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Abstract: [Objective] The mechanosensitive channel of small conductance (MscS) in bacteria releases
solutes and water when a hypo-osmotic shock raises the pressure in the cells, thereby enabling the
survival of bacteria. Given its wide distribution in various bacteria and no homologues found in
mammals, MscS is considered a novel antibiotic target. A hallmark of MscS is that it enters a
tension-insensitive inactivated state upon prolonged mechanical stimulation, thereby avoiding the loss of
a large amount of cell content and preventing cell death. This study aims to identify the key residues
related to the inactivation of MscS, which is expected to serve as a reference for the development of
MscS-targeting drugs. [Methods] The cysteine mutants of MscS Cyto-helix (P166—1170) were prepared
with molecular cloning method. The thiol compound MTSET" binds to cysteine and thus modify
cysteine’s side chain group. In this study, osmotic downshock assay was used to examine the viability of
Escherichia coli expressing cysteine mutants of MscS Cyto-helix (P166-1170) upon hypotonic
stimulation without or with MTSET" treatment and screened for cysteine mutant that significantly
affected the channel function. The inactivation of MscS mutants before and after MTSET" treatment was
examined by electrophysiological experiments. In addition, the inactivation mechanism of MscS was
further explored by eletrophysiology combined with site-directed mutagenesis. [Results] MTSET" led to
a great decrease in the survival rate of E. coli expressing G168C-MscS upon hypotonic stimulation.
G168C-MscS lost its inactivation property after binding to MTSET" and remained open, resulting in great
loss of intracellular contents and bacterial death. The inactivation properties of G168Y-MscS,
G168L-MscS, and G168K-MscS mutants were consistent with WT-MscS, while the inactivation rates of
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the three mutants G168D, G168V, and G168I were significantly reduced, especially G1681-MscS which

lost the inactivation properties. Therefore, MscS G168 affected channel inactivation, and the channel

inactivation characteristics were related to the size and charge of the residue side chain group at 168 site.

[Conclusion] MscS G168 is a key residue that affects the inactivation of MscS.

Keywords: mechanosensitive ion channel; MscS; Escherichia coli; osmotic downshock; patch clamp
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FTF#EETRL, DHI10B %2 A5 20 M FH T 5 b Jot
Ki. PB10b JFUizlA KIAHFFH WT-MscS [N
(PB10b-Ec-MscS). IT A T bkt A7 T VR AL (65%
glycerol, 0.1 mol/L MgSQOy, 0.025 mol/L Tris-Cl)
H, =80 °C Upfy. AR T B LB FiIrRil
(5 g/L NaCl, 5 g/L yeast extract, 10 g/L trptone),
JRIE AN N H R (100 pg/mL). X T RE
Fiff ke, WEAE LB FiFREEH R 1 mol/L
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Bl 1 XBE#TE MscS Rk E"(PDB ID: 20AU)

Figure 1

Schematic diagram of the crystal structure of Escherichia coli MscS!'> (PDB ID:20AU). A: side

view of MscS heptamer. MscS is composed of transmembrane domain and cytoplasmic domain; B: side view
of an individual MscS subunit. The transmembrane domain contains three membrane-spanning helices (TM1,
TM2 and TM3). TM3 is divided into two helical segments (TM3a and TM3b) with a kink at G113. The
Cyto-helix in the cytoplasmic region is colored in green. The position of G168 in Cyto-helix is colored in
blue. The TM3b and Cyto-helix were enlarged in the box.
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Table 1 Bacterial strains and plasmids

Strains/plasmids Features Source
Escherichia coli

MIJF465 Fragl; AmscL::Cm4mscS4mscK::Kan Our laboratory
DH10B Cloning host Our laboratory
Plasmids

PB10b-Ec-MscS
PB10b-Ec-MscS(P166C)
PB10b-Ec-MscS(N167C)
PB10b-Ec-MscS(G168C)
PB10b-Ec-MscS(K169C)
PB10b-Ec-MscS(1170C)

