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Identification and characterization of mazEF family type 11
toxin-antitoxin systems of Leuconostoc pseudomesenteroides 1.64

LI Peng’, LIU Lan, ZHANG Shuaiwen, WANG Tong, HUANG Xiaoping

Institute of Microbiology, Jiangxi Academy of Sciences, Nanchang, Jiangxi, China

Abstract: [Objective] To identify mazEF family type Il toxin-antitoxin systems of Leuconostoc
pseudomesenteroides 1L.64 and to elucidate the molecular roles of the mazEF systems in the host
exposed to environmental acid stress. [Methods] Putative MazF toxins were induced alone or
co-expressed with their cognate antitoxins in Escherichia coli. The toxic effect of MazF on
bacterial growth and the antitoxic effects of cognate antitoxins were examined. The /acZ reporter
system and electrophoretic mobility shift assay (EMSA) were used to decipher the auto-regulation
mechanism of the mazEF system in vivo and in vitro. The putative target genes regulated by MazE
were predicted and validated through in vivo and in vitro experiments. [Results] Among the three
putative mazEF systems in L. pseudomesenteroides 164, mazEF1-Leup (OYT 01690-OYT 01685)
encoded a functional type II toxin-antitoxin system. MazE1-Leup (OYT_01685) inhibited mazEFI-
Leup transcription by binding to the palindromic sequence (TAACAaaatgTGTTA) in the promoter.
In addition, MazE1-Leup inhibited transcription of the dlt-acpS-alr operon by binding to the
similar palindromic sequence (TAACAtattgaaatatatgTGTTA) in the promoter of dlt-acpS-alr.
[Conclusion] mazEF1-Leup (OYT 01690-OYT 01685) encodes a functional mazEF family type II
toxin-antitoxin system. Beyond regulating its own operon, MazE1-Leup regulates the transcription
of dit-acpS-alr and finally assists L. pseudomesenteroides 164 in response to low acid stress.
Keywords: Leuconostoc pseudomesenteroides; type Il toxin-antitoxin system; mazEF family;
palindromic sequence; acid stress
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1.1 Rt
L11 Ebk. BRRIRIESR M0

AHIEFE T R A BOR R TR AR B LK 1.
KIGAFRAE LB Bi gk 37 °C. 180 r/min £557
12 h, 1B B5 W] 3 BR 1A Le4 /£ MRS K 57 He rh
30°C. 120r/min £53% 16 h, £73% pBAD/myc-hisA
AH OC BT RL 5% His-LacZ AH 3¢ J5 bz (% 20 T B 98
100 pg/mL Z N8R, HFR% pACYCDuet-1
AH IR B 41 R BT A8 I 25 pg/mL R R, B
TR pKT25 AR A AN B B 730 50 pg/mL fY
FIRER
1.1.2 FERAFIFILEE
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2.3 N TIE e ) oL oty
Table 1 Strains and plasmids used in this study

TR/ JETRL FEAFAE K
Strains/Plasmids Features Origin
Leuconostoc Wild type Lab

pseudomesenteroides 1L.64

Escherichia coli TOP10 F~, merAA(mrr-hsdRMS-mcrBC), ®80lacZAM15, AlacX74, recAl, araD139 A ThermoFisher
(ara, leu)7697, galU, galK, rpsL, (Str') endA1, nupG Scientific

Escherichia coli BL21(DE3) F~, ompT, gal, dcm, lon, hsdSB(rB~ mB™), (DE3) Novagene

Escherichia coli BTH101 F, cya-99, araD139, galE15, galK16, rpsL1 (Str"), hsdR2, mcrAl, mcrB1, relAl Euromedex

Escherichia coli XL1-Blue  F~ [proAB, laclg, lacZ, AM15, Tnl0], endA1, gyrA96, lac, A(mcrA)183, A(mecrCB-  ThermoFisher

hsdSMR-mrr)173, recAl, relAl, supE44, thi-1 Scientific

His-LacZ pUC ori, araC, bla, promoter-less lacZ Lab
pACYCDuet-1 P15A ori, lacl, cat, two MCSs Novegene
pBAD/myc-hisA pBR322 ori, bla, araC, pBAD Life Tech.
pUT18C pUC ori, T18, bla Euromedex
pKT25 pUC ori, T25, kan Euromedex
pBAD-F1 Expression of MazF1-Leup controlled by arabinose inducible promoter This study
pBAD-F2 Expression of MazF2-Leup controlled by arabinose inducible promoter This study
pBAD-F3 Expression of MazF3-Leup controlled by arabinose inducible promoter This study
pUT18C-zipper pUC ori, zipper-T18, bla Euromedex
pKT25-zipper pUC ori, zipper-T25, kan Euromedex
pPefl-lacZ Expression of report gene /acZ controlled by promoter of mazEF1-Leup This study
pPefl-lacZ-Pcat-E1 Simultaneous expression of MazE1-Leup on the basis of pPefl-lacZ This study
pPefl-lacZ-Pcat-EF1 Simultaneous expression of MazEF 1-Leup on the basis of pPefl-lacZ This study
pPefl-IRM-lacZ Mutation of IR in promoter of mazEFI-Leup This study
pPefl-IRM-lacZ-Pcat-E1 Simultaneous expression of MazE1-Leup on the basis of pPefl-IRM-lacZ This study
pPdlt-lacZ Expression of report gene /acZ controlled by promoter of dlt operon This study
pPdlt-lacZ-Pcat-E1 Simultaneous expression of MazE1-Leup on the basis of pPdlt-lacZ This study
pACYC-his-E1 Expression of MazE1-Leup with N-terminus His tag This study
pACYC-his-E1-F1 Expression of MazE1-Leup with N-terminus His tag and label free MazF1-Leup This study
pUT18C-mazE1 Fusion expression of MazE1 and T18 This study
pKT25-mazF1 Fusion expression of MazF1 and T25 This study

~FR RN TR BASC I A IRERR , AFRIEINEUDNA B BERERbR, " diitt.

