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Construction of prototrophic glutathione-high-producing
yeast strain mediated by CRISPR/Cas9

Wenlong Zhou, Liang Tang, Kai Cheng, Minzhi Liu, Yan Yang, and Wei Wang

Sate Key Laboratory of Bioactive Substance and Function of Natural Medicines & Key Laboratory of Biosynthesis of Natural Products
of National Health and Family Planning Commission, Institute of Materia Medica, Chinese Academy of Medical Science and Peking
Union Medical College, Beijing 100050, China

Abstract: Glutathione (GSH), a non-protein thiol product with various biological activities, has been widely used in
pharmaceutical and food industries. Recently, genetic engineering becomes an important strategy for obtaining
GSH-high-producing strains. However, auxotrophic selection markers used may result in reduced cell growth or GSH
production. In the present study, clustered regularly interspaced short palindromic repeats (CRISPR) and
Cas9-associated-system (CRISPR-Cas), in which gRNA expression constructs and homologous DNA fragments of target
genes were co-transformed into Saccharomyces cerevisiae cells, was used for the construction of the prototrophic strain
derived from the engineered auxotrophic strain W303-1b/FGP. As a result, the prototrophic strain W303-1b/FGP"" showed
a significantly shorter culture cycle compared with the auxotrophic strain. Furthermore, chemically defined medium could
be used to culture strain W303-1b/FGP™" that might have great interests in industrial fermentation.

Keywords. CRISPR/Cas9, glutathione, Saccharomyces cerevisiae, auxotrophy
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GSH gshA  gshB
2019 GSH 200-300 t'® GSH
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Saccharomyces cerevisiae GSH
Candida utilis GSH
GSH GSH
GSH GSH
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(Clustered regularly interspaced short palindromic

repeats CRISPR) RNA Cas9

(CRISPR-Cas9)

RNA (Guide RNA gRNA) DNA

gRNA Cas9
DNA

[10]
CRISPR/

Cas9

W303-1b/FGP

1 Ae57#

11 EHRSEFE
Escherichia coli Transl-T1 (TransGen

) DNA
W303-1b/FGP (MATa ade2-1 leu 2-3
112 his3-11 15ura3-1trpl-1) ( 1)™

YPD 10 g/L
20 g/L 20 g/L
12 FRAZESEEEEK
121 Cas9
pGADT?7 (Clontech)
Cas9
DNA PGK1 Sph/PGK1 Nde  3-
(PGK1)
Soh1 Ndel
pGADT7 pGAD-PGK1

® 010-64807509

Cas9 2
pGAD-PGK1 pX 260 (Addgene)
X260_1/X260_2 2.2 kb
Nde I EcoR I
X260_2/X260_4
Sacl Xhol

Cas9 pGAD-Cas9
pGAD-Cas9 leu2
GADT7_H3/GADT7_Nhe pGAD-Cas9

ADH1 Hind III
Nhe I
1.9kb
ADH1
pPIC6 (Invitrogen )
(Blasticidin)

Nhel  NotlI
pGAD-Cas9
(Bla)

pGAD-Cas9-Bla
1.22 gRNA
DiCarlo 131 ( 2

pGAD-

PGK1 1.8 kb

DNA
Leu2
Bla _Nhe/Bla_Not

Leu2
Cas9

&1 Ti2E#%k W303-1b/FGP EFH!
Tablel W303-1b/FGP genotype
Allele nt position  Alteration
190 Gaa>Taa
301 Aga>Gga
249 G insertion
792 G insertion
ura3-1 701 Gga>gAa
trpl-1 247 Gag>Tag
208 G deletion -1 frameshift
319 G deletion  —1 frameshift
The engineered strain W303-1b/FGP was constructed
based on the strain w303-1b, an & mating type of original
W303 which has the alelic mutations listed in Table 1.
Ralser et a had sequenced the genome of its variant
W303-K 6001 and confirmed these mutant sites™?.

aa change
Glu>ochre
Arg>Gly
+1 frameshift
+1 frameshift
Gly>Glu
Glu>amber

ade2-1

Leu2-3,112

his3-11,15
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®2 ALWFREM PCR #1854
Table2 PCR primersused in thisstudy

