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CcdB #1 ParE 3225 DNA fi# Jig ff (DNA gyrase)fH
HAEH MAIH DNA &, X i 145
B e O S WS ETINE ST a1 W % N [ £
PR, PLEE RS TR LIS R T
HIILvE P, 1m0 HIL DNA 45 4 45 1) 45 (DNA-binding
domain) e 454 H & B 8 FEB A TEH. LA
RIIBTIC R, HUaE 20 778 B HPIRESN UG
¥ % (disorder conformation)fF-7E, RA SRR T
SEE G AR R ) = e gh Ry, X P R A
“disorder to order” FARL. {HJZ, ITAEKMI4EAG L
BRARAE , PUEEFE 51 ] LU Bk 37 0 U] 1) = 4t 25
F), BN, YefM. MqsA 25078, XX “disorder to
order” MEAYHE HHPkbk: PUag 3 I AR To I #)
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AR BB RN 54 Tse2-Tsi2 1X— 2 LR IR
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L FEXGIET: a. Tse2 AAMIMFFEEN T, 1M
FENBEPER R R 1, FHIHR SR Tse2 5 241
BEED TP b, X Tsi2 Fa0 Ry, H
A H 45 DNA &8558t , X5E MR B
g5 TA #4E 1 )3 3 1 1 B 4013 (auto-repressor) )
REHT WANA].  IXSEREACRFAL T fE 1AL Tse2-Tsi2 fF
MG R G S ARG PRI 27 A, R
Tse2-Tsi2 KA Dy fe 1) = 4E g5 M ent, AW
T3 B PR AEAE S8 4 (1) 53 -7 WLARIRT A R At R S A BRT 1Y)
WP AR AL T IR S B R A
Tse2-Tsi2 4L TS — 20, A1) fig
BT T RPUEE 2 80 Tsi2 PR M . ASCRS
T Tsi2 /ER P B BB aE R IS5 RFE: a.
& F 45 2 JiE (coiled coil); b. #H7n T Tsi2 —AKT)
RE AL A2 Ty ORI A A, IX R PIRE R 7 T hE
T AR e = LS5 I X — AR ¢, T8I Tsi2
SR ANPLEE R M LR T Tsi2 55 Tse2 1]
REMIAE I 7 2.
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1.1 ZFRATHE Tsi2 B, Rixfoak

HEF NCBI %4 ZE v tsi2 3£ 8 /7% 41 (GenBank:
AAGO6091.1) N\ T4 B tsi2 FEPR( A T AR A
o]y, KLU 4 pET22b(Novagen /A A ) K 1A
WAk, BEVINLSE Nde TR Xho T, JEPIIN P56 AIE

A SNSRI tsi2 IRk pET22b #16 %
KW FF# BL21(DE3) %52 & 41 i, PEHH i % T
50 ml LB £ 753 v (4 100 mg/L & %5 %) 37°C
HERHEFR, R 4% 3% W % 1 L LB ¥i 3¢
B (% 100 mg/L 20 N E R %), 37CHFE3h )G
B 0.2 ml 1 mol/L IPTG & T 16°C % S 1%,
B (4 000 r/min, 4°C, 30 min). B
PLTE ] Lysis 22 7% (50 mmol/L NaH,PO,, pH 8.0;
300 mmol/L NaCl; 10 mmol/L B M) & &, hn A
A BEIN AR5 PMSF J5 4°C A, 400 2R
Y7843 B50>(18 000 t/min, 4°C, 30 min) |4 2 41 g
.

T HPEAMRE LERCRA DA TR
BN 2R Tsi2 A . 5K A Ni-NTA £ A
JZHT(Novagen 2~ 7)WL 2lif, ZHr4EH Lysis 2%
MR T S AN S BAE, 4 Wash 80P
(50 mmol/L NaH,PO, pH 8.0, 300 mmol/L NaCl,
20 mmol/LIK M )i ¥k 10 /M AR BE 45 A E S W Bt
w| A, O U B2 M (50 mmol/L NaH,PO,
pH 8.0, 300 mmol/L NaCl, 250 mmol/L B ")¥ H
FREE VR, YEli 8 I A Vivaspin(Sartorius 23 )
3K Da #4i B4 J5 ik 5 ml HiTrap Q BH & 72 #t
} (GE Healthcare /A 7] ), £ 50 mmol/L Tris-HCI
(pH 8.0)Z% /28 0.05~ 2 mol/L NaCl £& 1 £ Ji
Vel Ag B H AR . BEMEUE Mk 46 )5 L FE Hiload
16/60 Superdex75 4) ¥ fiii J2 T #: (GE Healthcare 2
A]), ZEPP¥A 100 mmol/L NaCl, 50 mmol/L Tris-HCI
pH 8.0, 7 T I P i 45 22 10 g/L(Bio-Red Protein
Assay), 4°C {RA7.

