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34 £ & 74, 452 =4 —fk(Disaccharide, Di). —#%& = fik(Disaccharide Tripeptide, Tri)f= —#&w9
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Bacterial cell wall degradation by type VI secretion system
effector proteins in Vibrio cholerae
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Abstract: [Background] Peptidoglycan (PG) is an important component of the bacterial cell wall. The
type VI secretion system (T6SS) can secrete effectors with peptidoglycan hydrolase activities into a
neighbor bacterial cell to kill the recipient. However, the enzymatic functions of these effectors have not
been fully characterized due to the technical challenges in PG analysis. [Objective] We aim to establish an
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analytical method using liquid chromatography and mass spectrometry to qualitatively determine the
PG-hydrolyzing activities of two Vibrio cholerae effectors TseH and VVgrG3. [Methods] The antibacterial
effects of TseH and VgrG3 were determined by survival assays and microscopy analysis when ectopically
expressed in Escherichia coli. Peptidoglycan was purified from E. coli, and morphologically characterized
by transmission electron microscopy (TEM). The ultra-performance liquid chromatography-time-of-flight
mass spectrometry (UPLC-TOFMS) was used to identify the products of peptidoglycan from digestion by
TseH or VgrG3. [Results] TEM micrograph showed that the purified peptidoglycan is translucent. Using
UPLC-TOFMS to analyze VgrG3-treated PG, we identified three products including disaccharide dipeptide
(Di), disaccharide tripeptide (Tri), and disaccharide tetrapeptide (Tetra). [Conclusion] VgrG3, rather than
TseH, can digest the p(1-4) covalent bond between N-acetylglucosamine and N-acetylmuramic acid. The
established method could facilitate the characterization of other cell-wall targeting antibacterial effectors
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and chemical compounds.

Keywords: bacterial cell wall, peptidoglycan, type VI secretion system (T6SS), TseH, VgrG3

20 T 200 0 B X A R T A 4R SR B Y
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K Hk(Peptidoglycan, PG)J K Z KA 1 4 it BE rh 5
TEAE R E 345 M. PG (1 — A 22 W e i AT
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AN, EZHEEE A B(L-4) BRI 0 N-Z 15
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Ai, HHEE R T B TeSS pydcdy, A HAhIRRES
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I A A I RS R, A UL ACRN 32 A 2 i)
SEBRRR, DABRT T6SS 14473 FME A A 1T (4 IS
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PSR O 2% 2 R A IR K A
TG PER) T6SS RN, Hrp Tsel Fl Tse3 434
LA TR SR A2t 1 K SROB K AT 1) Toed £
T PG FAKES 2 7 d-Glu #1455 3 37 m-Dap 2 [ii]
(ImEREEE, 17 Tse3 fEFT PG 246t 1Y B(L1-4)H
e, JEHMEARAT L@ T6SS i A F|Z A4
h S HBE T AmpDh3 4 44 B I T v v
— PR R 1, A0 i e R DR e
AmpDh3 i i} H2-T6SS #F Az k4L, HAE PG I
HIVE AL S ASE T Tsel LAK Tse3, it PG (AL
B 5 I = ) A TR A O Rl ARl
FEHLINGT T6SS By 43 [ TseH A& HE 1] 52 /44
P A RE A B R T, Y LR F A T R B s () R
IRE i 6 S R (RO AR E AL R

SEA BT RN S — T6SS i
VorG3 & HA IKRIEL A XY T6SS 4548,

DN A Ry R ST E ) O i W N 1 T vk
X} PG L4343 i B BEA b, XK 2 Rl i 2 1
TseH #1 VgrG3 #ATH5T, BTEHTIX 2 MK
HAKMERALE, FFEEST PG 43 Hr i ik, LA
WIS PG A FI45 3 J5 i1 S AL
BEE R

