creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Metabolic engineering of
Saccharomyces cerevisiae for

production of Shinorine, a natural

sunscreen material

Saccharomyces cerevisiae 2 YA = &

ot

—

A Ao Ag B Awd B4

20219 8¢



Metabolic engineering of
Saccharomyces cerevisiae for
production of Shinorine, a natural

sunscreen material

L R A I

o] RS FHAAL RO A&
2021 9 6 €

gt et

= =
s}t B s
A A
AR B FEES AZF

20219 7 ¢

A 4% -
/ - AV e

Bogz
9 4




>
H“
r
Mo
alw
EX
4
s/
of
©
ot
©
)
~
_O|L
rr
r>~1

dd 2] a2t =4 wt
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=40t} 30714 ol el E4E0] dHA e HelFAR™ FAF ofm| A
FoAAE Al A S5 TFH7F 300 ~ 360 nmE T=O0 = A8
T A3y st AAdS FES| AT & AL =2

olsf ApeAd Apgk @go] Eobx HA Aol A =R ARESHl A
St ERF ol=fet M Aol Afd EES AR Re R

=
514 Ul Belz gEel BASS 2T 4 Uk

ARSE 7R S cerevisiae WS SHASIAZTH ol
o Mg 2 EET oA ofs), B A= AlA Fo At A% AL
= 59l X3Yste] sedoheptulose 7-phosphate (S7P) °] AJiHFS EHO=R
el BAES Z7HA7104 siginh o] FollA HXK2 A& #79 Ak
d ARl 138 Sk M S22 8dE HAAth ERF EQASiE N
punctiforme 5212 Ak A AR FHZ NpR5600, NpR5599,
NpR5598, NpF55972 ZYZF ipdsto] £& A% 9A7F NpR5600°] Tolst
A WA vhede FEch E‘r—?: nAEF fFEe] FAAe] avE H|
St AN A. variabilis S HAA}F Ava38587F A. mirum S SHR}
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1.1. Mycosporine-like amino acids2} shinorine

Zpe]d-e oo weh UV-A (315 ~ 400 nm), UV-B (280 ~ 315 nm), UV-
C (200 ~ 280 nm)% WH=d o] F UV-AS} UV-Bo] 4R 7} 2| EH =&

st 2 edsta gt 9FE= mbuE Qle my Lsht mier 58 9
Wt AojHo] AERe] ERet AEsh FARA Aol A o
& ool Fristar v A oFgE Aol el Ao AdAlcl= &
AHIZE (oxybenzone), OFEHIZE (avobenzone) 52 WAl AFo] EZ oy o]
A}l ElolelE (TiO,), A8} oFel (ZnO) 50| 0|1 ATt o]EL <lHo
gt geido] ZASIL HAEL Uo7 o] e Wt ohlet 8
0dg FUSIE 5o ke BAE oplat. ol=id olfER A4 4

(e}
)
o
o,
Hi

Mycosporine-like amino acids (MAAs) + TN ZFY H8o] 52 22} of
AMER FRt AR oUAE @ oAz Agste] WEshe

=30]al 268 ~ 362 nm®] W 4 HYE 7HIth &S FAolal =2
S 7Hd Bt ofyet tel, FEAA 5o mart U] wiwel A
A 2ol AFGA R AREE 7o Adottt. [2-6] AAZ Porphyra umbilicalis
ol ZZH MAAs7} Z3FE 94 A Helioguard 365 (Mibelle
Biochemistry), Helionori (Gelyma) 5-2] A&°] W= St [7, 8] otA|gt o]&
o] w2 ALyt B vk 24 wiEol =2 A4t vlgo] ©olal o]

S A TS BT AT F} ohthe BAZ} gic,

Eloll
>

30714] oAt E-o] &3 MAAso| £35H= shinorineS AH9]41
H+= 300~360 nmo|H =2 =53A4 (e=28100~50000M1cm™) £
7 ER 2] At §-8&0] &=t [6, 9-11] 12|31 shinorine®] T4 A}

l

o AFA A7 LeiA gonz gABHos BEshd Agsit,

2



1.2. Shinorine A ¥ =3F

oA 27U Fgo] SoA AR shinorine pentose phosphate 74 =
S7IAQ] sedoheptulose 7-phosphate (S7P) ZHE| 2-demethyl 4-deoxygadusol
(DDG), 4-deoxygadusol (4-DG), mycosporine-glycine (MG) A2 Z2HH &
AArE) o] wf Z4Zbe] ghg-2 F-F24 S =2 DDG synthase (DDGS), O-methyl-
transferase (O-MT), C-N ligase®l] ol ZIPE|Z|Tt MGOl|A] shinorine 2.2 2] §F
5ol #ofst= &A= 2712 /7 EAEH Sk p-Ala-D-Ala ligase=
Nostoc punctiforme -+ 2] NpF5597¢] fj®EAolt}, o] &40 A A=yt
HE-3-3E o shinorine®] A=, EH U} ¥EESIH E TLE MAAs =4
¢l porphyra-3347} JAAHT. thE TR/ &4+ Anabaena variabilis 22
Ava3855Y Actinosynnema mirum S Amird2567} 72 nonribosomal

peptides (NRP)-like synthase ©|t}.[3,5,7,9, 12]

71&9] shinorine g4t WH2 AAH oz MAASE A=
HH FEsts Aol SHARE Aol Wtr] wiwel o9 dFE o
M= Escherichia coli, Corynebacterium glutamicum, Streptomyces avermitilis &

o hFT olF FEEL olgsto] WY FhE AmsHic.

