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I mpact of cystine/cysteine on drug resistance of Escherichia coli
by regulating ROS metabolisms
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Abstract: [Background] With increasing numbers of drug resistant microorganisms and drained antibiotics
sources, research on bacterial drug resistance mechanisms has risen to be a most urgent scientific topic.
[Objective] To understand how endogenous cysteine affects ROS levelsin Escherichia coli by promoting the
Fenton reaction. [M ethods] The effect of cysteine on the antibiotic resistance of E. coli was investigated by
controlling the concentration of exogenous cystine and the concentration of antibiotics (gentamicin,
ampicillin, norfloxacin) under poor sulfur conditions. [Results] Low concentrations of cysteine increased
drug resistance of E. coli to all of the antibiotics used in this study. The regulation on Fur, CysB or SOS by
influx of cystine was also confirmed using RNA-Seq. An analysis of sulfur efflux by LC-MS showed that
excess cysteine was excluded immediately. At certain concentrations of antibiotics, the efflux pump AlaE
exhibited favorable protection on cells. [Conclusion] Drug resistance of E. coli to gentamicin, ampicillin,
norfloxacin, antibiotics with different mechanisms of action, was affected by endogenous cysteine levels.

Our current work provides new theoretical information on bacterial drug-resistance mechanisms.

Keywords: Escherichia coli, Cysteine, Antibiotics, Drug resistance
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111 EFk

S i FH R W A 17 B A B TR AR M G655, 28718
I bk SSk226 (MG1655 alaE::kan)Hi 26 [ F1lif
PR 2 JamesA. Imlay ZHZI . 7R A7
IR IAFF R 2 LB ARG SR, 37 °CfHEES

LB #iFd(g/lL): HEHM 10.0, EEEEK; 5.0,
FAfksh 10.0, Bifs 16.0;

MinA 157£3£(100 mL): MinA sats (K;HPO,
10.5 g, KH,PO,4 459, (NH,),S0,1.0g, # i
£ 0.5¢), 10% MgSO, 0.2 mL, 20%# %51 1 mL,
50 mmol/L M|WEZ B 1 mL, 05g/L 442 B, 1mL,
1.6%35A5 -

112 FERFIFNLEE

E- R RER , R A, AFYEEE.
EEE . CySS NI AL T AW TR (-
TR A A . WERE.OHL, IR AL
IUERABRA T BT, B Rl i
A BRA ] ; RT-gPCR 1%, Bio-Rad /A Fl; LC-MS,
Waters 2\ ] o
12 FHi&

121 InERLE

BRRY RO (WA L) . SERTRARTE MinA )
TR FE R 37 °C. 150 r/min Wi 355 7 =0
B 200 pL B IEA T MinA BEASENR, 38480 F
N2k 30 uL. 37 °C kISR 16-18 h, &
MR

RNV R (AR« B UG 255 1 1) TR A
FE 2 ODeoo=0.15, JIMAAN AR B Pl 2 (B R K
KEZE: 05, 1.0, 2.0 pg/mL; HFEIPE: 0.05,
0.10. 0.20, 0.25ug/mL; & EHH %K. 05, 1.0,
2.0 pg/mL)zsk CySS, 37 °C fHk 57 16-18 h, 600 nm
o I TR IR YA
122 HFERHLSLIE

S 1.2.1 PHAE RGN T, B HO

AUEAC R SR AR SR R, IR R, BT A
e R 1 mol/L, WA o BT M A 2.5 mmol/L .
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S8 1.2.1 hhiE RO BRI L, FERRIN A
YR SRR R B B I A R BE 1Y Cy'SS,
AFE 5 min JEIIAR R BE BT R B HL0;,
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600 nm AU GAE . MR L CySS &k R : 5.
10, 20 mmol/L ; A EEH CySS &N 0.5, 1.0,
2.0 mmol/L,
124 FHFRENFREERRIEKESH