*1 BATRAEKRUR A

Table 1 Strains and plasmids used in this study

1 MRS5S HB
1.1 Bk, RBRIEFHZE

S5 i (s R A TR LA S SR AN 3R 1 BT . 4
F 37 °C MEERiFE; AT LB H53R3k(g/L): RN
Jfr 10.0, BERkKy 5.0, S4LHN 5.0, Ul 13.0 (Jli4k
BEFR AR, BEFRAET 1x10° Pa KB 30 min Z J51di
LOICRFRULI], -RABEZR A I EER 50 pg/mL.
1.2 EZRFIFNEE

AT IR 22 il Buffer 0: SRS
44 50 mmol/L, & fk 44 300 mmol/L, pH 8.0; Buffer
1. WERRE 4N 50 mmol/L, 4 {k%4 300 mmol/L,
BKmE 10 mmol/L, pH 8.0; Buffer 2. BifRE 44
50 mmol/L, {44 300 mmol/L, BKmE 40 mmol/L,
pH 8.0; Buffer 3. MRS 4N 50 mmol/L, Ffkah
300 mmol/L, PKm# 100 mmol/L, pH 8.0; Buffer 4.

=M 50 mmol/L, S fkéH 300 mmol/L, WKk

250 mmol/L, pH 8.0; Buffer 5. iz & 44 50 mmol/L,
S fk4M 300 mmol/L, Bk 400 mmol/L, pH 8.0,

TransStart® TopTaq i, Jbst @ a LA
MR ; Gibson 235G &, NEB w5 ¥ I
(Lysozyme), A= T AE¥) TRE( ) ARRA A
WIS, JRREA ] AW RLIE S L, Thermo Fisher

BIRANTORL ik IR
Strains and plasmids Description Sources
Strains
Escherichia coli T-Fast Used for plasmids construction Lab stock
Escherichia coli BL21(DE3) Used for proteins purification and toxicity verification in vivo Lab stock
Escherichia coli MG1655 Used for peptidoglycan purification Lab stock
Plasmids
pPETSUMO-TseH Used for TseH expression with a N-terminal 6xHis epitope tag in This study
SUMO-tag
pET-28a-VgrG3 Used for VVgrG3 expression with a N-terminal 6xHis epitope tag This study
pETSUMO-VgrG3°© Used for VgrG3© expression with a N-terminal 6xHis epitope tag in This study
SUMO-tag
pSF1877-scUlpl Used for SUMO-specific protease Ulpl (scUlpl) purification [31]
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Scientific /Al ; A8 E AR G- KA TR,
Agilent Technologies 23 ] .
1.3 E.coli MG1655 ‘MifEEERA R HEN B

PG 14> & ik 2 B SCHk[32] . # E. coli
MG1655 $:F1E] 10 mL #rff i 14 LB 1, #8537 °C.
200 r/min 537 8 h, B 2 mL B H3ER T 2 Lo
fif LB H1, £ 37 °C F1E5% 8 h, 4 °C. 3 000xg &5
O 30 min YAEAN . FEAIK RGN —I, RG
PITIEE R ZE ODgoo N 70, TEZEHEHE S T BT
T ZE AR T 1 8% SDS ¥k, s b dd:
RE YIRS . IR G Y DNS 1 HE I 4k 2 2
3h, RIGFIRAHE, F20°C, 100 000xg &L 1h
AR PG Ve, FTCHRIEBAIK TR 4 L ERR
2:SDS, 4% 20 °C., 100 000xg &40 1 h IAETTE .
Wi EET 10 mL pH 7.0 #% 10 mmol/L
Tris-HCI H, 3£H1A 5 mg DNase | A1 16 mg [ i,
SRIGTE 37 °C TWFEE 16 h. IRAWI T . 100 000xg
B0 1h ZJ5, 20 mL EEHEAKETIEER, 7
UCHEEIATRIT) 8% SDS Vil Ak - PR 2B SDS., 4
77 PG G B4l /K H A 2 2R EE 20 mg/mL.
1.4 BREEWEKERERS (L

vgrG3 il vgrG3© KL A LR L% i B i i L D 4
DNA W, i@id PCR #Ef74 44 ; pET-28a FlI
PETSUMO #4%4 Fr Bt 43 %A pET-28a Fl pETSUMO
kLA, Eid PCR M TH 38 51 At st %F)
Bl AE I BEARABRA WG (R 2). PCR RWAAZR