AARog ARH MAAsE P oumbilicaliso)A FESIAL ©] F
shinorine 3.27 mg/g DCW ©|tt. [10] T3t 242 © 2 shinorine2 AJAHSH=
AT FE}F A= A variabilis ATCC 29413914 0.97 mg/g DCWE,
Fischerella sp. PCC9339°114 0.76 mg/g DCWE AJAHet 7.9 8ot} [12, 13] ©]
o= 9% shinorine A FHAAE ©olF dFoll st A X
aYstelal 7 A ARERY HFF= E. coliolth. o] W A. variabilis 212]
ARES E=AFFAT 0.15 mg/L 9] shinorineS JAHSH= dlof] 13T [14]
JE)3 AR 7PE B2 shinorines AJATSITHY ARl HFE= A mirum
A FAEES ZUTT S avermitilis F0lth o] FFE 10 L] v oA
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HjFeE A3t F 11.4 mg/g DCW, 154.1 mg/L 2] shinorines AJAH5HA
A 7P w2 Aol [9] °lFol® C. glutamicums ©1-8-51]
19.1 mg/LE, Synechocytis sp. PCC6803 wT=ZHE] 237 mg/g DCWE,

Methylomicrobium alcaliphilum 20Z°1 4] 17.13 mg/L 9] shinorineS A4Sttt
[12, 15, 16]

olof| 4] A3} shinorine®] 3t A7} AHAFFS Table 19 A5t}

Il o]

1.3. S. cerevisiae®l| 41 2] shinorine YAt

S. cerevisiaex= GRAS (generally recognized as safe) © &5t A4 &5t
Argjolut, thtE G Sold Wel AHgHET ek #F 54, £4%

2 5ol tish #AIS] A7 Hofgle ERt oyt FAR 22 Sy &
FOH PASE ol WA ] Mol AFAS BES] U 7
F2 ARgsb] Agetek. (17, 18)

-

Table 19014]12] S. cerevisineS ©]-83F shinorine AJAHS E ALAof| A4 2]
ey Atoltt, o] AFo|M= N punctiforme ATCC 29133 o 5219
shinorine A GHAZE<1 NpR5600, NpR5599, NpR5598, NpF5597-& F-2+9]
2 E5to] shinorinee AJASH= S, cerevisiae W FE AlZSFATE ESH
Scheffersomyces stipitis 22 xylose-utilization 52} ZIMES] <l 747
AR AAS At 14L1 B, STBSC TKL1C) A o]83F pentose
phosphate A2 7}3FS F3f shinorine A4S S7FAIZ . (Figure 1) ©|%
Hiz] FA3t2 shinorine®] H=2 Y4t Ao Zrtiyl A2 A Hl&
S ZAA5UT o]2HE 9.62 mg/g DCW, 31.0 mg/L 2] o] AAEFS At
[19] o= Hig A7 F AR 324 viddole &6t w2 4= 7t
2 B oy e} 8. cerevisiaes FERE o83 dAe= 7HAE 7HA]AL Qi

¢
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Figure 1. Metabolic pathway for shinorine production using
S. cerevisiae in the previous study

Dash boxes are introduced pathways to S. cerevisiae for shinorine. NpR5600 (DDG
synthase, DDGS), NpR5599 (O-methyltransferase, O-MT), NpR5598 (C-Nligase), and
NpF5597 (D-Ala-D-Ala ligase) of N. punctiforme were introduced to S. cerevisiae. And
xylose reductase (Xyl1), xylitol dehydrogenase (XyI2) and xylulokinase (Xy13) were
introduced for increasing shinorine production. Thick arrows and letters indicate
overexpression ofthe corresponding genes. Double line is deletion of genes.; G6P, glucose
6-phosphate; FO6P, fructose 6-phosphate; G3P, glycerol 3-phosphate; RuSP, ribulose 5-
phosphate; RSP, ribose 5-phosphate; XSP, xylulose 5-phosphate; S7P, sedoheptulose 7-
phosphate; E4P, erythrose 4-phosphate; DDG, 2-demethyl-4-deoxygadusol; 4-DG, 4-
deoxygadusol; MG, mycosporine-glycine; Stb5, sin three binding protein 5; Tkl1,
transketolase 1; Tall, transaldolase 1;



2 A AY A9 dFFolA ZASHAE xylose-utilization 7%}
ES IXE x4t fA e =SS siEsklH S
cerevisinger= ETF2 71 XS5} Crabtree-positive w5°|tt. 12]al
T e ®AUS A AMSSHE She - glucose repression©] dofit
ng xhgo| BE ARE o|fout g ®Ado] ARHTH= FAF ]
ATt [20-22] 2 A= Z=TFA A AdRAS ARESHolof 37| i
o] EAIHE 2T Zart Ay wahA glycolysis 2 glucose repression
of FoISt= HXK2, glycolysis 32+ Hd &AJ3lo] Hofst= GCR2E 22
A5 glycolysis®t  glucose repressions  2FSFAIZAT  F A9 pentose
phosphate 25 7FSFA|71112t SFRATE [23-29] ESE S7PolA 9] FA HE-g
olsh= PHOI3 S AL = 97 H|Wsko] shinorine A4l mIx=
/IS Bzt spQlch (28, 30] ©1% N. punctiformet T2 BIA|ZT <]
shinorine A& 42+ IHE-S 55| shinorine A AZR AAE 733t
sto] ZF fH2kE9] a2 H|wskey. 183l glucose 6-phosphate (G6P) 2
HE] pentose phosphate H =2 2] Hh-g-o ¥oist= ZWFI, SOL3, SOL4, GNDI,
GND2 5779 o] o5 ELd O 2 HE pentose phosphate 74229
S5 S7F= &% shinorine A4t WIS RIS [31] (Figure 2)

©]% shinorine AJitFo] il w5 2T 5= AAEste] =AW
o] g Adrs Hlgo] wg HIES &}lskal, o5 §3f shinorine
2o YiES s A}l



Pentose Phosphate COoH
Glycolysis ’ pathway f Xylose ND“AN
l Xyl I ocw
Glucose X2 G6P Zwit » PG s°|3,4= Gnd1,2: Ru5P l RE uii(ly(zloaiin > ,ﬂ
. coon
Xyi3
| N 1
1
' R5P X5Pp +«—— X5P e
Ger2 : e synthase
! o o-Alao-Ala
' DDGS OMT i ligase
| G3P S7P » DDG 4-DG —— MG
1 =Bly
1" TEM% m‘ Sedoheptulose
Pyruvate FBP E4P

Shinorine biosynthesis pathway

Figure 2. Objectives for increasing shinorine production.

