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T3, AL, g, o', Akt JFE 17T AL IR 2EH 2 Ao =2HW, o

gt 2 E# 2k (general stressresponse)el] 2] 3|4 439 AEH A YA ZS LHAA JF AEHAE FH
3t A7) AEY-S F/HA 5 v A 7 Bacillus subtilis®] Quk AEHAEEE] #ajA4 = @2 A7)
o] Fo]A glerg & 7o dTFELE o)L 5. £ FAHNAME B. subtilise} WU FQ Lideria
monocytogenes?] Gl 2 E#| 2uk-8-0] A 3} 2}o] A & B. subtilisE R 2 3t vl a3 o. F 7o) dut &~
E g 2uk-g-2 oA AA} 2R} 68 (alternative transcription factor sigmaB)el] & A ZAH I A 3AG W EY

2 =3 dl$ fAE, o° A2 FAAE o 1504 7<)
monocytogenest= B. subtilis®] ol x| 2EHAX 2% A 25 JHA L QA G2 F 5, Ak

AE

A2 Sl ge] AP 2 L.
SEH 2utg) o9 3

5 FAAE(virulence genes) o] ZAF & A o] 7R Z 2}e] A o] 5. LB =& L. monocytogenes?] A 2] W W UA
TEE A Qb 2EG2uk-3d B3 o 7} vl F o35

Key words [0 Bacillus subtilis, general stress response, Listeria monocytogenes, o® (sgma B), signal transduction

network

7HA AL Qlt). o] Ut ~E#|2~1H-3(generd dress response)
Bacillus subtilis?} ¥F IHSAd HAAG MTE(Ligeia
monocytogenes, Saphylococcus aureus, Bacillus anthracis 5)©]
7HA 3L Qe AR AEHFZO R Ao o] dAEE &
23 e duA] 2B A 274 gy Tl dS A
A TS 2Ew 20l thA K25, 43, 44, 53).

At ~Ed|20kgol| A= tiA] AR dternative transcription
factor)?] o° (sgma B)7} 341 A9l 2 Tfd=E, o] 2Ed
2 @EdEe wds ™I o= 19799 Losickdt
Haldenwangell ©J3iA] Aol thA] Al1mf QIALE A5 Hare|Rd
tH22). E3 cc FAAR H2E 799 o° AN AR, =
= 3| (promoter) A1%12] @714 E°] RNA holoenzyme®] c®l| 2]
slo] ooz AAETH22, 23). 6®E WY I (post-trandation)
o AEW Al HAE YEYF(sgnd transduction network)S =
ste] GAdstE]H, o] VIES] A dojse o et
22 serine?} threonine2] Q1A4Hs}oll o3l - HTH21, 43). ©]
A& “partner swiching” 71 o]2kal 31H(1), two-component
systemel] oJg Aso] -8 Bl dgd= ohE WO Al
FAz TES dth Q] aFEATER] B, subtilis=
B/ Ao 2 ARk 2EHANRES] As HY YEHIAE
A8l st Rl = Bol AtE o] $ith.
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WA AltolA gl ~EH 20k

21 gl 2ol i3k o
Tk ofet W= A} (virulence genes)o] WA oA =
83 93-S ke Bo= dEA Atk AFuN B At
L. monocytogenest =, B 52] A8l B A £
s, 7o) B AFo e AX|Z(soft cheess), TAISFH
SAHE o] ATKE, 37). o] Mt gutFo g T Mits
Aol A=) e A-L(-04°C)(55), LF (B M NaCl)(13), #14F
S(pH 25)(15, 58) ¥ g4 17 AE|(18)l- % o] 7Fs
3t} o]eigh A eta E4ole o] o§k AR 2E g 2REo]
ot Ao Z &eiA Atk L. monocytogenesd] o= YA
71590 2B fRAES HES 53 Wolr)|T oledm &
HE 59 #dds #o $th4o, 58). 1B EZ L.

oy M S ofN HE

8 BE
monocytogenes?] FH S olsish=dl oA oo &4
3lol] Bsh=s AT ALY YEYZ] 79 2 o° 9FEA 2EF
2 DS V)58 AFehe AL wlf- T3

B FHM= gut 2EY 20 AollA el AlxEloz
ol €= e vIHAA A B. subtilis?t HYA AT L.

