
USA) and Taq and Pfu polymerases from Promega (Madison, WI, USA).
Restriction enzymes were from New England Biolabs (Beverly, MA,
USA). Synthetic substrates, glucose-oxidase/peroxidase mixture (PGO), 2-
mercaptoethanol, polyvinyl-polypyrolidone (PVPP), phenylmethylsul-
fonyl fluoride (PMSF), and Dowex 2 x 8 resin were obtained from Sigma
Chemical (St. Louis, MO, USA). All other reagents for protein purifica-
tion and characterization of enzyme kinetic were analytical grade or
better.

Plant material and yeast strains

Dalbergia nigrescens seeds (mature and immature) were collected from
a tree on the Suranaree University of Technology campus, Nakhon Rat-
chasima, Thailand. Pichia pastoris strain YM11430 was kindly provided
by Dr. Joan Linn Cereghino, while strain GS115 was obtained from
Invitrogen.

Purification of Dalbergia glycosidases and glycosides

The D. nigrescens glycosidase and glycosides were purified from D.
nigrescens seeds as previously reported [12]. Dalcochinin B-p-glucoside (I)
was purified from D. cochinchinensis seeds by ethanol extraction. Ten
grams of seed powder was stirred overnight with ethanol at room tem-
perature. The ethanol was removed by drying, and the solid residue was
extracted with hexane 2-3 times and redissolved with methanol. This
crude extract was separated on an LH-20 column with methanol as eluent.
The pooled I fraction was further purified by HPLC on an XDB-C 3
reverse phase column eluted with 38% methanol on an Agilent 1100 series
HPLC with detection by absorbance at 260 nm wavelength on a diode
array detector. The I peak was collected and dried by speed vacuum. The
mass of the purified glycoside was verified to match dalcochinin B-p-glu-
coside [15] by electrospray mass spectrometry ((M+Na]" = 597.13).

Mass spectrometric identification of tryptic peptides and their
glycosylation

For the tryptic digest, 6 ug (0.1 nm) of Dnbglu purified from D.
nigrescens seeds was dissolved in 40 pLL of 100 mM NH4HCO3, mixed with
5 pL of 10 mM DTT, and incubated for 30 min at 50 °C. The solution was
chilled, 5 pL of 100 mM iodoacetamide was added, and the solution was
incubated in the dark at room temperature for 15 min. Then, 500 ng of
sequence grade trypsin (Boehringer Mannheim, Germany) was added and
incubated overnight at 37 °C. Trypsin-digested protein (0.08 nmol) was
deglycosylated by incubation with 25 mU Endoglycosidase H (Roche,
Mannheim, Germany) at 37 °C overnight. The sample was desalted and
concentrated using GELoader tip microcolumns packed with Poros R2
material (Applied Biosystems, Framingham, MA). Analysis of N-linked
glycosylation sites was performed by automated nanoflow liquid chro-
matography/tandem mass spectrometric analysis on an ESI QTOF Ultima
mass spectrometer (Waters/Micromass UK Ltd., Manchester, UK). The
nanoLC system was run with a linear gradient from Solution A (0.6%
acetic acid) to 40% of solution B (80% acetonitrile, 0.5% acetic acid) in
90 min. The mass spectrometer was operated in the positive ion mode with
a resolution of 9000-11,000 full-width half-maximum (FWHM) using a
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source temperature of 80 °C and a counter current nitrogen flow rate of
150 L/h. Data dependent analysis was employed (the four most abundant
ions in each cycle were subjected to MS/MS): 1s MS (m/z 350-1500),
4x1s MS/MS (m/z 50-2000, continuum mode), and 30s dynamic
exclusion. Raw data were processed using ProteinLynx Global Server
ProteinLynx 2.0.5 (smooth 5/3 Savitzky Golay and center 4 channels/80%
centroid) and the resulting MS/MS data set exported in the Micromass.pkl
format. The spectral data were searched against Viridiplantae (green
plants) in the NCBI database with Mascot software (Matrix Sciences Ltd.,
Cheshire, UK).

MALDI-MS of the intact protein was performed on a Voyager STR
(PerSeptive Biosystems, Framingham, MA) equipped with delayed
extraction. Spectra were obtained in positive reflector or linear ion mode,
and negative reflector ion mode, with an accelerating voltage of 20 kV.

Cloning of the Dnbglu2 ¢cDNA

The total RNA was isolated from immature seeds collected from a D.
nigrescens tree 2-3 months after flowering. Typically, 0.1 g of immature
seeds was ground in liquid nitrogen and extracted with Trizol reagent
(Gibco-BRL, Invitrogen) according to the manufacturer’s instructions.
The total RNA pellet was resuspended in DEPC-treated water, and an
aliquot (1-5pg) was used as template for first strand cDNA synthesis
catalyzed by Superscript I Reverse Transcriptase (Invitrogen) with Qr
primer [16], as recommended by Invitrogen.

The first-strand cDNA was used as template to amplify cDNA fragments
with several combinations of the For.2, For.3, For.4, For.5, For.6, Rev.4,
Rev.5, Rev.7, and Rev.8 primers designed from the D. cochinchinensis -
glucosidase cDNA sequence by Ketudat Cairns et al. [16]. The amplifica-
tions were performed using 7Tag polymerase, and the PCR products were gel
purified and cloned into pPGEM-T Easy vector (Promega) according to the
supplier’s recommendation. The nucleotide sequences of single clones were
determined by automated sequencing with the ABI Prism BigDye Termi-
nator Cycle Sequencing Ready Reaction kit (Applied Biosystems, Foster
City, CA). The sequence of the initial cDNA clones was used to design new
specific primers, PBGF1 (CACCATTTgTAACCATTTTTCATTg) and
PBGrev2 (sTAAAgCAACAAATCTCgAAgTCC), which were used in
PCR to amplify a new fragment from germinating seed cDNA. This frag-
ment was cloned and sequenced as described above, and designated the
Dnbglu2 cDNA.

The rapid amplification of cDNA ends (RACE) technique was used to
amplify cDNAs from the 3’ and 5’ ends of the mRNA with the Qr, Q,, and
Q; end primers described by Frohman [17]. For 3’ RACE, the first strand
cDNA was synthesized from the Qt primer and total D. nigrescens seed
RNA as described above and used as template for nested PCR. For the
Dnbglul cDNA, the first PCR was done with Tag polymerase and the Q, and
PTDnF1 (ggTggCTTCTTAgATCgTAg) primers. Then, the PCR product
was used as a template with the Q; and PTDnF1 primers in a second PCR
amplification. The 5 RACE was done by anchoring a poly A tail sequence at
the 3’ end of the first strand cDNA that had been reverse transcribed from
the PTDnR1 (gCCATTTgTggTgAAgACTTg) primer with dATP and ter-
minal deoxynucleotidyl transferase (TdT) according to the supplier’s
instructions (Promega). The anchored cDNA was used as template ina PCR
with Taq polymerase, and the Qr and PTDnR1 primers. A second ampli-
fication was performed with the product and the PTDnR2
(CgAAAATCATTTACAACCCTAC) and Q, primers. The RACE PCR
products were cloned and sequenced, as described for the initial PCR
products. The sequences of the 3’ and 5’ RACE products were used to design
the 3’ and 5’ terminus primers. The full-length CDS Dnbglu2 cDNA was
amplified with the Dn2 3'UTRrl (AAATgTACCAAAgCCACAAAC)
and Dn2_5'UTRfl (TCCTTTCTTTCATCTCATgATTg) primers and
cloned and sequenced as described above.

Sequence analysis and homology modeling

Initial analysis of DNA sequences was done with BLAST [19] at the
National Center for Biotechnology Information (NCBI: http://

www.ncbi.nlm.nih.gov). The N-terminal signal sequence was predicted
with SignalP [20] and protein properties were predicted with the programs
available at Expasy (http://www.expasy.org). Dalbergia B-glucosidases
and related protein sequences were aligned with ClustalX, an implemen-
tation of ClustalW [21,22]. The alignments were adjusted with Genedoc,
and the N-terminal signal sequence and nonconserved region were
removed prior to phylogenetic analysis by the neighbor-joining tree
implementation of ClustalX and the Protpars parsimony program of the
PHYLYP package [23]. Homology models were produced by alignment of
the sequences of the Dalbergia B-glucosidases with the ICBG structure in
the Swiss PDBViewer, followed by submission to SwissModel for opti-
mized model building [24]. The active sites were superimposed and illus-
trated by ray tracing with the PovRay program.

Expression vector construction

The DnVPPFPstl (gTgCAACCATTCCTgCAgTTCCTCCATTCA
ATCgAAg) and Dn2CTERMXbalr (ATCAAAATgCTTgAATggCCC
ACTT) primers were used in PCR to introduce the desired Pstl site at the
start of the sequence encoding the protein starting from the same position
successful for dalcochinase expression with an N-terminal His-tag [18] and
an Xbal site at the 3’ end of the coding region. The reaction was done with a
1:1 unit mixture of Hot Star Taq and Pfu polymerases. Then, the PCR
product was gel purified, reamplified with Pfu polymerase and cloned into
Zero Blunt® TOPO PCR cloning vector (Invitrogen). The clones containing
insert were digested with Pstl and Xbal, and the insert was gel purified and
cloned into the pPICZaNHjg plasmid [18].

Mutagenesis of dalcochinase

The site directed mutagenesis of dalcochinase residues A454 to S, E455
to G, and A454/E455 to SG was performed with a QuikChange Site-
Directed Mutagenesis kit (Stratagene, La Jolla, CA, USA). The two pri-
mer pairs used to introduce the single mutations were DcA454Sf (ggACA
ACTTTgAATggTCTgAggeTTATACATCACgATTTg) and DcA454Sr
(CAAATCgTgATgTATAACCCTCAgACCATTCAAAETTETCC) for
A454S, and DcE455Gf (ggACAACTTTgAATgggCTegggge TTATACAT
CACgATTTg) and DcE455Gr (CAAATCgTgATgTATAACCCCCAgC
CCATTCAAAETTETCC) for E454G and the pPICZ-NH;g-trncTRBG
clone [18] was used as the template. The double point mutation was
generated by the same method with the A454S mutant as template and the
Dc454/5SGf (ggACAACTTTgAATggTCTggggeTTATACATCACEATT
Tg) and Dc454/5SGr (CAAATCgTgATgTATAACCCCCAgACCATTC
AAAGTTETCC) primers. The mutated plasmid sequences were checked
by DNA sequencing.

Recombinant expression and purification of Dnbglu2 and wildtype
and mutant dalcochinase

The selected plasmid clones were linearized with Sacl restriction
enzyme and then transformed into P. pastoris strain GS115 or YM11430
by electroporation. After transformation into P. pastoris strain GS115 for
small-scale expression, the selected clones were expressed in BMGY
medium and induced in BMMY medium with 1% methanol induction as
described in the Pichia manual (Invitrogen). The media were tested for p-
nitrophenyl-p-p-fucopyranoside (pNP-Fuc) activity using 5 pL of media
incubated with | mM pNP-Fuc in 0.1 M sodium acetate, pH 5.0, 30 °C for
10 min. Then, the reaction was stopped with 2 volumes of 2 M Na,COs;
and the absorbance of the released p-nitrophenol (pNP) was measured at
405 nm. Once a construct was determined to produce active enzyme, it was
expressed in YM11430 in the same way, and clones with highest levels of
enzyme activity in the media were selected. These clones were expressed in
a 1-L culture in a 2-L fermentor by methanol-limited fed-batch fermen-
tation in defined media, as previously described by Charoenrat et al. [25].
The media were dialyzed and concentrated. Recombinantly expressed
enzymes were purified from desalted, concentrated fermentor media with
Talon Co*" immobilized metal affinity chromatography (IMAC) resin,
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according to the manufacturer’s protocol (Clontech, Mountain View, CA,
USA).

Determination of substrate specificity

To determine the kinetic properties of dalcochinase from seed and
Dnbglu2 from P. pastoris media toward natural D. nigrescens substrates,
the aglycone products were quantified by HPLC. The reactions were
performed by incubating dalpatein 7-O-B-p-apiofuranosyl-(1,6)-p-p-
glycopyranoside (II) and dalnigrein 7-O-B-p-apiofuranosyl-(1,6)-f-p-
glucopyroside (III) glycosides at various concentrations with 1.5 U of
dalcochinase from seed and 0.01 U of Dnbglu2 B-glucosidase in 50 uL of
50 mM sodium acetate, pH 5.5, at 30 °C for 10 min. The reactions were
stopped by boiling for 5 min. The reactions were dried and resuspended in
50 pL of methanol, and then 20 pL of each sample was injected for HPLC
analysis.

HPLC was performed on an Eclipse XDB-C18 (4.6 x 250 mm, 5 pum)
reverse phase column on an HP-Series 1100 HPLC (Agilent Corp., Palo
Alto, CA, USA) at a flow rate of 0.8 mL/min at 30 °C. The column was
equilibrated with aqueous 0.1% TFA. After the sample was injected,
methanol was increased to 100% in a linear gradient from 0 to 20 min. The
aglycone products were detected by measuring the absorbance at 320 nm.
A standard curve of the aglycone of each glycoside substrate was produced
under the same conditions over the range of 0.025-0.4 mM. Kinetic
parameters were generated from nonlinear regression of the Michaelis—
Menten curves and linear regression of [S]/v vs. [S] (Hanes) plots with
Grafit 5.0 (Erithacus Software, Horley, UK).

The kinetics properties of the mutant dalcochinases and Dnbglu2
toward pNP-Glu and pNP-Fuc were determined by incubating approxi-
mately 0.1 pmol of mutant dalcochinase or Dnbglu2 with 0.4-18 mM
pNP-Glu and 0.4-15 mM pNP-Fuc in 70 pL of 50 mM sodium acetate,
pH 5.5, at 30 °C for 10 min. The reactions were stopped by adding 2
volumes of 2 M Na,COj3 and their absorbance at 405 nm was measured.
The amount of released pNP was calculated from a pNP standard curve
ranging from 0 to 100 pmol. One unit of enzyme is defined as the amount
of enzyme releasing 1 pmol pNP per minute from 1 mM pNP-Glu at
30 °C. The kinetic parameters with standard errors were calculated from
nonlinear regression of the Michaelis-Menten equation curves with the
Enzfitter 1.05 program (Elsevier Biosoft, Cambridge, UK). Values were
compared with those from linear regression of the [S]/v vs. [S] curves for
PpNP-Glu, to validate the use of nonlinear regression where saturation
curves could not be obtained due to substrate solubility.