Red arrows are the manipulations in order to weaken glycolysis and glucose repression and
strengthen pentose phosphate pathway in this study. Thick arrows and letters indicate
overexpression ofthe corresponding genes. Double lines are deletion of genes. Thinarrows
indicate weakening ofthe reaction dueto deletion ofthe corresponding gene, hexokinase 2
(HXK?2). Thisreactionofglucose to G6P isnotindicated by doublelines because other
genes such as glucokinase 1 (GLK ), hexokinase 1 (HXK)are also involved. Dashed line
indicates multiple enzymatic steps.
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2.1. ARSHE 2F 3 AF B

B Ao A& E. coli DH5a[F- ®80dlacZAMI5 A(lacZYA-argF)U169 recAl
endAl hsdR17 (r«, mx*) phoA supE44 k- thi-1 gyrd96 relA11S ©|-&oto] 4=}
22 XBSIIL). E. coli®] 7% 50 pg/mL T A™ (ampicillin) & H7FeH
Luria-Bertani (LB) B} ] (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) ©]lA4]
v} FStA Tt

H AJLA ARG RAFE S cerevisiaeQZ2HE AAE JHYSI3

(delta-integration of Preri-NpR5597-T emi-Prors-NpR5600-Tcycr and  Prers-
NpR5598-T Gemi-Proms-NpR5599-T cycr into CEN.PK2—1C) w501l o0& Z33H

AP #FE-2 Table 200 WA 18y 5 @4 A= 2F of

M|EAF (lithium acetate, LiOAc) ®H= ©]-85}%

XYLI, XYL2, XYL3 +AZE 8. cerevisiae genomic DNA ZgoflA H]ZAISH
Aol HIS3 Aol =A57] $15) coex303-XYL ZEANES PolE o]&
St Aoz gheold & 5 U= Zsieltt. o|§ TALI, HXK2, GCR2,
PHOI3 1737} A& CRISPR/Cas9-Z ©]-837F 74 #Y AAHE ]85
Aot 42 A FHHEE ZF A} (target) 9 target donor F, target donor
R Zzlo]H 2 PCR5}Y] Cas9t sl -7-422] guide RNA (gRNA) & E3}6}
+ coex416-Cas9-target gRNA HE|} &7 FFol EUotdh ©]F target
confirm F, target confirm R Z2}o|HE o]&%t PCRe Fofl F% 252 &
NG 5, BahruE AANES A5 YPD HA (20 gL EET, 10
yeast extract, 20 g/L bacto-peptone) S|4 24A|7F o|AF v QFSIATE

g/L

10



Table 2. Strains used this study

Strain Genotype Reference
E. coli
DHS5a F ®80dlacZAM15 A(lacZYA-argF)U169 recAl endAl
hsdR17 (r«,mx") phoAd supE44 X\ thi-1 gyrA96 relAl
S. cerevisiae
JHYS13 Delta-integration of Przri-NpR5597-Trun [19]
-P1pu3-NpR5600-T cvcr and Preri-NpR55 98-Terui
-Pors-NpR5599-Tcyvcrinto CEN.PK2-1C
JHYS16 NTS-integration of  Pmus-XYLI-Tcyer-Preri-XYL2-  [19]
Tepyi-Prpr-XYL3-Tpr into JHYS13
JHYS17 JHYS16 tall A [19]
JHYS131 JHYS13 HIS3:: Prous-XYLI-Tcycr-Preri-XYL2-Tcpui This study
-Prp1-XYL3-Trpis
JHYS132 JHYS131 tall A This study
JHYS133 JHYS132 hxk2 A This study
JHYS134 JHYS132 ger2 A This study
JHYS135 JHYS132 phol3 A This study
JHYS133-1 JHYS133 harboring pRS416GPD This study
JHYS133-2  JHYS133 harboring pRS416GPD-NpR 5600 This study
JHYS133-3 JHYS133 harboring pRS416GPD-NpR 5599 This study
JHYS133-4  JHYS133 harboring pRS416GPD-NpR 5598 This study
JHYS133-5  JHYS133 harboring pRS416GPD-NpF5597 This study
JHYS133-6  JHYS133 harboringpRS416GPD-Ava3858 This study
JHYS133-7  JHYS133 harboring pRS416GPD-Amir4259 This study
JHYS133-8 JHYS133 harboring pRS416GPD-Zwfl This study
JHYS133-9  JHYS133 harboring pRS416GPD-Sol3 This study
JHYS133-10 JHYS133 harboring pRS416GPD-Sol4 This study
JHYS133-11  JHYS133 harboring pRS416GPD-Gnd1 This study
JHYS133-12  JHYS133 harboring pRS416GPD-Gnd2 This study

11



2.2. EtA 0| E AZ

Table 4°f] e AT

=
coex416-XYLE Ascl®t PwulZ A 2|sto] A2 xylose-utilization F17}

AFolM AMgE Zefolwet ARHE EStAn|== Z4Z) Table 3,

o
S pRS303GPDY| Ascl, Pvul AElo]l Yol QA upzE HpEt
TS5 ARt coex413-Cas9-TAL1  gRNASE
o2 Ascldt PwlE AFFEAR ARESlO

AEs
coex303-XYL ZTtAnEE
L

pRS

416GPDE. %
coex416-Cas9-TAL1 gRNAS A &5+t
CRISPR/Cas92 ©]-8% A4 HH A|ARE AMSst] TALI, HXK2,
171 9lel Zash gRNA A4S CHOPCHOP

2 5o b 737 (target) ©
€ S ©f
2 Fddol7}

GCR2, PHOI3 S§AAE A&

(https://chopchop.cbu.uib.no) = ©]-&ste] AASIAT. T4L19] 7% 7]&9]
gRNAE X TALI gRNA2 A g2 o|&
TEo

gRNAS] g0 24 o] =g

SFAT}. coex416-Cas9-TAL1 gRNAS
target gRNA F, target gRNA R Z2to|Hz Z2tAu|= 4|
T Dpri ATEAR AHESIO] RNA JIAOIA 9173 ol
Skt

e A

dojut
o

A. variabilis 2] Ava3858, A. mirum 2] Amir4259°5 open reading frame
HEL BamHI, Xhol

coex416-Cas9-target gRNA
N. punctiforme 2] F-HAE (NpR5600, NpR5599, NpR5598, NpF5597),
(ORF) ©]g} 3}l Z}Z+e] ORF BamHI F, ORF Xhol R Z&}o|HE o]23F PCR
dolx pRS416GPD-

5 %% ORF GBS Yotk oF BE ORF &

[

=
o
=

225kl pRS416GPD2] BamHI, Xhol Ao
NpR5600, pRS416GPD-NpR5599, pRS416GPD-NpR5598, pRS416GPD-NpF5597,
pRS416GPD-Ava3858, pRS416GPD-Amird2592 A2+l tt.