B PR B A Y T A (P B ODgoo M
0.3-0.5), #Min 0.5 mmol/L CySS 43 5 min, &
PRI EE 70 2 RNA, fii /1] Qiagen ) RNA 11
HEATAlAk . A Hlumina HiSeq I 5-F- & Y 8
PR CySSAb B S K A A H REAE AR 157 7 1= 8
HIT . 7 RNA-Seq s brHh, o] DIl 2 i fv E) 5L
DR 20 [X 3830 152 7 91) (Reads) Y T 50K A 1135 R Al 55
KA, R THEARRESER | AR SE5E Al i 5L
FBEAKFEA M, 5IAT RPKM (Reads per
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JECT I TR B RN R BE X Reads THER 2R, 2
IFL 3 D 5 DR ik /K Pt 4 M

Totd exon reads

Mapped reads (millions) x Exon length (kb)

i RT-gRCR 7 1% H bR 55 5 1 3Rk 647 55
iE, J 1.5 pug & RNA (5 RNA-Seq gt R[],
FH M-MLV 3555 SR B cDNA 55— 55 o (75
Bt 10x), DL 2xSYBR-Green | 1 5 thRric ¥, LA
tus 7E R NFRIER BEF T PCR W . PCR WA &R
(20 L) : 2xTransStart® Green gPCR SuperMix
10 pL, 10 umol/L 514 1.2 4% 0.4 uL ;cDNA 0.5 L,
ddH,0 8.7 uL . 51 ¥1i5 B, : AlaE-F: 5'-ATCAGATTAT
GGCGGCGGTCAG-3'; AlaE-R: 5-AAACAGTCGG
CGGCAATA-3', PCR Jz )i #%ff: 95°C30's; 95°C
55,55-60°C20s,72°C20s;95°C 15, 55-60 °C
1min, 72°C15s, 40 M. &4 PCR & 34>

RPKM=
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FA L-CySS 5 min 37 2SS, R CySS
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X R 3k VB E DR R I AR S K A R (A Tk
0.5%) LA i i i 48 Ak, R T 0K |, R LC-MS
HEATHE S A LB RS JEAS I . Cy's Fin o i 4% A 7]
i g
1.3 FHiHENHR

JH] SPSS17 (SPSSInc., Chicago, IL)#Ef 74312
G381 CySS M RN R BEZH ] i FRIK 3R 2553
Hr(One-way ANOVA) K f5e/IN i #1245 [ Post hoc
(LSD) tests| i 1722 5 @ & 1440 # . P<0.05 1 P<0.01
B HLA 8 R S 2 G

2 ZRG540
21 MEEEXNKFEHEIRE R RS WIRG X
fEd:0pA

Bl 1258 8K, SR, 5. 10,
20 mmol/L (1) CySS#BAF I H I AR (F 1A
C2-C4); 4 CySS SHiARinam b A (Nor)dbFi K
Pk R4S, PHAXT Nor AU TEAS (L BAT

30 ¢
[ Control

25 pg/mL Nor N
| [ 1 mol/L H,0,
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Figurel Effect of cystine on the sensitivity of Nor and H,O, in E. cali strain M G1655

W A MEEEA; B: MBI EAMRE. B A - MEREIZR AN, K B MEE R M2 flila, RERNTHE. CL:
Control, ZE{AFZE Pl Y25 FIXTER; C2: 5 mmol/L 1) CySS 4b#i; C3: 10 mmol/L Y CySSAbFE; C4: 20 mmol/L %) CySS 4b#H.
N1: 25 ug/mL Nor; N2: 5mmol/L CySS fill 25 pg/mL Nor 4b¥; N3: 10 mmol/L CySS Jill 25 ug/mL Nor 4b#; N4. 20 mmol/L CySS
Jin 25 pg/mL Nor ZbFE. H1: 1 mmol/L H,O, 4b#i; H2: 5 mmol/L CySS /il 1 mmol/L H,O, 4b#H; H3: 10 mmol/L CySS /il 1 mmol/L

