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Abstract of Thesis

Triterpenoids constitute a group of specialized plant metabolites with wide structural diversity and high
therapeutic value for human health. Cytochrome P450 monooxygenases (CYPs) are a family of enzymes
important for generating the structural diversity of triterpenoids by catalyzing the site-specific oxidization of
the triterpene backbone. The CYP716 enzyme family has been isolated from various plant families as
triterpenoid oxidases. However, their experimental crystal structures are unavailable, and the detailed catalytic
mechanism remains elusive. Therefore, this research aims to improve bioactive triterpenoid production in the
heterologous host through protein engineering of CYP716A subfamily enzyme.

To achieve this purpose, firstly, I selected CYP716A12, isolated from a model legume plant M.
truncatula with a plenty of genomic data available, as the first of CYP716A subfamily enzymes that have been
functionally characterized. I performed homology modeling, structural alignment, in silico site-directed
mutagenesis, and molecular docking analysis to search and screen key amino acid residues relevant to the
catalytic activity and substrate specificity of the CYP716A subfamily enzyme in triterpenoid biosynthesis. An
in vivo functional analysis using engineered yeast that endogenously produced plant-derived triterpenes was
performed to elucidate the results. The product profile of CYP716A12 got modified when the amino acids in
the signature region and the substrate recognition sites (SRSs) were substituted. In the results, I identified
amino acid residues that controlled the substrate contraction of the enzyme (D292) and engineered the enzyme
to improve its catalytic activity and substrate specificity (D122, 1212, and Q358) for triterpenoid biosynthesis.
In addition, I generated the mutants of Arabidopsis thaliana CYP716A1 (S356) and CYP716A2 (M206, F210)
by changing the properties of key residues in substrate recognition sites (SRSs) to improve the catalytic activity
at C-28 on the different triterpene backbones. Finally, I used the benefits of identified mutant CYP716A12
combined with the Tsukuba system, one of the most efficient agroinfiltration-based transient protein expression
systems, to evaluate the applicability of the Tsukuba system for triterpenoid production in N. benthamiana
through pathway reconstruction.

This research has the potential to help in the production of the desired triterpenoids in engineered yeast
by increasing the catalytic activity and substrate specificity of plant CYP716A subfamily enzymes. In addition,
this research provides an alternative transient expression platform for high titer of valuable triterpenoid
productions through heterologous expression in N. benthamiana contributed to synthesizing and accessing
previously inaccessible triterpenoid or the other natural products and its analogs, as well as the possibility of

revitalizing drug discovery pipelines.
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FHE LA O EMRED —DTH D b U T A Fid, HEOZEIEICE 2, EENFE, HiEts
MR LR ENTHDORH S, LLanb, —&IZ, MU T/ A FORWMENTOAERITD R,
LA EEETH D, Z D7D BRI LoT W e & o Bffifs 3 & AV 7 & AEw I TR
h)7w~/4F@Eé&ﬁ%%ﬁ%ﬁ#é:&#&ﬁéﬂfwéoyh&uAP%O%/ﬁ%v#%—t
(CYP) &, MU TN BREOER R LG Z T 2 Z 21280 YT A ROMIELERNE
EEDHTOICEBERBER T 7 IV —Thd, Z05b, CYPTI6A 77 7 I U —EE#RIE, SEIEREY
NG MU T AN A RIRblER E LCRIE STV D D, 20 OfEmEEIIE LN TE 6T, Rl
WHIIAH 2 EETHo T,

ZOXHIREROL & BAHEEIX, CYPTI6A 77 7 2 U —MEO X TN TIRIC L 0, B
TEFIZBITDAEEIEME RN T A A ROAEERZR ESEL2ZE2HME LTHIREBIR2>oT05, &
F. CYPT16A 77 7 2 U — Dk & L THID THEREREIT SN T-# Vo~ 3 > (Medicago truncatula)
CYP716A12 & EL T, A A T 4~T 4 7 AL invivo BEREMT OREREZHE LIBE T 2N TiEE
BIoTnD, T722bh, CYPTI6A 777 I U —0D MU T ) A ROEMFFRAE LSS T 5 fil
R & R R AR ET 8L 7257 XV BREREZHO NI T 5720, M. truncatula CYPT16A12 (2>
WTC, N AT h~T 47 ALEERE AW invivo BEREMIT 21T 5 Z L2k, v 73 F v —HEik & K
BRI (SRSODT 2 /IR A BT HZ LI K0, N T A A RAERY ORI BN BT 5 2
EEHLMNILTVD,

WIZ, FALHFEH X, A thaliana 75 HEES 7= CYP716A1 & CYP716A2 28, B/ 2 b YU T Hi%
IZxtLC C-28 TOMPBYEMICEWRH DL LICER L, M) TN EKICKTT 5 C-28 DG4 11
LS¥72 CYPT16A2 OERKEZRFTHLEHME LTHIREETT>TWD, T7hD5H, CYPTI6A2 Ofil
BT & SRR RIS HLE R Y T REEREMLOEET X VBREREE A A A T x~T 4 7 AT T a—F
WCEOBE LTS, T, BERE A AW B RR G 2 237 & @ invivo BEREMIT 24T o T fER, UV v
RAEGIMOTET I ) BEEEZBR LG AIC, BR2ERD T 7 74 VERHL TS, S5
CYP716A12 ZERIKDOMTHEREZ S LI2, Brrd MU TAERKRICHT S C-28 OfBLIEN:Z f E S8 7
CYP716A2 DZERKZIFHL TS,

PATHFEE L E -, XY 2 7 F % Na(Nicotiana benthamiana) % W= —BRE L FRIBGEICB VT, &
FERND TN A REFE~DOERY AT LAOEMMEEFIL T\ %, N benthamiana O¥E% T, LG
i b EWARA CYP716A12 (D122Q) % Mhod b U T~/ A RAGHRESR & BB IE TN D, V=3




ZUANADEREEE L X TN H — I x—H —F O 4 —pBYR2HS 2 L7z [ iFv 27 4] &H
WHZ XY, AT = ABINEDR, ERONA TV =R Z—% AW HEICHAT 131 FIEinyd %
TEERLTND, bz, BRAI oA X+ X7 HMGRI1 fitlft K 2 1 > o438 B CYP IZE 1 &5
9% NADPH-+ k7 1 .4 P450 i#5cf#s%E (CPR) OB, 77 v 7 4V b L—3 a U IEDIEDOESEEFL T2
DT ANV UBOBERRELY, BT IV iz, VT — A A Y VR EORREEL N Y TR
A ROWTNHIZBWNT, ZHETIZHE SN TS N benthamiana B CORFE NV T~ A RAEFEIC
BIFAOWNEE HE LT, KEIZH ESELZ EITEIHIL TN,

PAEoD & 91, AGRsCTIL, ¥ CYPT16A 77 7 I U —FER OISR & FEEFFERIEIZ DOV T, S A
AV T AT A7 RAE, B b NTEY O—BWEE T RHAREZHCCTRFET 2 2 L2k, BRET D -
VTN A4 ROAEEZ EIEDLTFEZTRL TS, KL COMEEIEH LA TEHITIECEY .,
INETICRRYN S OBEERRNETH 72 U TS A RROZFOFEBRIEEAEETHZEbDTREL 25
ZEWREINTE, Lo TARRIL, MEFRIE LTIHES 2 D L0 D,




