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A highly sensitive yeast cell sensor constructed by overlap PCR was used

to evaluate genotoxic compounds
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Abstract pdr5 and sng2 gene knockout was constructed by overlap PCR, and the effects of pdr5 and sng2 muta-
tions on the accuracy and sensitivity of RNR2 promoter-regulated yeast cell sensors in detecting genotoxic
compounds were studied. The yeast cell sensors of wild-type, single-gene mutation of pdr5, single-gene mutation
of sng2, and double-gene mutation of pdr5 and sng2 were studied. The cell growth inhibition and the fluores-
cence induction factor of the yeast cell sensors exposed to a series of concentrations of methyl methanesulfonate
(MMS), ethyl methanesulfonate(EMS), cisplatin, 4-nitroquinoline-N-oxide(4NOQ), 5-fluorouracil(5-FU), hydroxy-
urea, salicylic acid and glucose solution were investigated. The results showed that overlap PCR method could
efficiently construct the mutant yeast cell sensor. The accuracy of cell sensors of single-gene mutation of sng2
and double-gene mutation of pdr5 and sng2 were both 100%, higher than that of cell sensors of wild-type and
single-gene mutation of pdrS (87.5%). The yeast cell sensor of double-gene mutation of pdr5 and sng2 showed
the highest sensitivity in detecting genotoxicity. This study provides guidance for the construction of high accuracy
and sensitivity yeast cell sensor, and foundation for further functional research of yeast cell membrane transporter

gene pdr5 and sng2.

i AE 2020-11-16 " iE{EYEE  Tel: 025-83271251 E-mail: cpu_anayst@126. com
HE&TIH BRaKXHAFELFTHAA (No. 82073815)



HS2EH 2 W

fil 0, 45 R E & PCR R o R AU I B A0 M A5 S A i A i P & 237

Key words

overlap PCR; yeast cell sensor; RNR2 promoter; genotoxicity

This study was supported by the National Natural Science Foundation of China (No. 82073815)

AR S W il TR A R S L
FEAE T, 51 T 25 7 Mk A0 il A HLAS Y R G
VEN L ARV Ak G W) 5 DNA SH A 45 1 41
JEL 8 T R EE AR AR EAE S, (146 T DNA fE 4
5 HEIRT AL | R DL R e (0 1A 1) S5 AL AU
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RNR (RNR1,RNR2,RNR3.RNR4) , H rft RNR2 7£
IEH R T R K AKFARAE , 2452 3] DNA $51415155-F
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Figure 1 Schematic diagram of using overlap PCR to construct fragment of deletion (gene knockout)