Comparison of relative levels of hydrolysis of isoflavonoid
glycosides

To evaluate the hydrolysis of I, I, and 111 by Dalbergia B-glucosidases,
0.01 U of an enzyme was incubated with 50 pL of 1 mM substrate at 30 °C
for 16 h. The reaction was stopped by boiling 5 min, dried and resus-
pended in 5 pL of methanol. The released aglycones were analyzed on
analytical Silica gel 60, Fys4 aluminum TLC sheets with CHCl;/MeOH/
water (7.5:1:0.5) (v/v) solvent and UV absorbent spots were visualized
under a UV box and compared with undigested glycosides. The plates
were then sprayed with 10% sulfuric acid and heated at 110 °C for
approximately 10 min to detect sugars.

The relative activities of Dnbglu2 and wildtype and mutant dalco-
chinases toward I and isoflavonoid glycosides from soybean were also
compared by measuring the amount of glucose released. In 50-pL reac-
tions, 0.001 U of wildtype dalcochinase and 0.005 U of Dnbglu2 and
mutant dalcochinases were incubated with 1 mM I in 0.1 M sodium ace-
tate, pH 5.0, at 30 °C for 10 min. The reactions were stopped by boiling
5 min. One hundred microliters of PGO and 50 pL of ABTS (1 mg/mL)
were added, mixed and incubated at 37 °C for 30 min. The reactions were
transferred to a microtiter plate and the absorbance was measured at
405 nm. Similarly, 0.001 U of wildtype and mutant dalcochinases and
Dnbglu2 were incubated with 50 pL of 1 mM daidzin or genistin for
10 min at 37 °C. The reactions were stopped by boiling 5 min and 5 pL of

the reaction was taken to assay with glucose oxidase, as described
above.

Results

Hydrolysis of D. nigrescens disaccharide glycosides by D.
cochinchinensis dalcochinase

Initial attempts to hydrolyze dalpatein 7-O-B-p-apiofur-
anosyl-(1,6)-O-B-p-glucopyranoside (II) and dalnigrein 7-
O-B-p-apiofuranosyl-(1,6)-O-p-p-glucopyranoside  (III),
natural substrates of Dnbglu, with dalcochinase did not
show any hydrolysis. However, when the amount of
enzyme was increased, hydrolysis could be detected on
TLC, and the sugar product comigrated with 6-apiosyl-f3-
D-glucose (acuminose) produced by digestion of the sub-
strates with Dnbglu, indicating that the dalcochinase has
isoflavonoid 7-O-apiosylglucosidase (E.C. 3.2.1.161, acu-
minosidase) activity, though at a low level (results not
shown). Dalcochinase had an apparent K, of 4.3 mM, k.,
of 0.2 57!, and keu/Km of 47 M~ ' s7! for II and an appar-
ent K, of 10mM, ke, of 0.5s7 !, and kew/Kyn of
49 M~'s7! for III. This compares with a K., of 0.5 mM,
Kear of 46557, and kea/Kim of 9.9x10°M~'s™" for II
and a K,, of 0.7mM, ke, of 334 s7!, and k.. /Ky, of
4.8x10°M~'s7! for I hydrolysis by Dnbglu purified
from D. nigrescens seeds [12], indicating Dnbglu is
21,000-fold more efficient in hydrolyzing II and 9800-fold
more efficient in hydrolyzing III compared to dalcochinase.

¢DNA cloning and sequence analysis

In order to determine the primary sequence of Dnbglu
and identify the amino acid residues that may account
for the functional differences between the two closely
related Dalbergia B-glucosidases, cDNA were cloned from
D. nigrescens seeds with PCR primers designed from the D.
cochinchinensis B-glucosidase cDNA sequence [16]. RNA
from immature seeds and germinating seeds were used as
templates. Specific primers designed from the initial partial
cDNA clones were used to clone the Dnbglu2 cDNA (Gen-
Bank Accession No. AF163097).

The full-length Dnbglu2 cDNA sequence consisted of
1964 nucleotides, which included a 1593-nucleotide ORF
encoding a 531 amino acid precursor protein (Fig. 2).
The Dnbglu2 protein was predicted to contain a 23 amino
acid signal sequence by the SignalP program [20], giving a
508 amino acid mature protein with a calculated molecular
mass of 60,509 Da. The predicted N-terminal sequence (I-
A-F-P-K) corresponded to the mature N-terminus of D.
cochinchinensis B-glucosidase (I-D-F-A-K) [13] (Fig. 2).
However, N-terminal sequencing of Dnbglu purified from
seeds previously showed the sequence A-T-I-T-E-V [12],
which occurs eight residues later than the predicted
sequence, possibly due to proteolysis after cleavage of the
signal sequence, either in the plant or during purification.
Using the N-terminal sequence determined by Edman deg-
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>N-terminal seq

Dnbglu2 -23
Thai_rosewood -23
1CBG b
ZM_Glul 1

ATITEV .
MIAMTFKVILLLGLLALISTSTSIAFPKEVRATITEVPPFNRSCFPSDFIFGASSSAYQY
MLAMTSKAILLLGLLALVSTSASIDFAKEVRETITEVPPFNRSCFPSDFIFGTASSSYQY
77777777777777777777777777 FKPLPISFDDFSDLNRSCFAPGFVFGTASSAFQY
-------------------- SARVGSQNGVOMLS PSEIPQ-RDWEFPSDFTFGAATSAYQI

>peptide Tryp 1 g YMNLDAYR
Dnbglu2 38 EG----EG! LSI 93
Thai_rosewood 38 EG----EGR] IADRSNGDVAVDQFHRYKKDIATIMK SI 93
1CBG 35 EGAAFEDGKGPSIWDTFTHKYPEKIKDRTNGDVAIDEYHRYKEDIGIMKDMNLDAYRFSI 94
ZM_Glul 40 EGAWNEDGKGESNWDHFCHNHPERILDGSNSDIGANSYHMYKTDVRLLKEMGMDAYRFSI 99
g
>peptides Tryp 2 & 3 ASGGIISTGVD LINETLANGI .
Dnbglu2 94 SWPRILPTGRASGGINSTGUDYYNRLINETLHNGITPYVTIFHWDLPQALEDEYGGFLDR 153
Thai_rosewood 94 SWPRILPTGRVSGGINQTGVDYYNRLINESLANGITPFVTIFHWDLPQALEDEYGGFLNH 153
1CBG 95 SWPRVLPKGKLSGGVNREGINYYNNLINEVLANGMQPYVTLFHWDVPQALEDEYRGFLGR 154
ZM_Glul 100 SWPRILPKGTKEGGINPDGIKYYRNLINLLLENGIEPYVTIFHWDVPQALEEKYGGFLDK 159
. Vv v
>peptide Tryp 4 HWITVNEPSIFTMNGYAYGIFAPGR
Dnbglu2 154 ---RUVNDERDYADLCFKFFGDRVKHWITINEPQVFTTNGYTYGMFAPGRCSPSYDPTCT 210
Thai_rosewood 154 ---SVVNDFQDYADLCFQLFGDRVKHWITLNEPSIFTANGYAYGMFAPGRCSPSYNPTCT 210
1CBG 155 ---NIVDDFRDYAELCFKEFGDRVKHWITLNEPWGVSMNAYAYGTFAPGRCSDWLKLNCT 211
ZM_Glul 160 SHKSIVEDYTYFAKVCFDNFGDKVENWLTFNEPQTFTSFSYGTGVFAPGRCSPGLDCAYP 219
g
Dnbglu2 211 GGDAGTEPY] EKYQKDONGKIGI TLDQRiVIPUSNSTSDRRAA 270
Thai_rosewood 211 GGDAGTETY_RKYQEHQKG‘I‘IGISLHWWVIPLSNSTSDQNAT 270
1CBG 212 GGDSGREPYLAAHYQLLAHAAAARLYKTKYQASONGIIGITLVSHWFEPASKEKADVDAA 271
ZM_Glul 220 TGNSLVEPYTAGHNILLAHAEAVDLYNKHYKRDDTR- IGLAFDVMGRVPYGTSFLDKQAE 278
Y
Dnbglu2 271 QRYLDFTFGWFMDPLTVGR¥PDSMOYBVGNRL PKFTTYEAKLVKGS FDFIGINYYTSNYA 330
Thai_rosewood 271 QRYLDFTCGWFMDPLTAGRYPDSMQYLVGDRLPKFTTDQAKLVKGSFDFIGLNYYTTNYA 330
1CBG 272 KRGLDFMLGWFMHPLTKGRYPESMRYLVRKRLPKFSTEESKELTGSFDFLGLNYYSSYYA 331
ZM_Glul 279 ERSWDINLGWFLEPVVRGDYPFSMRSLARERLPFFKDEQKEKLAGS YNMLGLNYYTSRFS 338
v v
Dnbglu2 331 TKSDASTCCPPSYLTDPQVTLSSQR--NGVFIGPMTPSGWICIYPKGLRDLLLYIKENYN 388
Thai rosewood 331 TKSDASTCCPPSYLTDPOVTLLOQR--NGVFIGPVTPSGWMCIYPKGLRDLLLYFKEKYN 388
1CBG 332 AKAPRIPNARPAIQTDSLINATFEH--NGKPLGPMAASSWLCIYPQGIRKLLLYVKNHYN 389
ZM_Glul 339 KNIDISPNYSPVLNTDDAYASQEVNGPDGKPIGPPMGNPWIYMYPEGLKDLLMIMKNKYG 398
. .
Dnbglu2 389 NPLVYITENGMDETN--DPSLSLEESLMDTYRIDSYYRHLEYVLSALRSGANVKGFFAWT 446
Thai_rosewood 389 NPLVYITENGIDEKN--DASLSLEESLIDTYRIDSYYRHLFYVRYAIRSGANVKGFFAWS 446
1CBG 390 NPVIYITENGRNEFN--DPTLSLQESLLDTPRIDYYYRHLYYVLTAIGDGVNVKGYFAWS 447
ZM_Glul 399 NPPIYITENGIGDVDTKETPLPMEAALNDYKRLDYIQRHIATLKESIDLGSNVQGYFAWS 458
V'V \%
Dnbglu2 447 LMDDFEWSGGFTSRFGLNFVDYN-TLNRYPKLSAKWFKYFLTRDOESAKLDISTPKASAA 505
Thai rosewood 447 LLDNFEWAEGYTSRFGLYFVNYT-TLNRYPKLSATWFKYFLARDQESAKLEILAPKARWS 505
1CBG 448 LFDNMEWDSGYTVRFGLVFVDFKNNLKRHPKLSAHWFKSFLKK-—-—-———--—-————— 490
ZM_Glul 459 LLDNFEWFAGFTERYGIVYVDRNNNCTRYMKESAKWLKEFNTAKKPSKKILTPA----—- 512
Dnbglu2 506 YOR 508
Thai_rosewood 506 LSTMIKEEKTKPKRGIEGF 524

Fig. 2. Protein sequence alignment of B-glucosidases from D. nigrescens, Dnbglu2; D. cochinchinensis (dalcochinase, Dcbglu), cyanogenic B-glucosidase
from white clover, (PDB: 1CBG) and Zea maize B-glucosidase 1 (ZMGlul). N-terminal and tryptic peptide sequences obtained by Edman degradation of
the purified protein are aligned above the full sequences [12]. Peptide sequences matching the masses of tryptic peptides in LCMS are shown with gray
background. Sites shown to be glycosylated by LC/MS/MS are denoted with a small g above the glycosylated N. The sites indicated by Czjzek et al. [28] as
interacting with the glycone (@) or aglycone (V) of maize B-glucosidase are marked and the catalytic acid/base and nucleophile consensus sequences are
underlined with the corresponding glutamates in bold. The single point and double point mutations of recombinant of D. cochinchinensis are in bold

without underline.

radation as the starting point, the predicted mature mass
of Dnbglu2 is 59,571 Da. The shorter length of the pre-
dicted Dnbglu2 protein compared to dalcochinase, seen
in Fig. 2, was due to a frame-shift in the C-terminal cod-
ing region at codon 526, which resulted in a stop codon 5
amino acids later. This sequence was confirmed by
repeated sequencing.

The predicted Dnbglu2 protein sequence is slightly dif-
ferent from the four peptide sequences previously deter-
mined from p-glucosidase purified from D. nigrescens
seeds [12] (Fig. 2). As noted, the chemically sequenced
N-terminus matched the Dnbglu2 sequence, but the pre-
dicted N-terminus preceded it by eight residues. The
Dnbglu2 sequence also matched that of tryptic peptide
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1. With tryptic peptide 2, all residues matched, except
that residue 6 showed absence of the expected Asn sig-
nal, and instead showed low levels of the preceding Ile
residue, suggesting that residue 6 is likely to be glycosyl-
ated. The Dnbglu2 sequence showed one mismatch with
tryptic peptide 3, at the 7th residue. Tryptic peptide 4
matched the sequence of Dnbglu2 at 19 out of 25 resi-
dues, with some minor signals matching the Dnbglu2
sequence for some residues where the primary signal
was different. So, the purified Dnbglu might contain
more than one isozyme with similar peptides eluting
together in the HPLC tryptic map. It is also possible that
some mutations could have occurred due to mutations
during reverse-transcription and amplification, though
the use of a high fidelity polymerase for amplification
should have minimized this, so it could not have
accounted for all the differences seen in the protein and
DNA-derived sequences.

When nano-LC/MS/MS was used to further characterize
the Dnbglu purified from seeds, 10 tryptic peptides with
masses corresponding to Dnbglu2 were identified, as shown
by the underlined regions in Fig. 2 and listed in Table 1.
Though some of these peptides are identical to the corre-
sponding peptides from dalcochinase, RVVNDFR, IADGS
NGDVTIDQFHR, WVIPLSNSTSDKK, YPDSMQYLV
GNR, and HLFYVLSAIK, which correspond to the m/z
453.29, 582.34, 560.02, 750.43, and 59591 ([M-+HT"),
respectively (Table 1 and Fig. 1), are unique to Dnbglu2
and confirm the presence of Dnbglu2 in the enzyme purified
from plant. However, the mass for one peptide that corre-
sponds to residues 83-90: DMNLDAYR of dalcochinase
and did not match Dnbglu2 was also identified:
996.56 amu (data not shown). So, the enzyme from D. nigres-
cens seeds appears to be a mixture of isozymes, though Dnb-
glu2 is likely prominent. In fact, application of the purified
protein to a QAE ion exchange column and elution with a
slow gradient revealed two closely spaced peaks, but these

Table 1

could not be clearly distinguished by LC/MS/MS analysis
of tryptic peptides (data not shown).