1.2 WEAREB Se_Tsi2 Tir4ifk

il AR 45 11 Se_Tsi2 21 5% FH ik B 71 35 08 B 1
B834(DE3)(Navogen A &), i MFAL . P EVE /I
HREFEF 1 L LB Br 3756 37CH K93 h )5, &
> 4 000 r/min, 4°C, 20 min YCEEEADGE, 7DD
TGS 1 LM B3R, 37CYUER % 2 h,
I 50 mg A IR Z R, 30 min J5 A IPTG &
AWRAE 0.2 mmol/L, 16°C % Sid7k.

Se_Tsi2 [MI4ifb FIREAR 8 (A 2lifb im FEAH L, (H
T Se i1 2 TR AL, TR EL A IR AT 22 e
W S AMNRINT 5 mmol/LIK B- %k W, 73 177
SEPOH S AMA T 5 mmol/L DTT A1 0.2 mmol/L
EDTA 1E A LRY 7.
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1.3 F@MEE U E

Tsi2 BEARFIANAC & A4 ) 78 25°C, >R H e i
PARAG . Tsi2 BEAEGAES A R: 12% PEG400.
0.1 mol/L ZR4M(pH 4.4), & IR E 2.5 g/L.
Se Tsi2 ik 444 4: 10% PEG3350. 0.1 mol/L &
TR#N(pH 5.0), & UKL S g/L.

Tsi2 BEA A4 R A0 AN 75 S e s 7 v B R
2 AW BT ST BT MMOOTIP X- S5 2R A7 5 Hiedh Wi
£ R Y8 (Rigaku A 7)) EREAT. Se_Tsi2 S A X 54k
AT S Ec s A bt F P RSl SWIA IR —
£ Peak H4ls, JGUEPEAN 097958, AR
225 10% L —FEEG) M B AR5, T 93K i
JEIREE T RAR 360 My, LA ARIE B 7o 3
1.4 S5HREHTFIELE

7 555 £ 1) 48 B8 4 AR 2> Al T MOSFLMI™,
B 45— F0-4 H-48 ] CCPARIT ) Scala. A4 K5
I PHENIXPI) AutoSol ] SAD R ARFHA, T

Table 1 Data collection and refinement statistics

Se Tsi2 Tsi2

Data collection
Space group P1 Pl

Cell dimensions

a b, c(h) 28.38,34.92, 38.49 27.64,34.07,37.62
a B,y () 110.37, 95.98, 95.61 110.44, 96.05, 96.37
Peak

Wavelength (4) 0.9795 1.5418
Resolution (A) 19.79-1.80 (1.90-1.80) 34.83-2.09 (2.21-2.09)
R e (%0) 22(4.7) 3.53.7)
llol 36.5(16.0) 15.0 (13.3)
Completeness (%) 96.5(95.7) 94.1 (91.6)
Redundancy 4.0(4.0) 3.0(3.0)
Refinement

Resolution (A) 19.79-1.80

No. reflections 12196

R/ Riiee (%0) 18.43/21.74

No. atoms

Protein 1281

Water 218

B-factors (A?)

Protein 14.878

Water 24.224

R.m.s. deviations

Bond lengths (&) 0.0050

Bond angles (°) 0.745

Values in parentheses are for highest-resolution shell.

i AutoBuild [ 2 #48E, 73 2135 43 45 AL JS A8
COOTTF-Z # s ol R ¥ 41, &5 MR 848 1R H
PHENIX [{] PhenixRefine [H#{1LF1 COOT T-5if
B 25 (1 )75 . Tsi2 f 4B 4 PHENIX [1
Comprehensive Validation 71556 UE%&- T f5 brdy B 5
HHL(R 1), Tsi2 J AR bR FIE5 4 7 S0 AL
TR % (PDB), Tsi2 PDB 45 2l 3VPV.