*2 KBPTASIY

Table 2 Primers used in the experiment

(50 pL): ddH,O 37 pL, . TFHF5141(10 umol/L)
% 1 uL, Z0EHEKZ DNA 1 ul 50 ki DNA
(1 mmol/L) 1 pL, TransStart® TopTaq /(2.5 U/uL)
1 pL, dNTPs (2.5 mmol/L) 4 pL, 10xTransStart®
TopTaq Buffer 5 uL, PCR [z 2&f4: 94 °C 5 min;
94°C30s, 60°C30s, 72°C3min, 35 MiEH;
72 °C 3 min;12 °C {47 .PCR ¥ 44 - Btifi 1 Gibson
2R 25 15 ;3% 123 pET-28a 5# pETSUMO #R 44
ki b, RG-S AF E. coli T-Fast fil BL21(DE3)/#&57
DA HTIUE . IR PSR,

B S AFLLFRLA) E. coli BL21(DE3) i fkfzFh
TES A RIREE R LB Al |, JH7E 37 °C B55RA4f
HRE SR TR AR B A K A B R 2 10 mL LB
IS 3h, RIGHAESE 2 LB LB P, 7E5 Y
ODgoo M 0.6 LU ERT, ¥ IPTG INAR; TR h ELHk
FE 9 1 mmol/L, FF7E 20 °C B4 hiES 16 h, 1%
SIRANE R 4 °C. 2 500%g B.0> 10 min Y4k,
H T 20 mL Buffer 1 91, i T8 75 BEARAAE 240 W
AR FBERE 20 min (TAE 7's, [18]F& 5s). %674
T 4 °C H45 T 10 000xg #.0> 10 min, UKHE E3if,
SR T E BB A R ME R E B EN, K
YA ] Buffer 2. Buffer 3. Buffer 4 PEH s H
MR, fJ5 il Buffer 5wk 2HrAE . WEERE
PR T A AT, 7F Buffer 0 il ER,
Je AR e B O MR E 2 10 mg/mL, DL FEE A4l
WAL BRISTE 4 °C 5 T 17

EIE7 AN 2]

Primers name Sequence (5'—3')

pET28a-VgrG3-hifi-F
pET28a-VgrG3-hifi-R
pET28a-hifi-F
pET28a-hifi-R
PETSUMO-hifi-F
PETSUMO-hifi-R
pETSUMO-VgrG3°-F
pETSUMO-VgrG3°%-R

AGCAAATGGGTCGCGGATCCATGGCAAGGTTACAGTTTCAATTAAAGGTG
TTGTCGACGGAGCTCGAATTCCATTTTATATCAACCTCCAAACCGTCAATTTC
TGGAATTCGAGCTCCGTCGACAA

GGATCCGCGACCCATTTGCT

CTCGAGGTCGACAGACAAGCTTAGGT

GGATCCACCACCAATCTGTTCTCTGTG
CACAGAGAACAGATTGGTGGTGGATCCCTCAAACCATCCGATGAGTTAGAGAAACTC
ACCTAAGCTTGTCTGTCGACCTCGAGTCATTTTATATCAACCTCCAAACCGTCAAT

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



I AL VIZL 708 2R ST AN 2 1 0T 200 T 240 R 4 A AL 139

Xf T TseH s 2 (H 1) 2t , i FH AL B £ 5
i) scUlpl & 5 SUMO-TseH # 4% fi &7 . 1:50
R, HFEEETIE 30 min, HHEE TR
B R RUZNTAE B 4 s R R 25 1 scUIpl 2
. SUMO-tag LA SR VI B4 ) SUMO-TseH
B, WERERPRTHEZARIRZEN TseH
ES
1.5 BRREENEREIEKEARSHE