The Dnbglu2 protein sequence has five possible N-
linked glycosylation sites, so the mature protein produced
in the plant would be expected to be larger than the pre-
dicted values due to glycosylation. When the protein puri-
fied from the plant was analyzed by MALDI-MS, the ion
peak was seen at 62,668 m/z, larger than the predicted mass
of the protein and consistent with glycosylation. Analysis
of endoglycosidase-F-treated tryptic peptides from the
purified protein by nano-LC/MS/MS, identified three pep-
tides matching predicted Dnbglu2 peptides plus N-acetyl
hexosamine (N-HexNAc), which indicates N-acetyl glycos-
amine at N-linked glycosylation sites, as shown in Table 1.
These were 1667.0 amu, which corresponds to residues
285-297 in the Dnbglu2 precursor: WVIPLSNSTSDKK
plus N-HexNAc; 1776.0 amu, which corresponds to resi-
dues 132-146: ASGGINSTGVDYYNR plus N-HexNAc;
and 2063.2 amu, which corresponds to residues 72-86:
VPSIWDNFTHQYPEK plus N-HexNAc. The sequences
of these peptides were confirmed by MS/MS sequencing,
thereby showing that at least three of the five putative gly-
cosylation sites in Dnbglu2 are glycosylated in the plant.

Dnbglu2 was compared to related B-glucosidases that
had been previously studied by amino acid sequence align-
ment and was most similar to dalcochinase with 81% iden-
tity (Figs. 2 and 3). Phylogenetic analysis of these proteins
showed that they are most closely related to legume isofl-
avonoid B-glucosidases and cyanogenic B-glucosidases,
with a more distant relationship to the disaccharidases
primeverosidase and furcatin hydrolase (Fig. 3). These
enzymes group together and are more distant to other plant
glycosyl hydrolase family 1 enzymes, such as rice BGlul
and maize Glul. Interestingly, the cyanogenic B-glucosi-
dases from clover and cherry group more closely with the
other legume B-glucosidases including soybean isoflavone
conjugate B-glucosidase [26] than do the Dalbergia isofl-

Identification of peptides and glycosylation sites in the mass fingerprint of B-glucosidase purified from D. nigrescens seeds and digested with trypsin and

endoglycosidase H

Observed M, (expt) M, (calc) Score Expect Peptide

453.293100 904.571648 904.487839 25 5.2 RVVNDFR

523.294700 1044.574848 1044.469833 16 36 YMNLDAYR

548.846200 1095.677848 1095.563385 53 0.0066 YKEDVAIMK

577.361200 1152.707848 1152.584839 (21) 15 YKEDVAIMK + carbamidomethyl (N-term)
595.914200 1189.813848 1189.685867 70 0.00023 HLFYVLSAIK

750.432700 1498.850848 1498.687408 15 54 YPDSMQYLVGNR + carbamidomethyl (N-term)
775.475200 1548.935848 1548.767120 16 58 WVIPLSNSTSDK + N-HexNac (Asn)
560.015300 1677.024072 1676.862076 41 0.21 WVIPLSNSTSDKK + N-HexNac (Asn)
839.529400 1677.044248 1676.862076 (16) 76 WVIPLSNSTSDKK + N-HexNac (Asn)
582.335900 1743.985872 1743.817566 39 0.27 IADGSNGDVTIDQFHR

888.996500 1775.978448 1775.796143 48 0.036 ASGGINSTGVDYYNR + N-HexNac (Asn)
622.082100 1863.224472 1863.036591 67 0.00068 VAHNLLLSHAATVQVYK

688.726300 2063.157072 2062.963577 56 0.0098 VPSIWDNFTHQYPEK + N-HexNac (Asn)

Peptides were identified from single run MS and MS/MS data by searching against Viridiplantae (green plants) of NCBI database using the Mascot

software.
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Fig. 3. Phylogenetic tree of Dalbergia isoflavonoid B-glucosidases with legume B-glucosidases and disaccharidases. The Maize Glul B-glucosidase
(Maizel, Accession No. AAB03266) is included as an outgroup. The tree shows that the Dalbergia isoflavonoid B-glucosidases (D. nigrescens Dnbglu2 and
D. cochinchinensis dalcochinase, Dcbglu) group together, while the soybean isoflavonoid conjugate-specific B-glucosidase (G_max_isoflav_bglu, Suzuki
et al., 2006; Accession No. BAF34333.1) groups with chickpea B-glucosidase (C_arietinum, Accession No. CAG14979) in another cluster. These enzymes
are closely related to cyanogenic B-glucosidases from clover (1CBG, [27]) and cherry (Prunus serotina Prunhyd, prunacin hydrolase, Accession No.
AALO07435; Amyghyd, amygdalin hydrolase, Accession No. AAL07489) than they are to furcatin hydrolase (Viburnum furcatum, Accession No.
BAD14925), despite the latter showing more similar substrate specificity [6]. Also included are Camellia sinensis B-primeverosidase (Accession No.
BAC78656) and three protein sequences derived from Medicago trucatula genes (Medicagol, 2, and 3), which include accession numbers in their names.
This tree was produced by the neighbor-joining method, and the same branching was attained by the maximum parsimony method. Bootstrap values for

reproducibility out of 1000 trials are given at the internal tree branches.

avonoid B-glucosidases, which fall in a somewhat more dis-
tantly related cluster. Thus, it would appear that the isofl-
avonoid B-glucosidases, which hydrolyze both glucosides
and glycosides with 6-O-modified glucose residues, are
derived from the same branch of GHI1 as the defense-
related glucosidases from other plants, and are more clo-
sely related to these than they are to the nonisoflavonoid
diglycosidases.

Dnglu2 contains the catalytic acid/base E182 located in
the consensus motif TINEP found in GH1 B-glucosidases,
while the catalytic nucleophile residue E396 occurs within
the sequence YITENG [27]. Czjzek et al. [28] identified four
amino acid residues, W378, F198, F205, and F466 of maize
B-glucosidase, which contact the substrate aglycone and
were proposed to determine aglycone binding specificity.
These amino acid residues correspond to W368, N189,
F196, and S454 and A454 in Dnbglu2 and dalcochinase,
respectively. An additional four residues of maize B-gluco-
sidase were suggested to be involved in aglycone binding,
T334, M374, Y473, and A467, which are equivalent to
T326, T364, F461, and G455 and E455 in Dnbglu2 and
dalcochinase, respectively. Homology modeling based on
the white clover cyanogenic p-glucosidase structure
(PDB: 1CBG, [27]), which is most closely related to Dnb-
glu2 among enzyme with known structures, confirmed that
these residues are likely to be in the active site. Of these
active site cleft residues, residues 454 and 455 show differ-
ences between the Dalbergia B-glucosidases and may thus

help to determine the differences in substrate specificity
between these enzymes (Fig. 4). Residues Q38, H142,
E191, E406, E464, and W465 of maize B-glucosidase,
which are highly conserved in GHI1 f-glucosidases and
are thought to be critical for glucose binding [28], corre-
spond to Q36, H136, E182, E396, E452, and W453, respec-
tively, in Dnbglu2 and dalcochinase. The interaction of the
sugars by hydrogen bonds between the sugar hydroxyls
and polar side chains, as well as van der Waals interactions
between the alkyl hydrogens of sugars and aromatic resi-
dues at the sugar binding site of proteins, has been sug-
gested to provide binding affinity and specificity to the
interaction [29].

Recombinant expression of Dnbglu2

When recombinant Dnblu2 was expressed in fusion with
yeast a-factor prepropeptide in P. pastoris, increased pNP-
Fuc hydrolase activity appeared in the media, and an
approximately 63 kDa protein could be purified from
desalted media by adsorption to cobalt chelating resin
(IMAC). The native molecular weight of recombinant
Dnbglu2 pB-glucosidase was estimated to be about
240 kDa by S-200 gel filtration chromatography, which
suggests that this recombinant protein is composed of four
subunits, as are the native B-glucosidases purified from D.
cochinchinensis and D. nigrescens seeds [13,12]. Recombi-
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Fig. 4. Models of the active sites of dalcochinase (a) and Dnbglu2 (b) B-glucosidases. The models illustrate some differences between the Dalbergia B-
glucosidases. Residues Ala454 (purple) and Glu455 (yellow) of Thai rosewood correspond to Ser454 (purple) and Gly455 (yellow) in Dnbglu2. The amino
acid residues of the aglycone and glycone binding sites are in blue and light blue, respectively. The catalytic amino acid residues (Glul82 and Glu396) are
indicated in red. The figure was produced with Pymol (DeLano scientific LLC).

nant dalcochinase was expressed and purified in the same
way from the previously described construct [18].

Kinetic evaluation of Dalbergia [-glucosidases

The relative hydrolysis rates of the recombinant Dalber-
gia PB-glucosidases toward pNP-glycoside substrates were
determined. Relative hydrolysis rates of the enzymes
expressed in Pichia were similar to those for enzymes puri-
fied from seeds, but Dnbglu2 gave slightly higher relative
activity toward B-p-fucoside and B-p-xyloside and could
not detectably hydrolyze B-p-mannoside, a-L-arabinoside,
and B-p-thioglucoside (Table 2). The recombinant dalco-
chinase gave lower relative activity for pNP-B-p-galacto-
side, but showed higher relative activity toward pNP-B-p-
mannoside compared to dalcochinase from seeds. Dnbglu2
had K, values for both pNP-Glu and pNP-Fuc similar to
those of natural D. nigrescens B-glucosidase from seeds

Table 2

(Table 3, [12]). Similarly, the wildtype recombinant dalco-
chinase had K, values for both pNP-Glu and pNP-Fuc
similar to dalcochinase from seeds, as previously reported
[18].

The activity of the recombinant Dnbglu2 was also stud-
ied with its own natural substrates from D. nigrescens Kurz
seeds and with I, the natural substrate from D. cochinchin-
ensis seeds. In contrast to Dnbglu purified from seed [12],
Dnbglu2 hydrolyzed III better than II with apparent K.,
kea, and key/K,n values of 3.8mM, 20s!, and
532mM 's™' for II and 4.0mM, 229s ' and 58.6
mM~'s™! for III. The recombinant enzyme was less effi-
cient at hydrolysis of both of these substrates compared
to Dnbglu from seed, with K, values 5- to 10-fold higher
and a k¢, for II 20-fold lower, though the k., for III
was similar. Nonetheless, Dnbglu2 maintains a high prefer-
ence for II and III over I, which has a similar apparent K,
of 5.3 mM, but a much lower apparent k,, 0.049 s~! and

Hydrolysis of glycoside substrates with recombinant D. nigrescens B-glucosidase compared with D. nigrescens B-glucosidase purified from seed and D.

cochinchinensis B-glucosidase

Substrates % Relative activity

Natural Dnbglu Dnbglu2 Natural D. cochinchinensis Wildtype D. cochinchinensis
pNP-B-p-Glucoside 100 100 100 100
pNP-B-p-Fucoside 124 139 124 127
pNP-B-p-Galactoside 3.97 44 8.95 4.65
pNP-B-p-Xyloside 7.55 12.8 391 2.95
pNP-a-L-Arabinoside 1.91 nd 4.89 3.74
pNP-B-p-Thioglucoside 0.68 nd 0.02 —
pNP-B-L-Arabinoside 0.47 1.8 — —
pNP-B-pD-Mannoside 0.4 nd 0.26 591
nd: not detectable; —: not determined.

Assays were done with 5 mM substrate for 10 min under standard assay conditions.
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Table 3
Kinetics of recombinant B-glucosidases toward pNP-glucoside and pNP-fucoside

PpNP-Glucoside

Recombinant enzymes PpNP-Fucoside

Ky (mM) Keat (s7") ke Km (7' M7 Ky (mM) Kear (s7") Kead K (s7' M7
Dnbglu2 26.1 £2.6 298 + 19 (1.14 £ 0.19) x 10* 1.67 £0.08 928 +1.2 (5.57+£0.32) x 10*
Dalcochinase 8.35+0.51 174.6 £ 4.5  (2.09+0.18)x 10*  (7.87+£0.34)x 107" 96.03+0.92  (1.220 & 0.064) x 10°
A454S Dalcochinase 5.89 +0.51 128.1+4.1  (2.18+026)x 10*  (4.74 £0.42) x 107! 63.0+£1.0 (1.33 £ 0.14) x 10°
E455G Dalcochinase 5.26+0.22 1589+24  (3.04+0.17)x10*  (530+£0.46)x107"  (81.0+14)  (1.53+0.16)x 10°
Dalcochinase double mutant ~ 6.82 +0.53 281.4+7.7 (4134+043)x10*  (593+048)x 107!  103.6+1.7 (1.75+0.17) x 10°

All recombinant were expressed in Pichia pastoris strain Y11430. Enzymes listed are as follows: dalcochinase, wildtype D. cochinchinensis B-glucosidase;
dalcochinase A454S, A454S mutant of dalcochinase; dalcochinase E455G, E455G mutant of dalcochinase; dalcochinase double mutant, A454S/E455G
mutant of dalcochinase; and Dnbglu2 from D. nigrescens. The apparent kinetic parameters with standard errors were obtained from nonlinear regression
of the Michaelis—Menten curves with Enzfitter 1.05 (Elsevier Biosoft, Cambridge, UK).

keat/ K, 0.0094 mM ' s~!. In contrast, the wildtype recom-
binant dalcochinase showed much less efficient hydrolysis
of D. nigrescens substrates, as expected (Table 4).

The hydrolysis of I, II, and III by recombinant dalco-
chinase and Dnbglu2 was also compared by TLC
(Fig. 5). The TLC confirmed that Dnbglu2 glucosidase
could hydrolyze its natural substrates and release a disac-
charide unit as does the B-glucosidase purified from D.
nigrescens seeds [12], but it hydrolyzed I less efficiently.
The recombinant dalcochinase was much more efficient at
hydrolysis of I, and also hydrolyzed both natural substrates
of D. nigrescens, although poorly. The sugar spots on the
TLC indicated the disaccharide unit of B-p-apiofurano- 1 2 3 4 5
syl-B-p-glucopyranose was released from II and III and
had mobility similar to the standard disaccharide. No glu-
cose or apiose was observed.

apiose =

Zlucose mp

. acuminose
cellobiose ==

6 7 8 9 10 11 12

Fig. 5. TLC of 1, II, and III hydrolysis by recombinant D. nigrescens
Dnbglu2 and D. cochinchinensis dalcochinase. Digests were done with
0.01 U for 16 h at 30 °C. Lane 1, glucose std; lane 2, apiose std; lane 3,
cellobiose std; lane 4, I std; lane 5, I hydrolyzed with recombinant D.
cochinchinensis; lane 6, I hydrolyzed with Dnbglu2; lane 7, 11 std; lane 8, II
hydrolyzed with recombinant dalcochinase; lane 9, II hydrolyzed with
Dnbglu2; lane 10, III std; lane 11, III hydrolyzed with recombinant D.
cochinchinensis; lane 12, I1I hydrolyzed with Dnbglu2. For definitions of I,
11, and III, see Fig. 1.