- indicates loss of related factor or loss of function of related protein; A represents the knocked-out gene or DNA fragment;

"indicates the resistance.

B, BRI A AR BT E
IR S g% A, B BB AR A IR A W] &
R TRELOHL, W R A S 50 = A T &
HIRAF; 466, Eppendorf A F] 5 266

1.1.3 3|4

Eix PCR 2%, ThermoFisher Scientific 2\ o

AW LI 2, SI W ETAY T
e (L) e A PR 7 453 il
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*2 AWRETASI

Table 2  Oligonucleotides used in this study

519 1

Primers name Primer sequences (5'—3")

mazF1-f GGGCTCGAGATGAGTGATGATATTCGCG
mazF1-r CCCGGTACCTCATTCTAAATCAGATAAAAACGC
mazF2-f GGGCTCGAGATGAGTTACAAGCCTAGGC
mazF2-r CCCGGTACCTTAAACCCAACTGGCTGG
mazF3-f GGGCTCGAGATGAGTGAATTAGATCCCAG
mazF3-r CCCGGTACCTTATCCTTTGAAAGGTATCTTTC

mazF1-R28A-f
mazF1-R28A-r
mazF1-T46A-f
mazF1-T46A-r
mazF2-150T-f
mazF2-150T-r

mazF3-E18G&K20E-f
mazF3-E18G&K20E-r

HisE10E-f
HisE10E-r
HisE1-F1-OE-f
HisE1-F1-OE-r
F1-KT25-f
F1-KT25-r
E1-UTI18C-f
E1-UT18C-r
EF1-prom-f
EF1-prom-r
EF1-prom-IRM-f
EF1-prom-IRM-r
EF1-probe-FAM-r
cat-prom-f
cat-prom-r
EF1-cat-prom-f
EF1-cat-prom-r
E1l-cat-prom-r
Pef1-3510D-f

TGGCTCCGGCATTTGTAGTGAAATACG
TACAAATGCCGGAGCCACCTTGGAGCCTACTTCTCGC
AGCTAGTCAATATGATGATAAATCAGAATATTTTAAG
CATCATATTGACTAGCTATTTTGTAATAAGTAATCCGCTGATTATC
GCCAATAACTCACGGTGATTGGGAGTTTGC
CACCGTGAGTTATTGGCGTCACAATGGCAA
CCATATGGAGACGAAAGTGATTCAAAAACTAGACCTGCTTTA
CTTTCGTCTCCATATGGTATGTTTACCACGTAAACTTTCA
ACCATCATCACCACAGCCAGGATCCGATGAAAGCAATTCAAGTATCTGCTCG
CTTAAGCATTATGCGGCCGCAAGCTTTCATTGCAAAAATTCCTCACGG
GCCACGCGATCGCTGACGTCGGTACCATGAGTGATGATATTCGCGAGCA
GCAGCGGTTTCTTTACCAGACTCGAGTCATTCTAAATCAGATAAAAACGCCA
GGCGGGCTGCAGGGTCGACTCTAGAGATGAGTGATGATATTCGCGAGCA
TACGCTGGATAGGTACCCGGGGATCCTCATTCTAAATCAGATAAAAACGCCA
AACGCCACTGCAGGTCGACTCTAGAGATGAAAGCAATTCAAGTATCTGCTCG
AATTCGAGCTCGGTACCCGGGGATCCTCATTGCAAAAATTCCTCACGG
CCCGCGGCCGCGCTTTCTCTAGATAGCAAGC
CCCGGATCCGCTTTCATAATGTGCACCC
ACATATACGCCATAAATGTGTTATAATTTAAGTAAAG
ACACATTTATGGCGTATATGTTATCTATTGTTAGTAATTATG
GCTTTCATAATGTGCACCC
CACTGGTGATACCATTCGCGATGATCGGCACGTAAGAGGTTC
TTTAGCTTCCTTAGCTCCTGAAAAT
CAGGAGCTAAGGAAGCTAAAATGAAAGCAATTCAAGTATCTGCTC
TCGTCATCCGGAGGCTCGCGATCATTCTAAATCAGATAAAAACGCC
TCGTCATCCGGAGGCTCGCGATCATTGCAAAAATTCCTCACGG
TTAAGTAAAGTATATTAAGTGGGG

Pef1-3510D-r ACTTAATATACTTTACTTAAGTTAGTAATTATGCTGAATTGG
16SqF CAATGGGCGAAAGCCTGATG
16SqR GCACGTATTTAGCCGTCCCT
ElqF GCTCGTGTTGATCCAAGCAT
ElgR GGCTGTTGATGGGTCTCTTGA
(firsk)

>4 actamicro@im.ac.cn, 7 010-64807516
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(B:#2)
414 F#5)
Primers name Primer sequences (5'—3")
FlqF CAAGGTGAGACCGGCATTTG
FIqR GCCCGCATAAACCCAATCTT
dlt-acpS-f ACCTTTCTTCGCCAAGGGTT
dlt-acpS-r CCTGCCAATGGACTTTTTCACC
acpS-alr-f AGTCCATTGGCAGGATATTGAA
acpS-alr-r GTTGCAACAGCAAAGTCCGT
Pdlt-f GAGACCGGTCGTTTTGCGGCCGCGTCGCTCCAATATTGAAACACAAT
Pdlt-r ACGGGATCTATCATTGGATCCCCGCTGAAAAAACTGTTTTATCAT

Pdlt-probe-f-fam
Pdlt-probe-r

GTCGCTCCAATATTGAAACAC
CCGCTGAAAAAACTGTTTTATC

N RIZ AR I R R A R A A DD A TR 62 A5

The underlined nucleotides indicate the recognition sequences of restriction endonucleases.

