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Bacterial flagellar motors are molecular machines powered by the electrochemical potential gradient of

specific ions, H" or Na', across the membrane. The force is generated by the interaction between a stator

and a rotor of the motor which is located at the base of flagellum. A mechanical model of the H*-driven

motor rotation by electrostatic interactions between the stator protein, MotA, and the rotor protein, FliG,

has been presented. In this review, we summarize recent studies of the Na'-driven motor and discuss

the molecular mechanism of the rotation comparing with the H-driven motor.
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1. EL®IC

EWME—X =T, TI7F> « IFTURPEA=
YeFa—TYVUR FHXIreFa-—TIVIROL
) =7 E—X—&, FM ATPase > Vil ATPase, #l
BARAEBD L D ZEARE—H —DbD. ) =T E—H—
IZATP 2NV F¥F =& 20, BEE—X —131 4
COBRGACFERT > v NEREIEWT D, FI
R VH ATPase |3, DL DY ATP IZ & - T b Al
2. ATP &89 2 E)E 5 1 L )L TOER A
D—N T, A A > LT 2EE IR S L0, R
JEIC A DHTICFT ATPase & NAEE— X —DEE) &
F MBI OWTHHT S, FELWI ERMY o0
I, BOEDRHIVY AL TEH L.

MEERZX 1 mmZEDNSREYTH 50, YAE
EWEEN BB E A RS THBIKE S, X
AEOREEL, PBICHE 57 E—X — TS T 255
1K, 7O RFITHYS T B RAEMHE WHEE2 DR Ty
JD3IDTHITF oD, AEEEOMERNCIE, FIG,
M, N2 HHERENS C V> 7 fsthkyd 5. BRENH
1%, B2 X D ITHFET 2 BN E—X —
Bak (EET) OMBEF X1 CY > 7 DRT
¥4:9 % (Fig. 1a). EE TITWA LA A > D EE T
DRFIE N X A > OREEZELAFILL, [l 4 2%
VB FIG & DEFEATIFRICE O RAEZMEET 5 &
WO ETFUPREINTVD. TOETFNVOFEANLE
FEMRHT D, ZITHRALLVZ &, RAEE—
X —DEEZIHIEE F A A TRET D ETH D,

ZAUZx U T F A ATPase CTl, ¢V 7 2=y V>
7 (elfs§) Lavr 7=y b (EET) OREMES
X2 MEIOHEFA TR IR RET 2 EENT NS
(Fig. 1b). JJDRAMOLN R 21T HBD LT, RAE
E— X — & ATPase D[RR I RAERRE IZHLIL T s &
DEZND DM, BRI R EA T 120D THM &
ATP BRI IRE LT DREREMNFI L L K A TEEN T 5
EEZ DT E BRICERIZRNED S .

2. NAEDOEENELEICHERRAF

RAEEICEE ST 2851250 EH D, RAE
s DREFICE 5 ( NABEBGEIG T fla), NAED
(4512 B G- CGHEDE (R T mor), [0l#5J5 [ O HI I B 5-
GEILMEBIE T che) T2 HDIIHTLNEY. RAE
HENCHHERR TN E VB &, 2R, RAED
R LR b DEELTNCUTZ->TLES. XA
Y L CFHEMENLZVE I RSO, LrL, Z
DFEFHOARB T 2P 3T h 5. [l 252
720ITE, NABDITY DU H T BIRT R AT
TOLENDY, EERETFHZOBRMEE LS. D
BIET DRRIEELRL, RABBEZITONDDIT, B
e (Mot) &5 REII AR H SO KI5 E
NATETIE, motd, motB, fliG, fliM, fliND 5 DD
EFDOERITL > TMot BHMUMBINDY, ZHD
BIZTEWHDS B, FliG, FliM, FIiN ZNAEE—X —
DulEE T O 2K L, NAEDEEEIE T TH N
AEREEICLEG- 42 (Fig. 1a). £7:, b DEE
FUEAE(LEE (Che) T HBILLTW2Y. FliM IZE(LE
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Structures of biological rotary motors. (a) The bacterial flagellar motor. The components drawn with dark are essential