HS2EH 2 W fil 0, 45 R E & PCR R o R AU I B A0 M A5 S A i A i P & 239

Table 1 PCR primers used in the study

Primer Sequence (5'—3")"
q-1  CGTGGAGAACCATTCGGTCGATTGCTTCC
q-2  CGTCGATATGCGGTGTGAAATAGCTAGTAACGTC-
GTTGAC

q-3  GACCATTTGATGGAGTTTAACTTATACTGTCAGCTA-
CATG

q-4  CGAATAAGTAAGCCAACGGATTGATATACC

q-5 GTCAACGACGTTACTAGCTATTTCACACCGCATATC-
GACG

q-6  CATGTAGCTGACAGTATAAGTTAAACTCCATCAAAT-
GGTC

q-7  CACGGAACGAGTGGACTGAAAC
q-8  CAAAACCGGTATACATGGATAGAGC
q-9  CCCTCACCGCTATCGCCTCACCACTT

q-10  GATGCCGCATAGTTAAGCCATCCACTTTAGATACGA-
CATC

q-11 TGTGAAATACCGCACAGATGGTCACTGTCCTT-
TATTCTGG

q-12 GATGCCAGAGTGGAGCCAATTGCCTCA

q-13  GATGTCGTATCTAAAGTGGATGGCTTAACTATGCG-
GCATC

q-14  CCAGAATAAAGGACAGTGACCATCTGTGCGG-
TATTTCACA

q-15 CCTCACCGCTATCGCCTCAC

q-16 GAGTGGAGCCAATTGCCTCAG

q-17 GGAAGATGTTGTGAAAATGC

q-18  GGATTCTTTGGTAGATAGCC

“The bold are the fragments of homology arm on the primers
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0.05,0.1,0.2,0.5,1,2,5 wg/mL) ; 5-FU (0. 01,
0.05,0.1,0.2,0.4,0.6,0.8,1,2 pg/mL) ; K
(100,200,400, 500,800, 1 200, 1 500,2 000,2 500
pg/mL) ; K% (0. 1,0.5,1,2,5,10,15,30,50 wg/
ml.) ; % % B (5, 10, 20, 40, 60, 80, 100, 150, 200
pg/mL) o 3xb R HE FF 4 BB 20 I B s R B fif
RSB FE AR RE 28 Aoy M 0. 1o DU HBIE B 19 25
AL AR Ry S 2 A, L i A B S R 8
FRUE 190 L 5k 5 s e sl 706 B 10 L,
T o SO VAR B 3 AT IR LR BT
30 °C, 220 r/min A5 T 3557 24 h s A T RGBS 400
T Agoo I 24 E I B £L v DMSO 19 ¥ FE AR T
0. 1% , % T RE 20 A= 4 A B b 52
2.5 AEFRERI AT

TSGR 4 Fh e B 40 P 5 3 | FH R S 1 T
B SRR RE 2 A, M 0. 1o LAJHR % BH 1) 2R (e ffL
i Ay B g 28R, AL R AR B S5 B BE B R 190
pL 5 MMS & 10 pL, BT 22 2k 10,30, 60, 80,
100, 150, 180,200, 250 pg/mL, 45 Fh i B % & 3 4
AT A L L ARCE T 30 °C, 220 r/min FREE R B
I, A8 B AR A A (B B 4 /B £ A, 5 EGFP 3%
JE (BUREIE K 485 nm, BHHEIE K 535 nm) , Fi4k
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2.6 DNA FifhiX 7] K& %56
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90, 120, 150 wg/mL) ;4NOQ(0.01,0.05,0.1,0.2,
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0.5,0.7,1 pg/mL) ; 5-FU(0.01,0.05,0.1,0. 15,
0.2,0.3,0.4 pg/mL) ; K (100,200, 400, 800,
1000, 1200, 1 500 wg/mL) ; K#%fR(1,2,5,10,15,
20, 30 pg/ml) ; 7 %5 B (10, 20, 40, 80, 100, 150,
200 pg/mL) o FEA TR B E 3 A AT R I
AR 2. 5750,
2.7 HBEGIH Ao

TE“2. 4710 T |, 3% F Microsoft Excel 2013 %K
PSR A S W A8 e FE T 4 b B 40 A% e
Agoo BIMH , B3 RS S50 1 P S (E FIAR 1 25 .
SUA JA, R 7 T 2 Ao, 5T FRINT REZH A, 1 LUAEL, I
E A JA/INT 90% Ry 15 A% FE I BE B HEFR B

FE“2.57 52, 67T 3 ok F R 25 s R A
K 1E EGFP 5 Ay, , K H Microsoft Excel 2013 4411
TR 4 IR B 20 LA B AS 1 EGFP 5 A, I (n =
3) o s SCHL A A7 S AE N 5 R BE AF (aver-
age fluorescence )= EGFP/A,,, B 3 YR i 57 S 56 1) F
YA KRt 2E . 5 LPO6T A5 FL(fold induc-
tion ) A7 2 58 4 5 A 591 X RELZEL 1) A7 400 R ) SF- 2 A
X HECHRBE 2 e, W FIZAF,, AR, o BOEBAE
FEPE R A 1. 545, D24 AF 58400 50% , H.2¢ 608 i
Wi 1) S ) 30 2R I M R S B iR S
WAL BRI BAPE , ;e 2 A FIPE . 2R A Graphpad Prism
7. 00 1A AT ] 44T

35 B

3.1 pdr5A:: LEU2 5 snq2A :: HIS3 2 B Sk 4014
g

K H overlap PCR J7 1 #) % pdr5A 1 LEU2 5
sng2A - HIS3 KPR R BR AL , PCR A 1 7=y v vk &5
WK 2 5K 3, 53R 8I/R,pdr5A :: LEU2 5 snqg2A

M 1 2 3 4 5.6 7 8 9 M

5000 bp

2500 bp

Figure 2 Gene knockout of pdr5A :: LEU2
M: DNA markers; Lane 1-2: pdr5-1-LEU2 (2 789 bp); Lane 3-4: pdr5-2-
LEU2 (2 817 bp); Lane 5-9: pdr5A :: LEU2 gene knockout (3 304 bp)