monocytogeness: tl 0.2 o8 EAdol] T3l Mg UES

392 B oEA 2EY A §A B A 75 Bt
71&staL, A7 gEA e ARES BEUE T AT o
HF 2E 208 Hlwslara} gt

= =

[ — —

Ut AEg| AHFS O 240151 CHH| A|O QIX}
RIS B. subtilis2t L. monocytogenes®] YRk ~E |
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Table 1. Generd stressresponsive dternative sigmafactors

duk 2B~ ¥kg- 11

B. subtils L. monocytogenes E. cali
Gram gtaining + + i
Sigmafactor c® c® c°

Proposed 6®-promoter consensus sequence RGGWTTRA-N,,-GGGTAT (21)

GTTT-N,,- GGGWAT (32)

N, any bases W, A or T; D,A, T,or G;R,Aor G

RS-& o)) ot} 2 FTH25, 43, 44). Wl 133244
2l Escherichia colicl A+ o° (RpoS)7t YRE 2EH 21HES9
P thA] A|2e Q1AL A7) (dationary phese) FEE S
2E#G 2 Aol NES BEska AES FX817] 98l o
A3 FAAES LA ZITH(Table 1)(26, 36). FZoll= B 2
J  WAA  AHT(Pseudomonas  aeruginosa,  Borrdia
burgdorferi, Yersinia enterocolitica, Shigdlla flexneri)ell A o™l <]
gk uk 2EH ARG WRIVIH ] o] BarE|ar JIh(3D).

Y orE o

o EME Qe MSHE W EQ T 0| 0i5lE RUXIE

B. subtilisoll A o Q|2 rbR, rbS rbT, rsbU, rebV, rsbW,
SgB, roX FAAEE A 131(59), L. monocytogenes®e 9
o] gl FAAES o LEE 25 71X 3L AthFig. 1). B.
subtilis| A= o] A E9] A Fe EARSH= o* (housekesping
Az} 1A 9EA ZERE 2ty 919 glle] fHAlE]
718 o2 e, Q2 Yo EXlske of e T2
SET rdV, rdoW §gB, 1231 rsbX FRAAES] TS T
21tH27). & AZAY YELZNA rebR, rebS rebT, rsbU 773
e 3 2~EF (G, 4 94, oAleh, blue light) A150l]
e Sl A S-S W A7 (28), o|UA] 2Ed| 2 (84, 9, A4
17Z) AZAAME rsoQP LIRS sk FHRE o) W
= g AEo] BAITh(5l). rsovel reowes 34 L o]
2EY 2 250 A of @3l FEAHoE FoEE UEAES
W A|Z1TH(16).

B. subtilis o= /0] EHA 21511 oz ~E# 29} 3
7 2Eg 20 o8 &dste) o) 2EdA Ase AT
A5 Y HEL IS Tl o AgE, &43F o=

PHE MY EYD B
E

o

rsbQ rsbP rsbR

807 1,209

o*
1 kb

rsbR

rsbS rsbT

rsbS rsbT

core RNA polymerasel] 23 & o8 984 T2 REH 295 <
A5, 71 A¥} 1504 o] 2EdH 2 FAAES] WA A
Ho(Fg. 2A)(L, 5, 7). 25 A HESAde 35 =4 o
A¢l RV (23 Aol RebW (anti-o 17 Befshe, &
Q3 x4 gugde Rbwoltiie). 2EH A7) e AlEdA
RsbW serine kinases RsbV T8-S Q1A3IA1A o9} A3t
a1, 1 A e EZASE At "k v 2E# S A
o] AEE Qa3 ® RV (RebV-P) THldE RE T =
& <12k3}E 4 (serine phosphatase, PP2C)S) RsbP (G| A] ~E
#l22)(51)2 RsbU (878 ZEd2)(52, 6200 23l Qlite] 1A
Ho] RbWS RV 2o =Z o871 A3ETH RbWE
Rsbve] ?14ks} el wet A% @ dS 6° (RebW-0°) =
RsbV (RebW-RshV)ZE BHEA| ==H], ©]5 “partner switching”
71olar k1), HIZle oAUA| 2EH 29 3 ~Ed X~
Az ol o%7F 43} He AE oledE AL 2EYA
(cold stress) =27} AEA AAEATHO). ©] FAE2E o=}
373 2Edg 2~ ARk thE7 RP RsbU, RV Sl AEw}
TAIRe] A 2EHZ AJEolA 689 Rbwe] A AR1 s
Zhgol| ofste] o°F A= Ao FAFHIL o, AR
2Ed| 2 JHdA o) @8k e BESt AEE ofF 1
o1AA] edtt.