W S AL TR E. coli BL21(DE3)Htk%F
TESA IR R LB A b, Jf7E 37 °C HiFRAl
HRE TR o FEFAR AR K AN Pk VR R 2
2mL LB 1, 37 °C A K % ODgoo 4 1.0, FI4riL
24%, WL 2500xg B4 E ODggo 4 5.0, 43
SIS A S EATAE 1 mmol/L IPTG AY#TE LB
AR, W2 pL A S A SEA ST 1 mmol/L IPTG
MBIERIRZ b, BHE TR A Fof
% bR, T BB DIC Bdga s E1ERT
S ORI
1.6 ZMAmEERRBEMERL S MER

PEMCAiAb Y PG A i TG T 8 4K 6 B 2
0.1 mg/mL, #RGIRAT, B2 pb % T H B & A
Z b, A F AR . TR R TH A B R AR
W, N5 pL BEEERI TR, 1 min JRRER
Jui i AR AR E , SR BT, (%
ST BB E TSR
1.7 RARIEKIREGIAINE K PG

W2l PG FEAIRINEIF 0.1% Triton X-100
1) 10 mmol/L Tris-HCI ZZ vpii H, {# ODggo 4 0.2
SRIGHL 100 pL PG K 4 63, 435I 0.2 mg/mL
GFP. ¥ wifi. TseH, (¥ 0.02 mg/mL VgrG3 (%
FEE IR R4S 2.5 pl), BT 37 °C IR RGN &
5 min 7& ODgoo AL WG RE fH
1.8 UPLC-TOFMS 4> #T £ B 52 Rk B2 4% B& %
=4

PG MBS 2 ¥, FFHITJCH 4K v ik
4 WU EEBRCEE. T Tris Bk RS T

UPLC-TOFMS {28446, PRIHKF 500 ng PG 5
500 pg fR SR K A BEE 2% 1P (50 mmol/L B R A
%4, 300 mmol/L 5&4k4h, pH 8.0) IR G, Jf1E 37 °C
PGWER 2 ho BN A RER 1 Y B i
TEZIR T 21 000xg B0 20 min Y4 EIEIF . X
SERE Yy ) 4 M 2 BESCHR[33], aid UPLC-TOFMS
TEFAPERS A6, UPLC-TOFMS Z3#7fdi il ACE
Eclipse C18 faiifAt, B A4l 1%Z2 vhik B (100%
FH L) F1 99% 2% ik A (FEZLK , 0.19%H IR), SRJGTE
65 min AR AR fL 2 20022 1l B, 4ksi7E b
& T0%ZZ 0Pl B 1WA LR ]k 65 min, JERREIAS
PEARSEERG 10 min, SRR L E 1%ZE 0l B (1L
FEBHE A 1 ming

2 HR54h
2.1 BAERHEKBEBRAEF

HTIE 2 FERIE PG R K R EE 11K F
PTG 5 IR MK fi# B 7E E. coli BL21(DE3)
DA 2 A ARG L A AR 8 A5 0 o A T i B TseH
FIFIR, A N v H T 0 9m n] A i B AR
SUMO (Small Ubiquitin-Related Modifier), 4/ 1
i, SUMO-TseH 7E A TR N RIB B IR o H
FEETE. BFER VorG3 LK HEA S LR
41 648-708 X3l f) C sy i J 58 AR (AT HA 1A M B¢
PRI 32 P2 K S G £ B 26 B0 L) R SR SR T
51| 709-1 017 X3 (VgrG3©) Wy 2 Fi ik (147 5256 .
N THBY VorG3® Bk, 7L N s T
SUMO H 5% . VorG3 1ER 753 KA X g F
AW HA#EME, T SUMO-VErG3© HAT L4 K
VorG3 & IR 55 B PE (K 1), AR T SR
FkEOLNE, RIFEE VorG3 il SUMO-VgrG3©
(2 LT B 5 R S e, RS S e I
A K Rk TseH 18 EAERA S U R BA T
1500 N I RETE 3 2R K (K 2). X et %0 VorG3
TEVR PN IR BENS B AR BT PE, HFHAE C K
Uiy DX 355 1T e ELAT R0 ) 5 BT RE
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10=Dilution 10=Dilution