H.0, 407 ; H4: 20 mmol/L CySSill 1 mmol/L H,O, 4b B,

Note: A: Pictures of inhibition zone; B: Column Chart of inhibition zone diameters. The data showed in B was averaged from multi-point
measurement of irregularly-shaped inhibition zone. C1: Control, control of equal column buffer; C2: 5 mmol/L CySS; C3: 10 mmol/L
CySS; C4: 20 mmol/L CySS. N1: 25 pg/mL Nor; N2: 5 mmol/L CySS plus 25 pg/mL Nor; N3: 10 mmol/L CySS plus 25 ug/mL Nor; N4:
20 mmol/L CySS plus 25 pg/mL Nor. H1: 1 mmol/L H,O2; H2: 5 mmol/L CySS plus 1 mmol/L H,O,; H3: 10 mmol/L CySS plus

1 mmol/L H,Oz; H4: 20 mmol/L CySS plus 1 mmol/L H,0,.
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(<1.0 mmol/L) A & A KA ALK

TR K K% R (CN)IWMEE 32 CySS 52
AR, 05 mmol/L CySS AbFRREN #4275 CN
2 pg/mb 59 20 i 2 TR ik 2454 (P=0.033 63) .

Wi B (Non) /R FH3Z CySS iy s2 i A
AR E RIS 247 X, 0.5 mmol/L CySS 4b ¥ )5,
MR 0.1 po/mL A Nor HBUC: B B 25 19 9k
(P=0.006 299), ifii 1.0 mmol/L £ 2.0 mmol/L (%] CySS
AEFR, A 2 AR T AR 0.1 wg/mL (1) Nor [
it 254 (P<0.01).,

AR EHRAMp)IMETEHZ CySS KI5
R Hge it X, (HARMKRES Nor £ X
5], 0.5 mmol/L CySSZLFRJS , 4% 0.5 pg/mL 1)
Amp T 25 4% 2 1855 (P=0.002 905), 2.0 mmol/L

Control
0.9 r = CySS 1.0 mmol/L

-2 CySS 0.5 mmol/L.
== CySS 2.0 mmol/L

. 1 H

=
~1
T
<3

4l 0 L
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CN Nor Amp
Antibiotics (pg/mL)

2 BtEERX KEAFTE MG1655 £ KBRS
Figure 2 Effect of cystine on the growth of E. coli strain
MG1655

TE: — HAERREL (P H e B rp A K i M G655 B, 43731
AA 0.5, 1.0, 2.0 mmol/L CySS, 5 min J&4> BINIA [l g
MR KGR, IR RSN TER. ON BRI KER
MEFRA, HeJEH 0.5, 1.0, 2.0 pg/mL; Nor Nt ib EAC L,
W<y 0.05, 010, 0.20 pg/mb; Amp K4 a R AL A,
W 05, 1.0, 2.0 ug/mL.

Note: Cyss (0.5, 1.0 or 2.0 mmol/L) was added in culture of
MG1655 which growed in poor-sulfur (sulfate) media. After
5min, gentamycin sulfate, norfloxacin or ampicillin with
different concentration were added. CN: Gentamycin sulfate
group (0.5, 1.0 or 2.0 pg/mL); Nor: Norfloxacin group (0.05,

0.10or 0.20 upg/mL); Amp: Ampicillin group (0.5, 1.0 or
2.0 pg/mL).