1.2 FEHERMNAIE
12.1 EBESZEESMHRIERKNAEE
Fi HE A ] 3R] 2 4 BB ) 6 15 B 45 42 B
R BH ER ER B Lo4 4 JL 4] DNA. LIZIERH
ZH DNA R Bt , FIHFE 5 P51 9 mazF1-fr.
mazF2-f/r } mazF3-fir (38 2), 434 B8 7E 7
R H 93 N mazFl-Leup. mazF2-Leup X
mazF3-Leup, PCR [ W & % (50 pL): 2xHigh-
Fidelity Master Mix 25 pL, [~ . T Hf5l 9
(10 pmol/L)4% 2 L, DNA #i#z 0.5 uL, ddH,O
10.5 pLo PCR S 554 : 98 °C FiZ8 1 2 min;
98 °C ZPE 10s, 55°C iRk 10s, 72 °C HEfH
30 min, 35 NEFR; 72 °C K LEH 5 min, A
WE9E 5 22 PCR RN AR R SRR F 5 R 2R,
H AR AN [R5 4 S S50 7 R/ Nl A 1R R
JERIZE R (8] . PCR j= 49 £ ok g M, il
H Kpn 1 J2 Xho 1 47U AL PR, 52835 M [
it U] 4 33 i) pBAD/myc-hisA &3, 7Y
B B4 5 Ak 2 K AT 1 TOP10 B2 A4, i
44845 Ukl pBAD-F1. pBAD-F2 J pBAD-F3,
122 BFEREAERKTHXEMAEE
Fie F R it 4 R & U TS R W AT T
TOP10/pBAD-F1 H4& it & 41 Jiu ki pBAD-F1. LA

LU FORE pBAD-F1 ik, {3514 mazF1-
R28A-f/r (3 2)#F4T 5[] PCR §3, LARRASLetE
R B E AR . L Dpn TEEALHE, (567 5% B 130
RS MY . 1E T4 DNA B ERT, £
PEAREAR R E A% . B A& YL KB FTE
TOP10 Bz 40, MRS & A RAZRGER
5 4A pBAD-F1 (R28A). R HRIFEM I
1 #4 7 pBAD-F1 (T46A). pBAD-F2 (I50T) &
pBAD-F3 (E18G&K20E )45 5 41 JF ki
1.2.3  HENFIZ AR HE

DUBZ R I B Bk B L4 9L 41 DNA ki
Mo, FH 5% F1-KT25-fr &% E1-UT18C-f/r
(3% 2) Y B4 SE N mazF1-Leup J mazE1-Leup .
{4 Fil Xba 1 J2 BamH 1 Ab ¥ pKT25 K pUTISC,
IRAFLEMEAL 1Y pKT25 K pUTI8C, #% R JC4% 7
RE R & Ul B, 2R4S B4R pKT25-mazF1
K pUT18C-mazE1,
12.4 #15E MazEl-Leup REEMSEE
&%) MazEF1-Leup FiAFRAHIH3E

LA 7 55 B R ER T L4 (LM 40 DNA iy
BB, {3519 HisE1OE-f/r (£ 2)¥ M E X
K mazEl-Leup, 4/ BamH 1 } Hind 111 b P
pACYCDuet-1, FRIF4NEALAY pACYCDuet-1, |
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FJoge s R &, ARAS N sGml A His bR
MazE1-Leup % ik Jfi B pACYC-His-E1. LA
B BB 2R TR Lo4 [YFE 4 DNA Rfsins, il
FH 51 %) HisE1-F1-OE-fir (% 2) 4" 14 8 % X
mazFl-Leup, Z J5 , i [l Kpn 1 & Xho 1 Xf
pACYC-His-E1 JEATRFDIAbBE, ffi AL, F
FH G 8% i B i R & W mazFI-Leup W B &
pACYC-His-E1 M55 2 D Z FifEfi s, HRAFERE
pACYC-His-E1-F1,
12,5 £T LacZ X E R HIDE

DU B ER ER T4 Lo4 19 3EIK 2 DNA g pi
W, 1514 EF1-prom-fir (¢ 2)§ 1 mazEF1-Leup
U ARG S Pefl . it BRI ML aifb )
F Not 1} BamH 1 Ab B Pefl, 52533 AH [R]fiE1)
ALFRAY His-LacZ i . K& Wi L KIntT
P TOP10 2% 237 A 40 M, d5c 28 3145 5 41 3
pPefl-lacZ. RHIHHRIA LA & pPdlt-lacZ, L
1B B R ER A Lo4 HYFE [N 2 DNA sy, i
519 EF1-cat-prom-f/r (& 2)3" ¥4 mazEF1 §9%
X, [AlmF, LA pACYCDuet-1 Mz, {#H5]
Y cat-prom-f/r (& 2)4 A B R PUEIE R E 30
F Pcat, i SOE-PCR ¥ mazEF1 5 Pcat #1T
fle o R T 4 v ) &K il Bt Peat-
mazEF1 i [ & pPefl-lacZ, 3k 13 i ki pPefl-
lacZ-Pcat-EF 1. & FHAH [F] (1) J7 v 44 4 & 4 OkL
pPefl-lacZ-Pcat-E1 #1 pPdlt-lacZ-Pcat-E1. 1It47h,
DL pPefl-lacZ SA#AR , (5[4 Pefl-3510D-f/r
(£ 2), W8 PCR & Dpn TACHES , MBS
BT Pefl Hf{-35 F1-10 [X., 3K45 ik pPefl-
3510D-LacZ. RFHAHEE T 4 pPefl-IR1M-
lacZ 1 pPefl-IR1M-lacZ-Pcat-E1 .
1.3 BRNSENBEFTHERNEERRE
ZERMHPFER

