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RNA & O3EHE & OBRIZOWTIEIARHTH - 7225, 4, SHIHEREICES L Twb 2 &
bhoTE, ARFHTIX, small RNA 12 & 2 MEEFEZHERFOBMBICOVT, REfFoh M
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WAEDOWIZE DA S, JEFIEREITDH % non-coding RNA
(ncRNA) %5, & F EFREMGBRIIBVTHEELRKZH LR
LTWBZEDRHSRTHRo TS A2 T, ncRNA 13 %
I EEZLNTWD, 70 AMENAHER, TSt b7
LRNADIY% # 505 ENWASLRICRY, HEHERS X
It o7z BIEAELIZON, ncRNA D422, ST
FLRUTICB Y eEETRANEEZIT> T2
non-coding regulatory RNA B FET 5 Z L b o TE
727s 2@ X9 7% RNA 1Z, mRNA IZHATHEH W0,
RNA L #BFREN D 2 & D%\, Small RNA 1213, E&EMIC
AHEINTWE~2X 27 L FFF (nt) DEETH 5 mi-
croRNA Rl E TR 2O 5 TWw 5 50~400 nt @ sRNA 258
Fh, WiFE DEEHROBHGIEMIIB W CEEL AR ZH -
TWwb,

microRNA &3 & A EOME sRNA &, —f%I9i2, KT
5 mRNA 33 2RT 5 2 &I & 0, BlEkRE % s
T 5, Pl L, 3-JEMFRES (UTR) 3 —7 1 ~ 7 #Hi
(CDS) {2 microRNA 259 % &, mRNA o7 7=k
LRI SN, BRI A AL S T ST EAL T,
£ os, BETHREAPIHNENREY, /2, #I, mi
croRNA 2" RE ST LAV H L L bHHE ST

small

B [AKELZ, MIH D sRNA 13 5mRNA FHi & 3535 2 R+
BT ET, BEALDOEA, EINOFEREWHT 5", MR
121E, sRNA I X BIRFEXERIE, VR Y — a6 A b
(RBS) #~v A7 35241241 30S) RV —2DkE&LHR
% HET %, #RWIZ, BRI N %557 mRNA I,
RNaseE"” % 7213 RNase I OEHIC X o THMR S R b,
SRNA 12 X 2 #0551, RBS #4Z & Lzd 0722 S
NTVEDLIFTIERL, M S FIFE LRI HESINT
WB,

MWD ) MEN AT 2o, 7 AMFEHICHE D W o
YEa—F—TFHEP< L 7 a7 LA RNA #EEHY Hig
Lok L2 LY, 28O sRNA SER S KEGH
IZBWwTiE, 2N F T3R80 fid small RNA 25 E X T
Wb Z0% KA TH B0%, A N L ASEY, BB
B, 2F 50ty vy 7Y EEY ORI S L Tw
HIENbhoTE&7, —J, small RNA & HIH o SA it
EDOBIRIZOWTIZE S K RWITH - 7275, IE4E, £ A4 ]
CES LT3 2 Edbd o T E 72 AR TIE, small RNA
12 & 2% HRAEHEIC O W TER S ORFZEZ OISR L7z
Vi,
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Fig. 1. Mechanisms by which Hfq might facilitate SRNA-mRNA basepairing.
Hfq (green ring) may promote RNA unfolding or may increase the local concentra-
tions of the SRNA (red) and its mRNA target (blue)*.