CySS AbF e Sy I 2 b B2 55 T 4H R X 05 pg/ml Amp
AT 251 (HE i T 26.9%, P=0.000 142 1), Amp
W & 2.0 ug/mL B, Ik CySS e
W 5 R S AN TR Amp BT (5 AR A BR AR X
HEZHAAEE, 0.5 mmol/L CySS 4bFH, P=0.000 167 7;
1.0 mmol/L CySS 4b¥, P=0.002 132; 2.0 mmol/L
CySS4t#, P=0.002 838).
2.3 FBRRERIMNHER I KA E M 2514 9520
231 RNA-Seq 73#7 K% RT-qPCR 3&3iE

KM RNA-Seq st s ohin CySS iR e
/N, CysZERFL RS, yhaOM #1555 T 50-100 fi
( 3A). YhaO JiiJ& Cys (N 2% T, Yha
BB, REAEIT Cys MM M INEIRR . 43k
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Figure3 Effect of cystineinflux

TE: A: CySS MIABRREEE M AMATHMAS 5 min (14
RNA-Seq X[ s3#r; B: HAiR%ER alaE 7E CySS 4LFE/E R
ik RT-QPCR K.

Note: A: RNA-Seg analysis of cells before and 5 min after

cystine addition to sulfate-grown cells; B: Gene expression of the
target genes alak were performed by RT-gPCR.

s >0, YdiN =R 2R CySS Y
mEE A, 4Tk R CySS HEEH, ydiN ¥
T T 37 1%,

RNA-Seq i945 R o, ARHAZEN alakE BRik
B IR T 4445, & yhaOM ZAh b iRl i 2 5
A (K 3A). RT-gPCR 45 FUESE, CySSAb#)F,
alaE M FRBM B FIE(E 3B), ARSI MR T
alaE BN, RAMKEA NN Cys JF &1 KW
AR AR G ) HoO U, I HR B
M ILe BFREECR A RER) . Bk, AlaE )

SR E LRI A 5 — AT REAR A
MRS 2 YieB AT T 6 5’ 3), If
HAE alaE 2758 vt gl i 1) A 5055 /Y Cys A
HAEF R A RER)

DNA 5 4735%F 8 15 25 BB 53 R BE R [A]
recN JEA TR SOS #4717 F i 2K H , FEAR LS
% CySS Zb3 5 1 K ImAT i 4 il v ix 2552 SOS i
FERBE R recN)BHA S LIE T 8 £5( 3). it
THUEE SR M B KT 1Y) HoO, P RE S F AR 5514 T fe B2
) SOS RS IEN %, recN, sulA, umuCD Z:3
5 (E 3), o BleE BT 8. 4 F1 5 4%, Ak
LG SOS ARG . BLok, AHCH IR
PR 3 0 55 4 5 B 24 T2 B S Ak 4 38 I il (msrAL
msrB). JE Bl &4 (degP, cpxA, dsbB, ompF,
skp). 3 CysB JH#E 1 Cys & mtikfz(cysD, cysd,
cysL, cysP %)} 3Z Fur PTG AL M (fn) . 5
53 3R A T (entC) A i B % 1 41 1§ i2 B
(entS). RNA-Seq HIZEFIEM T CySS Xt Fur,
CysB il SOS ¥ HLA7 g 2 A&/ F (K 3).