P47 pBAD/myc-hisA i ERF R EHIAS
FEIR TR KT B TOP10 #8045 100 pg/mL

>4 actamicro@im.ac.cn, 7 010-64807516

AR HFEEMN LB B354, 37°C. 220 r/min &
IR R BEG, DL 1% B b i s 2 et
[ LB R dk, 37 °CHFE R ODgoo [HIEF] 0.2-0.3,
VIR W93 0 2 S50y, oA 0.2% 20
K 0.2% ) L-FIhi B EATI5 S, SR 37 °C4k
Seiig 1 he 2, SEATERERMBE(10T. 107,
107, 107, AR 3 uL HFEE LA AR,
37 CCEEFRAAMIE SR 12 h 5, WMEOFIERAK
T

¥ 417 pBAD-F1 & pACYC-his-E1 #) K%
FF7 BL21(DE3) 4% 2 % 100 ng/mL 2~ 7 %5
FE M 25 ng/mL AFEEM LB B 7%, 37 °CHi 3%
AR, RIREML, DL 1% B3RP i 3 e
LB §;383E, 37 °CHi 3 E ODgoo H1LF) 0.2-0.3,
VBRI 1 4 0y, S BT 0.2% i %5 8%
0.5 mmol/L ) IPTG. 0.2% L-FiTF7 {1 & 0.5 mmol/L
() IPTG F1 0.2% L-BI i bE, 37 cCURZEE: 3%,
BB /N BUREIN € ODgoo, ELEMNSE 2 he i
S 1h)E, BORESTEEERRR(L0T . 107, 107,
107, FENBREEI 3 pL SFEE LA PR, 37 °C
B ERTR 120 )5, MBSO A RSN,
1.4 #H15E MazEl-Leup REE-EE
£ &%) MazEF1-Leup FURIES 41k

¥ 22 35 JFBL pACYC-his-E1 A pACYC-his-
E1-F1 43 5L 2 K #T 1 BL21(DE3)E5Z 4541
L rh, R A5 AH N Y 3R I8 T bR K W AT T BL21
(DE3)/pACYC-his-E1 J K % #F i BL21(DE3)/
pACYC-his-E1-F1. L MazE1-Leup A9 33k 54l
& R B i A7 B3R . ¥ K B AT R BL21(DE3)/
pACYC-his-E1 #£F T4 25 ng/mL 545 £/ LB
Wigiderp, T 37°C, 220 v/min IR 55 351404 .
DL 1% B3R B35 2 & 25 ng/mL @B R
fif LB {537 %L, 37 °C. 200 r/min £53% 2 ODggo
iKF] 0.5-0.6 Z [0, HIIAZHEE N 0.5 mmol/L 1Y
IPTG 55 MazEl-Leup %35, iS4 R )T,
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4 °C. 8000 r/min #.0> 5 min U5 &, H
buffer A (25 mmol/L Tris-HCI pH 7.5, 150 mmol/L
NaChH AR, Jfimal A mmr i, Kemkne
J5 0 B AR 2R T 4 °C . 12 000 r/min B 0>
45 min, {RE FIEWR . HETHEAHME M Hisg-MazE]-
Leup H1AY His Fr%5, FH Ni-NTA A gk 4725 F1
EMr4tifk MazE1-Leup. #|H] buffer B (25 mmol/L
Tris-HCI pH 7.5, 150 mmol/L NaCl, 50 mmol/L
PRI VEM A&, #R)5 H buffer C (25 mmol/L
Tris-HCl pH 7.5, 150 mmol/L NaCl. 500 mmol/L
WRIEERE, s HAREE H Hise-MazE1-Leup.
2 F] H buffer D (25 mmol/L Tris-HCI pH 7.5.
150 mmol/L NaCl. 5% H it)id i i g xf H Ar ik
LTI 4R K vk 45 . 4 SDS-PAGE £ 0 H 4
1 MazEl-Leup B R A IH M S 4. T
MazEl-Leup 5 MazF1-Leup A9 B #% A0 B /E H ,
F] H MazE1-Leup # 47 ) His #5 25 ok 4 fk
MazEF1-Leup Z &%), Zlifbil 5 MazE1-Leup
zifbid BAHE . &5, FIH MALDI-TOF MS
XA i T %€
1.5 20 & W %t 3 (bacterial adenylate
cyclase-based two-hybrid, BACTH)
47 pKT25-mazF1 K pUT18C-mazEl K
RBHF#E BTHI01 #7075 50 pg/mL RRE R
K 100 pg/mL % K % F 19 LB H 3R,
30 °CHEFRII IR . LA 1% M3 i it 42 25 0 i LB
BRI, kEHERE ODeoo (HIAF] 0.1 2247,
AL FE 0.5 mmol/L ) IPTG 475 S, $uh
IR I BRI 5 4 M N B-F FUBE T B R 5P . [
Af, B 100 uL 55297, 4 °C. 8 000 r/min 5 .0>
5 min WAEBIR, I 5 uL Brff LB Hi bk ik
TRJG mFE R A X-gal B9 LA PR, 30 °CHEFE4H
B E IR, WEEE A, SRR J7
25 Ak 3BH PR R BROK % AT B BTH101/pKT25-
zipper/pUT18C-zipper & B} ¥ XI & K W #T

BTH101/pKT25/pUT18C.
1.6 ¢ BX 1T # =L 1§ (electrophoretic
mobility shift assay, EMSA)