2 FHRMVE

2.1 Tsi2 @IARLEH

Tsi2 #1 Se_Tsi2 fhfA#f & T P1 A #F, —A
ARXSFREEALEH 24 Tsi2 20 1. 2 N0 TR
—fr PR 2 RSN A I s BE IR R (2~ 77), Horp
A BE5r 110 C i His #5%5 LEHHHHHH |15 §h 44
SENIIRGY 7 AHELAE FH DL A 2 s b e WL, 10 B %
531 His AR NI AR L e 22 3 LEH.
2 NOYFIR T A loop X AME R FEAAH ], A%k
Ca ] RMSD 4 0.714A. Tsi2 JAE#Z 0K R 2 MK
o BRI (al, o2)ZH I [ AFAT 2T 45 1 8 (coiled
coil), Tsi2 C¥if A 1 Ml o 18 JE(a3), FHHAHA
% MR HE Mg KRS (B 1a, 1b). 35 HhI2E 0 4
WETE Ay 3.5 ANBR I AN W 11 3.6 N5k AL, MM
-k E 7 (a-b-c-d-e-f-g). a. d 7% KIE
PRPEEREEAL T4 Mg Tie 9 0% e K i 0 (8 1d).
Tsi2 C ¥y £ % i P BLK Loop(L2, L3)Fl—AMH o
BEE(a3) 0, o3 I Tyr68. Leu70. Ile71 il {
A ol o2 BRI B KT, 5 ol 1 Met9,
lle12. GInl3. Alal6 L o2 ] Lys52. Tyr55 i
W AKAE R S — AN K WA, TS C i 21
X 15 LUEEE (] 10).
22 Tsi2 ZE{NMEA®

EPLRF R A, AR R WA 27
X, TS R Tsi2 7E IR AT 2L Bk
R AFAE(K 2a). 7F Tsi2 A+, —ANAXFR
AR 2 /> Tsi2 g, —ZRARAE I 32 2 ik
ERYERE, N i 2 MK o BRIERR 2 B K TR S
5. «l I Thr7. Vall0. Cysl4. Vall5; o2 L
Tyrd4. Alad7. LeuS1, 2 713k 14 kIR
B K O (B 2¢, 2d). 2 D4y 11 Cysl4 BEE,
JARULE s, JELLR RS e R kL. 1
ST, TETCIE A A AR 2 A Cys IR
TR b, XU W K A A2 AR e — AR
%, HATEILMEMAER . BrgiKA/EHS,
Argl7 5 Glu21 e JE SR I 4%, HliBhise — 5%
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Fig. 1 The coiled coil conformation of the Tsi2 monomer
(a, b) The cartoon model of the Tsi2 monomer from the side view and the top view respectively. (c) The a3 helix is fastened to the groove formed
between a1 and o2 through hydrophobic interaction. (d) The sketch of the interactive amino acid residues of the coiled coil formed by a1 and o2. The
red color codes represent the amino acid residues in « and d sites of "7 amino acid residues repeated helix" and the hydrophobic interactions between
them are indicated with broken lines.

(a) (b)
1200+ 69.71 ml(~ 19 ku)
1000+
45.0
800} 35.0
25.0
I ooy 18.4
400 14.4
2001 Tsi2 Marker
(ku)
0
0 20 40 60

v(Elution)/ml

Fig. 2 The gel filtration chromatography of Tsi2 in solution and the dimerization interface of Tsi2 structure
(a) The gel filtration chromatography of Tsi2 indicates its function unit is a dimer in solution: the elution peak is about 19 ku and Tsi2 molecular mass is
about 9.5 ku with SDS-PAGE confirmed. (b) The hydrogen bonds formed by R17 and E21 are magnified in the black box and the distance is labeled
with the black dot lines. (c, d) The dimerization interface of two molecules which are colored by cyan and magenta respectively. Residues involved in
hydrophobic interaction are shown in a stick model with labels.
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R 2b). 2 AN C uidé)ais His b2, Jf
H A #5571 6 A~ His 5 X5+ Z 4 Loop X AEH
AERRIEMT AT L. (HJE, XF His bR&FTLE X 3843 1 11)
FHEAE PR B His B H A S5 ZRAEN 4
¢ BRI, AR R R B kR 7 AU e
() BRAAKS N PR A N IR Tsi2 R AR, 1MiX
AN IRAA SR Tsi2 (ITh AL 24a).
2.3 Tsi2-Tse2 AJEEHMER AT

A CHMER-PLEE RS, AP
Tsi2-Tse2 VR T7 g8k T HE LR, RETF
HIFEEAN R, (FRfEPTEE = a3y A Bk 2

WALk, PraEs— M 2 NS gT e WP
] DNA 455 45 #J48(DNA-binding domain)F1Z2 4 1)
HHURN 25 ¥ 3 (neutralization domain). DNA &5 5 45 )
SR % B8 ) A [F )R A LR A [R] 1R 41 25€ 07
A, 5l 4 helix-turn-helix (HigA, MgsA). robbin-
helix-helix(FitA, ParD). Yefm-like(YefM)%%, NIk
ff) DNA 45 &8ttt 2 5 A I 3 2450
B ORI g RS R R 2 5 RRE F A HLAE T
FEE 2R S I, PP AR 5 3 A AL AN R
MmZEFRER, HHUILRE TS B m R
(Kl 3a), X5 “disorder to order” FEAIAHHIA