I-1. RNA ¥ + /X0 Hfq D

SRNA &, 1 mRNA OFRFAMGEER G & 55510 7236
Kt 2T 5 2 & T, BROWH mRNA O% &
REI T 525, sSRNA OIEHICIEIRNAKAMEAE
Hiq 2802 E %, b & & Higld, KR ICBWT QB
NI TUF T 7=V OBEBIIVELRRT L LTHES N
720, Hfq BREMEMDATIA4 ¥ v FTHEERICE TN
5 Sm/SmBEHEOKRET ST, F—FVEOKEG6
wIRE T 5% e icoh, RNA ¥y Xu v
T 5 Hfq 1, sSRNA & mRNA O5lj 7 I2kEE L, —A8H
R mRNA @ AU Y v FREHI~D sRNA OFE4 % g
HEZIEDLZEDVRDIoTERY, Hig B ED L HIZL T,
SRNA DREMANDREEZRE STV ED, TOEMIX
SEEIIRIZHBE I N TRV, Fig. 1 O X9 i
BEZLNTWBEY, flZ1E, Hiq AXRNA IZHEAL, A
TAN—=TEFEHE L TVLEEERIT S L) ZiEEOE
b2 d 725928 T, HEREDOEESE 2 A 5 4%
Wid A, F72, Hiq VRATHIIC SRNA OREZ 5D 5
LT, HENOBERERESELEELEZ NS,
Zhi, 120 6 =K Hfq % sRNA & 19 mRNA (2 [H

BRIZHAT A4 L, sRNA ISK4 L7z Hig 25, mRNA
WZHEA L7z Hiq EAHEAEH T 20 E 2 51 5™, #
% OEGHEIN T2, sRNA 2 X - TG %M %%
FTWbZ ERS, HiqIZZ L DMBEDO 7=/ ¥4 7D
N B 59 % (Fig. 2)™ o FT4F, Hiq (3HHPH o9 5k ]
HICHBES L TwA I eNbhroTERLY, LALAEeW
5, HHMEE Hiq OBRIZOWTIE, ThETLLD
o TWadolz,
2. Hfq " KIFEERRZMEICEZLIE

ZH O, Hiq O KRB REANERZEIC BT 5188 %
N5 720, hfg BIETFREREZER L 720 Table 1 IR T
£91C, nfg EIETREHRE, suss 70— (B
BRI LTAfE), /REFS Y URE), T2V 758
@), ZUARAINMANLFLY b (45, a—F3I
6G(>415), HfbxyHFLaI=H @), AFH2)
v AR, k7 == ), FUVFAE (4
1) REDLEWITH LT, FAERICHS, Bzl
TWizo SOBBIL, g lifE TR 7 a—=v 7 LTS
A F%& hfg RIBIRIZEAT 52 LI2XY, #ibhiz,
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Fig. 2. Phenotypes and factors controlled by the RNA chaperone Hfq.

Table 1. Susceptibility of E. coli strains to toxic compounds
MIC (ug/mL)
Strain
cp NOV ACR (9% R6G BENZ O0XA CMD NA
Wild-type 4 128 256 32 >512 64 256 0.5 4
Ahfg 1 32 32 8 128 8 64 0.13 1
Ahfg/vector 1 32 32 8 128 8 N.D. N.D. 1
Ahfg/phfy 4 128 256 32 >512 64 N.D. N.D. 4
AacrAB 0.5 2 8 1 2 4 1 0.063 1
AacrABAhfq 0.5 1 8 1 2 4 1 0.063 1

CP, chloramphenicol; NOV, novobiocin; ACR, acriflavine; CV, crystal violet; R6G, rhodamine 6G; BENZ,
benzalkonium; OXA, oxacillin; CMD, cefamandole; NA, nalidixic acid.

I-3. Hiq 3 KBEOERNERBREICHET D

ZHIEACIC 2D B O—D2 L LT, FEAFDOHESE)
HIPEILEERE D 1 F H 5™, FEHIBEM ASTTHE L 72T T,
WHRNOEHER R T 5. BEHHE, Hiq BRI HE
FREREIC LT TELTRD 720, AR, hfg KIE
Pk, & L TRIEGW O FE RPN BIZTF TH % acrAB
DORIEME, lug/mL B—% 3 ¥ 66 2 at BRI
BHL WEHEELL.O0—F3I V661, ZORETI,
FRROBIIZIHE L 22, ERFH EOR oMz
BH LNz (Fig.3)o BEKIIT—53I V66 2 &%
REEH FIZBWTHBTH L DK LT, hfg KiEkE
acrAB RIBFRIIHREZ B L Tz, 2L, BAKIZHN
T hfg RIEKRE acrAB RIBHRTIL, EREREI R T
Wh7HOTHBHEEZOLN, Thbh, ThOHWKIEK
T, EHPEHEEE T LTV I EAVRIRE NS,

