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Functional characterization of Phd-Doc toxin-antitoxin system in
Yersinia pseudotuberculosis

YANG Changxing' MENG Fanneng> ZHANG Wenyue® YANG Peiyu'
WANG Dandan' LIU Xingyu® WANG Yao ' SHEN Xihui'

1 State Key Laboratory of Crop Stress Biology for Arid Areas, Shaanxi Key Laboratory of Agricultural and Environmental
Microbiology, College of Life Sciences, Northwest A&F University, Yangling, Shaanxi 712100, China

2 Qingyang Longfeng Sponge City Construction Management Operation Company, Qingyang, Gansu 745000, China

3 General Research Institute for Nonferrous Metals, Beijing 100088, China

Abstract: [Background] The toxin-antitoxin system is widespread in microorganisms and plays an
important role in their defense against adverse environments. [Objective] We used Yersinia
pseudotuberculosis (Yptb) as the meterial to investigate the mechanism and biological functions of the
Phd-Doc toxin-antitoxin system. [Methods] The Phd-Doc toxin-antitoxin system encoded in Yptb was
identified by bioinformatics, and subsequently confirmed by toxicity experiment, gene expression analysis
and protein interaction assay. To study the biological function of Phd-Doc toxin-antitoxin system in ¥ptb, the
differences between the wild type strains and mutant strains were compared through antibiotic stressing,
oxygen stressing and biofilm formation experiments. [Results] Bioinformatics analysis showed that a pair of
Phd-Doc toxin-antitoxin system is present in ¥ptb, and subsequent experiments confirmed that these proteins
are co-transcripted and display high affinity. The cell morphology was changed and cell growth was inhibited
when the Doc toxin protein expressed in Escherichia coli, and these changes were rescued by the antitoxin
protein Phd. The transcription level of phd-doc was significantly up-regulated under stress conditions,
especially under the chloramphenicol stress. Deletion of phd-doc significantly affected the biofilm forming
ability of Ypzb but did not influence the cell growth. [Conclusion] The functional identification of the
Phd-Doc toxin antitoxin system in ¥ptb is of great significance for a better understanding of the colonization
and response mechanism of microorganisms under the changing external environment.

Keywords: toxin-antitoxin system, Phd-Doc, autoregulation, environmental stress, biofilm
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Table 1 Primers used in this study

XPHEA S Th e T 48 e, DA & X A 13
227 P A1 AR5 0 S AL A AR 937 ARMIL A B AT
e —2 T e e PO IR SR EE  (Can H A
R BH /I8 e i 8 DX A 50 B ML, R R AE AR AR PR
BRI S (R sl A B 2 0
1 eSS kHE
1.1 EHk. RAE54
KIATFR T LB BFR3E, 37 °CH53%; MRA5HZHR
IRFRECHE Yo i F YLB B335, 26 °C 5130 °C 555
FOREFRIREMEIE T pET21a Fokikya™; [mlxh
FMRIET pKT100 FrRAg s> J5 s 7R e 4l
SRS T pST412 I pKT100 Fkia?Y; 335k
FRIET pME6032 Bkt ™ T A Y5 s s
P XF Ypib v ypk 2388 ypk 2389-2388 KA
Froslss. ML ISR 1, HHRBRILZ 2.

Primers name Sequences (5'—3")

doc-F-BamH 1 CGGGATCCATGGCAGATATTGTTGAAGGG

doc-R-Sal 1 ACGCGTCGACTTCTATCTTTACCTGTGTTGCAGTC

phd-F-BamH 1 CGGGATCCATGAGCCATGCACTGAAAAATG

phd-R-Sal 1 ACGCGTCGACCACCTTAGAAAGTTCTTCCATTGC

phd-F1 ATGAGCCATGCACTGAAAAATG

phd-R1 CACCTTAGAAAGTTCTTCCATTGC

doc-F2 ATGGCAGATATTGTTGAAGGG

doc-R2 TTCTATCTTTACCTGTGTTGCAGTC

doc4R1 AGCTGTTCGTTTGTTAGCATTTGCAAAGGCGGCATTCTGGAT
doc"4F2 ATCCAGAATGCCGCCTTTGCAAATGCTAACAAACGAACAGCT
phd-doc-F-Sal 1 ACGCGTCGACATGAGCCATGCACTGAAAAATG