2% Li PR )5 T EMSA 25, DUME
J BT B ER A L64 AR ZH DNA S, fifi
5| %) EF1-prom-f/EF1-probe-FAM-r (£ 2), $§ 1%
W) mazEF1-Leup 5 8 F1VE MEEE, 2R
1) 5" Kt FAM 20hRid. BChlE 4642
M . FAM FRic A9 DNA #4841 (200 ng) M A [ 2
A9 His¢-MazE1-Leup ¥, His;-MazEF1-Leup HY 45
BRNAER, ZRFE 30 min J5, 7F 8% JE4E
£ PAGE g+ Lk 100 V AR HLYK 1 he HLIKES
Jo, RHIKREBEI R R GE (DO UGB M4
FEHSHEH ML AIEN.
1.7 = RNA ##2El. RT-PCR X RT-
qPCR

PHE A IE ] H R L4 1Y 30 °Cid i i 554
FeRh 2B e Y D-FLIR R WEsE IR . XA TE &
s FE 5L P i A 55 g/L 4 CaCOs, A= 4:
() LR T AR RE IR 6 A0 pH; S 56 41 IR s Jin
CaCOs, AR —3. Zat 48 h KA,
Fi B8 RNA il $2 320500 & 09 45 45 130 1 45 fil 42 2
RNA, Jfifi f] DNase I 7£ 37 °C4b#H RNA, 2Bk
5 PR LN 20 DNA. RS, I 00 5 s &
A B cDNA. BT FPE RT-qPCR 5141 (3% 2),
I 4% I8 ChamQ Universal SYBR qPCR iR 7 &5 %)
PRVEULITBC I RNAR R, DA A DU S5 55 5
T HAREER mRNA 7KFERY25E

2 ER559

2.1 {RBARZRR B ERE Lo4 £ [ 4H 4w A5
3XEBER MazEF K 1 RIS Z- B H

FIF TADB 3.0 764k T E. TAfinder 2.0/, 7
Bz B HR BR TR L4 LR 20 v sl T it i 2 %o
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WTE B mazEF W TA 25, 435 JE OYT_
03030-OYT 03025 H1 OYT 04285-OYT 04280,
Hdr, OYT 03030 F1 OYT 04285 43 5 4t 194
ASFN 122 MEIERRIRSELN MazF R EH, 5K
1 KF B8 G 5 19 MazF (1) )7 51— 8501 43 54Nk
15.82% A1 10.49%. X 2 % R4 iy b i 3£
OYT RS03025 Fll OYT RS04280 43 5 4 i PemK
M MazE $i#E K . Lo, it BLASTp 7E 1M
JEE B B BR B L4 FER ALl B3 T 5 — B AE
i MazF 2 1 OYT 01690, 5 K #T i ok 5 1Y
MazF ({5 —BMEN 11.19%, (E87FE =R,
YRR OYT 01685 Wit RelB/Dinl &R, I
H 5 OYT 01690 1E4E 4 MR 1) 8 S X I .
i EITR, (BN ERERTE Lo4 HEbH 2H gt 3 Xf
TELEN) mazEF 25 1T B TA R55(% 3), WE TS
ZE4R, B OYT 01690-OYT 01685. OYT 03030-
OYT 03025 J OYT 04285-OYT 04280 %y 54w 4
N mazEF1-Leup . mazEF2-Leup N mazEF3-Leup .
2.2 HEEH MazF1-Leup X KT E
BEHmIISMH

PRV TE B 2 A 1 3 R 3K BRI 43 il S A
KIGHF T TOPLO 4 e, [AIm, 25 1 JBokL
pBAD/myc-hisA 5 A KW FTF & TOP10 4 ffd 4
SR AR SR A I 0.2% i 4G b A5
SN 0.2% L-FTHi R T 2 5l2EK 1T h s,
3 Ao s e AR S T A ) 7 3R ) Rk R A FE ARG
s FEMRISMTS, SREARAEES
DM R, BWIEEAK;, EHSANT,
KA HF# TOP10/pBAD-MazF1 )4 K 52 5] i

i, AT # TOP10/pBAD-MazF2 Fil K i
¥ # TOP10/pBAD-MazF3 545 [ %} B K B T i
TOP10/pBAD —#f, ¥WIEH ALK (K 1A), FKH
MazF1-Leup X} K % #F & H A 58 15 P, i
MazF2-Leup fll MazF3-Leup JC#ETE (K 1A), i
iFZ 5 LX) MazF1-Leup HP AR SF IG5,
(1 1B), ¥ R28 £l T46 43l %A K Ala J&, 45
BN JG K MazF1-Leup setE1HK, #E—
WEBH mazF 1-Leup JRi%SHYJE MazF 255 EHE 1 .

Z ¥ 5 X 45 R 7R, MazF2-Leup #l
MazF3-Leup MW TEIG P s 38 & AR 58 s, HAR
K Ui, MazF2-Leup ¥ Ile (50) Bt A% T Thr,
MazF3-Leup ¥ Glu (18) il Lys (20)43 7| B/t T
Gly 1 Glu (Bl 1B). A T Brilik S35 PEA s i 58
IR FEEEENE S, B MazF2-Leup 19 150
AN T, K MazF3-Leup 1) E18 Fll K20 7351|%
A0 G HE, 345 T %45 H MazF2-Leup™”"
Al MazF3-Leup™ "o [l iR 5L 1, K014
SIS AKGFEE TOP10 4iir . SR AR
WG, 6 EMBHIRIER LK, BWUREE
MazF2-Leup il MazF3-Leup 138X TL#E 14 (€ 1C).
L EZ5 SRR, MazF1-Leup J& 11 /! MazF &
fHH, MazF2-Leup fll MazF3-Leup 7£ 24 1ij 35 55
- LN e
2.3 $H1 & & MazEl-Leup 7] A F 0
MazF1-Leup B9& 14

¥ MazE1-Leup i 3R ik % /& pACYC-His-E1
5 MazF1-Leup i # ik # /K& pBAD-F1 L [F]F: A
KIGFFE BL21(DE3)EAZ 84 firh o VEAXT IR,