Wild-type Ahfq AacrAB
No drug
Rhodamine 6G O
1 mg/L 2

Fig. 3. Hifq affects drug accumulation in E. coli.
Strains wild-type, Aifg and AacrAB were spotted onto LB agar
plates containing rhodamine 6G 1 ug/mL. After incubation at
37C for 20 h, E. coli colonies were observed under white light
(visible waveband)?).

4. AcrAB EFHH S X7 L& Hiq I &
FFNHE B RET DR R
CNETOMBEY, hfg RIBHKRTIZ, FEHIPET BEDML
TLTWAIENEZOND, Lal, FEHESIIKBRO
Jeftfk A7 < & b 20 I O SEHI e BT HAFAE L
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Fig. 4. (a) Effect of Hfq on the promoter activity of the AcrAB
drug efflux system. Effect of Afg deletion on the promoter
activity of the acrAB operon was determined. (b) Hfq affects
the production level of the AcrB multidrug efflux protein.
The relative amount of AcrB production was calculated by
Western blotting analysis using Science Lab 2001 Image
Gauge Ver. 4.0 software®®).

TWb Z e 2 FE B L TWaE®, 2T, AcrAB
SHRIPEL Y A7 JEBIICHEREELTB Y, K& ofks
WEEHLTHERT 228125, MEoBESmEE A
SR PED T IS LT 57, AcrAB £HIHEH ¥ 2 7
A%5, Hiq 12 & 2 FANRSZVEREICES L Twa il )
xR ANRD DI, acrAB B AR TR IB R O SEH 2
W2, g AR T RIS, LD XD ICRET LM E
772 (Table 1)o B4R 5 O hfg KiBIZ, Lk <
DFEANF T 5 KW OB Z EDI=DIZ S hhb b
¥, acrAB RIBHROFEHNEZMEICIZIZE A EREE K
FEhhol. TORPE, Hiq (2 X 2 3EHIm TR I
AcrABHFI Y A7 ADHE L TWBE I EZRL T 5,
I-5. Hfq?» AcrB EEXEICRIZFTRE

LR LY, AcrAB EHIPEH 2 A 7 A 25 Hig 12
Lo THIEE N TV AW RMEAIREZ I Nz, £7, Hig
25 AcrAB EBUZ, BEHELARVTEEL TWLHEHNR
L7280, acrABARa vy 7uaE—4F —fHgr 70 —=
YT LI lacZ VR—Y —ERETLETIAI FEH
T, Z07uE—5 =% p-75 7 v v ¥—¥iEks
WEST 5T LX) L7 (Figda). BAEKE hfg
HEFRIBVRDOBI T, acrAB A X0 > D72 E— 7 —if
PEIZEEITERD H e hy o 720 RIZ, BU AcrB Hifkz Flv 7z
VIR TRy T A Y TEICIYHEHNIZE TS, hf
REFRIZBOTIE, FERRICIERT AcrB DEBHE LN
VTOREMEN3% FTHRTLTW (Fig.4b), I
5OKED S, Hiq IZIEEHO LXVTC, AcrB BHOM
iS5 L TwaEELZLbND,

II-1. DsrA X E—JL RNA D45

AE— )V RNA T 5 DsrA I&, H 7 VEHEED
FEHHRTE L TCRASNAEZDOTH Y, Zoficd, B
i P =2 I ISP\ B 55 2 BIRF ORI G L Twa 2

Table 2. Susceptibility of E. coli strains to toxic compounds

Strain MIC (mg/L)

OXA MCIPC EM R6G NOV
Wild-type 256 >512 128 >512 256
AacrB 0.5 1 4 2 2
AacrB/vector 0.5 1 4 2 2
AacrB/pdsrA 4 4 16 16 8
AacrB mdtEF 0.5 1 4 2 2
AacrB mdtEF/vector 0.5 1 4 2 2
AacrB mdtEF/pdsrA 0.5 1 4 2 2
AacrBrpoS 0.5 1 4 2 2
AacrB rpoS/vector 0.5 1 4 2 2
AacrB rpoS/pdsrA 0.5 1 4 2 2

OXA, oxacillin; MCIPC, cloxacillin; EM, erythromycin; R6G,
rhodamine 6G; NOV, novobiocin.