12
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PCRS &3] CEN.PK2-12X ¥ ZWF1, SOL3, SOL4, GNDI, GND2 -3-7A}

=
9] ZXZ¥ ORF Y At} o] w| ZWFI, GNDI, GND2= BamHIZ}
XholZ&, SOL3%} SOL4+= Nhel@} Sall-S Altas A2 712l Zefo|HE
AMESHIE). ZWF1, GNDI, GND29} pRS416GPD= BamHIT} XholS 2] §
% pRS416GPD-Zwfl, pRS416GPD-Gndl, pRS416GPD-Gnd2E A|Z}5HS]Th.
SOL3, SOL4= Nhel?}t Sall, pRS416GPDE Xbald} SallS # |5}

pRS416GPD-Sol3, pRS416GPD-Sol4 S A| 2513 Tt

13



Table 3. Primer sequences used this study

Primer

Description

For gene deletion using CRISPR/Cas9

TAL1 gRNA2F
TAL1 gRNA2R
TAL1 donorF

TAL1 donorR

TALI1 confirm F
TALI confirmR
HXK2 gRNAF
HXK2 gRNAR
HXK?2 donorF

HXK2 donorR

HXK2 confirm F
HXK2 confirmR
GCR2 gRNAF
GCR2 gRNAR
GCR2 donorF

GCR2 donorR

GCR2 confirmF
GCR2 confirmR
PHO13 gRNAF
PHOI13 gRNAR
PHO13 donorF

PHO13 donorR

PHOI13 confirmF
PHO13 confimR

AGCACTGGTAAAGATTACAAGTTTTAGAGCTAGAAATAGC
TTGTAATCTTTACCAGTGCTGATCATTTATCTTTCACTGC

TAGTACGATAGTAAAATACTTCTCGAACTCGTCACATATAC
GTGTACATAGGAAGTATCT

AGAAACGTGCATAAGGACATGGCCTAAATTAATATTTCCGA
GATACTTCCTATGTACACG

CGGGAATAAAGCGGAACT

GGTGGTTCCGGATGTTTT
GGCCAAAGCAGCAATAACAGGTTTTAGAGCTAGAAATAGC
CTGTTATTGCTGCTTTGGCCGATCATTTATCTTTCACTGC

ATTGTAGGAATATAATTCTCCACACATAATAAGTACGTTAAT
TAAATAAAACTTAATTTG

TTAAAAAAAGGGCACCTTCTTGTTGTTCAAACTTAATTTAC
AAATTAAGTTTTATTTAAT

AATTTTCCACGACGACGACG
AGAGGAAGTGTAGAGAGGGT
GCCCTCAGGTATGGTTAACGGTTTTAGAGCTAGAAATAGC
CGTTAACCATACCTGAGGGCGATCATTTATCTTTCACTGC

AAGGAACCTGAGAACACAAAGAGTATTTGACGAAAAGTT
ACACTCACATAACGATAATAA

ACACCAGAAAATTAAAAGAGAAAGCAATATATGTTAAACA
TTATTATCGTTATGTGAGTG

GCGGAGCTCCAAGTGCTTAGGTGAGGTCATATCCGAC
GCGCTCGAGACAGCCTGCGCGACACTAAACCC
GCAGTGTAACAGCCAAACGGGTTTTAGAGCTAGAAATAGC
CCGTTTGGCTGTTACACTGCGATCATTTATCTTTCACTGC

CAAAAAAAGCCTTATAGCTTGCCCTGACAAAGAATATACA
ACTCGGGAAAAGGAGCAATG

ATTTTTCCTTTTCAAAAAGTAATTCTACCCCTAGATTTTGCA
TTGCTCCTTTTCCCGAGT

ATAAGTGGCTTGAGCTGTGG
TTTCTTCCCCAACAAGACCG

14



For gene cloning
NpR5600 BamHIF
NpR5600 XholR
NpR5599 BamHIF
NpR5599 XholR
NpR5598 BamHIF
NpR5598 XholR
NpF5597BamHIF
NpF5597XholR
Ava3858 BamHIF
Ava3858 XhoIR
Amird259 BamHI F
Amird259 XholR
ZWF1 BamHIF
ZWF1 XholR
SOL3 Nhel F
SOL3 SallR

SOL4 Nhel F
SOL4 SallR
GND1 BamHIF
GND1 XholR
GND2 BamHIF
GND2 XhoIR

GCGGGATCCATGAGTAATGTTCAAGCATCG
GCGCTGGAGTCACACTCCCAATAGTTTGG
GCGGGATCCATGACCAGTATITTAGGACG
GCGCTGGAGTTATACCAAGCGTCTAATCAG
GCGGGATCCATGGCACAATCAATCTCTTTA
GCGCTGGAGTAGTCGCCCCCTAATTCC
GCGGGATCCATGCCAGTACTTAATATCCTT
GCGCTGGAGTCAATTTTGTAACACCTTTTTATTA
GCGGGATCCATGAGTATCGTCCAAGCAAA
GCGCTGGAGTTATTTAACACTCCCGATTAATTCT
GCGGGATCCATGACTACCAACTTGAC
GCGCTGGAGTTCAAGCAGCACCAGAT
GCGGGATCCATGAGTGAAGGCCCCGTCAA
GCGCTCGAGCTAATTATCCTTCGTATCTTCTGGC
GCGGCTAGCATGGTGACAGTCGGTGTG
GGCGGTCGACCTAAAAAGTTTTCGTTTGAACTTIT
GCGGCTAGCATGGTGAAATTACAAAGGTTTAGC
GGCGGTCGACTTAGCAGTTTTCAGGAATCAAGG
GCGGGATCCATGTCTGCTGATTTCGGTTT
GCGCTCGAGTTAAGCTTGGTATGTAGAGGAAGAA
GCGGGATCCATGTCAAAGGCAGTAGGTGA
GCGCTCGAGTTAAGCTTGGTAGGTTGAGGAAG