Amp'; vector PB10b expressing Ec-mscS from an IPTG-inducible promotor
Amp'; vector PB10b-Ec-mscS derivative containing a Ec-mscS(P166C) mutation
Amp'; vector PB10b-Ec-mscS derivative containing a Ec-mscS(N167C) mutation
Amp'; vector PB10b-Ec-mscS derivative containing a Ec-mscS(G168C) mutation
Amp'; vector PB10b-Ec-mscS derivative containing a Ec-mscS(K169C) mutation
Amp"; vector PB10b-Ec-mscS derivative containing a Ec-mscS(1170C) mutation

Our laboratory
This study
This study
This study
This study
This study

1.2 MscS RTRME

AT 32 BEE 15 98 AR £ 45 BB (Vazyme,
#C214), MG S BETHAR N BN IES 14,
L PB10b-Ec-MscS Ji#i Atk , PCR § 33K
ALk DNA. KA Dpn 1 EgH AL, KBRH
FEARMAR TR o ) FH 4 I 2R M Ak TORE DNA
Wb E A WAL E AR Z S 40 DH10B,
WA, PR ek, TS o il 4 E. coli
MscS AR5 P L3 2.
1.3 KSR E

PEEU K 15 WT-MscS 8f MscS %4514k 1)
MIF465 Btk 28t LB 5775674, il A 100 pg/mL
RN HFHE, 37°C. 250 r/min P3G .
Bt G SR TR 1:100 FLBIFEREZE LB B
F P IRGES R hJa ISR & 1 mol/L
Fz2 AMHRFETAY

Table 2 Primers used in this study

NaCl (B gL, AR FR . 24 ODgoo
% 0.2 B, A IPTG ELYEEH 1 mmol/L, 1
F% 1 ho BRBALIE 1:10 B9 EL 43 50 B 2 &
0.5 mol/L NaCl () LB i FR(EB M) . 54
1 mmol/L MTSTE " 0.5 mol/L NaCl ¥ LB 5555
(FEBRIB+MTSET) . ZEIB/K (KB RO M & 4
1 mmol/L MTSTE (UZEIB/K (LB Hli+1 mmol/L
MTSTE")HAb3H ., 20 min f5, #%HE 1:10 HL@lks
PRV A BV TREFER R 6 YR B 2.5 uL TR TR A
F| LB BAS FR IR b, 37 °C HiFpid k.
BRI TR 10050 B V& BB DA 26 18 3
AEXT R AR R AT TRV 8, THE AR A
1.4 [RHERIKE &

1P B 3R B W 1:100 A LR B 2 LB
WARKEF . 37 °C #RGHFE. 2§ ODgoo &

Primer Sequence (5'—3")

Ec-MscS(P166C)-F
Ec-MscS(P166C)-R
Ec-MscS(N167C)-F
Ec-MscS(N167C)-R
Ec-MscS(G168C)-F
Ec-MscS(G168C)-R
Ec-MscS(K169C)-F
Ec-MscS(K169C)-R
Ec-MscS(1170C)-F