EDREZN TV 5", DsrA & rpoS D mRNA (Zx T
ZIEDOHIERHE T TH L Z EBH SN TS, rpoS #in
FIla—FERTWBE Y ZVIHEFTH S oS iE, TEE
A MLV ARESTELUTHELTBY, BEL0#EGET
DFEBLHIEIZ B S- LT %, DsrA & rpoS @ H IO
TeDDNT EVEEDOTFIHEL T, VRV —LHE
A NOHHEZED DI LT, oS OHAREIEES &
530 DsrA IZHIH ICB W TR DMESHEA TV S
SRNA TH 24, ThFT, AL OBEIZAHT
Hol,

I-2. DsrA RENFKEREZIRZMEICRITTE

KEWITIZA % < &b 20 MOFEHPE > A 7 A 9547
FELTWLIERDLRoTWEA, ¥, a3 7 b
7 A EICINETE L DY AT AH Do T 59T
HTHDH, ThEMLIODHEDO—2L LT, KEH
PP RATINSIAPEL S AT 22 FH L Tw»
0, Thbh, ERPLY AT A0HEA Y YT -2
BRNIT A EDPEETHLEEZONDE, KBHICH
WTIE AcrABHEH VA F AP EFEWICHEE L Tw 3
B, ZOMOBEHPEH S AT LANED L) BRNTICE o
THEMEN TP E2HLPITTE72012, FH 51,
acrB RIBMRICKIBHE DO TS AI FIA4 75 ZEAL,
AN ST AW TORA 7 ) —= 2 F #4772,
ZFOkER SRNA TH 5 DstA # &L 75 A 3 KA, acrB
KIEME S F RIEHNIH LT s e 2 &b
Ao 7z (Table 2), DsrA 5EBIkkIZ, BRICHRT, +F
Yy, ruxyyy, Yy AuxAf Ty, a—4%
IV6G, JAREF Y R EEEL Tn,

I-3. DsrA (C & 3 EFISERRDE

DsrA 12 & 2 3EAI AL Z H S 22T 572012,
acrB KRIBMRICNR S ¥ —%BA L72#kE, DstA 2 57
FAIRZEALLMEEZHCT, EHOERZBIELT,
MR E 1 ug/mL ORILT T T L% EATZIERE
WCARy bL, B L7:t%, UV 253252 LT, Wk
NORALTF VY AOBEMEBLE L7, Fig 510”7 &
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I, BALZF V7 A, WOBMBIIHE L Thiwngs,
UV % B4 L 72RO #OGHR BE IS T AR O 1 TS &
N7zo DsrA BB TIIAEHPZE LB LTVwE T L
o, KRKTIE, EAZFEI WD LTWD I Eabre
%o ZOFERD S, DsrA IR OSEHIPEH 6 1 722
) AE o B/ RN =% (WA