3 (REAMERA BIREL4E FE B RIBHI3XT B E MImazEFETAR S

Table 3 Three putative mazEF family TA systems encoded by Leuconostoc pseudomesenteroides L64 genome

%5 #HE
Number Toxin

PiRER TR R A

Antitoxin Toxin-antitoxin domain

mazEF1-Leup
mazEF2-Leup
mazEF3-Leup

OYT93 01690
OYT93_03030
OYT93_04285

OYT93 01685
OYT93_03025
OYT93_04280

MazF-RelB/Din)
MazF-PemK
MazF-MazE
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A C
Plasmid 0.2% L-Ara| 107! 102 | 1073 107 Plasmid 0.2% L-Ara| 107! 102 | 103 10+
pBAD/ pBAD-F1 @
myc-hisA i (R28A) + m
_ - v SN
pBAD-F2 pBAD-F1 -
B T46A 5
+ ( ) +
pBAD-F1 pBAD-F2
" (I50T) L
BAD-F3 PBAD-F'3
P (E18G & K20E)
+ +
B
. * % % %
B. subtilis MazF ....MIVKRGD[V[YFADLSPVV[GSEQ.GGVEEIVL NDIGNRFSPTAIVAAITAQIQKAKLPTHVEIDAKRYGFERDSVI
MazF2-Leup . .MSYKPRQGD[I|IWLDFDP TK|GAEK . GKT/:83S L DNHIQNNSKFAIVTP|IIHGDWEF..ATHIKLPTN.QSLQSDGT[]
K. pneumoniae MazF .MTTYCPARGD|V|[IL|LDFNPQS|GH[EQ . AGKEHA L DDLFNQVTGFAVVCP|ITINQIKGY..PF..EVPVD.GTTKTTGV|I
E. coli MazF MVSRYVPDMGD[L{IWVD[FDP TK|GS[E[Q . AGH)8JA V| PFMYNNKTGMCLCVP|CTITQSKGY. .PF..EVVLS.GQE.RDGV|A
MazF1-Leup . .MSDDIREHS|IMIADLAFDE|GREVGSKV|8ZAF YDNQRI..... TYYRITTISOYDDK 5 S5 5505 6 5 8 B 8.4 53 8 5 4 EYF
MazF3-Leup . .MSELDPRMKV|YVVNIPY. .[EDKSDSKTEIZAL MSDGYI..w.. KLLKVISDYDKK s Pz ms s msws wmsmsa EK[T
B. subtilis MazF LLEQIRT[IDKQRL.TDKITHLDDE. ..MMDKVDEALQISTA. ....vvvunnn. BIDE : me o msps sMs0sdRiEs 18R
MazF2-Leup HPEQTRS|IDY[TARKNSFVKK|[IDDE. . . T|LJQKRYACCKCF|S|SNTAIQLKNWIAVF IMGFTTCQKINTNHFLIEEDNIGMSI
K. pneumoniae MazF LADQVKS|LDWKARAARTVDS[VSGE . . . TVTTVVDMVSKI[IKA . « v vt vttt etee ettt
E. coli MazF LADQVES|IAWRARGATRKRGTIVAPE ¢ s «BLUOLTRARTINVIITIG : v s w3 s s s 5s s 9 ams s 9 i o sS85 H3 9 sms s meissn
MazF]1-Leup KSKYFEIKDWVYAGLKNPSWIDTLKLRRVEEQYVVIK.F|I|GYLSPKDENRLVAFLSDLE . v v vvvennenennnnnnn
MazF3-Leup KELYYPITEWQQAGLKKESYVDCHRTYNITTDYILRNKPVAKLTVNDKVGLHSFVKNLVDTGKIPFKG. o v v v vvu....
B subtilis MazE = 5 e s 505 i fin s 855 o8 e 5 50 5 o8 b 5150 8 o8 (60 8 (65 5 o8 o 5065 5 obi oo 5 700 4 o8 000 5 40 3 080
MazF2-Leup ANMADMIVPSFQHKYGNHITLEYIDSTGTRDYLIKDGVPASWV
K. pneumoniae MAZF « v v v ot v v v o s oo imi e e v e s e e e e e e e e e e e e e e e e
EeoliMazE = ieaimienimienimiRiOideimi RN iR NI EE SRR
MazFl-Leup ...........................................
MazF3-Leup ...........................................

Bl (RIAIEAA SIRELMRERRBIMazZFEEZNSTHETE. A W AFFGREH R R Escherichia
coli TOP1OFIRE EER B AR SE TG . +/— 0 SR BSIN/AR AN 0.2% L-BI R ekl . B: [FIEMazFaE R Z P51 1L
Xfo BSARCHREIEN F. C: A AR RAZTE R ELFHRE. coli TOP10BIH: EERM BRI S .

Figure 1 Toxicity assessment of MazF toxins encoded by Leuconstoc pseudomesenteroides 1L64 chromosome.
A: The 10-fold dilutions of Escherichia coli TOP10 harbouring pBAD/myc-hisA constructs, as indicated, spotted
onto LA plates. +/- denotes the presence or absence of 0.2% L-arabinose. B: Multi-sequence alignments among
MazF toxins. Amino acid residues marked with asterisks indicated the active sites. C: The 10-fold dilutions of E.
coli TOP10 harbouring pBAD/myc-hisA constructs, as indicated, spotted onto LA plates.