Primer name Primer sequence (5'-3') Size (bp)
PGK1 Sph TTCGAAGCATGCGAAGTACCTTCAAAGAATG 31
PGK1 Nde CGACCGTACGTCTGGATCCGTTTAAACGCATATGTTTGTTTTATATTTGTTGTAAAA 57
X260 1 AACTCCCATATGGACAAGAAGTACAGCATCGGCCTG 36
X260 2 CTATATCGAATTCGAGCTCGTCCACCACCTTC 32
X260_3 TGGTGGACGAGCTCGTGAAA 20
X260_4 GAATTCCTCGAGTCACACCTTCCTCTTCTTCTTGGGGTCGTCGCCTCCCAGCTGAGAC 58
SNR_G1 TTGCTTGCATGCTCTTTGAAAAGATAATGTATGATTATGCTTTCACTCATATTTATACA 59
SNR_G2 TTTCACTCATATTTATACAGAAACTTGATGTTTTCTTTCGAGTATATACAAGGTGATTA 59

SNR_G3 GTATATACAAGGTGATTACATGTACGTTTGAAGTACAACTCTAGATTTTGTAGTGCCCT 59
SNR_G4 GTAGGGTGTGAAAAAATGCGCACCTTTACCGCTAGCCCAAGAGGGCACTACAAAATCTA 59
SNR_G5 ACTTCTACAGCGTTTGACCAAAATCTTTTGAACAGAACATTGTAGGGTGTGAAAAAATG 59
SNR_G6 GCGGAGAAGTTTCGAACGCCGAAACATGCGCACCAACTTTCACTTCTACAGCGTTTGAC 59

SNR_G7 GATCATTTATCTTTCACTGCGGAGAAGTTTCGAACGCCG 39
Ade G1 TTAACGTGGTCATTGGAGTTGATCATTTATCTTTCACT 38
ADE_G2 AACTCCAATGACCACGTTAAGTTTTAGAGCTAGAAATAGCAAGTT 45

SNR_G8 GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCAC 59
SNR_G9 AATCCTGTTAACAAAAAAACAAAAAAAGCACCACCGACTCGGTGCCACTTTTTCAAGTT 59

GADT7_H3 TTACGAGGGCTTATTCAGAAGCTT 24
GADT7_Nhe TCGACCTGCAGCCAAGCTAGCGGCCGGTAGAGGTGTGGTCA 41
Bla_Nhe TGACCACACCTCTACCGGCCGCTAGCCCCACACACCATAGCTTCAA 46
Bla_Not TTATATTAAGGGTTCCGGATCGCGGCCGCAGCTTGCAAATTAAAGCCTT 49
Ura G1 GTAGAGACCACATCATCCACGATCATTTATCTTTCACT 38
Ura G2 GTGGATGATGTGGTCTCTACGTTTTAGAGCTAGAAATA 38
Leu G1 TCACCATCGTCTTCCTTTCTGATCATTTATCTTTCACT 38
Leu G2 AGAAAGGAAGACGATGGTGAGTTTTAGAGCTAGAAATA 38
Trp_G1 ACCAAGTATTTCGGAGTGCCGATCATTTATCTTTCACT 38
Trp_G2 GGCACTCCGAAATACTTGGTGTTTTAGAGCTAGAAATA 38
His G1 ATGCACTCAACGATTAGCGAGATCATTTATCTTTCACT 38
His G2 TCGCTAATCGTTGAGTGCATGTTTTAGAGCTAGAAATA 38
Adel ATGGATTCTAGAACAGTTGGTATA 24
Ade2 CATTCAATAGGGACGTCTCACTGGC 25
URA1 ATGTCGAAAGCTACATATAAGGAAC 25
URA2 TTTGTGAGTTTAGTATACATGCATTTAC 28
Leul ATGTCTGCCCCTAAGAAGATCGTC 24
Leu2 TTAAGCAAGGATTTTCTTAACTTCT 25
Trpl ATGTCTGTTATTAATTTCACAGGT 24
Trp2 CTATTTCTTAGCATTTTTGACGAAA 25
Hisl ATGACAGAGCAGAAAGCCCTAGTAA 25
His2 CTACATAAGAACACCTTTGGTGGAG 25
Ade3 GACAATTGGGACGTATGATTGT 22
Ura3 GATGTTAGCAGAATTGTCATGC 22
Leu3 CAGGTGACCACGTTGGTCAAGA 22
Leud CTTAACTTCTTCGGCGACAGCA 22
Trp3 GTAGTTCTGGTCCATTGGTGAA 22
His3 GCGTATTACAAATGAAACCAAG 22