doc-F-Sal 1 ACGCGTCGACATGGCAGATATTGTTGAAGGGATAC
doc-R-BamH 1 CGGGATCCTTATTCTATCTTTACCTGTGTTGCAGTC
doc-up-F1-Xho 1 CCGCTCGAGGCTGGCTGGAAGGTGATTTACG

doc-up-R1 GTTGCAGTCACTACTAGAGAATAATGTATCCCTTCAACAATATC
doc-down-F2 GATATTGTTGAAGGGATACATTATTCTCTAGTAGTGACTGCAAC

doc-down-R2-Bgl 11
phd-doc-up-F1-Bgl 11
phd-doc-up-R1
phd-doc-down-F2
phd-doc-down-R2-Xho 1

GAAGATCTATTGGGTAGCATCACCCCCG
GAAGATCTGGTGTTGGTTTGAATGATGTGATG
TTATTCTATCTTTACCTGTGTGCATGGCTCATTACGTTAC
GTAACGTAATGAGCCATGCACACAGGTAAAGATAGAATAA
CCGCTCGAGAGGCGATTCAACGCTGTGGTAT

EMSA-F CCTACTTCAGGCAAACACATGA
EMSA-R TACGTTACCCTCTGAATTATAGATAGAA
16S-F CTAGCGATTCCGACTTCAT

16S-R CCCTTATCCTTTGTTGCC

Q-doc-F ATGGCAGATATTGTTGAAGG

Q-doc-R TATTTTACTACGCTGGGTCT

Q-phd-F ATGAGCCATGCACTGAAA

Q-phd -R TTTTCATAGCGAGAAAAGCC

T RIS N AL A

Note: Restriction enzyme sites are underscored
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Table 2 Strains and plasmids used in this study

Strains and plasmids Relevant characteristics Source
Yersinia pseudotuberculosis
YPIII Wild-type Y. pseudotuberculosis pIB1, Nal’ This lab
Yptb-Adoc doc deleted in Yptb YPIII This study
Yptb-AphdAdoc phd and doc deleted in Yptb YPIII This study
Adoc Mutant of knockout doc containing plasmid pKT100 This study
AphdAdoc Mutant of knockout pid and doc containing plasmid pKT100 This study
Adoc(doc) Adoc complemented with plasmid pME6032-doc This study
AphdAdoc(phd-doc) AphdAdoc complemented with plasmid pME6032-phd-doc This study
Adoc(promoter) Mutant of knockout doc containing plasmid pKT100 and pST412-Ppjg.doc::lacZ This study
AphdAdoc(promoter) Mutant of knockout phd and doc containing plasmid pKT100 and This study
PST412-Ppig.doc::lacZ
CAdoc(vector) Mutant of knockout doc containing plasmid pKT100-doc and pST412::lacZ This study
CAphdAdoc(vector) Mutant of knockout phd and doc containing plasmid pKT100-phd-doc and This study
pST412::lacZ
Escherichia coli
TG1 [F'traD36proABlaclgZAM 1 5]supEthi-1A(lac-proAB)A(mcrB-hsdSM)S5(rK-mK-) This lab
BL21(DE3) Host for expression vector pET21a This lab
S17-1 A-pir lysogen of S17-1, thi pro hsdR hsdM+ recA RP4 2-Tc::Mu-Km::Tn7 This lab
pET21a Expression vector with C-terminal hexahistidine affinity tag, Amp" Novagen
pET21a-doc pET21a derivative for expression of doc This study
pET21a-doc™""* pET21a derivative for expression of doc’”** This study
pET21a-phd pET21a derivative for expression of phd This study
pET21a-phd-doc pET21a derivative for co-expression of phd-doc This study
pKT25 pl5A origin of replication ending CyaA1-224; Km' This lab
pUT18 ColEL1 origin of replication encoding CyaA225-399; Amp" This lab
pKT25m Modified pKT25 This lab
pUT18Cm Modified pUT18 This lab
pKT25-zip Leucine zipper of GCN1(BTH positive control); Km' [24]
pUT18-zip Leucine zipper of GCN1(BTH positive control); Amp" [24]
pKT25m-doc doc in pKT25m This study
pUT18Cm-phd phd in pUT18Cm This study
pDM4 Suicide vector, mobRK2, oriR6K, pir, sacB, Cm" This lab
pDM4-Adoc Construct for in-frame deletion of doc, Cm" This study
pDM4-AphdAdoc Construct for in-frame deletion of phd-doc, Cm" This study
pKT100 Cloning vector, pl5A replication, Km" [20]
pKT100-doc doc under the control of kanamycin resistance gene promoter in plasmid pKT100 This study
pKT100-phd-doc phd-doc under the control of kanamycin resistance gene promoter in plasmid This study
pKT100
pME6032 Shuttle vector between Yersinia pseudotuberculosis and E. coli, Tc' [22]
pME6032-doc doc cloned into pME6032 for complementation This study