B. subtilis 6® 215 A HIES|F| #ofsle el =4
@A S0 | monocytogenes of AlZAE Y E o) thRE
EAE T A 2ladg YEINA P & 2polHe
L. monocytogenese 3t F79] UFEtE A RbUZ} EAICE
Zolth. = B. subtilis A|2~¥lZ+= tF=4) L. monocytogenes= 3+
74 2 YA 2EHA 257} BF RbU QMNEEAS Ealo]
ofol HEETH12, 47). AL ZE#H2 AHAAAME L
monocytogenese B. subtiliseH = TFE Al o8 E4J3}el ReoU 4k

rablf rsbV rsbi

rsbx

792 597

rsblt

iLm

780 500

Fig. 1. Comparison of 6® operons between B. subtilis (Bs) and L. monocytogenes (Lm). The eight-genes sSigB operon contain a o™ dependent
promoter and ainternal ¢® dependent promoter in both bacteria (20, 59). The rsbQP operon is required for energy signaling pathway in B. subtilis
(52). The putative transcriptional terminators are indicated as stem loop structure. The size (bp) of each genesisindicated beneath the arrows.
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Fig. 2. Modd of the o® signaling network in B. subtilis and L. monocytogenes. (A) Two independent signaling pathways (energy stress and
environmenta stress) converge on RsbV, but the novel signaling pathway for cold stress operates independently of RsbV (9). In unstressed cells,
the RsbW anti-c® factor sequesters o® in an inactive complex, preventing its association with the RNA polymerase core enzyme (16). In addition to
this anti-c activity, RsbW possesses a serine kinase activity which specificaly phosphorylates its RsbV antagonist, rendering it unable to bind
RsbW. In stressed cdlls, the phosphate is removed from RsbV-P by either the RsbP energy phosphatase or the RshU environmental phosphatase,
alowing RshV to complex RsbW, which then releases 6® to direct the transcription of the general stress genes (51, 52, 62). (B) The proposed L.
monocytogenes model issimilar to that of B. subtilis but the energy stress pathway is missing. The single RsbU phosphatase of L. monocytogenesis

important for the transmission of environmenta and energy stress signals.

stairt dasith dE W 7°ColA sgB9} rsbU A7}
2% L. monogytogenesE: WIS, o]E W] dFES
opiTFohs t2A o7t B4} HA| Ferh4r). 1Ey AT

e Ae 2EH 2 tig Wol7|deR o° o&2] 713 o°
HlejEH 27} A Ea lEEE(]l) A& 2E# 2N o°
o] At Ao disir= ¥ B2 A7 e Aow 47

fie}. o5 T Ale] 25 A HES)Z wHle Fig 29 B},
oo ol AR A ALl W 2 I|s
o®7} Ale] AESFE SAo] o @A Flelsh=AE olsfal)

A= of B0l o3l 2dEHE DREES FHE= SO
Fasich, olsh 2o ATE I A2 PHoE Zewy 19

o] A7IME B, HAA|SH(transcriptomics), v A St
(proteomics) 5¢] ©]-8-FL At} HA7FA] B. subtilisdll A= 150
o 719 o® & FHAEe] ¢EA ATh4). 7ol A< Xé
A= e 2E#HZ 24 1509 o] 2E#H AT f%

AFE2] AL B, sbtiliso| A & @ Al of 1/301]
g Fhe). HZole 2o 7RISl 93] L. monocytogenes
9] of oEA FHAEC] WAL Ut} Microarray w41 %}
Hidden Markov Modd (HMM)o| <J&] 150 7§¢] L.