% pACYCDuet-1 & pBAD/myc-hisA AKX  MAFRAMEF S MazF1-Leup HIFRIAfG, Wtk
FFI BL21(DE3). fEEFFRIEPA5IIMA IPTG,  WEKAZ3) T B R ME(E 24, 2B); HFEEHN
BT HEAFOE R IPTG FNBTHCAFORE , Al fe A4 A IPTG FBTRAFTHEI 75 32 240 SO T 2E
2. A IPTG 53 MazEl-Leup WIRIA)G, 15 K (18 2A. 2B), KB MazEl-Leup RE#E AT 24T
TS A A RHIR—FEE R AR K (F 24, 2B); Ml MazF1-Leup WYE1E. T I BlfidE R
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B AR I EEMEAERDR AR R T, N
K MazE1-Leup 5 MazF1-Leup 2 [8] /9 A H.AF
FH, T 408 IR 58 R G0 2 ok pUT18C-El
1 pKT25-F1, Jf 6 & i1 W & A KA @
BTHI01 /&2 54000 . 525 A BAH L, IPTG
53 BE e A I 2 B Y B- e FLOBE e I
(Kl 2C), FHH MazE1-Leup 5 MazF1-Leup 2 |f]

Leup KA AT #5285 ) MazF1-Leup )58 iA it
#i pACYC-His-E1-F1, T Hiss-MazE1-Leup 5
MazF1-Leup HY/rFhtdE# #2521, 7E SDS-PAGE
g5 LR Mg 8l — 45 55 (K1 2D). Mk, A
F MALDI-TOF JFiixf Uk 8 3 457 17 14
255 B S FZE T4l 4k ) His-MazE1-Leup
[A] Bf 43 2§ 2] T MazF1-Leup, # — 2 iEH] T

FHEHEMEER. Hit—LRUEE12E  MazEl-Leup 5 MazFl-Leup Z [H] 77 75 A1 H

MIEAEH, MWE T NGRS His /%50 MazEL- B,
A
2100
20 £ E3
——CK ——MazF1-Leup 5 1800
L
8 —a—MazEl-Leup —¥MazEF1-Leup E 1500
21200 F
e
g 51 |
% 1.0 ; 900
<
2 600
0.5 g Yo
&8 300 U
S
0.0 = 0 .
0 30 60 90 120 pUTI18C-zipper pUTI8C pUT18C-mazE1
Induction time (min) pKT25-zipper pKT25 pKT25-mazF1
B D
kDa 1 2 3
MazF1-Leup [MazEl-Leup| 107! 102 | 1073 10 180.0—
o - 130.0—
~ _ 95.0— -
_ + 70.0 — ..
55.0 —
43.0—
i -2
ud + 17.0—
10.0 —— I

[El2 MazEl1-Leupif it 5 MazF1-Leup B #2418 B {E A A F1MazF1-Leup & 1 . A: 4 &K Escherichia coli
TOP104: K h1Zk; B: FAIWAKE. coli TOP1OBLEM BEE AR SLSS; C: MazE1-Leup 5MazF1-LeupZfi #3438 5%
%35 D: Hise-MazE1-Leup 2 & 559/ Hiss-MazE1-F 119401k .

Figure 2 MazE1-Leup neutralized toxicity of MazF1-Leup through direct interaction. A: Growth curves of
Escherichia coli TOP10 expressing MazEl-Leup, MazF1-Leup or MazEF1-Leup complex; B: The 10-fold
dilutions of E. coli TOP10 harbouring pBAD/myc-hisA constructs, as indicated, spotted onto LA plates; C:
Bacterial two hybrid experiment of MazE1-Leup and MazF1-Leup; D: Purification of Hiss-MazE1-Leup and
Hisg-MazE1-F1 complex.
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2.4 mazEl-Leup 5 mazF1-Leup TR 3%
NF

I BB HE R 5 R DB R 9 254
mazE1-Leup 5 mazF1-Leup Z [AJ{F1F 4 8 FERY
HE(E 3A), WneflnlaekE s s, Hit,
i RT-PCR ¥53iF mazEF1-Leup & 75 1 i 52 9\
T o B R S S R mazEL-Leup 1
mazF1-Leup W% 5%, LI RNA MM IEST PCR
AR RAFTATT 547 (] 3B), #EBH RNA Hcsk i
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PG I/ INAFT By H 1 2571 (K] 3B). % H 1 Z&71
AT G, ZMPS) S —2, DL Egs
2% B mazEl-Leup 5 mazFI-Leup & = 355 53,
RN 4544
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EEE B S B FIVEREN

FIHTEL T H BPROM, fE mazEF1-Leup )
RS AS RN B T — NI FERY G 3 Pefl
(K 4A), ¥4 Pefl safeE =5 ILH lacZ 1 1,
FIEE T & 24k pPefl-lacZ (K 4B)., B-LFLAF
TR PG 25 S R I Pefl A &G TER BT,
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~ - -
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¢ P i
b Lt}

mazEF [-Leup

MR Pefl HPETE-35 Fl-10 X (pPef1-3510D-
lacZ)5 (K] 4B), Pefl NIk T 5 s iH 4 (& 4C).
J T EDURE R MazE1-Leup /&5 BE I Pefl
M) 5% 5, W & T pPefl-lacZ-Pcat-E1 3% 1A
(K 4B), fEZ ik MazEl-Leup J&, i £ 8 p-2¢
FUBETT BG4 2 S5 BRI, B MazE1-Leup RERS
Tl Pefl M4 SIGPE(E 4C) LA, HHIET
pPefl-lacZ-Pcat-EF1 #AA& (K] 4B), Ff & I 24 [A]H
%3k MazE1-Leup Il MazF1-Leup A, B-2F[ b
H RGP — BRI, 3R] MazF1-Leup BENG R
MazE1-Leup Xf Pefl %4 5g iyl R (# 4C). 1E
KA s T, EMSA 45 R 1L W] MazE1-Leup
5 Pefl ZMAFTERE LRI A B AR (] 4D-4F).
SR 0B REREL S H ik
] T & ¥ ¥ (inverted repeat, IR) %% & 2k 41 il 3
BT B 5, fE Pefl PR I FE] — 4 IR
(TAACAaaatgTGTTA), fii T-35 X FI-10 X Z
], JFH#AE-10 XEZE 4A), #EMZ IR
A] BE & MazEl-Leup 5 Pefl 45 &7 55, MR
WX —f5 4, 3% IR 11 TAACA %8 48 i
GCCAT (¥l 5A), IFHEE T #HCH A5 Bk pPefl-
IRM-lacZ } pPefl-IRM-lacZ-Pcat-E1, %5530/
2 Pefl H1AY IR K ERAEJE, MazEl-Leup WG
AR Pefl HY¥E 5% (& 5B). [AI), EMSA 1Y
gk b B MazE1-Leup A BE -5 R 48 )5 #4 Pefl