Sequence of genes encoding gRNA were underlined.
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SNR G1 SNR G7 Ade G1 PCR
SnoRNA SNR52
gRNA 295 bp DNA
Ade G2 SNR_G8 SNR_G9
PCR gRNA
SUP4 3 120 bp DNA
2 DNA
SNR_G1 SNR _G9 PCR
ade2 gRNA
(gRNA (Ade)) “TA"
EZ-T ( )
EZ-gRNA-Ade
trpl his3 gRNA
Ura G1 Leu G1 Trp_ Gl His G1
Ura G2 Leu G2 Trp_G2 His G2
EZ-gRNA-Ade
PCR PCR 2
DNA DNA
SNR_G1  SNR_G9
PCR gRNA
DNA gRNA (Ura3) gRNA (Leu2)
gRNA (Trpl) gRNA (His3)

ade?

ura3 leu2

M13"
M13~

123 DNA

S288C DNA
Adel/Ade2
Ural/Ura2 Leul/Leu2 Trpl/Trp2 Hisl/His2
PCR ade?2 ura3

leu2 (pGADT7) trpl (pGBKT?7) his3
3
[14] Cas9
pGAD-Cas9-Bla W303-1b/FGP

75 ug/mL

® 010-64807509

gRNA (Ade2) gRNA (Ura3) DNA
1pg ade2 ura3
5ug Cas9
Ade Ura
ade2 ura3 2
2 leu2 trpl
his3 5

(ade2 wura3 leu2 trpl

his3) W303-1b/FGP™"
W303-1b/FGP™
DNA Adel/Ade2 URA1/URA?2

Leul/Leu2 Trpl/Trp2 Hisl/His2 PCR
PCR DNA

Ade3 Ura3 Leu3d Leud Trp3 His3

150-600 bp

1.3 ERBES TIEEKERIES

3
20 mL YPD 30°C 250 r/mim

18-24 h
50 mL YPD
ODgyy 0.2 30°C 220r/min
14 SH7E
14.1
5 mL 2

100 'C 24 h
14.2

600 nm

(ODeoo)
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1.4.3 GSH GSH
0,
Gsiﬁlﬁ 2 &R
1.4.4 GSH 2.1 CRISPR/Cas9 RZHIIEL
4( )-7- 21,3 (ABD- CRISPR/Cas9
=) GSH [15]
YMC-Pack ODS-A 250 mmx4.6 mm D.S- ura3 (13471
5um 30 nm 0-14 min 8% pGADT7
B 15-18 min  8%-90% B 19-22 min Bla
90%B  23-26min 90%-8% B  27-30 min PGK1 Cas9
8% B 1 mL/min 390 nm ( 1A) gRNA PCR
GSH
15 JRFEEH GSH =R EM N 22 BEFBTIEEHKRNEE
3 10 mL WMVIII pGAD-Cas9-Bla
(61 30 ‘C 250 r/mim W303-1b/FGP
ODgyo  15-30 10 mL WMVIII W303-1b/FGP/Cas9 3
ODgpo=0.5 ODgo ade2 ura3 leu2 trpl
15-30 20 5 his3
A B gRNA Gene fragment

-

Co-transformation

D
I PGKT

Cas9

DNA fragment
PITTRRT I TAA #1111

pGAD-Cas9-Bla

TADH.’

10.4 kb }Q A
y Genome 11T (Cgs9 LTI
AMP® Bla I w

Selection
@c-mcdium

1 ERERESEFREEAKEETRER (A: Ca9 FiAH A pGAD-Cas9-Bla REE; B: CRISPR/Cas9 /M SHIER
R EFRAEME S RT)

Fig. 1 Schematic diagram of the reversion of the auxotrophic strain. (A) Schematic diagram of pGAD-Cas9-Bla. (B)
The reversion of the auxotrophic strain mediated by CRISPR/Cas9.
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gRNA sc
DNA 5:1 W303-1b/FGP™"
W303-1b/FGP/Cas9 CRISPR/Cas9 1B
100% PCR
[17-18] DNA ( 2
A B