monocytogenes F-AFS0] 6% oJ3 FALEE ZloE g%
ATHE2, 41, 46). HMMOI oJate] AAE o8 o]&A TR RES
9] in vivo 7158 BEAAES 9 SRA8kH uS Esle] B}
Holok & Aot} F AldEel 3o ZEHZ FHAES] F&
71s& 1) Z2E# 20 tigk 23 2Q] Wolrls, 2) o DAl #
dals FRAEY Fd™, 3) ADA|(transporter), 4) A}
(metebolism), ~12]3L 5) L. monocytogenes?ll A W =31 A5 2]
g 5o] itk B. subtilis?h L. monocytogenesll Al thiEZ 0.2
A%l 6° oA FAAS} 2 V)5S Table 200 A&

goivlsS

1) AEH|A0 CHEt 3= B. aubtili2| o° 2

M Xt

ClpC ATPase (chaperone)®} ClpP proteases Folu 4+Hs} =
EY~2HE &4 dildS B8 758 7R T34,
35). Bl A o] Fe Tl A e ClpC ATPasedl] 9J8iA, <43
o] A% wMAS ClpP proteasec] &JaiA A A=) ClpP
protease= stop codone] 1= <4E mRNAG 23] A= o]
A HE(aled ribosome)] A|&-gol TAFTH3E). S =
AsA 3% S AELS SyA-SmpB Al2Hle] o8] Q1A|H A,
trans-trandation Byl ol B4 FAE wldel C
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Table 2. Representative o5-dependent genes and known or suggested function in B. subtilis and L. monocytogenes

B. subtilis L. monocytogenes
Category Gene name Function Gene name Function
Stressprotection  clpC, clpP Heat stress resistance (35)® opuC, ItrC  Cold stressresistance (19, 32)
OpuE Osmotic stress resistance (54) OopuCA Osmotic stress resistance (19)
katB, katX Oxidative stress resistance (17) Imo1433  Oxidative stress resistance (32)

brmrU, bmrR  Antibiotic resistance (25)

Regulation rsbv
of oB-activity

Anti-anti-o® factor (27)
rsbW  Anti-c® factor (27)

sgB o factor for general stressresponse (27)

gadB Acid stressresistance (32)

rsbv Anti-anti-o® factor (20)
rsow Anti-c® factor (20)
sigB o factor for genera stress response (20)

rbX Indirect negative regulation of c® rebX Indirect negative regulation of ®
(serine phosphatase) (27) (serine phosphatase) (20)
Transporters ydfC Permease (45) Imo0169  Similar to aglucose uptake protein (46)
(influx and efflux) yesP Permease component of sugar transporter (45)  Imo0654 ~ Similar to ABC transporter (46)
yfkE Sodium/calcium antiporter (45) Imo0782  Similar to mannose specific PT'S component 11C (46)
Imo1425  Similar to betaine/carnitine /choline ABC trans-
yusP Drug efflux (45) (0puCD) porter (46)
Imo1428  Similar to betaine/carnitine /choline ABC trans-
wagJ Drug efflux (45) (0pUCA) porter (46)
Metabolism ycdF Dehydrogenase (45) Ing)gﬁ)lo Similar to L-lactate dehydrogenase (46)
ycdG Glucosidase (45) Imo0231  Similar to arginine kinase (46)
Hydroxymyristoyl Similar to tagatose 1,6-
YD ehydratase (45) Imo0539 4 hosphate aldolalse (46)
ydaD Dehydrogenase (42) IMo0913 Similar to succinate semid dehyde dehydroge-
nase (46)
ydaP Pyruvate oxidase (42) Imo1883  Similar to chitinases (46)
Virulence prfA Positive regulatory factor A (39)
Non pathogenic bacteria inA/IinIB  Internalin (33)

bsh Bile sdt hydrolase (50)

2References are indicated in parentheses.