M 1 2 3 4

5000 bp

2500 bp 2500 bp

1000 bp 1000 bp

Figure 3 Gene knockout of sng2A :: HIS3
M: DNA markers; Lane 1-2: sng2—1-HIS3(1899 bp); Lane 3-4: sng2-2-
HIS3 (1 948 bp); Lane 5-7: sng2A :: HIS3 gene knockout ( 2540 bp)

vt HIS3 B DR Rl B3k 28 7 (0 B /N 5 i — 38, R
B pdrSA =2 LEU2 5 snq2A = HIS3 JE IR Bl 5 4 144
AR
3.2 pRNR2A4ZHF AR pdr5 £AR B R E sng2
B R EE pdr5sng2 MK R R T B HFfm o AE 2
By

pdrSA 2 LEU2 5 snq2A =2 HIS3 3 [H Bl 40 1
e NEREANML S , 28 A 2 15 21 1Y) 52 58 % DNA
1) PCR Y34 = Wy m ok 45 R UL 4 518 5, 25 0L
TN BTG I TR A0 A PR 5 A e B A R
5 —8 . % PCR Y"1 7= ik 17 00 P OF 5

M 1 2 3 4 5 6 7 8§ M

5000 bp

2500 bp

Figure 4 Mutant gene fragment of pdr5
M: DNA markers; Lane 1-4: Single-gene mutation of pdr5 (3 293 bp);
Lane 5-8: Double-gene mutation of pdr5 and sng2 (3 293 bp)

5 000 bp
2500 bp [WRPERSSSES

1 000 bp

Figure 5 Mutant gene fragment of sng2
M: DNA markers; Lane 1-4: Single-gene mutation of sng2 (2 543 bp);
Lane 5-8: Double-gene mutation of pdr5 and snq2 (2 543 bp)
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GenBank J¥ %1 Hb X, pdr5 5 R B B A 0L EE
99. 88% (3 289/3 293) , [H] Bt 24 0. 12% (4/3 293) ;
snq2 FE R R BEAHAUEE 4 99. 96% (2 542/2 543) , [
Bk 0. 04% (1/2 543) , LW pdr5 HLIER 5272 sng2
FASL N AR 5 pdr5 \snq2 XU DR 58 A8 P B 4 i ) 4
B

PRNR2-yEGFP T 4 #% AR 55 NBF A= AU pdr5 H
LR AL sng2 HLIERN AR pdr5 sng2 W K] 28
A5 4 R0, BORL DNA B9 PCR 97 54 7 ) ik
SR 6, A5 R PTG A BUR. DNA B
BREE /N5 T — 3k, SR W] H 41 2K pRNR2yEGF P
CL 6 A 4 FHBELE A0 MO, pRNR2 VR 15 (0 BT LB Y pdrS
FIERGEAS (sng2 BAEE R 278 5 pdr5  sng2 XKL
GRS PRI 4 1 TR AR A R )

M 1 2 3 4 M

2500 bp

1000 bp

Figure 6 Fragment of recombinant plasmid pRNR2-yEGFP

M: DNA markers; Lane 1: Wild-type yeast cell sensor (1 493 bp); Lane
2: Yeast cell sensor of single-gene mutation of pdr5 (1 493 bp); Lane 3:
Yeast cell sensor of single-gene mutation of sng2 (1 493 bp); Lane 4:

Yeast cell sensor of double-gene mutation of pdr5 and sng2 (1 493 bp)

3.3 fuAdp T EE Rk dm AR B B 00 R K e Ak
IR 7

N FHEF AR pdrS PRIERI 8 7E  sng2 IR 58
5 55 pdr5 snq2 BUHE PR 5 A5 i BE 240 A% SR A5 X 8 i
MR WA T 24 W AR A I, 4 F 41 A% J8k
I AJAGEFILE 7, 458 Bos , MMS  EMS Il
B1.4NOQ .5-FU 72 FE M 5 BT B K A% B8 7E o
JEETT BB 10 6 40 A A K 20 i B X B
I A I B B A0 B
3.4  MMS A B A 4a A% 2% 53 SR AE F 55 A 18] 09 4 52

2542, 47T E MMS e RARA I B PR IR B
K FH MMS A7 f A4 2 2 st () 4k, S A R pdrS B0
FEHR AL sng2 PRIER AL 5 pdr5 |\ sng2 BIE P 28
AR A Fh A0 ML TR AR 25 R UL IE 8. X4 pRNR2 V5 )
AN AL 7S 5 MMS A FH B, FTAE B Bsf 1) 384 i1 v 128

Wik, IFTF 16 hinf ik B i KAE , Ak 2L 752 F 20 h
BF R B, DR $F 16 h7E Sk T B 410 i A% a2 1) 2%
FEH ]