components for torque generation (MotA, B, FIiG, M, N for H* motor, and PomA, B, MotX, Y, FliG, M, N for Na* motor). The
stator of flagellar motor consists of MotA and MotB of H*-driven motor in E. coli and of PomA and PomB of Na*-driven motor
in V. alginolyticus. lons flowing through MotAB or PomAB complex are believed to generate torque by the interaction
between the stator component of MotA or PomA and the rotor component of FIiG. (b) F,F,-ATPase. The membrane-bound
F, (a;b,c,,) is driven by the flux of ion across the cell membrane and F, (a,B;v,3¢,) is driven by ATP hydrolysis. In the
rotation of F, driven by ion flux, ions go through between a-subunit and c-subunit, and torque is generated by the interaction
between the rotor ring (formed by c-subunits) and the stator component (formed by a-subunit). OM, outer membrane; PG,

peptidoglycan; IM, inner membrane.

7NV T DY) CEAL.CheY DEERIH T CTH Y,
1) > %1t CheY D FliM ~DFEEHY5 | & 4 & 72 - TFIG

ICHES AW 2T 5 2 & T, R 24 2 5. FIIG
E R D TRABD ORI b E ) 22 55 % H
SRUINIBETHD. FHITCRMDIIHD 1 DFEIK
U3, EE K IE T (mot) D% L ~ v T &N, [BlE))
PEAEICHEE L EZ 5N TV, FLFRyFEERD S, FIiG
|Z, FIiF 3 £ O'FliIM ° FliN & ORI HEER DR X 11T
W3 (Fig. 1a). MS ) > 7 O BN T-f##T 7 &5, FIF 75
K% MS Y > 7 L FIiF & FliG DEle R > N7 Bh B
DZMS VY7 ETIE MY 7 (MSVY > 7 DR E#l
DY) > T REE) DILRITGEWH S 1729, §E- T, FiG
IEMS V>V DORYIHAET B EHERIZ D, FIiG D
LA S C RIREEIR (FIIG-MC)® & FIN [, X ##5 i
FRATIC & o CILRRE D7z, 2 Tt s »
ol E—X —& N EOHEN B %
Fig. 2 [T/R 7.

& > N7 BT 5 MotA & MotB I AR ZTER L,
H' F v 3 )& L THRET % (Fig. 3a). MotA 3 4 [a]f
HlT & > 87 BT, 2% B & 3% H O EmEIEKOM

WK Z M E IR A b . MotB (2 1 [l B @ &
SNV ETHY, EEBEENICH AT EEZ
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LNTWD T AT F UK (Asp32) BEFET 5.
MotB I3 C KU EIKIC R T F N 7)) h V& ES 2 b
D728, MotABHAKIFNE ECTEEZINT WS, DF
D, MotAB HARIZE—X —DEETEEZ LS.
Mot~ #£IZ MotA & MotB % # 8 & & TE— & — DAz
WEHAAET B E, 200 ORIUTEES B2 EER
HED EAPRONG. O WD, Pl &b 81
DML BIER ) RASEE AT D T EAVRIRE L7,
F 7z, MR OHAEEINTEC & 2 MBI 22 &
E, RABETGRERDND ) > IREEDEH DI
10-12 D kr THEE D BIZE S le. T DR 5, motd
° motB KABFE Tl R 5N 72\ dD T, MotA & MotB »»
L2 EBbs.