ot HElol =] Tl RS B L(proteolysis tag)7} H71E ¥
ClpP proteaseel] &J3l AARTH29, 30, 34, 38). °]&3F AL
ZEH 2 ejollA] £4F TS oaf FAlE o] e Bli
&5 d&Ho 7 ATgE AFlezA B abtilist HEsH= 5
3l 98-8 g3sith OpuEs AH5A ~E @2 (osmotic stress)
e Lol7lsS ek ARA 2Ed 2 S04 B. subtilis
£ osmoprotectant 71%5-S 3= prolineS OpuE trangporter s 5
slo] 9FE HE HFHICH54). AAZ B. subtilise] opuE 3
Zh= o8 o&A 2 H|oEA(cY) ZERE ) 2s) ZEdAc) A
T8 2EdZ oA of &Y ZERE GAo] IAHoR
Z7F=E= B, ot 23t opuE Ak AT AR E
ol Hlgste] w2 &S FATH49). B. subtiliss o=
TS A AR oate] 2 W ARt Wit of-8-st
£ Ao g 79 KaB9l KaX cadases 41812 &40 28

2 fo

B AEZE BREdle o2 deA UTh(17). 53] KaX= Lo}
O3 (germinating spore)2] 34Fsl=4 (hydrogen peroxide) A3
of wi-¢- T3 45 skar Arh2). Bmrugt BmrRE thoHA|
WA AlzEl(multidrug-resistant system)S- TAISHS D E | 2]
FA (rifampin) W-dzte] HeaAdo] BaE|ATh25, 60). A 7]
A= o8 E B. subtilis’h sigB EIR0] w5l vlE) =2 B
A WAS JeRNA L, 3 Al 28 AV AEHAS
W o® 2ol FEHATH42).

2) 2Ef|20] cHEt woi7|smt HWERTA LEo| 2o
3H= L. monocytogene?| of /&M FE X}

L. monocytogenes’} ©F 12~18%2] NaCl FxollA A& 4
U= sHoll= OpuC transporterS 53+ osmoprotectant carnitine
AF7F BETH19, 56). OpuC transporters opuCA, opuCB,



14 J-Hyun Shin

opuCC % opuCD #1¢] f3x7T u&S A3, OpuC =
Ao T canitines 443 & 5 = Tl AoHo] 9
tH19). GadB, glutamate decarboxylase (GAD) *]Z2~E]-& ‘%"—8—
pH 7394 L. monocytogenes®] A&l 7]1od3c}(32). AHA 3
Ao =Z9 AITE GAD sytemS E3t] glutamateS y-
aminobutyrateZ  ASHA7|HA AEY Yo]L (H) T2 A
A ZItH14). GadB ©]2]oll Pfk (6-phosphofructokinase), GalE
(UDP-glucose-4-epimerase), ClpP (ATP-dependent Clp protease),
Lmo1580 (unknown protein)= A Z~E g2 Aol A BdE=
of o9& Tl SR 2D-ZFHS FA o) AAFHALS
W(57), 2 Al Z2REY tigt in vivo 082 84 9 A
| 7152 oFA7HA EA A Rt Camitine A 2
EYAERE HEE B33 7% o]9d% L. monocytogenes
7} 0°C 528 Aol|A AT = Ue SEHAE FATTHQ).
Carnitinee ¢® &4 F3#1el opucol] ¢J3] ¥d == OpuC
transpoterol] )3l wFEITH(19). Low-temperature-requirement C
protein (LtrC)= L. monocytogenes’} 4°Coll Al AAA] QF-H&
B Sl A 2 (61), microarray F40l J3te] o° I FHA
2 AAFHATHI2). o® &4 F349 1mo1433S glutathione
reductase®., 2+3} *Eﬂﬂj\ =43 FEA o] ATHE32).

L. monocytogenes o= folA AHg 2EH ‘@L‘e‘-‘ﬂ s
S B3 NEE Hodhe ¢akd 715 oledx ke
HHE Fag dTS gt prfA frAe 27H4 TR WE
(prfAP1} priAP2)ol] o8] AALE L, o] 5 prfAP2E of o|&4]
sz Yol F1EATH39). priA Aol o8 LEHEHE
PrfA Tl de teo] WSR3} Wil fofshes F 28A}o|
TH10). Bile st hydrolase (Bshy> ®5 A el == ©
WA g | monocytogenes’} <252 Hd, QO]Z]XJ e A
A AESAY Jeghs T & IEE Si4, 24, 49, 50).
INIA (interndin A)2} InIB (internalin B)L S50 A AL
L. monocytogenes’| F Ysh=d] vl 23 9T-E 3HH(33).