II-4. DsrA |2 & % MAtEF ZH|BEH & X 7 L OFIfE
LFRo—HORERD S, DsrA 1%, KIBHICIFET B0
THOOEAPEH S AT 2 FEICHBLTWE Z & H%

Bright Field

Fluorescence

AacrB/
vector pdsrA

AacrB/

Fig. 5. Effect of dsrA overexpression on drug accumulation
in Escherichia coli cells.
Strains AacrB/vector and AacrB/pdsrA were spotted on
LB agar plates containing 1 #g/mL of ethidium bromide
at a final inoculum size of 10° CFU/spot. After incuba-
tion, E. coli colonies were observed under white light
(visible waveband, bright field) and UV light (fluores-
cence)*.
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oM. EOFEHIPEH S AT 453 DsrA 12 X o THl
ENTVEONPEWSE2CT 5720, RT-PCREIC X
D, 20 HOFEHPEH S 27 2 L L L OFFPER S X7 4
AR T BHEEREE TH 5 TolC DGR ZMHE L7
(Fig.6) o ZD#EH, DsrA FHRICBWTIE, Bk E
T, MAtEF #HAHEH > 2 7 2 Ol 582553 12 B 5
LTWbZ ENbholze $72, acrB & mdtEF O Elx
F 2 AR EEMRICBWTIE, DsrA 25H &€
Th, EAMWMMEALDES Shh o7z L5 (Table 2),
DsrA 2 X 2 Z#iif AL, MAtEF R Y 27 20
BB LA L7272 THEZ b oi. 72, oS
KARRRTIZ, DsrA 12 & 5 MAtEF O %88 LR & 2t
) FAHNM AL R SN e o722 &5 (Table 2),
DsrA & RpoS #4 LT, MAtEF O3B EIZHI# LT
WaBZ ENWbhrolz,
m 3 bH V) I

KEHTIE, REHESNLEFEESOKREZ LI,
small RNA & #ll 7 58 A i 1) 38 o B AR 1 > v TR L
720 RNA ¥ ¥ X1 v Tdh 5 Hiqid, EHIPEHEHLY
AcrB OWEEHMM 2479 2 & T, SEHIHE B2 B AR
LTWwWaBZEZWHLENZILY $72, sSRNATH 5
DsrA %%, ¥ 7 <K TT&d % RpoS % 4 L T, MAtEF
AP S AT 22 KM L12X ), KR oA
THPEICBIMR L T 5 2 L 230727, sRNA 2 X % 3EH#]
MYERBORIEIE, 72, HE -2 E0) TH DA, il
OHIZBVTH DX % sRNA T X % LRt Pk il £
PEBIICHFIEEL TNBEEZ TS, Hig2sED X H
WL CTHRAPREEAEOHMEICEG LT 500, €0
SRR T b o TR WVERGEL V. T 72,
SRNA (2 & o THEHPEM Y 2 7 2D E R Tnwb 2 &
WEbhholzd, TNHHIEHAY b= k) %2R
BGOSR Y, EAPEH Y AT APFEINL DD,
ZLT, ZORBIIBWTEAPE > 2 7 2 0FBHE

S E o & $ 0 B D O L
FEE IS FF L IPFEF P F Pt

Fig. 6. Effect of DsrA on expression levels of drug efflux and outer membrane channel genes.

The level of mRNA transcript was determined by qRT-PCR. The fold change ratio was calculated

by dividing the expression level of the gene in the dsrA-overexpressed strain by that in the paren-

tal strain®”.
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Bacteria have developed regulatory systems for eliciting a variety of adaptive responses to their environ-
ments. A number of 40-400 nucleotide RNAs, that do not encode proteins or function as tRNAs or rRNAs
have been characterized in prokaryotic organisms. Because of their small sizes, these RNAs generally have
been referred to as small RNAs in bacteria. More generally, these RNAs have been termed noncoding RNAs
(ncRNAs). Small RNAs made from the opposite strand from their targets and therefore able to basepair ex-
tensively with their target mRNA have been described and studied as regulators of plasmid and phage func-
tions for many years. More recent recognition of the importance of trans-acting small RNAs in regulation of
bacterial gene expression, including genes involved in bacterial pathogenesis, has extended interest in these
molecules, and has led to genome-wide searches for these small RNAs in Escherichia coli. Recent studies have
led to the identification of nearly 80 small RNAs in E. coli. However, only a subset of these RNAs has been
characterized. It was reported that several small RNAs from E. coli coordinate stress responses and viru-
lence factors. Despite the study of small RNAs in the bacterial regulatory network, their role in drug resis-
tance has remained elusive. In this review article, we introduce the multidrug resistance mechanisms modu-
lated by bacterial small RNAs.