120

90

<0 oA MMS
o oB EMS
> A C Cisplatin
I v D 4NOQ
= -

w0l S E 5-FU

* F Hydroxyurea
* G Salicylic acid
o H Glucose

10° 1 10° 10
c/(ug/mL)
Figure 7 Cytotoxicity in yeast cells for tested compounds in 24 h (¥ +
s,n=13)
A: MMS (methyl methanesulfonate); B: EMS (ethyl methanesulfonate);
C: Cisplatin; D: 4NOQ (4-nitroquinoline-N-oxide); E: 5-FU (5-fluoroura-
cil); F: Hydroxyurea; G: Salicylic acid; H: Glucose
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©-0h
4 H-4h
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Figure 8 Yeast cell sensors exposed to different concentrations of

MMS solution for 0,4, 8,12, 16,20 h (x + s,n = 3)

4 MMS Ji7 £ V& 2 e Al 50 pg/mL I, 16 h %
TE L AN AL SRS FIE AR AL 1. 5. pRNR2 ¥ ¥ 1 B
A RN A s 2 % T MMS A TR 16 h (18] B 7%
6B R LR 9, S5 I HR 4 (& 9-C) A L,
50 pg/mL MMS 7 40 (& 9-D) A4 20 it f5 IR 28 R 1k
WSS EOE . G5 RIE—2R B 16 h b 4 L &
I B R ]
3.5 BMEAAYERBERETMNRALSHG KA
FORAGERKX R

HFH= Y pdr5 LR AL sng2 FRIER AL 5
pdr5 sng2 WL G2 7AE 4 B B 20 A% Ji s 2 5 T
Z Y MR AL AW 16 h 5, 568 #3515
R LI 10, A I 5 HP 1B 200 it 1 s
LR S A HOE Y Ames 56 S84 B 1 it
6 5 4% PN 35t A B R G 1 B AT 6T L, S5 SR
2PN o X TN Sb st A wE AR 5 B
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Figure 9 Wild-type cell sensor regulated by pRNR2 exposed to MMS dr5 .sng2 X’Yﬁﬂ R QEH H@%‘“‘ﬁ%ﬂ‘ 'LH g ‘Ijl‘ = ?
solution for 16 h Al 3 i 200 M A% SRS 9 FL. E R ) 2R A0 Ty T
A: Bright-field image at O pg/mL; B: Brighi-field image at 50 pg/mL; C: ;(,Uag DAL 25 75 20 A2 S 8 ) R S 900 L0 B A 3 7
Inverted fluorescence microscope image at 0 wg/mL; D: Inverted fluo- T 6 Flris ’f ‘m_ﬁjﬁi Bu‘lﬂﬁ{—l\%nd‘ , *Hiﬁﬂ:/\'ﬂ_]‘
rescence micoscope fmage 430 pefnl 3 T 24 i A% JERAR , OUIRE DR 5 A 20 Jif A% Jegt ik B a8t A%
FhRAL & WK IR S5 A A0 , 4 FhEEREANIAL RS FEPERE TR W B BRI T8 o sng2 HIE R 5878
AR SR R AL B DI s X T AR AR RS A T pdrs BRI R 5% AR 20 A SR AR

8r A

W/b BAL B BAE A 6 R AL W, sng2 BASEIA
ZRAE Y5 pdr5 snq2 RUHE DR 5745 240 il 12 JEe i YA ARG T 3
BH PR 5 5%, DN v A 52 100% , B A2 7 5 pdrS PR3
PRl 5% 718 4 A% 8%t B AGH I H ANOQ LASM I A i
R Ak & 9, I HE G B 87. 5%, 4R FEW,
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Figure 10  Yeast cell sensors exposured to tested compounds for 16 h (x + s,n = 3)
A: MMS (methyl methanesulfonate); B: EMS (ethyl methanesulfonate); C: Cisplatin; D: 4NOQ (4-nitroquinoline-N-oxide); E: 5-FU (5-fluorouracil);

F: Hydroxyurea; G: Salicylic acid; H: Glucose
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Table 2 Genotoxicity of compounds tested by yeast cell sensors and comparison with other tests

Yeast cell sensors

Genotoxicity datal®!!