IS0OAAAACTAGCT (A}AAAAAT GT GA200 291AGAAACAATC ﬁGAT TGATACA3I

239CTAAATGGGGTACAGGTAGT G259 802ATGGCAACAAACCCAAGGAAC782

6OIATTATTGTTGGAAGAGGACT A7l 237TCAAC CTAAGGAGGATGTTT T257

i bt

G H
3OTTTTAAA GAG GCCC TAGGGGC329
1I98ACAT GCTCTGGCCAAGCATT C218

b il

B2 RBEBGERFAMEHKESRTMNEAMUFLER (A: BEMNRTAE; V: ESHBAREMS; A: fRE
RENISE. A: ade2-1 T190G, HARTMSHEE; B: ade2-1 G301A, Gly>Arg FIEIERE; C: Leu2-3,112, T249
AR G BEEE; D: Leu2-3, 112, A7TR2 AR G BRE[EIE; E: ura3-1A701G, Glu>Gly HIEIEREE; F: trpl-1
T190G, EIARTHSMEE; G: his3-11,15 G208 FuGkEEE; H: his3-11,15 G319 HEksk [E5)

Fig. 2 The seguencing results of reverse allelic sites. A: reverse mutation. V : reverse insertion; A\: reverse deletion.
(A) ade2-1 T190G, reverse ochre mutation. (B) ade2-1 G301A, Gly>Arg reverse mutation. (C) Leu2-3,112, G249
reverse an insertion. (D) Leu2-3,112, G792 reverse an insertion. (E) ura3-1 A701G, Glu>Gly reverse mutation. (F)
trpl-1 T190G, reverse amber mutation. (G) his3-11,15 G208 reverse deletion. (H) his3-11,15 G319 reverse deletion.

® 010-64807509 2 cjb@im.ac.cn
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23 EFRIEEENRS RFEERIETREH 24 JRFBERE GSH FEREM

GSH
W303-1b/FGP W303-1b/ FGP™T W303-1b/FGP™"
GSH WMVIII
YPD ODgy 0.5 ODsgoo 15-30
GSH 3 5
3A W303-1b/FGP GSH
W303-1b/FGP”"  GSH 20 3 4
216 mg/L 3B GSH T
(DCW) 9.3 g/L P>0.05
W303-1b/FGP 96 h 3 4 W303-1b/FGP™"
W303-1b/FGP™" 48 h WMVIII 100
GSH
A B
—4 W303-1b/FGPPT -+ W303-1b/FGP —& W303-1b/FGPPT -+ W303-1b/FGP
250 ¢ 10
200 + 8
) =
\%ﬂ 150 ¢ §0 6
an L 4
8 100 8
50+ 2
0 SIO 160 lSIO 0 50 100 150

t (h) t (h)

3 YPD &7 £+ TI2E Pk W303-1b/FGP™T #1 W303-1b/FGP () GSH =& (A) REME (B) MERERZ&
Fig. 3 GSH production (A) and cell growth (B) of W303-1b/FGP”" and W303-1b/FGPin Y PD medium.

TSN o . - = 150 ¢
*3 BEFREHESIES 100X GSH 78
Table3 GSH production of the prototrophic strain ~
in 100 gener ations E) 100 1
Generations GSH (mg/L) P value ot 5%
m F
0 110.19 106.25 107.76 ©
. . : L 0 : - R : :
25 102.54 107.91 104.52 0.19 0 55 50 75100
50 101.34 116.68 113.84 0.35 Generations
75 105.17 108.43 106.67  0.30 4 TF2EHk W303-1b/FGP™ &R GSH a4
100 103.87 113.07 115.29 0.31 Fig. A; The stability of GSH production of W303-1b/
FGP™" strain.
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3 Wit
CRISPR/Cas9

[10]

[13,17-19]
trpl
leu2 ura3
Cas9 gRNA
gRNA
gRNA
2
2013 58
2019 92 (20 GsH
GSH
0.2-10 mmol/LPY
GSH (GSSG)
30:1-100: 1
E;=—240 mV
(22] GSH GSH
GSH
kokimi (23]
GSH
GSH
2.45 g/L1*
GSH

Escherichia coli JIM109 (pTrc99A-gshF)

® 010-64807509

GSH 11.30 g/L[® GSH
GsH U
3 GSH

W303-1b/FGP™

CRISPR/Cas9
W303-1b/FGP W303-1b/FGP™
GSH
96 h 48 h
GSH 1

Trp

(Chemical defined medium
CDM)
CDM

[26]

WMVIII
100 GSH
GSH
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