pET28a-gfp
pET28a-VerG3
pETSUMO-VgrG3*©

pETSUMO-TseH

0.1 mmol/L IPTG 0.2% Glucose

Bl 1 T6SS %R VgrG3 #1 TseH 3t E. coli RIS

Figure 1 Survival of E. coli when VVgrG3 or TseH was expressed

TE: B AFEZBURIAY E. coli BL21(DE3)TEAENINGE I Y14 LB 1 37 °C., 200 r/min 3557 2 ODeoo 47 1.0, #HEEFRRES I 3 pL i £
A 0.1 mmol/L IPTG =35 0. 2%/ 4 Ml BT if LB A |-, BF 37 °CEMRIEFRA P15 12h

Note: E. coli BL21(DE3) with plasmids expressing TseH, SUMO-VgrG3® or VgrG3 were grown in liquid LB at 37 °C, 200 r/min until
ODg0o=1.0. Survival was examined by serial dilution and plating on LB plates containing 0.1 mmol/L IPTG or 0.2% glucose, which were
subsequently incubated at 37 °C for 12 h

Induced

Uninduced

TseH SUMO-Vng3C Vng3

Bl 2 ARRIEVrG3 SHMAHREIET
Figure 2 Expression of VgrG3 in vivo causes bacterial death

e BB SRS ATELFRIAY E. coli BL2U(DEI) A KR . i kP8R 4 i i &
Note: E. coli BL21(DE3) with plasmids expressing TseH, SUMO-VgrG3® or VgrG3 were examined by microscopy. The arrow indicates
bacterial death

2.2 BREEKERESIRINEE K 4 FiR . BT VorG3 R Py Rk it X 1 5 21 it L

J TG K R AR AN, BREET B, A EEIE, vaifbE AR AR, L, AR
coli MG1655 PG #A7#t— Py sci, dad i FiE  FIEEE A Ok S VorG3 A MRS &, i
S AR RES, EEIR 4 PG 2B E K Z4F 500 mL 4 IR alifbis®] T 10 mg HAR
WREIER (] 3). VorG3 Fl TseH my4fifbz5Ran &1, SUMO-TseH fe4lifb -4 scUlpl # 11 ib
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B3 EHETREMET E. coli MG1655 PG fi27s
Figure 3 TEM imaging of purified E. coli MG1655
peptidoglycan

SUMO-TseH

| TseH

VerG3

B4 PHINZER TseH 1 VorG3 Byaifh 4 R
Figure 4 Purification results of TseH and VgrG3

TF: A: TseH BALIEESR; B: VorG3 B Eslifbas R, 40, 100,
250 mmol/L 43 FIRFEVERLI ki 2 5 Purified 7 AR # IR 2L
M4tk ; After cleavage FEAZRIT4ifLIY SUMO-TseH 2%
$i SUMO & IR 2 R 1 TseH Fifh . FER FAERSA 10 il
Note: A: Purification of TseH; B: Purification of VVgrG3. The lanes
named 40, 100 and 250 mmol/L represent the concentration of
imidazole used in the elution buffers. “Purified” represents the final
purified protein. The lane named “After cleavage” represents the
TseH protein after the removal of the SUMO tag. Each lane was
loaded with 10 pL of sample

LB SUMO #r%8 )5, A 100 mL 4 B 55 5= Wy 4k
53] 1 2 mg HFRE o T RS A K A i 7T LA
KRR+ PG RS/ N 1T B,
FHARLER) PG 5 HE 21 7K ik g LA S TR R A 7
SMLIEE, JRiE KN ODeoo MEHE EEH AR fb &
B, VBTG VOrG3 ixX 2 Rk fif i nT LK i ERE
IR AP BEAE, T TseH FrAb B A FE 5 IR
A UL AL B (AL (8] 5), XS4 REKH], 5
R AL BB, VorG3 Al LA R 7E (A4
R IH LS4 PG, I H BA 05 RSN
HHEZ, TseH AHARIN PG REA#HEE .
2.3 MRREERRRERM S 2