l7=j|

rhu

AltEe] thdgt 2E# 2 2ol A A
It 2EY RS w9 &8 3101
3holtt, oBof o3¢t YRk ~E# |21k
¢l B. subtilisT 22 A|2Hlog we
B. subtilis ©]9]e] LR Tekg WY
ZEH 202 Tt 2Ed & 73‘ oA AE F HAV|H
oA Fos IS la ot ofe AsHEIP VEHAE
Fote] st Aadd H]E-rlioﬂ Holse= A4 el
Ql Rsbw-2 A3 Tl ARl Rebve] 14ks} delol what ZAgte
WAL o® (ROW-0°; sysem off) F=E RV (RHBW-RsbV;
system on)2} HHEE “partner switching” 7139l olste] &3}
Ho}. AF7HA] AAIE B. subtilis?} L. monocytogenes?] o8 A%
AL VES A Rde HAZ o 2= w9 FARBIAR, F3igh &}
o] S 2= L. monocytogenese B. subtilisoll A o L4A] 2E# 2

&3] 213 ks T
73l = Ak =9
F-o gt ug e Al
Q77 Aahso} ghont,
3 Aol oAM= Lnt
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A% Aol Tk RP IStEAE 7HA AL 9A] gou=
AquA] 2EZ X A5} 37 2EH 2 218 BF 55 A3
7171 YeiME RebU SIMHsta A7) D asht w3 oh2 oo
2 AL 2Ef 29X L monocytogeness o® EAJol] o] B.
subtiliseFe T2 A RebU 21X E A7) F stk Aol e}
FHZo| o® H|EH A2 2Ed|2 A2 AXFOR S, A2
ZEg 204 68 Ao disire FF 57 Basith

ekt ~E# 2ol =2% B. subtilis?} L. monocytogenesell Al
1504 719] o® o]&A 2EH X fRAEC] W EE Ao] T
A e XA EA4S Skl #HEEATE ol o IdE
dlde] =9 715 IA 2E#H 20| Uigh A83 W, o8
g4 23, ADA|, AL 283 L. monocytogenesoll Al =7
;(],.__,] lesq__i 7_1_%1;]_ Z]:"U}Z] RHuE Be Z-_H ﬂ—uﬂ;ﬂ.‘:_
F O AE AEEE 75l 2 geiA IA etk 1=
2 ol TAEY] VS-S sk AL ZE#HZ AdH A
AdEe] Ag B BEAS olslsked o Tag RS
AT 7 Us Ao Z 7Ug

ZAfel 2

ATE BARAVIESR BAadNd el Aol
o] o] Fo)%1 A2 (A084798).

ok g

9]
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ABSTRACT : Comparison of the o®-Dependent General Sress Response between Bacillus subtilis and

Listeria monocytogenes

Ji-Hyun Shin (Department of Microbiology, Kyungpook National University School of Med-
icine, Daegu 700-422, Republic of Koreq)

A diverse range of stresses such as hest, cold, sdt, ethanol, oxygen starvation or nutrient starvation induces same
Sress-responsve proteins. Thisgenera stress response enhances bacterid surviva sgnificantly. In Bacillus subtilis
and closdly related Gram-poditive bacteria Listeria monocytogenes, the genera stress responseis controlled by the
aternative transcription factor 6. The activity of 6®is regulated post-trandationaly by asigna transduction net-
work that has been extensively studied in B. subtilis, and serve as a modd for L. monocytogenes. The proposed
mode of L. monocytogenes signd transduction network is similar to that of B. subtilis, but the energy stress path-
way is missing. More than 150 general stress proteins belong to 6® regulon of B. subtilis and L. monocytogenes. In
both bacteria, 6 function is primarily important for resistance to diverse stresses. In addition, ® function con-
tributes to the contral of important virulence genes in food-borne pathogen L. monocytogenes. Therefore, under-
ganding of the generd stress response isimportant not only for bacterial physiology, but aso for pathogenicity.