pST412::lacZ

Modified pDM4 contains free lacZ gene behind MCS, Cm"

[21]

e Cm's WERPUE; Te: WRMEGPE; Km': FRIERSUME; Amp': 20N HERIUME; Nal: ZS0EfAmRyrE
Note: Cm': Chloramphenicol resistance; Tc": Tetracycline resistance; Km'": Kanamycin resistance; Amp': Ampicillin resistance; Nal":
Nalidixic acid resistance
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1.2 FEAFIFFERIEFE
1.2 EZLFIFNER

YT SE R 2 DNA $2 UG & . Bk HRHL
i F & . RNA Prep Pure i 5 RNA $2HGA
. DNA gifbhfioai g, KA R e
HBR/F; Fast King cDNA 58 —4856 B & .
Easy Script One-Step gDNA Removal ik 7 &5, dbaL
X eEYWHFARARAF; Trelief™ Prestained
Protein Ladder, dJb5tZREEL A HE ARG R A
Fl; PrimeSTAR Max DNA Polymerase, DNA %%
Rl & . Apox HF DNA &M, W R A9
TAEARAE; REIPENYIEE, TaKaRa A+d];
H 8 % (Kanamycin) . 247~ 25 % (Ampicillin) . %
%% % (Streptomycin) . 4 % % (Chloramphenicol) .
PUIA 2 (Tetracycline) . ZS0E R (Nalidixic Acid) .
5N HE-B-D-Fi AL F: LB T IPTG) . % BRI B AR
¥, AR ERHCARAE . BERRRAL . 4
A3t &6, il REERHABRA R 4k
KMRAL, BioTek 24w]; ¢t PCR X,
Roche A ] o
122 EFHE

LB RiFdk: BREFE 10.0 g/L, BEEHEEW
5.0 ¢g/L, NaCl 10.0 g/L, FHTEFERIFTIH

YLB Higedk: RN 10.0 gL, BERHERY)
5.0 g/lL, NaCl 5.0 g/L, FTFHFEREERR AR R
Yptb,

M9 TEHLERE;FESL . NayHPO, 6.0 g/L, NaCl
0.5 g/L, KH,PO, 3.0 g/L, NH,Cl 1.0 g/L, CaCl,
0.1 mmol/L , MgSO, 2.0 mmol/L , %ij %j b
20.0 mmol/L, HHT RIAHTFIIEF AR5 A% 38 /R #%
[RIE Yptb BFREZ 555

FHEYIEIEE SR EL . 51.5 o/L ZREDIBUEN,
AT IR RIAAF B BTH101 K HAE PRI
1.3 £MEEESH

SEF P1WER AT Doc MZULRRIT S, 1€ Yptb
FERIZH i T BLASTp ¥, /b i m ik
F A ypk 2388 4t , 27 41 o X FE 344
ClustalX H 528 ypk 2388 Gt it 2K 15 — ZE 4514

# L 7E % 3 I-TASSER  (https:/zhanglab.ccmb.med.
umich.edw/I-TASSER/) 58 i, #4UZ5 R 5 2 )75 H
X259 ESPrint 3.0 #1745 SRR IR ST 454
I8 7E W 3 http://weblogo.berkeley.edu/logo.cgi HiE
17 HeXF IF 25l .
1.4 H£KpZENE