Mutagenesis of D. cochinchinensis [-glucosidase to D.
nigrescens f-glucosidase

Since protein sequence alignment and homology model-
ing identified residues 454 and 455 as the residues in the

substrate binding site that differ between dalcochinase
and Dnbglu2, these positions in dalcochinase were mutated
to the amino acids found in Dnbglu2 to see if the activity
could be converted to that of the latter enzyme. Although

Dnbglu2 has a 3-fold higher K, for pNP-Glu and pNP-
Fuc than dalcochinase, the effects on hydrolysis of pNP-
Glu and pNP-Fuc of the A454S and E454G mutants were
small and appeared to compensate each other in the double

Table 4
Rates of hydrolysis of isoflavonoid glycosides relative to wildtype dalcochinase

Enzyme Isoflavonoid substrate

1 11 11 Daidzin (VI) Genistin (V)
Wildtype dalcochinase 1.0 1.0 1.0 1.0 1.0
Dalcochinase A454S 0.94 14 0.44 0.99 0.88
Dalcochinase E455G 0.89 1.4 0.40 1.3 1.2
Dalcochinase double mutant 1.1 4.0 6.8 1.3 2.0
Dnbglu2 0.00031 290 210 3.1 2.8

Assays were done with 1 mM substrates for 10 min under standard conditions and release of D. nigrescens isoflavonoids from II (dalpatein 7-O-B-b-
apiofuranosyl-1,6-p-p-glucopyranoside) and III (dalnigrein 7-O-B-p-apiofuranosyl-1,6-B-p-glucopyranoside) was quantified by HPLC, while glucose
release from I (dalcochinin B-p-glucoside), VI (diadzin), and V (genistin) was quantified by glucose oxidase assay.The specific activities are given relative to
wildtype dalcochinase. Enzymes listed are as follows: Dnbglu2 from D. nigrescens, wildtype dalcochinase, D. cochinchinensis dalcochinase; dalcochinase
A454S, A454S mutant of dalcochinase; dalcochinase E455G, E455G mutant of dalcochinase; and dalcochinase double mutant, A454S/E455G mutant of
dalcochinase.
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mutant (Table 3). When the mutant enzymes were tested
for hydrolysis of natural substrates, all mutants maintained
the ability to efficiently hydrolyze I (Table 4). The single
mutants showed similar hydrolysis of II and half the rate
of hydrolysis IIT compared to wildtype dalcochinase. How-
ever, the double mutant showed 4-fold more rapid hydro-
lysis of Il and 7-fold more rapid hydrolysis of III
compared to wildtype dalcochinase. The double mutant
also had a 2-fold increase in the hydrolytic rate for genistin,
but showed little increase for daidzin. Therefore, the dou-
ble mutation of A454S/E455G had little effect on hydroly-
sis of pNP glycosides, but improved hydrolysis of the D.
nigrescens isoflavonoid glycoside substrates in a manner
that could not be explained by a combination of the effects
of the individual mutations.

Discussion

B-Glucosidases that hydrolyze isoflavonoid 7-O-B-glu-
cosides and their 6” conjugates have been found in chick-
pea [11] and soybean [26], in addition to D. nigrescens
[12]. We have described the primary structure and activity
of such a B-glucosidase from D. nigrescens, Dnbglu2, in
this paper and started to identify the basis for this unique
activity for the first time. The recombinantly expressed
Dnbglu2 was able to hydrolyze isoflavonoid 7-O-B-p-apio-
syl-1,6-B-p-glucosides and malonyl glucosides, and to
release the disaccharide from the former. The Dnbglu2
expressed in Pichia pastoris media appeared to be similar
to the enzyme purified from D. nigrescens seeds, but was
less efficient in hydrolysis of the IT and III substrates and
showed a few other differences, possibly because a mixture
of isozymes was likely to have been present in the prepara-
tion from seeds, due to a sequence difference in the recom-
binant enzyme and the primary seed isozyme or due to
differences in post-translational modification of this glyco-
protein. Nonetheless, Dnglu2 showed 400- and 5000-fold
higher k.,/K. values in hydrolyzing II and III, respec-
tively, compared to I, which is similar to the Dnbglu puri-
fied from seed. The closely related dalcochinase purified
from D. cochinchinensis seeds or expressed in Pichia was
also found to have isoflavonoid B-p-apiosyl-1,6-B-p-gluco-
sidase activity, but at a much lower level than Dnbglu from
seeds and Dnbglu2. Mutagenesis showed that differences in
two residues found in the substrate binding cleft partially
accounted for the difference in activity toward these disac-
charide glycoside substrates.

Among the amino acid residues identified by Czjzek
et al. [28] to be part of the ligand binding site of maize
ZmGlul, only two residues differ between Dnbglu2 and
dalcochinase. Neither the A454S nor the E455G mutation
of dalcochinase gave a improvement of the hydrolysis of D.
nigrescens isoflavonoid substrates, but the combination of
these two mutants allowed substantial hydrolysis. Muta-
tion of either of the two sites had only slightly positive
effects on hydrolysis of II and a 2-fold decrease in hydroly-
sis of II1, rather than the larger positive effect on hydrolysis

seen in the double mutant. It could be surmised from the
synergism of the double mutation that the effects of S454
and G455 are likely on the same reaction step and are com-
pletely cooperative, since the presence of either A454 or
E455 completely negated this effect [30,31]. This is under-
standable for adjacent residues that likely interact. Perhaps
the space created with the replacement of E455 with G
allows a productive contact between the S454 hydroxyl
and the isoflavonoid diglycosides.

Previously, Verdoucq et al. [32] did the corresponding
double mutation of maize ZmGlul residues F466 and
A467 to the corresponding residues in sorghum dhurrinase
(S462 and S463). This mutation allowed hydrolysis of
dhurrin at 3% of the level of sorghum dhurrinase, which
is similar to the effect of the double mutation reported here.
These residues are involved in dhurrin binding in the dhur-
rinase structure, where S462 makes an indirect hydrogen
bond through a water molecule to the hydroxyl group on
the phenol ring [33]. Interestingly, although the A454S/
E455G double mutation significantly increased the ability
to hydrolyze the D. nigrescens isoflavonoid substrates and
had some effect on genistin hydrolysis, it did not affect
the ability of dalcochinase to hydrolyze pNP-Glu and
pNP-Fuc, despite a 3-fold difference in K, between dalco-
chinase and Dnbglu2. Thus, it seems that other factors,
such as the overall shape of the active site are perhaps more
important for the subtle differences seen with other
substrates.

Inspection of the substrate structures in Fig. 1 shows
that relative position of the glycosidic bond to be hydro-
lyzed is much closer to the isoflavonoid moiety of II and
III than that of I, the natural substrate of dalcochinase.
Thus, Dnbglu2 must be optimized for binding the isoflavo-
noid moiety closer to the catalytic residues than in dalco-
chinase. The combined differences of S instead of A at
residue 454 and G instead of E at residue 455 apparently
help Dnbglu2 to bind the isoflavonoid ring in the proper
position for hydrolysis of the 7-O-glycosyl ring more than
when it is bound in this position by dalcochinase. However,
the activity gained by the double mutation was only 2-3%
of the activity of Dnbglu2 on D. nigrescens substrates, and
the effect was less clear for soy isoflavonoids, for which the
differences between the two Dalbergia enzymes are less pro-
nounced. This may indicate that these differences help it to
accommodate the larger glycone group found in I and III
and conjugated isoflavonoid glycosides. Other differences
in the active site shape are likely to contribute more, since
Dnbglu2 is much more active toward these substrates than
the dalcochinase double mutant. In principle differences in
the —2 site, the position of the apiosyl residue 1,6-linked to
the glucosyl residue, that allow for Dnbglu to better
accommodate the larger glycone would appear to be good
candidates to contribute to this. In fact, inspection of the
dhurrin glucosyl residue in the 1vO3 sorghum dhurrinase
structure shows that the 6-hydroxyl group points out
toward the entry of the active site [33], so the apiosyl resi-
due would be expected to sit in the entry cleft across from
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or even against the aglycone, where it might interact with
putative aglycone binding residues. However, the glucosyl
06 sits around 9-10 A away from the position of S454,
so any affects on apiosyl binding are likely to be indirect,
and, unlike primeverosidase and furcatin hydrolase, Dnglu
appears to hydrolyze isoflavone glucosides better than
diglycosides [12], so such differences in the glycone site
could be rather subtle.

Recently, Suzuki et al. [26] reported the characterization
of a conjugated isoflavone glucoside-specific B-glucosidase
from soybean roots. This enzyme preferred malonyl geni-
stin and malonyl daidzin to genistin and daidzin, and
hydrolyzed isoflavone glycosides with high efficiency, but
could not hydrolyze other natural substrates, such as fla-
vone glycosides. Given the similar substrate specificity,
one might expect that the active sites of the soybean and
Dnbglu2 would be similar. However, of the aglycone-bind-
ing residues identified from comparison to maize [28], Dnb-
glu2 residues N189, F196 T326, T364, S454, and G455 are
replaced by G, T, S, A, F, and A, respectively, in the soy-
bean enzyme, while only W368 and F461 are conserved.
Though some of these differences are conservative, many
are not, and Dnbglu2 is much more similar to dalcochinase
at these positions than to the soybean protein. The soybean
enzyme appears to be stricter in its specificity for soy iso-
flavone conjugates, which is hydrolyzes with very high effi-
ciency, so it may have different binding requirements [26].
Nonetheless, it appears that even closely related enzymes
may have different means of binding similar substrates.
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Nucleotide and Derived Amino Acid Sequences of the Cyanogenic
Beta-Glucosidase (Linamarase) from Cassava
(Manihot esculenta Crantz)

Prachumporn Toonkool* and Nusra Tongtubtim

ABSTRACT

Many isozymes of cassava cyanogenic -glucosidase (linamarase) exist, but only one cDNA
sequence (pCAS5) has been reported thus far. In order to study the structure-function relationships in
this enzyme, the cDNA of cassava linamarase was cloned and sequenced. In this report, six different
cDNA sequences of linamarase from cassava were cloned by reverse transcription-polymerase chain
reaction (RT-PCR) using primers designed from the sequence of pCAS5. Nucleotide sequences of all
six clones showed 98-99% sequence identity to the nucleotide sequence of pCA S5. Derived amino acid
sequences from four cODNA clones showed 98-99% sequence identity to that of pCA S5, while the other
two cDNA clones contained nucleotide sequences that led to premature termination.

Key words: beta-glucosidase, linamarase, cassava, nucleotide sequence, amino acid sequence

INTRODUCTION

Cassava (Manihot esculenta Crantz) is
an important crop due to the large storage roots
which are a staple carbohydrate source for many
populations worldwide. Young cassavaleavesare
a so consumed by humans or used asanimal feeds
(Yeoh, 1989). However, both leaves and roots of
cassava are cyanogenic, posing a potential health
hazard to consumers. Cyanogenesis in cassava
involves two cyanogenic glucosides (linamarin
and lotaustralin) and sequential action of two
enzymes (B-glucosidase and hydroxynitrilelyase).
Normally, the glucoside substrates and the
enzymes are kept in separate compartments.
Exposure of these two cyanogenic glucosides to
B-glucosidase, following tissue damage, resultsin
their hydrolysisto yield glucose and an aglycone,

which is acetone cyanohydrin or butanone
cyanohydrin. These cyanohydrins may be broken
down spontaneously or enzymatically by a-
hydroxynitrile lyaseto produce hydrogen cyanide
(Eksittikul and Chulavatanatol, 1988; Hughes et
al., 1992). The cyanogenic B-glucosidase, or
linamarase, which isresponsible for the first step
of cassava cyanogenesis, is present in many parts
of the plant, including petioles, stem, leaves, peels
and tuber cortex. Physiologically, the enzyme
plays an important role as a host defense against
biological predators. Furthermore, aninvitro study
has discovered the unique ability of cassava
linamarase in alkyl glucoside synthesis by
transferring glucose to a large variety of acohol
acceptors, while g-glucosidases from Thai
rosewood and almond could not (Svasti et al.,
2003). This difference in enzymatic action may
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liein slight variationsin the amino acid sequences
of S-glucosidases from various sources. So, it is
of scientific interest to understand the molecular
basisof enzymatic catalysisin cassavalinamarase.
Toachievethis, cassavalinamarase must be cloned
and expressed as a recombinant protein, its
nucleotide sequence mutated, and the effects of
mutation characterized. These procedureswill help
to identify amino acid residues responsible for
transglucosylation activity.

A number of studies have shown the
existence of multipleformsof cassavalinamarase
(Eksittikul and Chulavatanatol, 1988; Yeoh, 1989),
however, only asingle cDNA clone of linamarase
(pCASb5) from cassava has been isolated thus far
(Hugheset al., 1992). Theidentity of other cassava
linamaraseisozymes has not been reported. Inthis
study, we reported the isolation of six different
cDNA clonesof cassavalinamarase, and theamino
acid sequences derived from four full-length
cDNA sequences. The predicted polypeptideswere
very similar to that of the previously reported
cassava linamarase, so they can be reasonably
assumed to be catalytically active in cassava.

MATERIALSAND METHODS

Total RNA was isolated from young
cassava leaves (local varieties) using RNeasy
extractionkit (QIAGEN, USA) and concentration
estimated by absorbance at 260 nm. Total RNA
(0.2-5 ug) wasconverted into single stranded first
strand cDNA fragment using 200 U SuperScript
Il reverse transcriptase (Invitrogen, USA) in the
reaction containing 0.5 ug oligo(dT)1,.1g primer,
10 nmol dNTP mix, and 10mM DTT at 42 °C for
50 minand at 70 °C for 15 min. The RNA strand
of the RNA:cDNA duplex was degraded by 2 U
RNaseH at 37 °C for 20 min. The 1 uL aliquot of
the product was used as a template for PCR with
1 uM each of CVLMF2 (5 TTC TTCAGC TAT
CAGGGATGC3)and CVLMR2 (5 TGC TAG
ATC ATT GGA GCT TCA 3') primers, 1.5 mM

MgCl,, 50 mM KClI, 0.1% Triton X-100, 0.2 mM
of each dNTP and 2.5 U Expand HiFi DNA
polymerase (Boehringer, Germany) in a total
volume of 50 uL. All PCR reactions were done
using a 94 °C initia denaturation for 2 min, 29
cyclesof 94°Cfor 60s,45°Cfor30s,and 72°C
for 2 min, and a 72 °C final elongation for 8.5
min. The primer sequences correspond to bases
7-27 (sense) and bases 1677-1697 (antisense),
respectively, of the cassava linamarase cDNA
clone pCA S5 reported previously (Hughes et al.,
1992). The resulting RT-PCR product was gel-
purified, ligated into pGEM-Teasy vector
(Promega, USA) and transformed into E. coli
DH5¢.

The nucleotide sequence of cDNA clones
were determined by automated DNA sequencing
(ABI 373A DNA sequencer). The nucleotide
sequences obtained weretrand ated into amino acid
sequences using EMBOSS Transeq program.
Alignment of nucleotide and amino acid sequences
were done using ClustalW version 1.82. The
physical and chemical parameters of the derived
amino acid sequences were performed using
ProtParam program.