Ec-MscS(1170C)-R

ATTATCGTTATTtgeAACGGTAAAATTATTGCCGG
CCGGCAATAATTTTACCGTTgcaAATAACGATAAT
ATTATCGTTATTCCGtgeGGTAAAATTATTGCCGG
CCGGCAATAATTTTACCgcaCGGAATAACGATAAT
ATCGTTATTCCGAACtgcAAAATTATTGCCGG
CCGGCAATAATTTTgeaGTTCGGAATAACGAT
ATTCCGAACGGTtgcATTATTGCCGGAAATATT
AATATTTCCGGCAATAATgecaACCGTTCGGAAT
ATTCCGAACGGTAAAtgcATTGCCGGAAATATT
AATATTTCCGGCAATgcaTTTACCGTTCGGAAT
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0.2 i, KB LA 1:10 1Y FBIFR B 2 LB W 145
FEHA, A cephalexin LK M 60 pg/mL,
IR 1.5-2.0 h, RIGMA IPTG ZLWKE
91 mmol/L, %% HAYMEIEEHKIKE. 40 min
J&, 2000 r/min, 4°C &L 10 min, % EiF. MA
0.8 mol/L Jiiff 2.5 mL, REHES, HITERTT.
SRIGHCUKINA 1 mol/L TriseCl 125 pL; 5 mg/mL
lysozyme 30 puL; 5 mg/mL DNase 30 pL;
125 mmol/L Na-EDTA 30 pL #£4), ittt
5 min, 5 min J&, LA 1 mL Z&1E 2 W #% (0.8 mol/L
FEME, 20 mmol/L MgCl,, 10 mmol/L Tris-Cl),
BRWRS, JrBE TR E, Kk, HiE
A1 2 WA 10 mL FR BRI (0.8 mol/L i
BE, 10 mmol/L MgCl,, 10 mmol/L Tris-C1)f¥) |
JZ, 1800 r/min, 4°C &.[» 5min, £ i, &
B RZ) 300 uL A IS, A5 ISR Y I AR ST ER DT
e R, BRI sk
1.5 EBAEBESH

A58 K inside-out i sAR S, HLAR NI
1R A 7P s [A] — b (200 mmol/L KCI,
90 mmol/L MgCl,, 10 mmol/L CaCl,, 5 mmol/L
Hepes, pH 6.0). BB NI ABTE D, A
JRAETER, RERIRS), BT RMB T EECR
SUFRY AN, AR AN, N 51 R E
BRI . K Ho bR R L) A A TR, AR 4m
i TAEG, B 7t deumdt il iy B oh, I
Az BER B HAR TR 23 5 TR R AR B2 A
HL % F Y%, T2 inside-out recording A= . 1
g TR, WG A, ] AxoPatch
200B Ji K #8F1 Clampex UL 20 kHz HI%FEZRFI
5 kHz JEWEAF-REICREER R, H clampfit
Ao kit
1.6 Zitoh

i SEse A 3 kUL . {8 GraphPad
Prism #{f(GraphPad 8.0)JF1740i14#r. #FH

<l actamicro@im.ac.cn, & 010-64807516

Student’s two-tailed unpaired t test #1727
Bo BEMKFHESER, * P05, **
P<0.01 Fl*** P<0.001,

2 BEREAW

2.1 MTSET & &Kix G168C-MscS BI4H

B KSR T
ARF5EF E. coli MscS Cyto-helix (166—170)

SR B A R kR (Cys, C), Bk
SRR A il S ol B € O 2N PN
HEHAERAEMRE, EiEAE KRB Rt
YA WT, P166C ., N167C., G168C., K169C .,
1170C MscS B RMmF 043 ml & T s R ek
(mock, ZEB M) %18 /K (shock, I3 Hl3#0)(F
2A), T 2 RIS R AETE R, SR BRR
X WT, P166C., N167C., K169C. 1170C MscS B
MRAEARE RIS WA TS R 5B R — 2, ik
ik G168C-MscS FHMRAEAIE RIS AT %0
TFE(E 2B 5 2C), 1B G168C-MscS 520 T iliE
AT, 445 MseS ANHEF T IE ¥ ThE.,
AN SR AL &8 MTSET S ME45 &
%éﬂ;‘nata@a HRGFFE WT-MscS 45 A 52K b
B, HA RGN R R, L
WJHH%L WT-MscS Flf it 2 iR 58 22 1A MsceS K
W7 ¥ B MTSET &b Bl 1% 15 50 i i 59 7735
R, M ZRAR A S E MTSET &4 J 18 18 th g
PSS FRATHE S5 R AT 3 P[] i
Al MTSET LG WA B Rl mock+MTSET™,
shock+MTSET", & ¥l %Kik WT.P166C . N167C .
K169C. 1170C MscS B ¥k 7E P AP Ak HLS B A7 36
RGEBRNHTC R HE V2R, U MTSET #
XL U R R A 5 5 IE AN 235 [ MseS i
EINREMIE &AL . SRR E ik G168C-MscS
P FR7E mock+MTSET 4b Bl S (A7 16 R 5458
M —3, H7E shock+MTSET 4k ¥ J5 HAE 1%
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(A) (B)