FRECREI B R (R R FF A sl R 5 A I R AR R R
Yorb) LA T YLB K5 9%3k, 37 °C. 220 r/min 557
ZFEM(ODgoo 970 1.2), 1%HEF I35 2
YLB 5553, 26 °C. 200 r/min 3555, FfE2 h
BUFENE ODgoo WHGAH, LN 12 h 804 24 he
B 3 AT, GitBdEe A K hg . Maa e
AT, WA EE S B AR 2.0 pg/mL., 5
% 2.0 pg/mL., ZNHFE &R 10.0 pg/mL., K
H,0, 15.0 mmol/L,
1.5 EHRSELE

MHT B T PRHCR TR 75 T LB K597 Sk
37°C. 220 r/min T35 35 BRE R (ODsoo 214 1.2),
BT 27N 2770 27 27 27 BRIERRER, 3 BIMRE
BB 2.5 uL 43 51i% 2 & 0.1 mmol/L IPTG Fl
TCESHI LB A b, 30 °C #rEigsidne, W
TR A K AE L
1.6 FFRIKFHM

¥ Ypeb % B8 1.4 iR ik e R B R
(ODgoo 2920 1.2)J5 , 43 SIS Iy 38 590 6% 2% %%
200 pgmL ., EAEZX 200 pgmL ., AFHFHR
100.0 pg/mL . 4K H,0, 15.0 mmol/L, 30 °C.
220 r/min JBHE 1 h, ARG FIEE G AE A XY
4, SERUSHREIRE RNA, K4S AES o RNA MR
VT —BUG AT R 53 5 SR IG HEA 70 78 i PCR K
I T s a2t A I8
1.7 HENFRZRE

FHELT BRF BRI 41 B OO A% KIE Phd 1
Doc M) 41 H #F I B4 . # # pKT25m-phd &
pUT18Cm-doc Fil, il 2 ;I cyad B
R KIHFFE BTH101 Sz A4 afE A Scsidl; LA
et 23 ok pKT25m 1 pUT18Cm [ BTH101 JyBH
PEXTRE ;T AR AT BRI RS A ) 2 31 3
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T25 1 T18 ZERWAFTE BTH101 H [RIFF A7 AERT 3
i 35 A B AR AT DA A T I 1 BR T R R AL
AR IREZ YR R LB a e, FIARSR
B4 & T25 1 T18 (W k: pKT25-zip F
pUT18-zip L4528 BTHI01 ARV N BHIERTIE, &
MTHEANEER. FIFEEM IPTG A RILIE
FBE, 30 °C #rE KR 48 ho PRSI P et L
WG L7 21 W B TR P R AT B-F L 0 i 1l 335 U
T, ME T S Battesti 2577 24
1.8 FEEFWE

Pk B 2 % 35 kL pET2la . pET2la-doc .
pET21a-doc | pET2la-phd. pET2la-phd-doc 1]
KAFH BL21(DE3) LB 7% T LB Rigrdk,
37 °C. 220 r/min$%55% B FE BI(ODsoo 290 1.2), LA
1% it 43 i 422 2 5 2 2 0.1 mmol/L IPTG Fll
ANEIPTG W LB AR, Ui E 31T,
26 °C. 200 r/min #4715 745, 14 h JFBEES
TEIE DG 10 5 HBE. 63 f5Mes F ik riss,
1.9 HEZFEN

PEHUBRZSAZHR /R ARG RNA [ %k cDNA,
43LL cDNA Fl Yptb JERA AHAIEF T PCR §°
B, 5IYER 1, BERRWHEER KA G 4,
1.10 H¥HIREE

2% Wang 25217k PEAT A= 0 B o . 4%
TR B A B TR AR | 58 AR IR T AR A IRl b TR PR B 77 =
FaE W(ODgoo 290 1.2), 43 5ilF 1%l i i 42 2
5mLM9}EFEEH, 26°C. 150 r/min 555 30 h;
S5 e K R RN, 25 B KO R IR
WERE 2 i, BT IA 6 mL 45 YR e
30-60 min, K45 YA, LB KRR
BN R R T, BT, U RE RYEA
P — 2R AR AE g BT S A S mL 7K
LR, FpiaAE DN AE W ok BB 70 53 5 e O e e iR 1 1
SIS ODsos WOGAH
.11 EF4k