RESULTSAND DISCUSSION

Cloning of cDNA of cassava linamarase

Total RNA was extracted from young
cassavaleaves. Approximately 500 ng total RNA
was used to synthesized the first strand cDNA.
PCR amplification of thefirst strand cDNA yielded
1.7 kb PCR product (Figure 1), which was then
ligated into pGEM-Teasy vector and transformed
into E. coli DH5a.. The nucleotide sequences of
cloned RT-PCR products were determined by
automatic sequencing, yielding six different cDNA
clones, namely 2A.29, 2A.32, 2A.33, 2A.52,
2A.55 and 2A.62. Alignment of the nucleotide
sequences from all six cDNA clones showed 98-
99% sequence identity to the previously reported
nucleotide sequence of the cassava linamarase
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cDNA clone pCAS5 (Hugheset al., 1992), and to
each other (results not shown).

Alignment of nucleotideand derived aminoacid
sequences of cassava linamar ase

The nucleotide sequencesfrom 6 cDNA
clones were translated and aligned. A thymine
deletionin clone 2A.29, corresponding to position
570 in pCAS5, resulted in aframe-shift mutation
from that position onward and a pre-mature

o
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Figurel The cDNA of cassava linamarase
(analyzed on 1% (w/v) agarose and
stained with ethidium bromide). Lane
1,the 1.7 kb RT-PCR product (indicated
by anarrow); M, DNA sizemarker (kb).

termination of 7 amino acids later. Also in clone
2A.33, an adenine-to-thymine substitution,
corresponding to position 225 in pCAS5, resulted
in a non-sense mutation at that position. So, only
four cDNA clones, namely 2A.32, 2A.52, 2A.55
and 2A.62, encoded the full-length amino acid
sequence of cassavalinamarase. Alignment of the
amino acid sequences derived from these four
cDNA clones showed 98-99% sequence identity
to the previously reported amino acid sequence of
the cassava linamarase derived from pCAS5
(Hughes et al., 1992), and to each other (Figure
2). All four predicted polypeptides contained the
highly conserved TFNEP and VTENG motifs
bearing the catalytic acid/base (Glu198) and
catalytic nucleophile (Glu413), respectively. The
five putative N-glycosylation motifs, NX(S/T),
were also conserved. The polypeptides derived
from cDNA clones were analyzed for their
physical and chemical parameters (Table 1).
ThecDNA sequencesreported herewere
synthesized from young cassavaleaves, which had
been shown to be the site of cassava linamarase
synthesis (Poncoro and Hughes, 1992). This is
likely to produce different linamarase transcripts
from the previously reported cassava linamarase
cDNA sequence, pCAS5, which was extracted
fromyellow cotyledons (Hugheset al., 1992). The
four polypeptides predicted from the four cONA
cloneswerevery similar to the previously reported
cassavalinamarase, in terms of sequenceidentity,
physico-chemical properties as well as the
presence of the key motifs essential for catalytic
activity. So, these four predicted polypeptides can

Table1l Physical and chemical parameters of the polypeptides derived from four cDNA clones.

cDNA Number of amino acids Molecular weight Theoretica pl
pCAS5 531 61,372.9 5.52
2A.32 531 61,461.0 5.44
2A.52 531 61,488.1 5.62
2A.55 531 61,323.8 5.44
2A.62 531 61,370.8 5.35
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pCASS MLVLFISLLALTRPAMGTDDDDDNIPDDFSRKYFPDDFIFGTATSAYQIEGEATAKGRAP 60
2A.32 MLVLFISLLVLTRPAMGTDDDDDNIPDDFSRKYFPDDFIFGTATSAYQIEGEATAKGRAP 60
2A.52 MLVLFISLLVLTRPAMGTDDDDDNIPDDFSRKYFPDDFIFGTATSAYQIKGEATAKGRAP 60
2A.55 MLVLFISLLALTRPAMGTDDDDDNIPDDFSRKYFPDDFIFGTATSAYQIEGEATAKGRAP 60
2A.62 MLVLFISLLALTKPAMGTDDDDDDIPGDENRNYFPDDFIFGTATSAYQIEGEATAKGRAP 60

Kohkkkkhkhkhk hkohhkhhhhhhhkhkekk Khk hekhkhhkhhhhhhhhhhrhkh s Kk kkkhkk kK

pCASS SVWDIFSKETPDRILDGSNGDVAVDFYNRYIQDIKNVKKMGFNAFRMSISWSRVIPSGRR 120
2A.32 SVWDIFSKETPDRILDGSNGDVAVDFYNRYIQDIKNVKKMGFNAFRMSISWSRVIPSGRK 120
2A.52 SVWDIFSKETPDRILDGSNGDVAVDFYNRYIQDIKNVKKMGFNAFRMSISWSRVIPSGRR 120
2A.55 SVWDIFSKETPDRILDGSNGDVAVDFYNRYIQDIKNVKKMGFNAFRMSISWSRVIPSGRR 120
2A.62 SVWDIFSKETPDRILDGSNGDVVVDFYNRYIQDIKNVKKMGFNAFRMSISWSRVIPSGRR 120

R R R

pCASS REGVNEEGIQFYNDVINEIISNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVYDYLQYAD 180
2A.32 REGVNEEGIQFYNDVINEIISNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVYDYLQYAD 180
2A.52 REGVNEEGIQFYNDVINEIISNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVYDYLQYAD 180
2A.55 REGVNEEGIQFYNDVINEIISNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVCDYLQYAD 180
2A.62 REGVNEEGIQFYNDVINEIISNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVYDYLQYAD 180

R e e R ]

pCASS LLFERFGDRVKPWMTENEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPYIVAHN 240
2A.32 LLFERFGDRVKRWMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPYIVAHN 240
2A.52 LLFERFGDRVKRWMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPYIVAHN 240
2A.55 LLFERFGDRVKRWMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPYIVAHN 240
2A.62 LLFERFGDRVKRWMTEFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPYIVAHN 240

R I T T S S S R

pCASS LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSKVDVQAAKTALDFMFGLWMDP 300
2A.32 LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSEVDVQAAKTALDFMFGLWMDP 300
2A.52 LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSEVDVQAAKTALDFMFGLWMDP 300
2A.55 LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSEVDVQAAKTALDFMFGLWMDP 300
2A.62 LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSEVDVQAAKTALDFMFGLWMDP 300

B R P e S R

pCASS MTYGRYPRTMVDLAGDKLIGFTDEESQLLRGSYDFVGLQYYTAYYAEPIPPVDPKFRRYK 360
2A.32 MTYGRYPRTMVDLAGDKLIGFTDEESQLLRGSYDFVGLQYYTAYYAEPIPPVDPKFRRYK 360
2A.52 MTYGRYPRTMVDLAGDKLIGFTDEESQLLRGSYDFVGLQYYTAYYAEPIPPVDPRFRRYK 360
2A.55 MTYGRYPRTMVDLAGDKLIGFTDEESQLLRGSYDFVGLQYYTAYYAEPIPPVDPKFRRNK 360
2A.62 MTYGRYPRTMVDLAGDKLIGFTDEESQLLRGSYDFVGLQYYTAYYAEPIPPVDPKFRRYK 360

Kohkkkkhkhkhkhkhhkkkhhkhkkhhhkkkkhkkhkkhhkkkhhhkkhhkkkkhkhkkkhkkkhkkk « kkk_ %

pCASS YDLNGNLIGPQAYSSWEFYIFPKGIRHF DTYNDPVIYVTENGVDNYN 420
2A.32 YDLNGNLIGPQAYSSWEYIFPKGIRHF DTYNDPVIYVTENGVDNYN 420
2A.52 YDLNGNLIGPQAYSSWEFYIFPKGIRHF DTYNDPVIYVTENGVDNYN 420
2A.55 YDLNGNLIGPQAYSSWEFYIFPKGIRHF DTYNDPVIYVTENGVDNYN 420
2A.62 YDLNGNLIGPQAYSSWEFYIFPKGIRHF DTYNDPVIYVTENGVDNYN 420
ok ok K ok K ok kK ok K ok Kk ok K ok Kk ok K ok K ok ok ok K ok ok k ok K ok K ok ok ok ok K ok Kk kK ok Kk ok ok ok K kK kK Kk Kk
pCASS ESPPIEEALQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG 480
2A.32 ESPPIEEALQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG 480
2A.52 INESPPIEEALQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSREG 480
2A.55 ESRPIEEALQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG 480
2A.62 ESPPIEEALQDDFRISYYKKHIWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG 480
KoK KK K KK K K kK K K K KK K R Kk s KR K kR K Rk R R K Rk R K kR K R K Rk Kk R kR Kk R kR K Rk K
pCASS LYYVDYKN| YPKKSAHWFTKFINISVNANNIYELTSKDSRKVGKFYVM 531 % ID
2A.32 LYYVDYKN]| YPKKSAHWFTKFINISVNANNIYELTSKDSRRVGKEFYVM 531 99
2A.52 LYYVDYKN]| YPKKSAHWFTKFINISVNANNIYELTSKDSRKVGKFYVM 531 99
2A.55 LYYVDYKN| YPKKSAHWFTKFINISVNANNIYELTSKDSRKVGKFYVM 531 99
2A.62 LYYVDYKN]| YPKKSAHWFTKFINISVNANNIYELTSKDSRKVGKEFYVM 531 98

Kohkkkkhkhkhhhhkhkkhhkhkkhhhhkhkhkhkkhhhkhhhk kA khhkhhhkkkk « kXA kK kK

Figure 2 Multiple sequence alignment of derived amino acid sequences from four cDNA clones and
pCASS5. The highly conserved TFNEP and VTENG motifs, containing the catalytic acid/
base (Glu198) and catalytic nucleophile (Glu413), respectively, are underlined. The putative
N-glycosylation sites are boxed. % ID indicates percent sequence identity to the amino acid
sequence derived from pCASS. *, single, fully conserved residue; :, conservation of strong
group; ., conservation of weak group; -, N0 CoNsensus.
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be reasonably assumed to be catalytically active
in cassava. Previously, three isozymes of cassava
linamarase, with pl values of 4.3, 3.3 and 2.9 and
a single molecular weight of 63,000, were
identified by chromatofocusing column
chromatography (Eksittikul and Chulavatanatol,
1988). However, the chromatofocusing procedure
was done in pH ranged between 5-1, which did
not cover the pl values of the four polypeptides
derived in this study and that of the polypeptide
derived from pCAS5, which exhibited pl values
between 5.3-5.6. There may be many other
isoforms of linamarase, which are expressed at
different times or in different parts of the plant.
So, thefour cDNA sequencesisolated inthisreport
(2A.32, 2A.52, 2A .55 and 2A..62) would represent
only a subset of a large number of glycosidase
sequences presented in the cassava genome. The
two other cDNA sequences (2A.29 and 2A .33) that
contained mutations and hence premature
terminations could represent “pseudogenes’, or
“dead genes’. Pseudogenes are defined as genes
of similar sequences to normal genes but contain
disablements, such as frameshifts or stop codons
in the middle of the coding region, such that their
translation would result in non-functional
products. So, it is noteworthy that pseudogenes
can be transcribed, but the functions of some
transcripts are not known (Snyder and Gerstein,
2003).

It is not uncommon to observe in plant
genomes the existence of multigene family of
family 1 p-glycosidase enzymes, of which
cyanogenic 5-glucosidases are amember. Indeed,
at least 48 sequences (including 8 probable
pseudogenes) of glycosidase have been identified
inthe genome of Arabidopsisthaliana. There may
be 50 members of these enzymes in the rice
genome, whereas at least 16 members were
recognized inthe maize genome (Xu et al., 2004).
The presence of multiple forms of enzymes may
reflect functional redundancy among the gene
products. On the other hand, plant may require a

variety of S-glycosidase enzymes, with distinct
aglycone specificities or expression patterns, for
catabolism of diverse 5-glycosidic metabolitesfor
their normal growth and development (Xu et al.,
2004).

In summary, six different cONA clones
of linamarase from cassava have been isolated by
RT-PCR. Only four clones encode full-length
polypeptides of linamarase. The nucleotide and
amino acid sequences of thesefour clonesrevealed
high sequence identity to the previously reported
sequence of cassava linamarase. The full-length
cDNA sequences obtained from this study will be
used for further recombinant protein expression,
site-directed mutagenesis and characterization in
order to elucidate the structure-function
relationshipsin this enzyme.

ACKNOWLEDGEMENTS

The authors would like to acknowledge
the financial supports form Kasertsart University
Research and Development Institute and Thailand
Research Fund, which have made this project
possible.

LITERATURE CITED

Eksittikul, T. and M. Chulavatanatol. 1988.
Characterization of cyanogenic 3-glucosidase
(linamarase) from cassava (Manihot esculenta
Crantz). Arch. Biochem. Biophys. 266: 263-
269.

Hughes, M.A., K. Brown, A. Pancoro, B.S.
Murray, E. Oxtoby and J. Hughes. 1992. A
molecular and biochemical analysis of the
structure of the cyanogenic (3-glucosidase
(linamarase) from cassava (Manihot esculenta
Crantz). Arch. Biochem. Biophys. 295: 273-
279.

Poncoro, A. and M.A. Hughes. 1992. In-situ
localization of cyanogenic B-glucosidase
(linamarase) gene expression in leaves of



128 Kasetsart J. (Nat. Sci.) 40(5)

cassava (Manihot esculenta Crantz) using  Xu, Z.,L.L.Escamilla-Trevinoand L. Zeng. 2004.

non-isotopic riboprobes. Plant J. 2: 821-827. Functional genomic analysis of Arabidopsis
Snyder, M. and M. Gerstein. 2003. Defining genes thaliana glycoside hydrolase family 1. Plant
in the genomics era. Science 300: 258-260. Moal. Biol. 55: 343-367.
Svasdti, J.,, T. Phongsak and R. Sarnthima. 2003.  Yeoh, H.-H. 1989. Kinetic properties of -
Transglucosylation of tertiary a cocholsusing glucosidase from cassava. Phytochem. 28:
cassava f3-glucosidase. Biochem. Biophys. 721-724.