232 AlaE BidshEEE 5 3 B SEE SCE X 40 A Y
fRIp

Kl 44558 8o, By CySS ab B AT L5
KT B A L B R R, 0.5 mmol/L /) Cy'SS fiff
H %% 94.3%, 1.0 mmol/L A1 2.0 mmol/L f#) CySS
i H Ay BIRE 2 79.8%H1 74.0%, il 2.5 mmol/L
) HoOp Ab Bt AT SR SEIR , KT 1T B A Kok
FRoER 75.1%. BIHIAE R KA # A
0.5 mmol/L ) CySS Jy#iii, #/H 2.5 mmol/L 1y
HoOp AbH, AR AR i 2 M IR 32.1%.
1.0 mmol/L #1 2.0 mmol/L ¥ CySS {Xfdi H,0, kb FH
IRCR IS R, KIGFFE IR 2 27.1%F
27.9%. W 4 FiR, TiSRARRWER CySS 4b
PRI HoO 2B, alaE 2k 28 45 bk 1 14 41 it Bk
o T B AR Y TR MR (4 K 2 B0 BV L T R B
EE W ES), JLHIE W CySS ab
(L0 5 20 mmol/L, P<0.01, 2R B2), 5
FURR alaE A28 N % AL A — 2 PR PET
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Figure4 AlaE protectscells by export of cysteine Eé g 30} 1 Rang.e Wlfhln 1.5IQR
Note: Control: Blank; CySSl: 0.5 mmol/L CySS; CySS2: E E 7l — Median line
1.0 mmol/L CySS; CySS3: 2.0 mmol/L CySS; H,0,: 2.5 mmol/L b E
H202; HzO.+CySSl: 25 mmol/L H,0,+0.5 mmol/L CySS; fﬁ?z 10
H20,+CySS2: 2.5 mmol/L H;O,+1.0 mmol/L CySS; H,O,+CySS3: a f 0
2.5 mmol/L H,0,+2.0 mmol/L CySS. *: P<0.05, significantly et - - T
different; **: P<0.01, highly significantly different. 2 10l
=4

TS MHER) e 2L T s Cys /9 30 %,
WoRT CySS Wit mfEiz ., CySSMAJG, ydiN
SRl (B 3), MEE AR, BAAR YN
BERGRE, BB RR AR N B A BRI

ABFERIL, CySS HPRERL it P ) 18 258
Y PREE 2 IE . #EA A Cys S B4
FIRA(E 5), HHEEIEH A Cys A HE
TF L J5 A 33 B = 70 mmol/(L-min), 33X —*7F A-
W -ZE T TEIR TS RE R ATP K22 40 M S REFE Y
10%, Ff H7Etad i CySS Bk A HH #E
) NADPH 5y HA A=) & s Al Il R
Cys MY FMIL I A X ask i PN I 3K — B AR v 4 2
AR R o
233 AlaE fREXT KT E 25 MR R 0

3430 Cys SMHESE AlaE JE¥E I Cys i B Xt
KT B 25 520, 2K FH RNA-Seq 431531 1Y
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[RIALFE, Fb AT A= BT R M G1655 Fll SSk226 i ifif
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1= 2A
5
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Figure5 Excessiveflow of excess cysteine

TE: A PSR B: 420K, SO to CySS: #il T SO
28N CySS, BiMRER AR AYAIMITEINA CySS 54 Bl
i Cys #Mit; LC-MS 431 iE r 95% M55k A Cys. &
T4 HzS. CySS: CySS HH 2 A KA T CySS N i #%ia 4k
1 YN 192635, JITLL Cys SMiL i # AR, SO FREAERifR
e KRR ARRETC Cys It HaS R

Note: A: Central scatter plot; B: Box plot. SO,* to CySS: Cells
grown in slufate released high amounts of cycteine after cystine
is added. LC-MS analysis showed that 95% of the thiol signal
represents cysteine, the remainder is sulfide. CySS: Continuous
growth in cystine repressed expression of the cystine importer
YdjN, so cysteine excretion is much lower. SO,2: Neither cysteine
nor sulfide was released during constant growth on sulfate.
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CySS HL[Fl 4k Fi4H g i % 2% 7 (P<0.05), HAhiyy
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Figure 6 Effect of cystine on the drug resistance of E. coli
wildtype strain M G1655 and alaE mutant SSk226

Note: A: Treatments with different concentration Amp; B:
Treatments with Amp plus CySS. Ctrl: Blank; Amp alone:
Treated with 1.0 ug/mL Amp aone; Amp+CySS1: 0.25 mmol/L
CySS+1.0 pg/mL Amp; Amp+CySS2: 0.5 mmol/L CySS+1.0 ng/mL
Amp; Amp+CySS3: 1.0 mmol/L CySS+1.0 pg/mL Amp;
Amp+CySS4: 2.0 mmol/L CySS+1.0 pg/mL Amp.
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