3. Na*EREhmEs hRE4+EEE

Na* BREJHINAE 2 O T Y AW (Vibrio alginoly-
ticus) 1 5, MotA & MotB [ZH[A 72 [KF & L T PomA &
PomB 73, % DHFFEE TRl X 41727, PomB (X MotB
THMINIA T AWML EZEALONDT AT
F MRS (Asp24) BRAEZINTE Y, Na* DG EHAL
EFIENT WD (Fig. 3b). PomA & PomB ($4:2 D#
HEERETZER L T2 Z EWEMTFERIC X > TRIZ
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Fig. 2 The structures of stator and rotor. The stator complex
is formed of 4 A subunits and 2 B subunits. The B
subunit has a peptidoglycan binding motif (protruded
ball) and the A subunit has large cytoplasmic domain,
containing two conserved charged residues (R90 and
E98 for E. coli MotA) required for flagellar rotation,
between second and third transmembrane segments.
The crystal structure of the middle and C-terminal
regions (FliG-MC) of Thermatoga maritima FliG are
shown. The FliG-MC region consists of two compact
globular domains, linked by an a-helix and an
extended segment that contains a well-conserved Gly-
Gly motif. The C-terminal region of FIliG has a ridge
containing the important charged residues that are
believed to interact with the charged residues of the
cytoplamic domain of A subunit. The residue numbers
of E. coli FliG are applied to those of T. maritima. FliG,
FliM and FIiN form a switch complex. FliF forms the
MS ring of the basal body.

SN, H B L (3R > e EHERET VB REI NS,
X 5T PomA, PomBA 42 k0 & KX EAKEZIZK
LTWRAREME L R XN TWE Y, folf, H' TS
MotA & MotB 7342 DGR TH D Z EAVREN, £
TODEE E 4720, F 72 PomAB &KL, Na*F +
FNELTHET 227074 Y RY — L~ DF
HERREBRIZ & o THER I N T WD, X BIT, A
RO AT A VEMERE RN AV T 1« 4
TEEERIC X 0, PomA @ 3 % H DR BB #IK & PomB D
BB IR ERFR CTEBEL TWE Z ENbho
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Fig. 3 Schematic diagram of the motor components for the
H*-driven type of E. coli (a) and the Na*-driven type of
V. alginolyticus (b). Charged residues are shown in
the putative interaction surface between the stator and
the rotor component. The aspartic acid residue in B
subunit (D32 in MotB and D24 in PomB) is believed to
be an ion binding site. The conserved proline residues
(gray circles) are located at the cytoplasmic ends of
membrane segment 3 and 4. IM, inner membrane.

7212 H B MotA & MotB TH LN TWAEERY b
OET, ABY 722y AR E @K DAL A
BLUF v 2R T DAEDET V%777 (Fig. 2). B
PT1=y F DA F L DRERTOLE END T AT F
VEEFRIE L, BEWISOE AW TR, AT 2
=y FORE®BAY v 7 ATHENTVWS, ZOET
LVTiE, ABEAKIEI 2D A > F v 3N bDl k
220, INOPERENICKE T2 ETHIINS. F
72, ABEAIKRDA A AL/ A A 2 ALDH 1 7 L Drh
T, AT T 2=y M, BEANT Z DOALE 23S (6l ?)
LT Z el (E?2) SNTn D9,
7 ) A D Na* BRE) A FEE—X —"Tld, PomA,
PomB BAZHZ, MotX 35 & U MotY ASmIFRICLETH 5.
MotX, MotY & Na* BRE) R ICH YR E— X — X 28
BT, HEMEDH DX ISV BIZHOD o TWhRn,
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7272, MotY (2 C Kuflic R 7' F K 7)) 1 > k&S
H D, MotX & MotY IE, WEX > N7 HEELNT
W72, 2002 FEICHHEICSRE S 2 2 E DL ITHR -
72 (Fig. D', SMECTHRET 2 E— % — X >N 7 Bt
WZBIH3 7% £, BRI 1) B HENT DN TIZH D 5 THZW,