Res. Comm. 305: 470-475.



anpuiiAdlalnauazananunsnasily
wasaulgallaenluatawusngladng (Auaed) andudiilzuas
Nucleotide and derived amino acid sequences of the cyanogenic beta-glucosidase (linamarase)

from cassava (Manihot esculenta Crantz)

ﬂ‘iz‘l!NW‘i NUNK LA 1%@‘3’1 NRINUNN

Prachumporn Toonkool and Nusra Tongtubtim

UnARta
fudndzuasiieuladlaeTualle win-nglafinanatsaiin udldiinismeauansutioralalng
289 cDNA FetinAen iy (pCAS5) Tun13AnEI A NANAUS 721919 1ATIE519MATN1IN 9N UL
wenlmsiloeniualia wein-ngledina Guinnies) Fadulivianislaan cDNA vestulaanTuatia wein-ng

o

Tafna anduddenasianun 6 Taaw AaeLlfjisen reverse transcription-polymerase chain reaction

'
el o [

I ldnsne A AuuawlauiuanALILa289 pCASS wudanaLianale nduesyiasuun 6 laaun s

o o a a

AAnuwmleuduatsuiondlelnfaea pCASS5 14 98-99% LazwLdn cDNA 4 Taau ann 6 laaw Azl

o

asunsaesiiunulaniuarsunsaesiiuiudanaléiann pCASS5 D4 98-99% @91 cDNA an 2 Taau
o a P

wudnnatsudanalelnannildudasialsaraldaidulnsndundndnid (Hesanniin premature

termination)

Abstract

Many isozymes of cassava cyanogenic fglucosidase (linamarase) exist, but only one cDNA
sequence (pCAS5) has been reported thus far. In order to study structure-function relationships in
this enzyme, the cDNA of cassava linamarase was cloned for further expression and characterization.
In this report, six different cDNA sequences of cyanogenic f-glucosidase from cassava were cloned
by reverse transcription-polymerase chain reaction using primers designed from the sequence of
pCASbS. Nucleotide sequences of all six clones showed between 98-99% sequence identity to the
nucleotide sequence of pCAS5. Derived amino acid sequences from four cDNA clones showed
between 98-99% sequence identity to that of pCAS5, while the other two cDNA clones contained

nucleotide sequences that led to premature termination.
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Introduction

Cassava (Manihot esculenta Crantz) is an important crop due to the large storage roots
which are a staple carbohydrate source for many populations worldwide. Young cassava leaves are
also consumed by humans or used as animal feeds (Yeoh, 1989). However, both leaves and roots of
cassava are cyanogenic, posing a potential health hazard to consumers. Cyanogenesis in cassava
involves two cyanogenic glucosides (linamarin and lotaustralin) and sequential action of two enzymes
(f-glucosidase and hydroxynitrile lyase). Normally, the glucoside substrates and the enzymes are
kept in separate compartments. Exposure of these two cyanogenic glucosides to f-glucosidase,
following tissue damage, results in their hydrolysis to yield glucose and an aglycone, which is
acetone cyanohydrin or butanone cyanohydrin. These cyanohydrins may be broken down
spontaneously or enzymatically by a-hydroxynitrile lyase to produce hydrogen cyanide (Eksittikul and
Chulavatanatol, 1988 and Hughes et al., 1992). The cyanogenic f-glucosidase, or linamarase, which
is responsible for the first step of cassava cyanogenesis, is present in many parts of the plant,
including petioles, stem, leaves, peels and tuber cortex. Physiologically, the enzyme plays an
important role as a host defense against biological predators. Furthermore, an in vitro study has
discovered the unique ability of cassava fglucosidase in alkyl glucoside synthesis transferring
glucose to a large variety of alcohol acceptors, while f~glucosidases from Thai rosewood and almond
could not (Svasti et al., 2003). This difference in enzymatic action may lie in slight variations in the
amino acid sequences of f-glucosidases from various sources. So, it is of scientific interest to
understand the molecular basis of enzymatic catalysis in cassava f-glucosidase. To achieve this,
cassava f-glucosidase must be cloned and expressed as a recombinant protein, its nucleotide
sequence mutated, the effects of mutation characterized. These procedures will help to identify amino
acid residues responsible for transglucosylation activity.

A number of studies have shown the existence of multiple forms of cassava f-glucosidase
(Eksittikul and Chulavatanatol, 1988 and Yeoh, 1989), however only a single cDNA clone of
cyanogenic f-glucosidase (pCAS5) from cassava has been isolated thus far (Hughes et al., 1992).
The identity of other cassava f-glucosidase isozymes has not been reported. In this study, six
different cDNA clones of cyanogenic f-glucosidase from cassava have been isolated by RT-PCR.
Only four clones encode full-length polypeptides of cyanogenic f-glucosidase. The nucleotide and
amino acid sequences of these four clones revealed high sequence identity to the previously
reported sequence of cassava f-glucosidase. The full-length cDNA sequences obtained from this
study will be used for further recombinant protein expression, site-directed mutagenesis and

characterization in order to elucidate the structure-function relationship in this enzyme.



Materials and Methods

Total RNA was isolated from young cassava leaves (local varieties) using RNeasy extraction
kit (QIAGEN, USA) and concentration estimated by absorbance at 260 nm. 0.2-5 pg total RNA was
converted into single stranded first strand cDNA fragment using 200 U SuperScript Il reverse
transcriptase (Invitrogen, USA) in the reaction containing 0.5 ug oligo(dT),, ,, primer, 10 nmol dNTP
mix, and 10 mM DTT at 42 °C for 50 min and at 70 °C for 15 min. The RNA strand of the RNA:cDNA
duplex was degraded by 2 U RNase H at 37 °C for 20 min. 1 pL aliquot of the product was used as a
template for PCR with 1 uM each of CVLMF2 (5’ TTC TTC AGC TAT CAG GGA TGC 3’) and CVLMR2
(5" TGC TAG ATC ATT GGA GCT TCA 3') primers, 1.5 mM MgCl,, 50 mM KCI, 0.1% Triton X-100, 0.2
mM of each dNTP and 2.5 U Expand HiFi DNA polymerase (Boehringer, Germany) in a 50-pL
reaction. All PCR reactions were done using a 94 °C initial denaturation for 2 min, 29 cycles of 94 °C
for 60 s, 45 °C for 30 s, and 72 °C for 2 min, and a 72 °C final elongation for 8.5 min. The primer
sequences correspond to bases 7-27 (sense) and bases 1677-1697 (antisense), respectively, of the
cassava cyanogenic fglucosidase cDNA clone pCAS5 reported previously (Hughes, et al., 1992).
The resulting RT-PCR product was gel-purified, ligated into pGEM-Teasy vector (Promega, USA) and
transformed into E. coli DH5aL.

The nucleotide sequence of cDNA clones were determined by automated DNA sequencing
(ABI 373A DNA sequencer). The nucleotide sequences obtained were translated into amino acid
sequences using EMBOSS Transeq program. Alignment of nucleotide and amino acid sequences
were done using ClustalW version 1.82. The physical and chemical parameters of the derived amino

acid sequences were performed using ProtParam program.

Results and Discussion

Cloning of cDNA of cassava cyanogenic f-glucosidase

Total RNA (48 ng/uL) was extracted from young cassava leaves. Approximately 500 ng total
RNA was used to synthesized first strand cDNA. PCR ampilification of first strand cDNA yielded 1.7 kb
PCR product (Fig. 1), which was then ligated into pGEM-Teasy vector and transformed into E. coli
DH5a. The nucleotide sequences of cloned RT-PCR products were determined by automatic
sequencing, yielding six different cDNA clones, namely 2A.29, 2A.32, 2A.33, 2A.52, 2A.55 and 2A.62.
Alignment of the nucleotide sequences from all six cDNA clones shows between 98-99% sequence
identity to the previously reported nucleotide sequence of the cassava cyanogenic f-glucosidase

cDNA clone pCAS5 (Hughes, et al., 1992), and to each other (results not shown).
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Fig. 1: cDNA of cyanogenic fglucosidase from cassava (analyzed on 1% (w/v) agarose and stained
with ethidium bromide). Lane 1, the 1.7 kb RT-PCR product (indicated by an arrow); M, DNA size

marker.

Alignment of nucleotide and derived amino acid sequences of cassava cyanogenic f-glucosidase
The nucleotide sequences from 6 cDNA clones were translated and aligned. A thymine
deletion in clone 2A.29, corresponding to position 570 in pCAS5, results in a frame-shift mutation from
that position onward and a pre-mature termination 7 amino acids later. Also in clone 2A.33, an
adenine-to-thymine substitution, corresponding to position 225 in pCASb5, results in a non-sense
mutation at that position. So, only four cDNA clones, namely 2A.32, 2A.52, 2A.55 and 2A.62, encode
the full-length amino acid sequence of cassava cyanogenic f-glucosidase. Alignment of the amino
acid sequences derived from these four cDNA clones shows between 98-99% sequence identity to
the previously reported amino acid sequence of the cassava cyanogenic f-glucosidase derived from
pCAS5 (Hughes, et al., 1992), and to each other (Fig. 2). All four predicted polypeptides contain the
highly conserved TFNEP and VTENG motifs bearing the catalytic acid/base (Glu198) and catalytic
nucleophile (Glu413), respectively. The five putative N-glycosylation motifs, NX(S/T), are also
conserved. The polypeptides derived from cDNA clones were analyzed for their physical and

chemical parameters (Table 1).
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Fig. 2: Multiple sequence alignment of derived amino acid sequences from four cDNA clones and

pCASS5. The highly conserved TFNEP and VTENG motifs, containing the catalytic acid/base (Glu198)
and catalytic nucleophile (Glu413), respectively, are underlined. The putative N-glycosylation sites
are boxed. % ID indicates percent sequence identity to the amino acid sequence derived from

pCASbS. *, single, fully conserved residue; :, conservation of strong group; ., conservation of weak

MLVLFISLLALTRPAMGTDDDDDN IPDDFSRKYFPDDF IFGTATSAYQIEGEATAKGRAP
MLVLFISLLVLTRPAMGTDDDDDN IPDDFSRKYFPDDF IFGTATSAYQIEGEATAKGRAP
MLVLFISLLVLTRPAMGTDDDDDN IPDDFSRKYFPDDF IFGTATSAYQIKGEATAKGRAP
MLVLFISLLALTRPAMGTDDDDDN IPDDFSRKYFPDDF IFGTATSAYQIEGEATAKGRAP
MLVLFISLLALTKPAMGTDDDDDD IPGDFNRNYFPDDF IFGTATSAYQIEGEATAKGRAP

KKk - =*k*x X%k *- -

SVWDIFSKETPDRILDGSNGDVAVDFYNRY 1QD I KNVKKMGFNAFRMS I SWSRV IPSGRR
SVWDIFSKETPDRILDGSNGDVAVDFYNRY 1QD I KNVKKMGFNAFRMS I SWSRV IPSGRK
SVWDIFSKETPDRILDGSNGDVAVDFYNRY 1QD I KNVKKMGFNAFRMS I SWSRV IPSGRR
SVWDIFSKETPDRILDGSNGDVAVDFYNRY 1QD I KNVKKMGFNAFRMS I SWSRV IPSGRR
SVWDIFSKETPDRILDGSNGDVVVDFYNRY 1QD I KNVKKMGFNAFRMS I SWSRV IPSGRR

REGVNEEGIQFYNDVINEI I SNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVYDYLQYAD
REGVNEEGIQFYNDVINEI I SNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVYDYLQYAD
REGVNEEGIQFYNDVINEI I SNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVYDYLQYAD
REGVNEEGIQFYNDVINEI I SNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVCDYLQYAD
REGVNEEGIQFYNDVINEI I SNGLEPFVTIFHWDTPQALQDKYGGFLSRDIVYDYLQYAD

LLFERFGDRVKPWMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPY IVAHN
LLFERFGDRVKRWMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPY IVAHN
LLFERFGDRVKRWMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPY IVAHN
LLFERFGDRVKRWMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPY IVAHN
LLFERFGDRVKRWMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPY IVAHN

LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSKVDVQAAKTALDFMFGLWMDP
LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSEVDVQAAKTALDFMFGLWMDP
LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSEVDVQAAKTALDFMFGLWMDP
LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSEVDVQAAKTALDFMFGLWMDP
LLLSHAAAVHQYRKYYQGTQKGKIGITLFTFWYEPLSDSEVDVQAAKTALDFMFGLWMDP

MTYGRYPRTMVDLAGDKL IGFTDEESQLLRGSYDFVGLQYYTAYYAEP IPPVDPKFRRYK
MTYGRYPRTMVDLAGDKL IGFTDEESQLLRGSYDFVGLQYYTAYYAEP IPPVDPKFRRYK
MTYGRYPRTMVDLAGDKL IGFTDEESQLLRGSYDFVGLQYYTAYYAEP IPPVDPRFRRYK
MTYGRYPRTMVDLAGDKL IGFTDEESQLLRGSYDFVGLQYYTAYYAEP IPPVDPKFRRNK
MTYGRYPRTMVDLAGDKL IGFTDEESQLLRGSYDFVGLQYYTAYYAEP IPPVDPKFRRYK
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TDSGVNATPYDLNGNL IGPQAYSSWFY I FPKGIRHFLUNYTKDTYNDPVIYVTENGVDNYN
TDSGVNATPYDLNGNL IGPQAYSSWFY I FPKGIRHFLUNYTKDTYNDPVIYVTENGVDNYN
TDSGVNATPYDLNGNL IGPQAYSSWFY I FPKGIRHFLUNYTKDTYNDPVIYVTENGVDNYN
TDSGVNATPYDLNGNL IGPQAYSSWFY I FPKGIRHFLUNYTKDTYNDPVIYVTENGVDNYN
TDSGMNATPYDLNGNL IGPQAYSSWFY I FPKG IRHFLINYTKDTYNDPVIYVTENGVDNYN

NESQP IEEALQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG
NESQP IEEALQDDFR ISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG
NESQP IEEALQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG
NESQP IEEALQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG
NESQP IEEALQDDFRISYYKKHIWNALGSLKNYGVKLKGYFAWSYLDNFEWNIGYTSRFG

RYPKKSAHWFTKFLIN I SVNANN T YELTSKDSRKVGKFYVM 531 %
RYPKKSAHWFTKFLIN I SVNANNTYELTSKDSRRVGKFYVM 531
RYPKKSAHWFTKFLIN I SVNANN I YELTSKDSRKVGKFYVM 531
RYPKKSAHWFTKFLIN I SVNANN T YELTSKDSRKVGKFYVM 531
RYPKKSAHWFTKFLIN I SVNANN T YELTSKDSRKVGKFYVM 531
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Table 1: Physical and chemical parameters of the polypeptides derived from four cDNA clones.