LRGN SRS R
MISS PSP

mazEl-Leup mazFI-Leup mazEFI-Leup

3 mazEl-Leup S mazFIl-Leup T2 IR\ F o A: mazEFI1-Leup & N 45 # /= = &l ; B: RT-PCR £ il

mazEF [-Leup )i {5 4514 (gDNAFIRHE K ZHDNA)

Figure 3 mazEl-Leup and mazFI-Leup consist of an operon. A: Schematic representation of mazEFI-Leup

genetic structure. B: Genetic organization of mazEFI-Leup confirmed by RT-PCR (gDNA denotes genomic

DNA). M: DNA marker.
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EF1-prom-f
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=35
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L 5\ 1, R
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$° §° &Y
D E
MazEl-Leup (pmol) O 5 10 15 20 25 MazEF 1-Leup (pmol) 0 5 10 15
5S'FAM-Pefl (ng) 200 200 200 200 200 200 5'FAM-Pefl (ng) 200 200 200 200
MazE1-probe N RN S Ry S MazEF 1-probe '
complex complex e . B |\ o

SFAM-Pefl  _y b s
STFAM-Pefl A& -

F

5'FAM-Pefl (ng) 200 200 200 200 200 200

MazE1-Leup 0 20 20 20 20 20
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MazE1-probe ] ] -
complex ) u -

SFAM-Pefl —» el Luu el

El4 MazEl1-LeupiBid 5B FLE & IS ImazEF1-Leup R G55 % . A: TEmazEF1-Leup L UF1R 52 1 1
TER 35 B: & RRERl; C: T lacZild R4 45 R % WIMazE1-Leupsi MazEF 1-Leup ¥4 GE ) il
mazEF1-Leup 3 81 F 1% 5% ; D, E: EMSAK:IIMazE1-Leup (D)2 MazEF1-Leup (E)5 )3 5l FPefl Z [ E"J
AHEAER; F: 8 AEEMSA R N AR Z s e 1 58 A 45T Kzl MazE 1 -Leup 5 Pef 1 2 M A AETE R 57
FEAE .

Figure 4 MazE1-Leup inhibited transcription of mazEF1-Leup by binding to promoter. A: A putative promoter
was identified upstream of mazEFI-Leup; B: Schematic diagram of reporter plasmids; C: Transcription of
mazEF1-Leup inhibited by MazE1-Leup or MazEF1-Leup was confirmed by /acZ based reporter system; D, E:
Interaction between Pefl and MazEl-Leup (D) or MazEF1-Leup (E) was revealed with EMSA; F: Specific
interaction between Pefl and MazEl-Leup was further confirmed by adding specific competitor within EMSA

reaction system.
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A W ——Tiacaraat stgtta|
S A
Pef1-IRM-lac7-Pcat-F1 ek Al | t *t tgtt |
pPefl- -lacZ-Pcat-E igcca aaatgtg ai
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&5 MazE1-Leup5mazEF1-Leup BT HHIIRFFI(TAACAaaatgTGTTA)ZES . A: Pefl PFIRZE ALY
FHSCFORR R (I TRLIR R A2 J5 , MazEl-Leups2 R A REMHIPef14%5%); B: MazE1-Leup NRESMIHIIR S
B JE BYPef1%% 5% ; C: MazEl-LeupANEESIRZE AL 5 HPef I A HAEH .

Figure 5 MazEl-Leup binds to the IR (TAACAaaatgTGTTA) of mazEF 1-Leup promoter. A: Schematic diagram
of plasmids constructed for detection of effect of IR mutation on the transcription of Pefl; B: MazE1-Leup can’t
inhibit transcription of Pefl with IR mutation; C: MazE1-Leup can’t bind to the Pefl with IR mutation.
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Figure 6 MazE1-Leup inhibited the transcription of dlt-acpS-alr operon. A: Transcription of mazEI-Leup and
dltA was induced under acid stress condition; B: Schematic representation of d/t operon, acpS and alr gene locus
(Putative promoter of dlt operon was indicated by —35 and —10 box; Inverted arrows pair denotes the similar IR);
C: dit gene cluster, along with acpS and alr forms an operon as determined by RT-PCR (M: DNA marker); D:
Transcription activity of Pdlt was inhibited by MazEl-Leup; E: MazEl-Leup binds to the promoter of the
dlt-acpS-alr operon.
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Figure 7 Proposed regulatory mechanism of MazE1-Leup in assisting L. pseudomesenteroides 164 to cope with
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Table 4 Genes containing palindromic sequences similar to palindromic sequence (TAACAaaatgTGTTA)
B %5 St D RE [l 3L 47

Gene number Protein function Palindromic sequence
OYT93 01685 Antitoxin MazE1-Leup TAACAaaatgTGTTA
OYT93 01215 DItX TAACAtattgaaatatatgTGTTA
OYT93 01245 Alanine racemase Alr TAACAcgatTGTTA

OYT93 00860 NADH-dependent flavin oxidoreductase TAACAtatcgTGTTA

OYT93 06375 phage tail tube assembly chaperone TAACAttcaaTGTTA
0YT93 07930 Hypothetical protein TAACACTGTTA

0YT93 08975 LysM and FRQ1 domains containing protein TAACAtTGTTA
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