4. NAEFEE—R—D1F 2 FRME

A I 2 RN E Db, H BB & Na* BRE)
DNATV Y FE=X—=F XT7X NI HEEAVT:
ERafrbon:, HHREXAER DT FNT X —
HDMotAlZY 7V 4 D PomA & EWHIEMELZ 5,
ET7 ) A WD pomd BEKEEFHGHT . 2o PNy
X —B MotA £ ¥ 7 ) A& PomB DN 7)) v FE—
Z —%°, PomB DI E MK 2 T F/N 7 X —E D MotB
WANBEZTFATRZINIBEDNAT ) vy FE—
A =%, €7 ) A E T Na BRENL & L CHlgE s %1017
—7J7, KIGHE MotA & MotB 1%, €7 4 D pomAB K
SRR T 5. ZDE—X —[mfEIE H #k A A
/7 %7 TdHsCCCPTCIHEINDZ &M b, HEKE)
BTHDEHMENDEY, o DFERPHES 4>
MOBRENH L D, BY T2y PS4 3R
REICEETH D EEZHNT VR,

ZZT, BYT72=y bDFXTX>2/NVE, MomB
(KI5 MotB DI H# fEIK & ¥ 7 ) 4 B PomB DX Y
T ALEBDF A T) & PotB (Y7 ) 4 H PomB D
BB & KIS MotB DR Y 7'F X LAFHIRD ¥ A7)
BREREL, A4 2 BIRME AP (Fig.4). ©7) 4
B PomA & ¥ X T X VIS BPotBD/NA T v FE—
4 — (PomA/PotB) I, ¥ 7Y B D pomAB K 4% BLkk
AR L, Nat BB & U CHAET 5. 72 PomA/PotB
KB D motABZESKE DT T 208, A R&EZ L
2, KIGEE O H BB R AU EE — X — A MotX, MotY
72 LIZ Na* BRE) I £ — X — (T4 X N7z (Fig. 4¢). &
BT, WKEEET, bEDRBHIVELZ>TW
7. —J, KB MotA & % X F X > /N7 H MomB D
NA T Yy FE—X—(MotA/MomB) (%, €7 ) ZHD
pomAB R RZESKK % A3 % (Fig. 4d). PomA/PotB 7%
Na*BRENH & U CHRE T B 2 & 2% 2 5 &, MotA/MomB
FE 7)) A ETHBREH & U CHRET 2 2 L 3R X
Nna. Ly»rL, PHEIIRLTNa REA &0, Ly
b MotX & MotY DMalRIC U TH 572, D YV BY 7
2=y MZPomBDNAKuid L < 1FC KUtk D £ H
ShBEFENTONL, NatBREEICR 2. kT
DWFFEIR HIZ, A F >R 2 kD 2 FIRIE A TH
5. BEDOFIKTA & 2 EIREN R E 2D TIIR WD
b Lz,
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5. NAEE—Z—DEEETA

=X —[HEDOAHAZHR T 272DI121E, [BlEED
WL Z DLREN, PR HOKRE XL EOWEEZHAIS
DN H D, L —W - M 2 TR L
7N AWDRNAEDRIEEE S, KA TI1,700 Hz T
H%. FNZFNK300Hz, 200 Hz THEET 5 KM EH
FIVER TEO H BB RAEITEN, £6-8f5DH
EThHD.

