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The molecular mechanisms of intraciliary energy-
supply system and ciliary movements revealed
by the studies on Paramecium cilia
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SUMMARY

Most eukaryotes have motile cilia/flagella as cell organelles for swimming, locomotion, or
generating extracellular fluid flow. Recent studies have revealed that dysfunctions in ciliary/flagellar
motility engender human disease. Most motile cilia/flagella possess the inner structure called the
axoneme with “9 + 2” pattern, in which the nine doublet microtubules surround two central singlet
microtubules. This structural pattern is evolutionally conserved. The axoneme comprises many structural
components aligned on the microtubules, including axonemal dyneins, radial spokes, and projections on
the central pair microtubules. Ciliary/flagellar movements are generated by dynein-driven microtubule
sliding, and are controlled by second messengers such as Ca’" and cAMP. However, molecular
mechanisms of ciliary/flagellar movements in response to Ca*" and cAMP, and the individual roles of the
axonemal components in the mechanisms remain unclear. Furthermore, mechanisms by which the energy
is supplied for ciliary/flagellar movement are not well defined. Paramecium has long been used as a
model organism for studying ciliary motility, because of its valuable experimental systems. For example,
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cell excitement can be analyzed elecrophysiologically, and cilia on demembranated cell models and

cortical sheets can be reactivated in vitro. Furthermore, protocols for RNAi depletion of specific genes,

as well as the genome and the ciliary proteome databases, became available recently. This review

describes recent studies on molecular mechanisms of ciliary movements in Paramecium, highlighting

intraciliary energy-supply systems and regulatory systems by Ca*" and cAMP.

Key words: Phosphagen shuttle system, Ciliary response, Ciliary reversal, Ca*", cAMP, Axonemal

dynein, Cortical sheet, RNA interference
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BEAMOME (clia) 3 X OHiE (flagella)
%, BOBE LIS/ E Th Y, FALEDNS
Tx NHEIZ LD ETHRAEBMICEDLET, &E
WERTESN TV D, MELHEL, &HICEENE
L% 02 um T, FEEXIZEAERUEDR, O&20
AR AEZ TV DAL E SIS X o THROG T b
TV, YT ULAURT T AT REDHERT
Rond 520 >OMEIc G~ F AL % T
W, EINE pm FRE & RN S O A E L
BEOY, FREEFEZ 7 X REF ALK IR EICALND
EolC 1 F£2iE 2 ARBREEZTHT, RINEA
pm ~HE pm &R WS O 2R & RS )
E - HiBILEE G E & L TR~ e 2R E 2 4 5
TWa. 72 z2iE, HEAYMOY T AR T2
REFT AOME - iR ITMILE 23 B8) T 58 /8%
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XELTCWA. F7o, /—REFENDZIRO T A
72 IS B DIENE, [EEER) A LT F MO K
TR S, DKL E ONg#R D L4 D I
KEEZRET HDICEETH S (Nonaka et al.,
1998, 2002; Hirokawa et al., 2006) .

AR, RE - B OKRAED, MERmAs, N
Nginz, KEERE, ANIERE7: Ekkx e mE KB A5
EFRZTEHERORK LD ZERHLMNERD,
b TREWR) LS TV D (Afzelius,
2004; Ibanez-Tallon et al., 2004; Zariwala et al., 2007;
Marshall, 2008) . Z D72, #E - B IXAEMHER
WCMBEARA[ R AfFAEE L CHER &, #&E - R0
LIV EHEIZH L TN,

ARMTIE, EEOLRINETIToY VY LAY

(Paramecium caudatum) 0= & A 7 U Ly (P
tetraurelia) O EEENICB T 5078 % P0Is, )k

£ - WIEEE O A B = X NITBT D IO & /AT
FLEW (YU ATEIVE AT Y AV ER
I CTHEWS ISR TWhWAR, b 2 MiZkB)
DIEA D= ALTITEAERUTHD) .

HE - WEDOHE

HE - HEE ORI IR & TN D R E S
HY, TOREY LMK ER) NEoTW»D.
il o> R T I A TR T BAREE TRIZE T D &, 9 o 2
HBUNE ELARUNE) &, i 2 KOMUNE

(PRV/INE) 575 19 + 2] LRETN D RS 72
HENRA LD (Fig. 1) . WILEIMO /) — FilkEO
£ 97 2 RO/ NERIN T9 + 0 X (Bellomo
et al, 1996) , ¥ A v a3 v a vz (Drosophila
melanogaster) OFETHIE TR LD & 5 72 A0
BOMINZE HIZ 9 ROBWNERHD T9 +9 + 2]
7 E (Kiefer, 1970) , W< DMFSRBTELET 2 73,
ELALEDEMIIBNT 19 +2) OEENRIFEIN
Tn5.