Name Number of amino acids Molecular weight Theoretical p/
pCAS5H 531 61,372.9 5.52
2A.32 531 61,461.0 5.44
2A.52 531 61,488.1 5.62
2A.55 531 61,323.8 5.44
2A.62 531 61,370.8 5.35

The cDNA sequences reported here were synthesized from young cassava leaves, which
had been shown to be the site of cassava cyanogenic f-glucosidase synthesis (Poncoro and Hughes,
1992). This is likely to produce different cyanogenic f-glucosidase transcripts from the previously
reported cassava cyanogenic f-glucosidase cDNA sequence, pCAS5, which was extracted from
yellow cotyledons (Hughes et al., 1992). The four polypeptides predicted from the four cDNA clones
are very similar to the previously reported cassava cyanogenic f-glucosidase, in terms of sequence
identity, physico-chemical properties as well as the presence of the key motifs essential for catalytic
activity. So, these four predicted polypeptides can be reasonably assumed to be catalytically active
in cassava. Previously, three isozymes of cyanogenic f-glucosidase, with p/ values of 4.3, 3.3 and
2.9 and a single molecular weight of 63,000, were identified by chromatofocusing column
chromatography (Eksittikul and Chulavatanatol, 1988). However, the chromatofocusing procedure
was done in pH ranges between 5-1, which did not cover the p/ values of the four polypeptides
derived in this study, as well as the previously reported sequence of cassava cyanogenic [
glucosidase (all exhibiting p/ values between 5.3-5.6). There may be many other isoforms of
cyanogenic fglucosidase, which are expressed at different times or in different parts of the plant. So,
the four cDNA sequences isolated in this report (2A.32, 2A.52, 2A.55 and 2A.62) would represent
only a subset of a large number of glycosidase sequences present in the cassava genome. The two
cDNA sequences (2A.29 and 2A.33) that contain mutations and hence premature terminations could
represent “pseudogenes”, or “dead genes”. Pseudogenes are defined as genes of similar sequences
to normal genes but containing disablements, such as frameshifts or stop codons in the middle of the
coding region, such that their translation would result in non-functional products. So, it is noteworthy
that pseudogenes can be transcribed, and functions of some transcripts are not known (Snyder and
Gerstein, 2003).

It is not uncommon to observe in plant genomes the existence of multigene family of family 1

[-glycosidase enzymes (of which cyanogenic f-glucosidases are a member). Indeed, at least 48



sequences (including 8 probable pseudogenes) of glycosidase have been identified in the genome
of Arabidopsis thaliana. There may be 50 members of these enzymes in the rice genome, whereas at
least 16 members were recognized in the maize genome (Xu et al., 2004). The presence of multiple
forms of enzymes may reflect functional redundancy among the gene products. On the other hand,
plant may require a variety of [-glycosidase enzymes, with distinct aglycone specificities or
expression patterns, for catabolism of diverse f-glycosidic metabolites for their normal growth and
development (Xu et al., 2004).

In summary, four full-length cDNA sequences of cassava cyanogenic f-glucosidase have
been cloned. These cDNA clones will be subcloned into expression vectors, expressed as
recombinant proteins and their functions tested. Active recombinant enzymes may be used for future

protein engineering studies.
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Abstract: B-Glucosidases not only hydrolyze of B-glucosidic linkage, but some also
catalyze reverse hydrolysis and transglucosylation. Dalcochinase (Thai rosewood f3-
glucosidase) was better for reverse hydrolysis, but poorer for transglucosylation, when
compared with linamarase (cassava [-glucosidase). Both enzymes also exhibit
specificities for their natural substrates (dalcochinin glucoside and linamarin,
respectively). So they show differences in catalytic properties and substrate preferences,
despite sharing 70% amino acid sequence identity. This research aims to identify key
amino acid residues for function of dalcochinase by replacing the residues in the
aglycone binding pocket of dalcochinase with the corresponding residues of linamarase
(H253F and N323Q). Mutant enzymes were expressed by Pichia pastoris and purified.
Both mutants appeared similar to wild-type dalcochinase as judged by SDS-PAGE,
western blot and activity staining on non-denaturing PAGE. The decrease in relative
hydrolytic activities of both mutants towards various substrates, compared with natural
dalcochinase, suggested that both H253 and N323 may play important roles in
determining substrate specificity and catalytic functions of dalcochinase.



Introduction: B-Glucosidases catalyze the hydrolysis of B-glucosidic linkage between
glycone (glucose) and aglycone group or other sugars. Furthermore, some of them
exhibit additional capabilities in catalyzing reverse hydrolysis and transglucosylation
reactions (Scheme 1). Different enzymes show a variety of natural substrate
specificities. For example, Thai rosewood B-glucosidase, or dalcochinase, hydrolyzes
dalcochinin glucoside, which is its natural substrate, but does not hydrolyze linamarin.
In contrast, cassava B-glucosidase, or linamarase, hydrolyzes linamarin, which is its
natural substrate, but does not hydrolyze dalcochinin glucoside. In terms of catalytic
activities, dalcochinase catalyzes reverse hydrolysis well, but acts moderately in
transglucosylation. In contrast, linamarase is poor in catalyzing reverse hydrolysis, but
highly efficient in catalyzing transglucosylation. So these two enzymes show
differences in catalytic properties and diverse substrate preferences even though they
show 70% amimo acid sequence identity. Therefore, we are interested in identifying the
specific amino acid residues that play important roles in determining substrate

specificity and catalytic functions of dalcochinase by using site-directed mutagenesis.
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Scheme 1: Hydrolysis, reverse hydrolysis and transglucosylation reactions of B-glucosidases

Methodology: The three-dimensional structure of Trifolium repens p-glucosidase
(1CBG) and the alignment of 1CBG, dalcochinase and linamarase were used to
determine the amino acid residues that are different between dalcochinase and
linamarase, and are likely located in the algycone binding pocket. Site-directed
mutagenesis was used to replace the amino acid residues of dalcochinase with the
corresponding amino acid residues of linamarase, generating H253F and N323Q
dalcochinase mutants. The mutant enzymes were expressed in Pichia pastiris, which
were grown in minimal media plus 1% glycerol overnight at 30 °C, 200 rpm, and
inoculated into minimal media plus 0.5% methanol and 0.5% casamino acid for 15 days
for expression. The mutant enzymes were purified from culture media via phenyl
sepharose chromatography, immobilized metal affinity chromatography (IMAC) and
ultrafiltration centrifuge, respectively. The purified enzymes were characterized by
SDS-PAGE and detected by monoclonal antibody against natural dalcochinase.
Activities of purified enzymes on non-denaturing PAGE were detected by 1 mM 4-
methyllumbelliferyl-B-D-glucoside (4-MU-GIc). The activities of mutant and wild-type
enzymes towards p-nitrophenyl glucoside (pNP-Glc), linamarin and dalcochinin
glucoside were determined by incubating 20 mU enzyme with 2 mM substrate in 0.1 M
sodium acetate, pH 5.0, at 30 °C for 5 min, and stopping the reaction by boiling for 2
min. The liberated glucose was measured by using glucose oxidase reagent and reading
absorbance at 505 nm.

Results, Discussion, and Conclusion: H253 and N323 of dalcochinase were chosen
for site-directed mutagenesis because their corresponding positions (V254 and N324,



respectively) are located in the aglycone binding pocket of 1CBG. Site-directed
mutagenesis was used to replace H253 and N323 of dalcochinase into F and Q, which
are the corresponding residues in linamarase (Fig. 1), thereby generating H253F and
N323Q mutants, respectively. The mutant enzymes were cloned, expressed in P.
pastoris and purified as describe above. The purified mutant enzymes showed a broad
protein band around 66 kD by SDS-PAGE, which were detected by monoclonal
antibody against natural dalcochinase (Fig. 2, a and b). Both mutants were active when
staining with 4-MU-Glc on non-denaturing PAGE (Fig. 3, a and b). The relative
hydrolytic activities towards pNP-Glc, linamarin and dalcochinin glucoside of both
mutant enzymes decreased when compared with natural dalcochinase (Table 1),
suggesting that both H253 and N323 may play important roles in determining substrate
specificity and catalytic functions of dalcochinase. Also, both mutants showed lower
hydrolytic activities towards linamarin than linamarase, suggesting that F and Q were
not involved in substrate specificity and catalytic functions of linamarase.

240 250 260 270 280 290
1CBG 238 KTKYQASQNGI IGITLVSHWFEPASKEKADVDAAKRGLDFMLGWFMHPLTKGRYPESMRY 297
TRglu 237 KRKYQEHQKGTIGISLHVVWVIPLSNSTSDONATQRYLDFTCGWFMDPLTAGRYPDSMQY 296
CVLM 253 RKYYQGTQKGKIGITLETFWYEPLSDSKVDVQAAKTALDFMFGLWMDPMTYGRYPRTMVD 312
300 310 320 330 340 350
1CBG 298 LVRKRLPKFSTEESKELTGSFDFLGLNYYSSYYAAKAPRIPNARPAIQTDSLINAT-FE- 355
TRglu 297 LVGDRLPKFTTDQAKLVKGSFDFIGLNYYTTNYATKSDASTCCPPSYLTDPQVTLL-QQ- 354
CVLM 313 LAGDKLIGFTDEESQLLRGSYDFVGLQYYTAYYAEP IPPVDPKFRRYKTDSGVNATPYD- 371

Fig. 1: The alignment of 1CBG, dalcochinase (TRglu) and linamarase (CVLM). The

shadow indicate the target sites for site-directed mutagenesis.
kb M1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 M=proteinmarkers

1 = wild-type dalcochinase

2 = wild-type recombinant
dalcochinase

3 = H253F

4 =N323Q

66

2a 2b 3a 3b
Fig. 2: SDS-PAGE of purified enzymes. (a) Coomasie stain; (b) Western blot.
Fig. 3: Non-denaturing PAGE of purified enzymes. (a) Coomasie stain; (b) staining with
1 mM 4-MU-Glc.

Table 1: Relative hydrolytic activities of dalcochinase, linamarase, and H253F and
N323Q mutants, with respect to hydrolytic activity of dalcochinase towards pNP-Glc.

Substrates (2 mM) Dalcochinase | Linamarase H253F N323Q
pNP-Glc 100.00 74.11 84.04 34.22
Linamarin 2.130 21.10 0.35 1.06
Dalcochinin glucoside 124.65 1.42 97.34 58.33
References:

(1) Svasti, J., Phongsak, T. and Sarnthima, R.. (2003). Biochem. Biophys. Res. Commun.
305, 470-475.

(2) Esen, A. (1993) f-glucosidase: overview. In f-Glucosidase Biochemistry and
Molecular Biology. 1-14. American Chemical Society, Washington D.C.

Keywords:B-glucosidase, Dalbergia cochinchinensis Pierre, site-directed mutagenesis,
substrate specificity ,Thai rosewood, transglucosylation
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Abstract: f-Glucosidases from different organisms exhibit diverse substrate
specificities. Dalcochinase (a f-glucosidase from Thai rosewood) shows specificity for
dalcochinin g-glucoside, while linamarase (a f-glucosidase from cassava) has
specificity for linamarin. Dalcochinase is capable of catalyzing reverse hydrolysis, but
modest in catalyzing transglucosylation. In contrast, linamarase is excellent in
catalyzing transglucosylation, but poor in catalyzing reverse hydrolysis. In this project,
we constructed 2 dalcochinase mutants, namely 1185A and E4551, by replacing amino
acid residues that are likely located in the aglycone binding site of dalcochinase with the
corresponding residues of linamarase. Mutant enzymes were cloned and expressed in
yeast Pichia pastoris, and purified from culture media. Both mutants are similar to wild-
type dalcochinase as shown by SDS-PAGE, western blot and activity staining on non-
denaturing PAGE. Comparison of hydrolytic activities of mutant and wild-type
enzymes towards various substrates suggested that only 1185 may be important for
binding to dalcochinin g-glucoside and p-nitrophenyl B-glucoside.

Introduction: f-Glucosidases (EC 3.2.1.21) are present in a wide range of organisms.
They catalyze the hydrolysis of A-O-glucosidic linkage between D-glucose and



aglycone or another sugar. Apart from hydrolysis, S-glucosidases can catalyze reverse
hydrolysis, giving glucose disaccharides and trisaccharides as products when using free
glucose as substrate. They also catalyze transglucosylation reaction by transferring
glucose from donor (p-nitrophenyl 3-glucoside, pNP-Glc) to acceptor (alcohol) and
giving alkyl glucoside as product. All Sg-glucosidases are similar in specificity for the
glycone moiety, but some enzymes, especially plants’ enzymes, show variable
specificities for different aglycone moieties. For example, dalcochinase from Thai
rosewood (Dalbergia cochinchinensis Pierre) is specific for dalcochinin S-glucoside,
while linamarase from cassava (Manihot esculenta Crantz) is specific for linamarin. In
addition, dalcochinase has high efficiency in catalyzing reverse hydrolysis, but
linamarase has high efficiency in catalyzing transglucosylation. As a result of the
differences in substrate specificities and abilities in catalyzing reverse hydrolysis and
transglucosylation reactions, we are interested in delineating the structure-function
relationships in plants g-glucosidases by using dalcochinase and linamarase as models.

Methodology: From the sequence alignment of Trifolium repens S-glucosidase
(1CBG), dalcochinase and linamarase, and from the three-dimensional structure of
1CBG, the different residues between dalcochinase and linamarase that are likely
located in the aglycone binding site were identified. Mutant enzymes, namely 1185A
and E455I, were generated by replacing amino acid residues of dalcochinase with the
corresponding residues of linamarase by using QuickChang®Ill Site-Directed
Mutagenesis Kit. Mutant enzymes were cloned in Escherichia coli, sequenced, and
expressed in yeast Pichia pastoris under methanol induction. The cultures were grown
in minimal media containing 1% glycerol overnight at 30 °C, 200 rpm. Then, they were
inoculated into minimal media containing 0.5% methanol and 0.5% casamino acid and
grown for 12 days for expression. The mutant enzymes were secreted into culture
medium, and purified via phenyl sepharose column and Ni** ion affinity
chromatography, respectively. Purified mutant enzymes were characterized by SDS-
PAGE, western blot using monoclonal antibody against natural dalcochinase, as well as
non-denaturing PAGE and staining with 1 mM 4-methylumbelliferyl-s-D-glucoside (4-
MU-GIc). The hydrolytic activities of mutant enzymes and wild-type dalcochinase and
linamarase were studied by incubating 0.02 U enzyme with 2 mM substrate
(dalcochinin g-glucoside, linamarin and pNP-Glc) in 0.1 M sodium acetate, pH 5.0, in
0.1 ml reaction at 30 °C for 5 min. The reactions were stopped by boiling for 2 min. The
glucose released was detected by adding 1 ml glucose oxidase reagent and measuring
absorbance at 505 nm.

Results, Discussion, and Conclusion: The alignment of 1CBG, dalcochinase and
linamarase identified several residues that are different between dalcochinase and
linamarase (Fig. 1). Of these, we selected 1185 and E455 in dalcochinase as our target
sites for site-directed mutagenesis because their corresponding residues in 1CBG (G186
and S466) are located in the aglycone binding pocket in the structure of 1CBG. 1185
and E455 were mutated into A and I, which were the corresponding residues in
linamarase, generating 1185A and E455] mutants, respectively. These mutants were
cloned, expressed and purified as described. SDS-PAGE showed both mutants as a
broad band with apparent molecular weight of 66-69 kD, which were detected by
antibody against natural dalcochinase (Fig. 2, a and b). Both mutants showed activity
towards 4-MU-GlIc on non-denaturing PAGE (Fig. 3, a and b). Thus, these mutants are
similar to wild-type dalcochinase. The hydrolytic activities of mutant enzymes towards



various substrates were compared with wild-type dalcochinase and linamarase (Table
1). 1185A had lower ability for hydrolysis of dalcochinin g-glucoside and pNP-Glc than
wild-type dalcochinase, but weakly hydrolyzed linamarin. E4551 showed comparable
activity towards dalcochinin f-glucoside and pNP-Glc to wild-type dalcochinase, but
little activity towards linamarin. Thus, 1185, but not E455, may be important for binding
to dalcochinin S-glucoside and pNP-Glc.