Restriction enzyme sites are underlined

15



Table 4. Plasmids used this study

Plasmid Description Reference
pRS416GPD CEN/ARS plasmid, URA3, Pmus, Terei [32]
pRS303GPD HIS3,Pous, Texcr [33]
coex416-XYL CEN/ARS plasmid, URA3, Ppus-XYLI-Teye: [19]

-Preri-XYL2-T pmi-Pre1i-XYL3-T1p1s
coex303-XYL HIS3,Ppus-XYLI-Tcyer-Preri-XYL2-Tgpumi This Study
-Prpr-XYL3-T 1 (HIS3 locus integration)
coex413-Cas9- CEN/ARS plasmid, HIS3, Pmu3-CAS9-Trru, [19]
TAL1 gRNA Psnrso-TALI gRNA-Tsupq
coex416-Cas9- CEN/ARS plasmid, URA3, Pmus-CAS9-Trpn, Thisstudy
TAL1 gRNA Pswrs2-TALI gRNA-Tsup4
coex416-Cas9- CEN/ARS plasmid, URA3, Pmwus-CAS9-Tren, Thisstudy
TAL1 gRNA2 PSNRSZ' TALI gRNAz—TSUsz
coex416-Cas9- CEN/ARS plasmid, URA3, Pmwu3-CAS9-Trrn, Thisstudy
HXK2 gRNA Psnrs-HXK2 gRNA-Tsups
coex416-Cas9- CEN/ARS plasmid, URA3, Pmwus-CAS9-Tren, Thisstudy
GCR2 gRNA PSNR52—GCR2 gRNA—TSUp4
coex416-Cas9- CEN/ARS plasmid, URA3, Prmus-CAS9-Treu, Thisstudy
PHO13 gRNA PSNR52—PHO]3 gRNA 'TSUP4
coex413-NpR4 CEN/ARS plasmid, HIS3, [19]

Preri-NpR5597-Tcru1, Prous-NpR56 00-T cyci,
Preri-NpR5598-Tcru1, Prous-NpR3599-T v

pRS416GPD- CEN/ARS plasmid, URA3, Prpus-NpR5600-Tcye;  Thisstudy
NpR5600

pRS416GPD- CEN/ARS plasmid, URA3,Pmus-NpR5599-Tcyer  Thisstudy
NpR5599

pRS416GPD- CEN/ARS plasmid, URA3,Pmpus-NpR5598-Tcve; Thisstudy
NpR5598

pRS416GPD- CEN/ARS plasmid, URA3,Pmrus-NpF5597-Tcyer  Thisstudy
NpF5597

pRS416GPD- CEN/ARS plasmid, URA3, Prpus-Ava3858-Tcyer  Thisstudy
Ava3858

pRS416GPD- CEN/ARS plasmid, URA3,Prpus-Amir4259-Tcye;  This study
Amird259

16
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pRS416GPD-Zwfl
pRS416GPD-Sol3
pRS416GPD-Sol4

pRS416GPD-
Gndl
pRS416GPD-
Gnd2

CEN/ARS plasmid, URA3, Prous-ZWF1-Tcyer
CEN/ARS plasmid, URA3, Prpu3-SOL3-T cyer
CEN/ARS plasmid, URA3, Prpu3-SOL4-T cyei
CEN/ARS plasmid, URA3, Prmu3-GNDI-Tcyer

CEN/ARS plasmid, URA3, Prou3-GND2-Tcyer

This study
This study
This study
This study

This study

17



2.3. HjF =4

Ao AHgH BE gHE YPD HiA] (20g/L EE, 10 g/Lyeast extract,
20 g/L bacto-peptone) T+= SC HJZ] (ofu|iAito] wH 6.7 g/L yeast nitrogen
base, 2 g/L otu|lcAt E9HE 10 g/L XL, 10 /L AL 2 2) oA w5t
P4 deH 5nE AdHsh= AolA JHYSI31 w58 AT m= g
Ejdo] A ¥H SC-His (oF7]iAto
2ol A9 opu|iAt EobE, 10 gL X=T, 10 g/L ALz =X E,
o|9]o] HE o= FEHdo]l AQE SC-Ura HIZ| (ofm]|ic4to] mzl
6.7 g/L yeast nitrogen base, 1.92 g/L 2t o] AQJE ofn|lic At S9kE 10 g/L
AL, 10 gL AAA=2) E ARRSHTh B 2wt 2= A0 Hlgof
o2 =R At dedode 7 28 o] o] 20 gLV HEE HleS

Z274sk3it

| W2 6.7 g/Lyeast nitrogen base, 1.96 g/L. 9]

il
o
H

rol

FHo] [MgH arE SC vj#] EE SC-Ura Bi#] 5 mLE 50 mL =2}
AT 12} HFESE] 24A7FEeE AR HFStlth. ©]% 0.29] optical
density (ODgoo) 2 100 mL ZetATof 5L vi#] 10 mL2 22} FHE51
30°C, 170 rpm .2 ZI& H{9F7] (shaking incubator) ©l4] 1204|753t 3]E2]

st o

18



2 A5G ol wle 500 L 24Xkt AR, 4S54
o] spectrophotometer (Varian Cary® 50 UV-Vis) & ©]-85to] =43+
ODgoo o= AMZ 442 st 123 d2 #ddS vz &2
ALFt A=A HEf ARESH] S8 dARE71E ©8 (14000 rpm, 1
min) 3101 AEAE AFNAL, o7 Aol EelideuBLoetols
(polyvinylidene fluoride, PVDF) 0.22 um SFAF] o1t F2|& A-gsto] o 7}st
Aot = MEEL2 Aminex HPX-87H column (300 mm X 7.8 mm, 5 um, Bio-

rek

Rad) & AF8-Sh= HPLC (Ultimate 300 HPLC system, Thermo fishers scientific)
2 AT 5 mM e 71 22 olFACEH 0.6 mL/minZ &
591 =4E (refractive index, Rl) HE7|2 HAESoIth A Rl HE7]
o] 2= S45k= &t 44 60 °C, 35 °CE FAISHH ol A= b

o] B4 L2l Chromeleon chromatography data system-= AF-8-5F31t}.