YffIEE PG B4R R LIS HES (b EE S
H b IR B oA T 2P A LR K fig
Bt A VE TR R LA S PG BRE J 4, 5 s v il A
VorG3 X 43 25 4l b 15 21 (1) R E. coli MG1655
PG HEA TSN TH KR, TR ALK i i 7= Witk
17508 SEg R PG I ALK - h AR Z
ANREIA AR A S, AEA RIS EOX AT 5 Ak 1) 7 40 A
TR AT o R TseH B it s i
YR REK R (& 5), JCIEAS R AT R e T
—5 01, HILRET VorG3 Xt PG FEf# =11
S3Hr. i UPLC-TOFMS 43 #rah % PG
HAAER YA 3 R EEN S TR
(Disaccharide Dipeptide, Di), —#¥# — ik (Disaccharide
Tripeptide, Tri)F1 _##PUjik(Disaccharide Tetrapeptide,

0.20 - g Ongg]
Omy e VEr
0.15 e <~ GFP
: +TseH
8 0.10 - Lysozyme
0.05
0.00 .
20 40 60 80
t (min)

El5 RARYEKBESIAINEN PG

Figure 5 PG digested by peptidoglycan hydrolase in vitro
42 : 100 puL ODggo 247 0.2 () PG 77 4 0.2 mg/mL GFP
VATEMEEE, TseH 3% 0.02 mg/mL VgrG3 (MR 4 2.5 L),
AR 5 min I HAE 600 nm Ak 96 (i

Note: 2.5 pL of 0.2 mg/mL GFP, lysozyme, TseH or 0.02 mg/mL VgrG3

was added into 100 pL of PG suspension (ODey=0.2), respectively.
And the optical density at 600 nm was measured every 5 min
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Tetra) (&1 6A). i X MASS FIRINZE S5 5] BRI R PG B BRI o Ttk FRA I
X 3 FAEE AT BT N A B, D BRI B VorG3 Sl K% PG ZHiEE FSURE LA Z 1]
HiZ 3 Pk AW feF 25X (Kl 6B-6D). PEAHM 1Y B(L-4)WTTHDRREE PG, (IS A /N wT
s 3. UPLC-TOFMS 25K, X 3/ WM B

A £ Tri Lysozyme
[=
=1 \ Tetra
(o8]
k=]
3
: /
2
Q
2
10 20 30 40 50 60 70 80 90 100 110 120 130 140
t (min)
Tetra
E Tri VerG3
E \
(o]
=
3 Di
. /
2
2
£
<
10 20 30 40 50 60 70 80 90 100 110 120 130 140
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Figure 6 UPLC-TOFMS analysis of PG digestion
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Note: A: The UPLC analysis of the soluble products after PG digestion. Tri: Disaccharide tripeptide; Tetra: Disaccharide tetrapeptide; Di:
Disaccharide dipeptide. B: Mass of Tri detected by electrospray ionization mass spectrometry and predicted structural formula. C: Mass of

Tetra detected by electrospray ionization mass spectrometry and predicted structural formula. D: Mass of Di detected by electrospray
ionization mass spectrometry and predicted structural formula

%3 % UPLC-TOFMS {3 EI#) PG i L BF=4
Table 3 Products detected in UPLC-TOFMS after PG digestion

451k 7t B B [ ECRapiN PG o SEBRAG I B
Structure Chemical formula  Retention time (min)  Exact mass (Da) Calculated (m/z) Measured (m/z)
Tri Ca4Hs6N6020 29.4 868.354 9 869.362 2 869.387 1
Tetra Ca7HeiN7O21 37.9 939.392 1 940.399 3 940.427 1
Di C27HaN4O17 41.3 696.270 2 697.277 4 697.296 3
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