KIGHEOH BB E — & —TlZT ¥ — N )ik T
Y= FE—=XEHFICL Y, BlE)) & RIEEE DMHEBIA
FNBI. ZOFE, #9150 Hz DK [z K C D[]
TRFFFE—E D, SRR CIERED LR &
LR ERITED T2 ootz 2
YTy Tk BEEICLY, FETBHEEIIEE—
R — KT AR 4,500pNnm & HEES Sz, —F
E7VAWEOFRTIE E—F —0HEEE X
3,800 pN nm (Na" %50 mM, [BIE5H L 43300 Hz) & R
H LN TWD, (KOERFEIK (Na* 2550 mM, [B]f<8E A
300-400 Hz & T) Tl el )I3IFIF—E T, ol EaaHi%
TIHEE B & & bICEER)IFEA L, B BREHR € —
R —LREEOHEEZH DY 2D L HlNATE—
X —FHERINCIEE CHRECRER L T EEbis.
2% % TIZ, FAL ATPase lZ A D22 W IRAE Tld#y 100 Hz
TRFET % 5 LW, X 51T F I ATPase A5 ATP JK4y
fRIZ & > CHRT 2 & X I|2TH4E T 5 AEE ]340 pN nm
ERMEENTV S, HEISRE ChDNAEEARREE
TdH5HATPase D L D ITHEEH V1 XAb KX LB B2
DOPERE—X —T, HET DML E RS
DIFMRDZ L2 DD LR,

6. NAFE—Z—OREETIV

0] FHERC R T O FIiG l2 D \W T, FGYE(E 7Y
B FIiG O N Ry I® & A4 FLIG @ C RimfHlR D F
ATRINTE) PET VA WD fiG KIS IR A
L, FlGE (KIE FIIG O N KR E 7 ) 48
FliG D CRKumfHIk D ¥ X T % > X7 '8 ) HSKIGEE D fliG
R 2T 52 (Fig. 4e, 4f). 2415 DRERFFE (D,
B b4 F BB E—X —OREE T & HiE T 0T
MEERAMNIRETHZZERBERLTVRS, DT
Poh, HEREME Na BRENVU OB ANAEBE—X —D
[EHEHREAIERIICFE L CThH 5 T LR RBENS.

MotA fE IS 6 & O FIG 1T 13 Z 1L 2 I RAT
SNRFET I BEIED O L OPFEIET 5. MotA
Tl Arg90 3 & UF Glu98, FIiG Tl Lys264, Arg281,
Asp288, Asp289, Arg297 AS[lixIC BRI L L ClH
EE N7 (Fig. 3a). THHDT I /R PERL,
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Fig. 4 Hybrid and chimeric motors with the Na*- and the H*-driven components. The dark and the open parts are derived from the
components of the H*-driven (E. coli) and the Na*-driven (Vibrio), respectively. The dotted boxes indicate the cytoplasmic
membrane. MotA/MotB of E. coli (a) and PomA/PotB (chimeric protein between the N terminus of PomB and the C terminus
of MotB from E. coli) (c) are with the rotor component (FIiGE) of E. coli. PomA/PomB (b) and MotA/MomB (chimeric protein
between the N terminus of MotB from E. coli and the C terminus of PomB) (d) are with the rotor component (FIiGY) of Vibrio.
MotA/MotB (e) and PomA/PomB (f) are with the chmeric rotor component, FIiGEY (the N terminus of E. coli and the C termi-
nus of Vibrio), and FliGVE (the N terminus of Vibrio and the C terminus of E. coli), respectively. PGB; peptidoglycan binding
motif. MotX and MotY are the components required for the flagellar motor rotation of Vibrio.

T2 b L7 O KX E 5 ENATBZEEE LA L
7%, Lo L, MotA & FliG L DRITT I /HEEDE
MDOEARANEZ D E, ALY > TZREER
WEET 5. 2D D, FE T > 737 EH MotA D
HERE IR & B2 F & > /8 7 B FlG & DRID iR T 3
BRI RN U BRI B ERIC X O R A3 5 4
T2HEVHEHAD, BAEDEZAFNTHE?, L
L7z &9 BRAEFE—X — DRGSR E LN, &
EFRRD GO NLHMER S, NAEREIE
FEMTOISICHPEINTYEY, O &% MotAB
HEEKDF v 2 NEHL TS, @ NAFE—X—H
TOREET & EF O MY 2 ALs] (MotA & FIiG D]
DEFEAIM EIER) 251 &5 & 7% > TMotABHEH A AD
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F v 2D L. @ F v F LD H K EFB0L (Asp32)
WCH 2MEE. @ H DFEENE 51T MotAB H &K ITHE
EEAEFE L E— 4 —Zliz @ H OMFHEC L > T
MotAB # & KR A DIRFEITR 5.