Fig. 3 The classical structure model of TA system and the ''clamp' structure of Tsi2 dimer
(a) The cartoon model of two classical TA systems: YefM-YoeB and FitB-FitA (PDB ID: 2A6Q and 2BSQ). The DNA-binding domain of antitoxin

(yellow and orange) is involved in the dimerization and the neutralization domain of Antitoxin (yellow) is so flexible as to interact with the toxin

(green). (b) Electrostatic potential plots (blue, basic; red, acidic) of Tsi2 dimer and two symmetric molecules with one « helix stretching into the groove

formed by the "clamp" structure of Tsi2 dimer. The huge groove indicates the region of Tsi2 dimer may be important to interact with Tse2.

Tsi2 VEA— R B8P =, L N Ui
KRG MR 25/ REE, X 54 PTEE R
NIPE 2 s 1 ke 07 X B AR, 7E Pfam £0¥8 1
TR A R IR AR R S5 A 8, [RIPtaE =
3 P HULIK) DNA 454 850 A Lot R IR TG AT
g5 RIEYE, IXIEREE Tsi2 7l HEA S5 DNA 1)
git. Tsi2 Cunlt) o3 BIEH T 5 al, o2 MHK
PR [ e, 4% BT BE 25 10 48 OB 2 43 Ay
Tsi2-Tse2 FIAH B AR, W Tsi2 F 1% loop X L2 5
PRGN, FTIT o3 5 N it g e stk
W%, JAT Tse2 TMANHIILIEME. (H & e A
KA i LR B KA JF AR Tsi2-Tse2 A1 H.AEH]
PAR ORI . B B3] T RARE N Tsi2 1 D) RE A
fr3f H Tsi2 o] REANTR B 455 H 81 22 5400 A

P2, B4 Tsi2 RN AR SE Tse2 M45H
AL Tsi2 RARRES LR “ I REEW, 1E
2 ANIr TS I R e 2 TR AR) B R 2 TR D TR,
ARG R HPORTR 23155 —NMETE PN YA P (K] 3D),
Tsi2 A AL X Fioo FR 2 1A FH 7 A3 7s Tsi2
A REIE ARl X Rl I R GAR R AE Tse2 (1)
LGS AL (B U0 o B85E), MIMTPHIE T Tse2 5
IR 46 RIEPTREZIE M. XPRRA T3 2
SAT EANR S, MWREEAMIER, "ReZRN
A B — b

R, KT Tsi2-Tse2 45 5INGER R, T
B 2 1 S50 5 AR R N LSS IE . FRATIERAR 1)
Tsi2 FBUIRAS NI = 4ES5 4, RN TR ILAE A8
MPURERE AW AT, R YR RIS
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Three Dimensional Structure of Pseudomonas aeruginosa Tsi2:
a Novel Species-specific Antitoxin-like Protein With Coiled Coil Conformation®

WANG Wei'?, DING Jing-Jin"", WANG Da-Cheng"™
(" National Laboratory of Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101, China;
2 Graduate School of Chinese Academy of Sciences, Beijing 100039, China)

Abstract  Utilizing the type VI secretion system (T6SS), Pseudomonas aeruginosa secretes the effector protein
Tse2, a toxin to other competitive bacteria. It is a newly identified molecular mechanism for P. aeruginosa to win a
survival advantage. To avoid being poisoned itself, P. aeruginosa synthesizes the specific immunity protein, Tsi2 to
inhibit the toxin. Sequence analysis shows that Tsi2 is a novel antitoxin-like protein which is specific for
P. aeruginosa. Using the SAD method, we have successfully resolved the crystal structure of Tsi2 at 1.8A4
resolution. Our crystallographic studies reveal that Tsi2 adopts a novel coiled coil conformation which is not found
in the antitoxins family previously. Meanwhile, Tsi2 is a well-assembled protein instead of an unfolded protein as
an antitoxin in the toxin-free state. Tsi2 functions as a stable dimer and assembles as a unique "clamp" structure
through extensive hydrophobic interactions. Two grooves on the dimerization interface combining with one helix
of two symmetric molecules respectively imply the potential region interacting with Tse2. This research not only
offers comprehensive insights into the molecular essence of Tsi2 as an antitoxin, but also reveals its structural basis
of antitoxin activity. Furthermore, the apo Tsi2 structure provides a good framework for further researches on the

structure and function of the complex Tse2-Tsi2.
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