120A]7F0] Hal W o] x|t M FZHO] shinorine =S5 =745}
71 AAsh 242k 1 mLe} 2 mLo] BjFe AFHSIFH. 1.7 mL vfo]A2 FHO

o
FEqE Sl A8t F7h2 A2 AEE (dry well weight, dew) &
ZA37] I8 AFst7] A wpelaz RHO] BAE SAst At F A
de LT AFSE] 60 °C LEoA HEE 24A7ESE T FHol FAE
Aotoieh Al 324 Algo] A9 15 mL E2tAE AT RHO| A
sto] LA (4 °C, 3000 rpm, 5 min) §F F AFHE BT AAst FHF
ImLE B0l AZS AFFAZD. °)F SREES 1.5mLe YolFil 42
b 2T 9AEE] (4 °C, 3000 rpm, 7 min) & st FHE

o

Hala|F e FR4 22 800 uL A SHATT



o|% Z}7} 4L AmEL FYUSH PVDF 0.22 pm FAPZ| o3 A&
Argste] ofitsiE F HPLCE ARSIt o] wf ARERH AY2 Agilent
Eclipse XDB-C18 Z % (5 pum, 4.6 mm x 250 mm) ©|H Ao L= 40 °CE
AAstet. B3t 23 ofEUEZ o] 95 : 59 H[EY olFAdE 05
mL/min®] £E=2 S2F3th Shinorine A& UV-Vis (Ultraviolet-Visible)

HE717F AREEA 574 o2 334 nm AT
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Chapter 3.

Results and discussion
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3.1. Xylose-utilization -F-3A2t A E=¢Y-S 53t o5 AAS

AP Ao dF= FUYRAE eSAPo 2 ARSI IR} S, sipitis 2
—0/1 Xylose-utilization -[T;‘(jx]' 7]'}\1]_1::- (PTDH3-XYL]-Tcyc1-PTEF1-XYL2-TGPM1-P]PH-
XYL3-Treir) € tDNAOA] 9] nontranscribed spacers (NTS) Ztg]of] F2H912

Jshiet. ST FoHAQ R 2RSS B4F o §A% FHIES B9

—

9 Apelo] Bergge] HStErks Aol gonz JeFaty uAR At
gob7] 9181 vgye} Hlojolt His3 Aele] $UT AES Al =)
ek

Xylose-utilization -F42} I ES L Us5H] Ao Hut3+= JHYS13°]|t},

o] FHA} ZFIHES NTS A2l &
2 HIS3 Aol ThA] EQJe B Aol HF= JHYSI312 YERIT
o5& 10 g/LO] ZLFT 10 g/Lo] AA=AE T3 SC HjA| oA HjFst
Rl 24X e A|IE Ag7gat wfz]of dolgle ke, AHPR A0 kS &

A5ttt AAE shinorine 120A17F o] =453t

71 A3} JHYS13 #FET} xylose-utilization +H4A =S = U3 JHYS16,
JHYS131 w571 ALA2AE SAdo 2N ARES 4 Qe A& HSYA o]
o JHYS131 #52] Y=L 4H £7F 29 ¢ w2ohe 2S5 2216k
T} (Figure 3B). 181 o] & #3= AlZ AZL Z7Fst9Tt (Figure 30).

120A17F0] At & A4 shinorine ZAE AT, JHYS16 #5-9] st
5.77 mg/L, &= 1.20 mg/g DCW FAATH JHYS131 5+ 9.33 mg/L, 1.85
mg/g DCW 2 © -2 kO] shinorines AJAISHGALE ESH o] = A=

2E ARk FOl JHYSI3 wFHE ske 158 o, e 9l oY
°] S7Fotelth (Figure 3D).
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Glucose Xylose

-O- JHYS13
-O- JHYS16
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@ @ —0 . :
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¢
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Figure 3. Re-construction of xylose consuming S. cerevisiae by HIS3 site
integration of xylose-utilization genes.

In order to construct JHYS131, xylose-utilization genes (XYLI-XYL2-XYL3 cassette) were
integrated into inactive HIS3 site of JHYS13. In JHYS16, the same cassette was integrated
into NTS-site in previous study. JHYS13,JHYS16,and JHYS131 strains were grownin SC
medium containing 10 g/L glucose and 10 g/Lxylose for 120 h. Glucose (A) and xylose (B)
remaining in the medium. Cell growth (C). Shinorine production at 120 h (D). Each value
indicates the average + SD of triplicate experiments.
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Pentose phosphate 7 2]l A shinorine A AZZ 717] ¢JsllA+= S7P
7t diAlo]7] wiZel shinorine®] AAFES Eo)7] flaii= S7TPY AAHE=
ST+ Zo] sty A3 AFolA shinorine A H=o HA A=
of Tolot= T4L19] B£C 2 shinorine AJ4to] 71ttt RS ERI5HS
ong JHYSI31 dFE FLUsH TALIS A{ste] JHYS132 dF5 ARt
Shlt.

JHYS131, JHYSI32 w#59] shinorine AJAFFS A3 Aol #F<l
JHYS16, JHYS17 w52} Hlwst7] 98l 10 gL X, 10 g/ ALZAE
et SC HiR|o A FAlol viFstaieh. 11 A, TALI A&l J5h pentose
phosphate A&7} EHASH O EN JHYSL7, JHYS132 #59 AAdRA A
Hlggo] A= glont w9 HF3E Fall JHYS132 w57 o B 49
AA2AE AH|SIAT (Figure 4B). ESH TALI Ao 2 A4S ALz A
AH[FO R Qo AHRE MA| gAalo] FAstgon=s M A7fo] FAst
At} (Figure 4C). 120A]7F w2 ABATE shinorines =733t A, T4LIO] A&
= JHYS179} JHYS132 #5-9] shinorine AJAteFo] swol gk 7f m%: =

7Vohe TUS AP skleh 55 JHYS132 w79 %% 23.16 mg/L,

6.91 mg/g DCW Aitgos 71 W2 shinorines 4HSHth  ol=
JHYS131 ool Hlol sk 2.78] o), 2 4.5H) o4 S71_t gholth.
123 JHYS17 wFHEtte AAreFo] 128 o4 F71st4L} (Figure 4D).