PR ZRE R ONEREIEIC OV TIE, H< B E
BB L DA RFER L TV DR, FETIEY 7
AFEFINET T 7 4 —1EIT L > T 3 KITOWH
Wi&EN 7 7 X K€ ) A (Chlamydomonas reinhardtii,
Pk, 7 7 I FEFRAFAELZET) , v=8

(Anthocidaris crassispina, Pseudocentrotus depressus,
Arbacia lixula, Sphaerechinus purpuratus) D¥E¥, T
k' Z & AF (Tetrahymena thermophila; VL, FFiZ70
WLZRWES, 7 8T ATIEAREERT) 1280
TS MIZ7 > T2 (Nicastro et al., 2005, 2006;
Ishikawa et al., 2007; Bui et al., 2012; Pigino et al.,
2012) . FMBUNEITE—F —F RV EDF A
SUBRRAELTEY, ME - WEEEL, X1 =
2 ATP AKX —2FALT, BYESA
DMNE & DM TRAESED T D EE)C L > Tl
IHhI ML TS, Linl, ZOFRYEH
D3RR OO Ji M E Y |2 SR S AL D B L 72 g
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Fig. 1. An illustration of the cross-sectional view of eukaryotic cilia/flagella.

LTS TONRY, I ~O BRI L, —HD K
A =T BIEM LS ID L O e SIS BT
D, O % JELHUINE D B OIS Ao TR
TWDLT VT NANAR—IR, FU/NEDFEVIZH D
FOLIEE N D LB X BTV % (Smith and Sale,
1992; Nakano et al., 2003; Smith and Yang, 2004) . &
HIZ, JEDMUNE FIChE S 5 4 A = EiE AR
HE, B ~OZEHEEH - TND EEZ BT
% (Gardner et al., 1994; Piperno et al., 1994) . Fit”
FAFTEFRINET T 74— BIFIZL-T, 20X
A = VTSR, JEIMUNE O ARG L Tn
L2XxF N ThDL I ERHL NS

(Heuser et al., 2009) .

TEE - HERIEX, Z X O 7 CHEME A R
DI < 2 &I k- CEBIT 523, Ok ¥
CREITB &L 250 MEAAET D LN TR
FFAMEDOT 0T A — DMEHIC I VI TR o
TUW% (Pazour etal., 2005) .

WE - FERROMBELTDOIIYLY

MEE - HERICOWCOMEMELE LT, BAEAY
TEY ULy, ThTeAF, 7T REF AR
Em, A TIE, Y=, AY T L AR
Y& Ciona) , REREOEFREICHEHINTE

7. VI I REFTAFERKERG WML TE DT
O, fRE - WE OB IZ OV TOMFIENHEIT L
TEY, 2L Oll%R 2 v 7 EANRFEESR TN D

(Pazour et al., 2005) . 7 % v LA KRY¥ (Ciona
intestinalis) O HEX X7 BlZBWTH 7T
F— AN T TEY, 77 RETAIZKRWD
T, 2L Ok & XY EREE ST S (Inaba,
2007) .

YU U AT HEEDHOMITICH S 2O RH S
TWABIEMEICTH D, ZhE Tlo, MEEYE
DIELIZBNTHRD CTEHERB RN R ENTE .
7ol z21E, ERAEMTHTFEL W, BEMAZEl
LHREIER 2L O BIRIZ OV T OMFZE (Naitoh, 1966,
Naitoh and Eckert, 1969) T 5. F£7=, Mijaz Fin
TEMERICBE LcfilaET v (MY MUET V) &
T, Ca™ X cAMP 2 OB 33 2 34
H B 2 &2 (Naitoh and Kaneko, 1972, 1973;
Bonini and Nelson, 1988; Nakaoka and Ooi, 1985) .
U hETUE, ATP 2N 5 2 ik - TS
TR ZE A EED LRV B EE 2 FE T 5
BENTERRZRTHD.

LnL, YU U AN ELND DT
O, BEMBECAEMBL MY PUETAEBELT
b, MR OMTE EMIEOBRNER>TLE
W, EEOHZE S NEabEL I LR TE R
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Fig. 2. Observation of cilia on the ciliated cortical sheet from Paramecium. (A) Flat cortical sheets ad-
hered to the surface of the coverslip are reactivated by perfusion of a reactivation solution. The solution is
diffused into cilia through the infraciliary lattice and the ciliary base (indicated by thick arrows). This
illustration is modified from Noguchi et al. (2001). (B) Images of ciliated cortical sheet under dark-field
microscopy. The tops of the panels represent the anterior direction of the cell. Left: an image focused on

the cell cortex. Right: an image focused on cilia.

TO, WEEE FFCHEETEE) OBEIER
HCThol., ZOMBEAMRIRT 2720, B0 5L
Mg o — b & WEEA 2 HT 7o 7 ER R A PSS L 7

(Noguchi et al., 1991, 2001; Fig. 2) . ZALiddeiiic
Fr T U — (N 02 mm BAT) &35 L7-EHA
By FTY Y AT ERG - TS FICE DM

Wik, MIRVEZIRET D 2 & CHE &l FN
ERELEbOThS. B% 5 < EMlsT v v
U —&BET B L X OEABIC L > TR SR
ZORMETH, ATA KT FALNN=T T AT
o 7= B 25 A AL 2 BRI MBI T 2 A1 L C
HTATHET S bOLELOND. MR



Jpn. J. Protozool. Vol. 47, No. 1,2. (2014) 17

v— NTIE, MREEENE LD OICHE & e D E
NN, BMEETRIZE SITHMEORICE VS b
bbb ENTE, MEBEESOKT 2 HBEE
T5HZENFREL 72D (Fig. 2B) .