Growth of £. coli in hypotonic LB

E., coli are placed into
different solutions.

|

—
Shock+
MTSET

Shock

N167C

MTSET

WT P166C

M?r

Hypotonic  Hypotonic H.O H.O
LB LB + b A : .
+ MTSET 5 N ;
MTSET 10102107104 10510 10102 107104 10510% 10710210710 10 10
G168C K169C [170C
© 150
g T mmm P 66C mmm N|67C G168C mm K169C e [170C

ki

100

Viability/%

50

0

P <
SEFTS SIS S cs’%:& céo SETE TS

Bl 2 MTSET AR ZH FRIE G168C-MscS HIME E RS R AT T

Figure 2 MTSET" treatment leads to the death of Escherichia coli strain MJF465 (4mscl, AmscS AmscK)
expressing G168C-MscS upon hypotonic stimulation. A: schematic diagram of osmotic downshock assay.
MJF465 expressing wild-type MscS or MscS mutants was first cultured in hypertonic LB medium, and then
placed into hypertonic LB (mock), hypertonic LB supplemented with 1 mmol/L MTSET" (mock+MTSET"), H,O
(shock), and H,O supplemented with 1 mmol/L MTSET" (shock+MTSET") respectively. Mock: isotonic
treatment. Shock: hypotonic treatment. MTSET": a sulfhydryl compound. B: growth of MJF465 strain expressing
wild-type MscS or MscS mutants (P166C, N167C, K169C, 1170C) upon mock, mock+MTSET", shock, shock +
MTSET" respectively. The panels show the 2.5 pL drop-plates at each tenfold dilution (10~ to 10™°) of cells. The
growth of MJF465 expressing G168C-MscS upon shock+MTSTE" was shown in red box. C: percentage viability
of cells exposed to mock+MTSET", shock, shock+MTSET" relative to mock. Data are represented as mean+SEM.
Significant differences were identified by Student’s two-tailed unpaired t test, ***: P<0.001.

FRAR(E 2B 5 20), UWHIEEEI G RET, . REX R AY RN AT BEZ MscS 27 168

MTSET @ 454 G168C U4 Tl cRetE (i niEREERTES 5 MTSET Jo M E4S F4 Al
FIEMEILT WL A T A2, AECT MscS il IE TR

2.2 MTSET &2 G168C-MscS k&L iEEr T
BRI SC 36 8] MTSET b P S8 ik
G168C-MscS 4 I 7ER 5 fil i i JL-F 45848

SR (K 3A) o ARWEGEIE— 2 F) F o Az BRI R
HARRHA inside-out it AL AEIM T WT-MscS
H1 G168C-MscS 7E MTSET 43T 5 B T AR AE
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FIASA (Bl 3B). 455 B n 24 i i ik 1) — 2
f, WT-MscS BB, B3k B i RAE Lo
SRIG IR RS, FLU AR I 332k ;. MTSET Ak
S, WT-MscS TR 5 A0 PRET AR 45— 3K
(1 3C)o FRATHEEM Lax TFER] 50% Liax 775 HIEF

(), A7 F 300 3 ) R 6 % . MTSET AR HEHT S
WT-MscS ti, Jo i 25 55 (MTSET 4k P Al 5
WT t,,=1.5+0.21s, 1.8+0.85s, n=4)(|&l 3D), G168C-
MscS TEGRIG KB — @l , BRI, K5
G HEASITHIRE, Hit1, 2 34 5 (33.89+7.77,