MotB @ H* f5 430 & SNB T AT ¥ VR %
TANT X UEREICERT 2L, ToT7 7 —Yuric
& 2 MotA M E BIR DO YIMT DN — > BT 5. 7
07 7 —BRESZWEDE N IZF v FIVAND H DFEEIC
X 5 MotA DRERELICE B EEZLND. FT2, 20
D7\ VRN, ZNENIFHE4F/HORE M
IR DAL EBE R ICREINTE Y, RAED[EIKRIC
HETHD I EMWREINTVS (Fig.3). 220070
SEIEIIMotB DA F A EAIRALOE L ICH Y, [AldR
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FIREE DB D b T D MotA D5 2801 T B 2 ekl
ZHoTWnBEEZLNTWS. —J, FlG X C K
TIKDKI 3 53D 2 DREE D P4, NAEBNERICE
BEEIND S ODMET I S EREREN 3 DRI E 1
oy b & LT (Arg281/Asp288/Lys264 & Arg281/Asp289/
Arg297), 25N VFRIZHA TS, ZD2KDL—)b
12, RAEDEHE SR DENIT & - THEWS T 5T
%55 LW (Fig.2).

i, E7 VA EDPomA B X UFIiG TH, KHE
THEMINLWET IV BEXEFIREINATVD
(PomA Tld Arg88 X T Glu96, FLiG Tl Lys284,
Arg301, Asp308, Asp309, Arg317 (241243 % ) (Fig. 3b).
ZZTARIGEOEE ERERIC, PomA ICRTEI N T
52 0DMET I WK (Arg88, Glu9e) & Z D JHi
IHifET % 3 DDOfET I/ HR&IE (Lys89, Glu97,
Glu99) %kt U 7 AE A A (AAQQQ) ATER L 72
7, ZOERMBIIHAEL 722, FGITOWT HREIC,
B Al U7 ZE SRR R AERL L 728, WL b HfAE
L7z, Zoksic, BAMIZERILEEZLN DI
RABE— L — DD, 7 1/ BREAL LT
BFETLRERE 7. ZOMBE LT, ©Na Bk
B TIIMhIC S LBEE INDHET I/ REEDRD Y,
ENONLVEELREX AT D, QNa BB E — 4 —
TIEEEAMH LEH B AP EIRICEETRY, v
T ENBEZLND.

& Z AT, PomA DTEASE (AAQQQ) %, PomA/PotB
WKHATZE, ZOBREKIIETYVAETL KBHET
LEEREL 22\ (fmbd, RREE). BV T 2=y LT
V) FH kD PomB 72 5 1 AAQQQ A Ffk I3 HERE T 2.
DFY BY T =y bR T T ZXLHIEE PomB 5
MotBNEEHZ 5 Z LICL > T, KIBED#ERE LT
VAW THOWICHR TR EITRD. 202N
5 BY 7=y b RY T T XKL ABE S RO
BRECEBETHDEEALND.

7. EbIC

Z DFRFETIEH # DWFIEE Dt DR % I/
Lz, H BB ARAEE—X — & Na' BREJ I RAE
E—X =D D, MRNATE—X —DETERREIC
ZNEEEDRNWZ ENWRENDE —HT, [OfxICEE
BT BEEDENHPAL MR o7, RAEDE
TEHRE D LSOOI o TE LD, ZHELD
HENERINT WD, BIfE, Tx OHF9EE CIEEE
RERCR - PomA & [BIEA-T-HERCR T FIIG DO BT H
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DBRHZPRATND, WX N7ENED XS ITHE
TEHL T2 LI TENUL, NAE SR
D FUNIVTOIRIZ, KEGEDL ZEXRDTE
%)
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