S
it
o

Avke oh E98 944 FHAES HZAskE His3 AFele)A
om WEHYY] WEoletL ¥ & 9k wWehq B Apelde

MAe sl JHYS132 dF2RE {47 2245 1

g ¢y

1

o

7

—_

shinorine AJAH<]

Wstert,

fn
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Glucose Xylose

-O- JHYS16
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0O Extract O Media ¢ Content

Figure 4. The effect of TAL1 deletion on increasing shinorine
production.

JHYS17 and JHYS132 strainswere strains madeby deleting 74L ! from strainsJHYS16 and
JHYS131, respectively. All strains were grown in SC medium containing 10 g/L glucose and
10 g/Lxylose. The incubation time was 120 hours. Glucose (A) and xylose (B) in medium.
Cell growth measured every 24 hours for 120 h (C). Shinorine production (D). Each value
indicates the average £ SD of triplicate experiments.
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3.2. F4A 2£S T3 glycolysis &Fst @ FAAA R AA

Mo

Pentose phosphate H=Z2E 78loto] S7Pe] AAHFS =ole= A
shinorine®] A4S w=ol= AT AZAHT) S. cerevisiaer= glycolysis”t 37
5] Zotng olE oFStAlZ|H AIHA O 2 pentose phosphate =27t 7Z3SHE
Aolgty oAstAIL ol Y8 HXK29F GCR2 4737 A&S ARSI
Hxk2E ZL2 H2sh= §hgof ot Bt olyz} glucose repression?]

2

4
7}

Ny

GBSt ot o2 ottt Ger2& glycolysisel] #ofsh= G4
9SS T ESE §7PO] AAFEFS o]} STPE sedoheptulose®

=
Agsl= PHOI3 S &R 5= 7 Alztsto] vlastaltt

O AH2}F A4S BEZ JHYSI32 oA Hdfo] T HXK? Ad A=
+ JHYS133, GCR2 A< o5 JHYS134, PHOI3 A& o+
Ueriglth RE #3510 gL 25, 10 gL AYRAS 343 SC HjA|
of A ujeFstTh. Glycolysis 2Fatol] o]zt zpol7} ojwgt 2|E &Helstr] Q&)
71E AR HHA 8AIZE, 16A1ZF Tl 7R S4e Jgetleh. 11 At
JHYS133, JHYS134 w52 ZL g AH|EL7F HASHE A olof wat Al 2
2 AH| £t 9VA A4S (Figure 5A, B). A2 4
S HYOout JHYSI33 @FE 2447 o]Fof AlE A 3]Esle] JHYS
132 wF2F ZpolE Holx] gttt (Figure 5C). 1204]ZF 5] shinorine AYAF
FS H|w3t A3} JHYS134, JHYS135 5= JHYSI132 d5Eth §Fo] &
S7Ftou M o] dazx Qe vk 2 daskilr 18n
JHYS133 w=FollAe skot o 25 oF 1.38) S7iet 2aE Bl HXK2

A0] shinorine A4 Frholl 71 ANHAYL ASHAT (Figure SD).

B[t
:

o+r

Ad2AE o HA AH[SIYSE © W2 shinorines J4HSH A2

HXK2 A0 98] Lo 2 HE pentose phosphate FZ 20| F¢o] S7}
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Figure 5. Effects of attenuating glycolysis and eliminating competitive
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reaction through gene deletion on shinorine production.

Content (mg/g DCW)

All strains were cultured in SC mediumcontaining 10 g/L glucose and 10 g/L xylose for 120
h. Glucose (A) and xylose (B) during 120 h. In this ex periment, additional measurements

were performed at 8 h and 16 h to observe the decrease of the glucose consumption rate
throughthe weakening of glycolysis. Cell growth (C). Shinorine production (D) measured at

120 h. Each value indicates the average + SD oftriplicate experiments.
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3.3. Ot nlAE=F 32 DDGS I

ShinorineS & ROA AAtE]z] F EZojnz o]E AJAtsh
P29 ol $7AE Eodstolol Ptk B ATolN AT FEE N
punctiforme 2] NpR5600 (DDGS), NpR5599 (O-MT), NpR5598 (C-N ligase),
NpF5597 (D-Ala-D-Ala ligase)E 72912 =53 o] of thg mlNzF
Q1 A. variabilis®} A. mirum S92 SAAE IAH 5192 W9 shinorine
gAe M@l A GTr 22 $84E Blst A sk,

re

A JHYS133 dollA £& 24 9AE ERIsk7] #1si NpR5600,
NpR5599, NpR5598, NpF55975 2=tAn|Eof| BA|ste] 1S Z3)stact.
pRS416GPD E2tAM|ER F4 HAeH #FE JHYSI33-1= YEHL
M AT 242 R @ RE JHYS133-2, 3, 4, 52 YErfich =&
FFEE 10 g/Lo TGy} A2 AE SHGSH SC-Ura HIAOA HiFstA
oh v A, Re 7o 2Ry AdRA AHER X AFTEEE
A9l zpol7} ¢lolet. 819t shinorine AHAFFS DDGSS! NpR5600-S THIE
SF JHYS133-2 #5olA 5=} ot % 7P =2 gho] ugith (Figure 6).