Compound

Cytotoxicity Genotoxicity Threshold (pug/mL) Ames test In vitro tests In vivo tests

MMS + + 100%;100"; 60¢; 601 + + +
EMS + + 150035 1300"; 1300¢; 6001 + + +
Cisplatin + + 60°;60";60°;30" + + +
4NOQ + + 0.7¢;0.2¢ + + +
5-FU + + 0.15%;0.15";0.15¢;0.1¢ + + +
Hydroxyurea + + 120073 1200"; 1200¢ ; 800¢ + + +
Salicylic acid + /

Glucose - - /

+: Positive; -: Negative; /: None relevant data; a: Wild-type; b: Single-gene mutation of pdr5; c¢: Single-gene mutation of sng2; d: Double-gene mutation

of pdr5 and snq2

TERI ANOQ H 3 R H B e 09 B B2 5 i 7 A )
5-FU J7 [ , pdr5 535 PR 5 78 41 i A2 Jak 2 2 0+
TR R M [0 o B A 76 240 A2 SRR A A I R A
55t i 5 BE 5 R IC R KB, G5 RERHIL
& sng2 5 pdr5 & BE RNR , BA L [E Y RN IR, (H
X AR S A P 40 2 B AN ) g i 7 588 B, smg 2 B
[R] 5 AL 4 B A SR RS DV 080 S P T pdr S A3 A
S5 20 M A% S | AU D] 5 A 240 i A% S 7 K
Hh 2 PR M e 4 VA A P R R A

4 =t

BET DNA #5057 5 B3 301 i I B 40 0 4% 2%
A AT IR AL FE I E BT AR R A D A
IR R R RO A, BT T T RS RE A
S G YW BAL TR VAN o Gl R R A s
A DAL 200 B - RS DR 498 o B 24 2 3
8y TR0 200 A e A ) 8 A0 1) A AR ¥ o
AWFFE K overlap PCR J5 ¥ 43 5l A4) B pdr5 5 snq2
FE DR B BR 4 pdrSA 2 LEU2 5 sng2A 2 HIS3 , %1t
(4 bR E D5 B2 Sl 600~700 bp.o 4 J5E PH] 5
1% 5 pRNR2-yEGFP ¥ 4 FURLE 3o I 1R 21 4% 1L
5 N ) A0 A5 3 B A B pdrS AR PR 98 AE
sng2 PRAIER A8 5 pdr5 |\ snq2 WL 5745 )20 iy
1R % , PCR 3™ 7y v Uk &8 5 5 6 DR e 45 2R
BE 1 DR AR A M A A R i) . SR 24 h
P B A A a6 I 75 2% 1 5 W e R AR 20 i 1
W I AY 6 T ist 1% 7 M K0 BHPE AL 5 ) MMS |
EMS 51 4NOQ  5-FU 2 KL Ik 5 [ 1 AL A 1K
MR 1S TE — i Vi B2 6 300 o 400 i e | 35 A% 1
Kt B2 0 o e W DN 3 2 Y R P R R B

AR EEVE . 4 FhREREA MAL RS B R T RN
EAGEW 16 hm , 4R KW sng2 IR
pdr5 . snq2 XU R 5 A5 20 i A% S A 00 o it B Ay
100% , #5554 70 5 pdrS B DK 58 745 41 i A% JE
(87.5%) o [ml—MRBET , UKk PR 5 710 A4 ffu A4 S 2t 114
B O 8 T A 3 R AN AL B, pdrS B
IR 2 785 A0 AR SRS AE 5-FU K I R R B B 2 T
¥ Az BRI sng2 B TR 98 712 A i 1% JRR e 1Y) ¢ DIt il
Mo 2RI sng2 5 pdr5 & FERIIR, & )
e B AREENE , AN 5T & B sng2 BAJE R 58 25 41 iy
o A G DU U BE AR T pdr5 B35 R 58 722 4 A%
SRS | WU DR 9 7128 2 4 J ti A 000 ot 32 5 R L
JEE DL T B BE PR 58 A8 F BT A AU 240 B A% SRR -

2 b ARG R H overlap PCR 5 8 dt 2H 4%
P BRI R T B DR A5 , AR T — 20 PCR P W% 4k
12 5 R R SR 2803 Ty, AR T I U 37 e i e vk AL
A AR SR E R 3 . sng2 BRI 58748
£ A2 SRR A 1) 35 A2 B R ARG U M0 BE AR T pddrS LR
AL A AL IR, pdr5 | sng2 XUk PR 58 748 W) 41
A% i ELAT R AR I M B AN R R L PRt A
S 0 Ay ) v VAR SR R 1) T B 4 A% SRR A
PR T K 5 05, Sy TR A M R i R R T
pdr5 5 sng2 (i — L UIREMF 9 B9 0E T FEA .
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