182 190 200 210 220 230
1CBG  178WITLNEPWBVSMNAYAYGTFAPGRCSDWLKLNCTGGDSGREPYLAAHYQLLAHAAAARLY 237
TRglu 177WITLNEPSEFTANGYAYGMFAPGRCSPSYNPTCTGGDAGTETYLVAHNLILSHAATVQVY 236
CVLM  193WMTFNEPSAYVGFAHDDGVFAPGRCSSWVNRQCLAGDSATEPY I VAHNLLLSHAAAVHQY 252

420 430 440 450 460
1CBG  414LLDTPRIDYYYRHLYYVLTAIG-DGVNVKGYFAWSLFDNMEWDSGYTVRFGLVFVDFKNN 472
TRglu 413LIDTYRIDSYYRHLFYVRYAIR-SGANVKGFFAWSLLDNFEWAEGYTSRFGLYFVNYTT- 470
CVLM  430LQDDFRISYYKKHMWNALGSLKNYGVKLKGYFAWSYLDNFEWNEGYTSRFGLYYVDYKNN 489

Fig. 1 Sequence alignment of 1CBG, dalcochinase (TRglu) and linamarase (CVLM).
kb M1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

116 i : M = protein markers
66 _ 1 = natural dalcochinase
- 2 = wild-type recombinant
o dalcochinase
45 3 = purified E455I
35 = o 4 =purified 1185A

B
Fig. 2. SDS PAGE of purlfled mutant enzymes. (a) Coomasie stain; (b) Western blot.

Fig. 3. Non-denaturing PAGE of purified mutant enzymes. (a) Coomasie stain; (b)
staining with 4-MU-Glc.

Table 1. Hydrolytic activities of different B-glucosidases towards various substrates
relative to activity of natural dalcochinase towards pNP-Glc.

Natural WI/T recombinant
Substrate (2 mM) dalcochinase | Linamarase dalcochinase 185A E455I
Dalcochinin B-glucoside 124.65 1.42 129.79 64.72 123.05
Linamarin 2.13 21.10 3.19 3.19 4.08
pNP-Glc 100.00 74.11 113.83 86.88 110.11

References:
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Site-directed mutagenesis
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Abstract: Dalcochinase, a p-glucosidase from Thai rosewood, can hydrolyze
dalcochinin g-glucoside that is its natural substrate, whereas linamarase, a f-glucosidase
from cassava, hydrolyzes its natural substrate linamarin. Dalcochinase can catalyze
reverse hydrolysis well, but shows low efficiency in transglucosylation. On the other
hand, linamarase catalyses transglucosylation better than dalcochinase, but was not
efficient in catalyzing reverse hydrolysis. Despite these differences, both enzymes have
60% amino acid sequence homology. Thus, this project is interested in studying the
relationship between structure and function of p-glucosidase, particularly the
identification of the amino acid residue that is important for hydrolysis and
transglucosylation. The coding sequence of dalcochinase was cloned, expressed in yeast



Pichia pastoris, and purified. The recombinant enzyme exhibits similar enzymatic
properties to natural dalcochinase. Mutant forms of dalcochinase (namely N189F and
A454N) were generated by replacing amino acid residues located in the aglycone
binding pocket of dalcochinase with the corresponding residues of linamarase. Kinetic
analysis of both enzymes showed that both N189 and A454 were not involved in
hydrolysis of linamarin, but N189 could be important for hydrolysis of para-
nitrophenyl-3-D-glucoside and dalcochinin g-glucoside. In transglucosylation studies,
N189F mutant could improve transglucosylation efficiency using primary alcohols as
acceptors. However, neither N189 nor A454 was likely to be involved in
transglucosylation using secondary and tertiary alcohols as acceptors.

References:

(1) Chantragan Srisomsap et al. (1996) Journal of Biochemistry, 119, 585-590.

(2) Chantragan Srisomsap et al. (1999) Biotechnology Letters, 21, 947-951.

(3) Kriengsak Lirdprapamongkol and Jisnuson Svasti (2000) Biotechnology Letters, 22,
1889-1894.

(4) Mirjam Czjzek et al. (2000) Proc. Natl. Acad. Sci. U.S.A., 97, 13555-13560.

(5) James R. Ketudat-Cairns et al. (2000) Journal of Biochemistry, 128, 999-1008.

(6) Jisnuson Svasti et al. (2003) Biochemical and Biophysical Research
Communications, 305, 470-475.

Keywords: f-glucosidase, Site-directed mutagenesis, Structure-function relationship,
Dalcochinase, Transglucosylation



4 a [ d a (Y
¥o1509: MswaauazMsanIgaanyazveweuliiud-ngladiaanaeiugnnnees
QUAs:  UREIFUNYN WIDTYUN

%

YY) a a @ a @ J
a3nea: UNANMIINYINY UH1INYIYNHATAITAT

o ! 4 9 a A AaAaa a [ =\ o 1 1% ~
unfage: o luliudr-ngladaanndaliziariacien wlinnusumzaeduamsni
1 o Il ] J v a % J
uanaenu Tagmwizludmvesyes Inalau oulaidalasuaduiuouladindi-ngln
Aa =\ o [ Aaa 4 ~ Ia P 4
FHagninnzgaianuiumnzasaalariunglalaa vazieulsdauuisaguiiueu lx)
a % o [ o 1T A a L a [
war-nglagmaaniudizwas Tanudumzaedaumniu eulmidalasudamnsos
aaan (L] aan ] % J
Ugnsendounsaaslda uaisslgnsendenyng Taaldhunas luneassdudmou lad
aumusaamnsnsalgnsedenyng Ina ldaun uaisalgnsedeunsaaslild auise
g a4 = = v o ' FY 0 ¢ 9
tvsaulaiaginmdmnuduiuiszninelasaie sazminuveaen ledudr-ngIn
Faa ivordwniaveansaozil Tuluusnavestununyes Inalau Minslianudifyae
o [ [ Aaaa 9 ] Aav dy Y Y d o
anudumnzasdumasn wazmasalgnsadeninglaa luaudsei ldaiveulaidaln
a v J a ! a
Fruanawnwusg 4 ¥ila Ao 1185A V255F G367S taz E4551 Tasmsunuiinyasgd Tuly
a A 1 o 9 Av o [l d v Aa Y a
vinafinaiminsuiunyes Inalauveveu laidalamua Arensaezii Tuves
Ia o YA =~ 4 . . . 3 [ 9
eulmiauusa hims Inay nazlviinsuansesnlubaa Pichia pastoris MIMiuanala
a = J § 1 J Jd v a o 0’3
VIGNTNINGMITABUFD 1NMIANEIAAUNamMAnsvoueu laida InFuanasiiugi 4
a 1 J v 1o J a
wiia wudneu lyinatewug 11854 V255F G367S uaz E4551 T 1o laiaaredunn
Aa U 1 1 o aa J 4 [ 4 o 9
suld waaan & lumsamedalagiunglalaa wulainaieusg 11854 uaz E4551 il
' A 4 J J
MK Tumsdaane para-nitrophenyl-£-D-glucopyranoside (pNP-Glc) MU wonaniieu lad
o I a o Y L= Aa A o aa '
naneviugne 4 siah ldeu lsidlssaniamlumsaarvaa lngiiunglnlaa uaz pNP-Glc
9 A = [ Aaaa 9 ] 1 4 Y4
tevawunn Wednwimssulfnsndnenyng Taanuineu lainaneug 1185A uag V255F
Lﬁummmmm“lumimﬂgﬂimmawuﬂaiﬂﬁiﬂﬂiﬁmaaﬂaaaaﬂaﬁmu 1AZIOAND DT

[ a

Aol L‘]JLW]’JT]J f’JfJNlliﬂ@]111L@uul“HiJﬂaIﬂ‘HLuﬁﬂﬁTEJWH‘ﬁﬂﬂ 4 ¥ ENllll?ﬂllﬁﬂLiQ

Pt

9 ] a a

Ugnsentheviyjng Inalaslfueanssedndoniiiludifuldiae

U U U

(v

o_ o J a o 1w aaan Aaaa
mdngy: ou ladiudi-ng Tndaa, Anwsuwzaeduaasy, Ugnsemsaas, Ujnsedou

msaae , Unsedenyng Ina

Y

Qileufiannsafianela: L19EIBURYN NIRTYUN

E-mail: chom poonuth@hotmail.com, c.porncharoennop@gmail.com




	3.pdf
	3.pdf
	Functional and structural differences between isoflavonoid  beta -glycosidases from Dalbergia sp.
	Materials and methods
	Chemicals
	Plant material and yeast strains
	Purification of Dalbergia glycosidases and glycosides
	Mass spectrometric identification of tryptic peptides and their glycosylation
	Cloning of the Dnbglu2 cDNA
	Sequence analysis and homology modeling
	Expression vector construction
	Mutagenesis of dalcochinase
	Recombinant expression and purification of Dnbglu2 and wildtype and mutant dalcochinase
	Determination of substrate specificity
	Comparison of relative levels of hydrolysis of isoflavonoid glycosides

	Results
	Hydrolysis of D. nigrescens disaccharide glycosides by D. cochinchinensis dalcochinase
	cDNA cloning and sequence analysis
	Recombinant expression of Dnbglu2
	Kinetic evaluation of Dalbergia  beta -glucosidases
	Mutagenesis of D. cochinchinensis  beta -glucosidase to D. nigrescens  beta -glucosidase

	Discussion
	Acknowledgments
	References



	4.pdf
	Cover
	Preface
	Contents
	Minerals in Clay Fractions of Some Alfisols in Thailand
	Continuous Personal Competency Improvement by Remote Education
	Acid and Bile Tolerance of Lactobacillus thermotolerans, a Novel Species Isolated from Chicken Feces
	Measurement of Verdet Constant in Diamagnetic Glass Using Faraday Effect
	Morphology of Carbon Nanotubes Using Thermal Chemical Vapor Deposition
	Vanadium-Lead Doped Bi-2223 Superconductor
	High-Temperature L-Lactic Acid Fermentation of Food Waste Under Open Condition and Its FISH Analysis of Its Micro Flora
	Standard Small Angle Generator Using Laser Interferometer
	Study on Activity and Stability of Native and Chemical Modified Bromoperoxidase
	Characterization of Non-Heme Haloperoxidase from Marine Red Algae, Gracilaria sp.
	Role of Modified Lysine Residues on Enzyme Kinetic of Bromoperoxidase
	Development of a Urea Potentiometric Biosensor Based on Gelatin-Immobilized Urease
	Occurrence of Arbuscular Mycorrhizal Fungi in Vegetables Grown in Nakornpathom Province, Thailand
	Antibody-Binding Motif of Mimetic Peptides to V. cholerae O139 Lipopolysaccharide
	Transformation of HIV-1 Envelope Glycoprotein120 in Tobacco Plant
	Theoretical 3D Structures of All SH3 Domains from Nck-1 and Nck-2
	3D Structure of the Juxtamembrane Domain of the Human Epidermal Growth Factor Receptor and Its Interaction with Calmodulin by NMR Spectroscopy
	Morphology of Fern Spores from Phu Phan National Park
	Nucleotide and Derived Amino Acid Sequences of the Cyanogenic Beta-Glucosidase (Linamarase) from Cassava (Manihot esculenta Crantz)
	Effects of Sucrose Concentration on Crude Bromelain Production of In Vitro Culture of Pineapple (Ananas comosus var. ‘Pattavia’)
	Effect of Molasses on Golden Apple Snail Silage Production
	Effects of Grain Size, Reducing Sugar Content, Temperature and Pressure on Caking of Raw Sugar
	Modification of Cassava Starch by Esterification and Properties of Cassava Starch Ester Films
	Production of Water-Soluble Silk Powder from Bombyx mori Linn. (Nang-Noi Srisakate 1)
	Antimicrobial Activity of Spice Extracts against Pathogenic and Spoilage Microorganisms
	Properties of Recycled Plastics from HDPE Drinking Water Bottles
	Development of Consumer Packaging for Fresh Persimmons
	Effect of Pineapple Shell Extracts on Browning in Fresh Vegetable and Fruit Puree and Slices
	Classification of Thai Commercial Fish Sauces by Near-Infrared Spectroscopy with Chemometrics
	Comparison of Consumer Acceptances of Frozen Pizzas Assessed at Central Location Test (CLT) vs Home Use Test (HUT)
	Effect of Xanthan Gum and pH on Pasting Properties and Freeze-Thaw Stability of Tapioca Starch
	Extraction and Some Functional Properties of Protein Extract from Rice Bran
	Screening of Fungi for Decolorization of Wastewater from Pulp and Paper Industry
	Food Safety Situations in Thailand with Regard to their Thai’s Food Safety Knowledge and Behaviors
	Shark Catfish (Helicophagus waandersii Bleeker, 1858) Gillnetting in the Mun River, Thailand
	Efficiency of Chitosan to Vibrio spp. Isolated From Diseased Black Tiger Shrimp, Penaeus monodon Fabricius in Thailand
	Characterization of Partial Purified Trypsin and Chymotrypsin from Viscera of Nile Tilapia (Oreochromis niloticus Linneaus)
	The Changed Coastline in Loi Island, Chonburi Province during 1997 to 2004
	Distribution of Suspended Solid in the Upper Gulf of Thailand in 2004-2005
	Storm Surge in the Gulf of Thailand Generated by Typhoon Linda in 1997 Using Princeton Ocean Model (POM)
	Waste Output and Loading in Prawn (Macrobrachium rosenbergii De Man) Culture at Different Sizes and Feeding Frequencies
	The Progress and Process of the Development of Anti-tick Vaccine Against Cattle Ticks (Boophilus microplus) in Thailand
	Diagnosis of Heartworm (Dirofilaria immitis) Infection in Dogs and Cats by Using Western Blot Technique
	In Vitro Fungicidal Activity of Herbal Extracted Lotion, KU Natural Miticide• on the Dermatophytes of Dogs and Cats
	Effect of Fat Type and Calcium Level Supplementary on Growth Performance, Fat Digestibility, and Ca and P Absorption and Balance in Growing-Finishing Pigs
	Improvement of Cornering Characteristic Using VariableSteering Ratio
	An Investigation of the Optimal Cutting Conditions in Parawood (Heavea Brasiliensis) Machining Process on a CNC Wood Router
	Interaction between Geogrid Reinforcement and Tire Chip-Sand Mixture
	Factors Restricting Energy Efficient Innovations in the Thai Building Industry

	Kasetsart Journal Application for Membership