2 G168 ¢ ®)
(WT) I
I
G168C el
c ® MTSET"
G168C+MTSET" c C—-8$—S8—-C-C- N &
C
(©) |
1200 pA !\ 150 pA "
] |
| | | o
i MTSET" ' l N MTSET"|
W1 =‘, - i W G168C T == r
1 JII[ 5 mmHg Hl\___| l‘_, ':l“ mmkg II. = |
4 s 4s 3 min 3 min
(D) 250 1 55 (E) -~ WT & WT+MTSET
;;
160
2100
T osof i =
0 0.0 0 " ¥
A& ol : ] :
& S & & 00 02 04 06 08 1.0
,(CDQJ f\\b z‘:go S

3 MTSET S G168C-MscS %k & KiF4FME

Figure 3 G168C-MscS loses its inactivation property upon MTSET" treatment. A: the side chain group of
the 168" residue of MscS when it is glycine, cysteine, and cysteine combined with MTSET". B: in the
inside-out recording mode, a part of the membrane of the spheroplast were sealed by electrode. When MscS
(the black triangle) on the membrane is opened, ions pass through to generate current. MscS opening changes
were recorded by adding MTSET" to the bath. C: representative patch clamp recordings from the same patch
before and after addition of MTSET" to the bath at 20 mV membrane potential. Lower traces: applied
negative pressure. Upper traces: current curve. D: changes in t;, of WT-MscS or G168C-MscS before and
after MTSET" treatment. t;), represents the time it takes for the current to drop from the maximum I, to 1/2
Iax and reflects inactivation rate of the channel. Data are shown as mean + SEM. Significant differences
were identified by Student’s two-tailed unpaired t test, *: P<0.05, ***: P<0.001. E: ATime/Time,q, and the
normalized value I/I,,,x were plotted with Boltzman formula to reflect inactivation curve. The total time
required for channel inactivation (Time.,;) was refered as the time at which current reaches maximum value
(Timeyax) minus the time at which current has just dropped to the baseline (Timepaseline). ATime represents the
time at which the current drops to a certain value minus the time at which the current reaches maxium.
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Figure 4 The inactivation properties of G168K-MscS were similar to that of WT-MscS. A: representative
patch clamp recordings of WT-MscS and MscS mutants (G168L, G168Y and G168K) at 20 mV membrane
potential. Lower traces: applied negative pressure. Upper traces: current curve. B: changes in t;; of
WT-MscS or MscS mutants (G168L, G168Y and G168K). t;, represents the time it takes for the current to
drop from the maximum I, to 1/2 Iy Data are shown as mean+SEM. C: ATime /Timey, and the
normalized value I/I,,x were plotted with Boltzman formula. ATime represents the time at which the current
drops to a certain value minus the time at which the current reaches maxium. The total time required for
channel inactivation (Time,,) was referred as the time at which current reaches maximum value (Time,,y)
minus the time at which current has just dropped to the baseline (Timepaseline)-
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Figure 5 The inactivation rate of G168D-MscS, G168V-MscS and G1681-MscS was significantly slower
than that of WT-MscS. A: representative patch clamp recordings of WT-MscS and MscS mutants (G168D,
G168V and G168I) at 20 mV membrane potential. Lower traces: applied negative pressure. Upper traces:
current curve. B: changes in t;; of WT-MscS or MscS mutants (G168D, G168V and G168]). t;,, represents
the time it takes for the current to drop from the maximum I, to 1/2 .. Data are shown as mean+=SEM.
Significant differences were identified by Student’s two-tailed unpaired t test, *: P<0.05; **: P<0.01; ***:
P<0.001. C: ATime /Timey, and the normalized value I/I,,,x were plotted with Boltzman formula. ATime
represents the time at which the current drops to a certain value minus the time at which the current reaches
maxium. The total time required for channel inactivation (Timeq,) Was referred as the time at which current
reaches maximum value (Timen,x) minus the time at which current has just dropped to the baseline
(Timebaseline)-
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