% Phd Fk BERE AT B BL21(DE3) BT BRI
i 1% 2 NPT R, KRR E A

FFUR UE AR (ODsoo 29 04BN 0.3 mmol/L
IPTG, #KJ5 18°C. 150 r/min }535d % . Z )54tk
RS ARG K S el i, K alifb i
F#EfT 18% SDS-PAGE Hl Western Blot #:ll ,
1.12 5t BR BE % 1T #% (Electrophoretic Mobility
Shift Assay, EMSA)SCL&

2:7% Wang 2215 61T EMSA 5286, B Fl
I ypk_2389-2388 Ja BT IRV ET i PCR A 4 3f: 111
W ARRREERIEE . BRIREH(30-50 ng) gz
MPRTE 20 uL 456 WA R e, = IRMFE 30 min
JEIMARLIRTE R, JRETIC SDS 1Y 6% i Hi
k. MIKSERE)E , HRRYYRE 30 min, Tk
SR ICHURSONEEE L SALRIRE 45 515 DL
113 #RFEIt O

ARG 3-5 M TA T OT EEE 2-3 1K,
255 GraphPad Prism V8.0.1 24X 45 SR 7481 T
SR, SR DCEIEAR R E IR, AT
K H Student’s #-test, P<0.05 {UFRLGER2EF B E

2 ZR545W
21 EMEEFESH

Phd-Doc 8% -HiH KRG T 7E P1 WA
R, B S AE R AT R R A g R B, T
ARG R ZE Doc SWEREAR P1 HATH = 1AH
RIPEE 1A). A THFSE Yprb HETAFAE Phd-Doc
BRIGBRRAG, DIERVIANIZTA RGN E ER
P1 WEEIARY Doc (AAQ14075.1) 5L ¥ HIME s
WS, 5 BLASTp 7E Yprb JER 20 P ks & 31—
REMEIEE 1 YPK 2388, Wi e ik 5 1 4351
5 P1 BEIA Doc (AAQ14075.1). P7 WE{A Doc
(YP_009914583.1)FI KT Doc (CAP07826.1)i
T2 AR, G55 BoR RS HR R # G Doc 5
AR 3 R AR Y A EA B AR, AR
FEA IR 67.72%, 67.72%F167.41% (K 1A), I H.
HAT Doc HYHMLRIEAT 45443 HXFX(D/E)GNGR!
(K 1B), Z45 P 24 2482 & Doc KIELEY) 73
iAo AR 0 NI P 10 v s = B e
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Figure 1 Bioinformatics analysis of the ¥prb Doc toxin
: A: Doc SHHCRIEE N ZITE
B =GR b R

' 1 -
vvseo RNLCD CEISSLVVT ATQVKIE

JH3t; B: Doc fRST45HIREIFR; C: Doc =445 a AT HGE 1 Doc™Y-Phd C K

Note: A: Multiple sequence alignment analysis with related homologs; B: Consensus logo of Doc conserved motif; C: Tertiary structure

prediction of candidate protein a and reported tertiary structure of Doc™*®"

ZEMIRERL(E] 1Ca), 5 RIHFTHH Doc™*Y-Phd C &
Ui s AR (PDB_3DD7N i =4k (18] 1Ch)HLL,
AT 6 4> o BBEHER 2 4 BT B4, HAT R
M AH LM o DL B A AR B A 4 B 4 2R R W
ypk_2388 %% 1) 35 1 HA BLALE Doc 25 FUAHIE, [
Vs ypk_2388 St EE [ i 44 4 Doc.
22 RIEEREMHERE

JUETE Yptb FKEER) Doc MY
fE, W HAE R BL21(DE3)h KL,
DR EHA w . I 2A AL RS
RFR, TERBFF RIS RIE Doc 2 XTI
AR EEME ER, W&k HXFX(D/E)
GNGR R 5F &5 F 3 i 24 2 R Bk 2k i R AR S
oc" A XK FF T A B PR IR SR . %4 Rk
— 4% Doc W53 1K 5 5 R I K AT i 4 B 24

in complex with the C-terminal domain of Phd b

ALFTUESE . Nl 2B Fian, i S:3%ik Doc 55|
B KB RIEEZRK, mMikFREASREN
JE WARTEASTCI B ek A . Hrh RIGFFR B AR K
A g2 T Doc & H I RB 5 B E IR 275,
Doc # [1HA7 Fic & FMRTFEMIS, et
BRSO RE S S R MM R R . WK
Qﬁﬁ%ﬂmﬁ/m%EMh%ﬁﬁ%ﬁﬁ%ﬁ
AR AT B R T L W) — B ) B D R N R T AR
1 Doc SR IXEAIEER . HHIAN Doc
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Figure 2 Toxicity test of candidate toxin protein Doc

doc doc!74

T A BRI BL21(DE)MERBEHIAR; B: K A hREHRIIEE UL (10x63)
Note: A: The 2-fold dilutions of Escherichia coli BL21(DE3) containing pET21a constructs, as indicated, spotted onto LB agar plates; B:

Morphology observation of strains in A (10x63)
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Figure 3 Identification of antitoxin protein Phd

I¥: A: Phd-Doc FEEEE/REER; B: Phd SAHXRIEEAMZITHIL; C: TA R4 Phd-Doc FLAEFHRM, 1. 4, 7 LL Yprb fE A
s 2. 5. 8 LA Yptb cDNA RN 3. 6. 9 LA ddH,0 FEAHEMHES T PCR K645 R

Note: A: Phd-Doc locus diagram. B: Multiple sequence alignment analysis with related homologs. C: TA system Phd-Doc co-transcription
test, 1, 4, 7: PCR product with ¥pth as template; 2, 5, 8: PCR product with ¥ptb cDNA as template; 3, 6, 9: PCR product with ddH,O as

template
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Figure 4 Identification of toxin-antitoxin system Phd-Doc

B
8 000
£ 7000}
£ _ 6000
€ 25000
£40

2 2400
z2= 30t
2E 20F
= 10 |
& 0

H: A: Phd-Doc 4RI 5Es; B: B 2PRLBHTEERESAI ; C. TAIRM AT # BL21I(DE3)MERM PSR ; D: A CH
BEERAE 0.1 mmol/L IPTG 55 14 h JR IIEAMEL(10x63); AL ITABHREE /D 2 Mo A Y2 EE FFME, *++*. P<0.000 1

(Student’s ¢ test)

Note: A: Bacterial two-hybrid experiment of Phd and Doc; B: The B-galactosidase activity assay of strains in A; C: The 2-fold dilutions of
Escherichia coli BL21(DE3) containing pET21a constructs, as indicated, spotted onto LB agar plates; D: Morphology observation of strains
in C induced about 14 h with 0.1 mmol/L IPTG (10x63); All data presented are the average of at least two independent biological replicates,

**%%: P<0.000 1 (Student’s ¢ test)
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Figure 5 Autoregulation of TA system Phd-Doc

(miller units)

B-galactosidase activity
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(AR
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H: A: EMSA 05 B: Phd-Doc Jii sl THE GRS, $RALARTA B2 /0 3 s AW 2 9 F34E, *: P<0.05 (Student’s £ test)
Note: A: EMSA test. B: The B-galactosidase activity assay of the Phd-Doc operon promoter; All data presented are the average of at least

three independent biological replicates; *: P<0.05 (Student’s ¢ test)
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Figure 6 Growth curves of TA system Phd-Doc deleted and overexpressed strains

H: A: Yptb )t Phd-Doc SERALATE YLB SEFRSP A KR NZL:; B: Yprb Hid 43K Doe MR K HiZk
Note: A: Growth curve of TA system Phd-Doc deleted Yptb in YLB medium; B: Growth curve of Doc overexpressed Yptb
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Figure 7 Growth curve of strains under different stress conditions
W A: B ZE 20ug/mL; B: 2 FEHZE 100 pg/mL; C: S ZE 2.0 pg/mL; D: S /K 15.0 mmol/L
Note: A: Streptomycin 2.0 pg/mL; B: Ampicillinum 10.0 pg/mL; C: Chloramphenicol 2.0 pg/mL; D: H,O, 15.0 mmol/L
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Figure 9 Effect of TA system Phd-Doc on the ability of ¥pzb biofilm formation

TE: A AWIENESR; B: Ypib & AphdAdoc HIRAE M9 BiFRFE P AR KIS s $RALM T A B2 20 3 A A~ # AL
¥, *. P<0.05 (Student’s ¢ test)

Note: A: Biofilm test result; B: Growth curve of ¥ptb and AphdAdoc strains in M9 medium; All data presented are the average of at least
three independent biological replicates, *: P<0.05 (Student’s 7 test)
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