—
—

ol oE "NxR{ f#ie] DDGS §HA &S ERIsh] fls 4
variabilis TS Ava38587F A. mirum S Amir4259 FAAE SUs5H
Zatan|=o) %Xﬂﬁ}ﬂ IS SHATE Ava3s8ss THEE FSE JHYS133-6,

Amird259 I = JHYS133-72 YRRl o A9t St A
oA gt ol N%] AL Ap7EA| 2 shinorine AAFFo| AR St
2tolE Bt JHYS133-6 FFE vkt At 7P =2 gro] ugieh

JHYS133-6 @+ 44.18mg/L] F& F2, 17.02mg/gDCWe] = L& 7}
Hal o= JHYS133-1 w5l HIs] oF 1.38] S gfolct. (Figure 7)
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Figure 6. Overexpression effects of the introduced shinorine
biosynthesis genes from N. punctiforme

JHYS133-1 strain harbored pRS416GPD vector. And each of strains in order from 1332 to
133-5 was harboring the pRS416GPD vector into which cloned NpR5600, NpR5599,
NpR5598, and NpF5597 genes. Selected cells were cultured in SC-Ura medium containing
10 g/L glucose and 10 g/L xylose for 120 h. Glucose (A) and xylose (B) that cells cannot
consume. Cell growth (C) during 120h. Shinorine production (D). Each value indicates the
average + SD of triplicate experiments.

29

-



Glucose Xylose
12 12
-0~ JHYS133-1
10 -0~ JHYS133-2
g -@- JHYS133-6
- JHYS133-7

0 24 48 72 96 120 0 24 48 72 96 120
Time (h) Time (h)

o
o

Cell growth Shinorine
16 60 20
14
50 ¢ _
=121 % r15 =
g 40 0
8 10 y M o
] = - o
= 8 %30 ; L 10 2
2 @ —— =
S 6 i U 5
= 20 2
@ 5]
O 4 L5 8
10 A
2
0 : : : : 0 : : : 0
0 24 48 72 9 120 JHYS 1331 1332 1336 1337
Time (h) (NeR5600) (Ava3858) (Amird259)

O Extract O Media € Content

Figure 7. Effects of DDGS overexpression from other microorganisms.

NpR5600 from N. punctiforme, Ava3858 from A. variabilis, and Amir4259 from A. mirum
were overexpressed by cloninginto pRS416GPD vector. Cells transformed with each vector
were cultured in SC-Ura medium containing 10 g/L glucose and 10 g/L xylose for 120 h.
Glucose (A) and xylose (B). Cell growth (C). Shinorine production after 120 h (D). Each
value indicates the average = SD of triplicate experiments.
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Figure 8. Effects of overexpression of genes corresponding to the
beginning of the pentose phosphate pathway to enhance flux
into this pathway.

JHYS133 harboring empty vector (JHYS133-1) or overexpressing ZWF1I (JHYS133-8),
SOL3 (JHYS133-9),SOL4 (JHYS133-10), GNDI (JHYS133-11),and GND2 (JHYS133-12)
were grown in SC-Ura containing 10 g/L glucose and 10 g/Lxylose for 120 h. Glucose (A)
and xylose (B) in the medium after consumption. Cell growth (C). Shinorine production at
120 h (D). Each value indicates the average + SD of triplicate experiments.
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Figure 9. Optimization the ratio of glucose and xylose in the medium for
shinorine production in JHYS133-6.

JHYS133-6 cells were culturedin 5 types of SC mediumwith differentratios of glucose and
xylose (A). Remained Glucose (B) and xylose (C). Cell growth (D). Shinorine titer and
content (E)at 120 h. Each value indicates the average + SD oftriplicate experiments.
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Abstract

Metabolic engineering of
Saccharomyces cerevisiae for
production of Shinorine, a natural

sunscreen material

Chaeyeon Jin

School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Shinorine is a substance included in mycosporine-like amino acids (MAAS), which
are known as natural sunscreen substances produced by cyanobacteria, algae, and
others. Among mycosporine-like amino acids for which more than 30 substances are
known, shinorine has an ultraviolet rays (UV) absorption wavelength range of 300-
360 nm, which can sufficiently cover UV rays reaching the earth's surface and has
high UV blocking efficiency due to its high molar extinction coefficient. So
shinorine is suitable for use as a component of sunscreen. In addition, it is possible

to solve the disadvantages of the chemical and physical components in sunscreens.
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In this study, the xylose-utilization gene cassette was re-introduced to the
inactivated HIS3 site to stabilize the S. cerevisiae strain with shinorine-producing
ability and xylose-consuming ability in the previousstudy. After that, strategies such
as weakening glycolysis, attenuating glucose suppression, and eliminating
competitive pathways were carried out through gene deletion to increase the pool of
sedoheptulose 7-phosphate (S7P), thereby increasing the amount of shinorine.
Among them, the HXK2 deleted strain increased the amount of shinorine by 1.3 folds,
showing the best effect. In addition, by overexpressing the genes of the introduced
N. punctiforme-derived shinorine biosynthesis pathway, it was found that the rate-
determining step is the first reaction involving DDG synthase (DDGS), NpR5600. In
order to compare the effects of DDGS derived from other microorganisms, Ava3858
from A. variabilis and Amir4259 from A. mirum were overexpressed. The Ava3858
overexpressing strain producing 44.18 mg/L and 17.02 mg/g DCW of shinorine
showed a 1.3-fold increase in shinorine production and produced the most amount
of shinorine. Using the same overexpression method, the genes involved in the
conversion G6P to Ru5P was overexpressed to increase the flow from glucose to the
pentose phosphate pathway. As a result, when ZWF1 of the first reaction was
overexpressed, the content increased 1.22 times.

Lastly, the Ava3858 overexpressing strain, which produced the most
amount of shinorine, was used as the final strain, and the experiment was performed
with medium containing various ratios of glucose and xylose. As a result, when
cultured in medium containing 14 g/L glucose and 6 g/L xylose, 68.41 mg/L of
shinorine was produced, which is the maximum titer. In the medium containing 12
g/L glucose and 8 g/L xylose, shinorine with the maximum content of 17.85 mg/g
DCW was produced.

Key words: Shinorine, Saccharomyces cerevisiae, Pentose phosphate pathway,

Glycolysis, Hexokinase 2 (Hxk2), Sedoheptulose 7-phosphate (S7P)

Student Number: 2019-29209
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