IV AT LAVTIE, 7 LT T
A= LRI TN 2 L THEBEHREFATE S
X 912720 (Aury et al., 2006; Arnaiz et al., 2007, 2009,
2011) , RNA T# (RNA interference: RNAi) 12X 5
BIZ/ v 7 XU b a[EE & 72> 7= (Galvani and
Sperling, 2002) . Z D=, HHOMEX "7 H
D)y I HET NS> THIER I SN HEERO
Bl MR X TEMBORE L ZBEST D
WM2ea4T9 Z EMAlREL otz AV EAY DY A
VICEIT D RNAL I K Dilis T/ v o7 XD, H
HEIE 2 Gz 77 A3 RE2E AN L7 KIBE
HEAVERAY T LAVIIERIE DL LT, FED
R TORBEMET 55 ETHL. ZOFIETE
L E M, BRIEREIECH LR E, HBEELTH
LEH TREMAEHND S0 D, BZ V7 ED
BEBEMATIE & U COIER AR FIETH D,

VU LUBEEEO T RILE—HHARIE

BN TEET 572012, #ENICZ R
F—IHD ATP 23%2E LT SN Tidke b
VvATP IO b= RY 7 TE I, 1
B Ko THEBES D DIEN A~ —1TTE -
T, L, #EOF A =212LD ATP OTEE
IERE WD, IS X AR T CiE T <lc=x
X —hbedbbBEnNNndsd. 25 LI-MEEHE
BT D720, ZLT T VBT AF =) Vi
DT RV X— U U ORER L L CREN TR
THEEZLNTEZ, ZbIid ATP 2RI L CTfE
LNLEZRLF—U V(LG T, ATP MHE S
hnoé, FF—EE2NMLTINHD Y VEEN ADP 12
R Sh, EHIC ATP RH4AETDH. Z0%HE ATP
DIEBEEILERL, RbVIZ7 LT F ) U
RTNFX =) VBPMEHBEEIT L Z Ik TE
TRAX=Y UBRERENLD. ZOX IR
F— UM 2 o v BV LIRS RIS
TFUY Yy SAVEERED o TS EE XD
L TW% (Wallimann et al., 1992) . #%FE - HiFlck
WTH, TRETITAI T LT XU =
(Strongylocentrotus purpuratus) OF5 1-#ENIZ7 L
TFrX S —ENFEAET D &KX (Tombes and
Shapiro, 1985, 1987; Tombes et al., 1987) , 7 b T & A
F (T pyriformis) OFEENTT V¥ =0 % —EiF
PER B &7 Z &5 (Watts and Bannister,
1970) , #E - MEENO > v MR O FIEN R
IhTns.

OS5 7Y AV OMEERO = R —fHHE
ML LTI X =0 U UER Y v b VEERE D R BE

TWAZ L ZFEH L7~ (Noguchi et al., 2001; B &
WH, 2001) . Z2ZCEI< 7 AF =0 U UEROEE
DOWRJFEIARALEDR, Yo U AVHIIREND T VX =
VU UEEEEN 04 mM EHEEINTWADZ LD
b, BEEZOREN T ¥ NS IO AR RIEE
72 L HEE <D (Noguchi et al., 2001) . FEESIZ,
fJogE s — 2 EKBEEO ATP (0.1 mM )
Lo THEMbLEEEZLE, ZORBEOT L=
U A RIS 2 SR BITHE NI LA T 2.

i, WEOT VX=X F—EOFhRER,
U U AURBICARKIIHFE LW LT F U VR
Vv hVERE O EER) ~ DB AR D Z LIk
D, LT O X5 ICHE SN 7 (Kutomi et al,
2012b) . £, MilEERET— MR LT T
Urlgl 7 V7 F R —8 E G e G bR A N
Z, NILOZ VT F U gy v b AR DSHERE

THEBFTHEN LR+ 52 L 2R LIZ. ki, #
EINTZTNAX=0 ) VRERELFL 04 mM O
L7 F Y UEEFET (ATP (X 0.1 mM) ([Z8B W
T, JVvT7TF Uk r—BREZZLIETHREDHE
BEME (FTHEE) OZ{bEFIL A, 7 LTF
UERF—BREEMN 0.6 mgml DEE, TIF=U
CEEE AN LT A & AR OMEFTHIE O AR
H 57 (Kutomi et al., 2012b; Fig. 3) . fiH L2
LT FroxF—BIE 8K T, oFREITBEE 81
kDa THHZ &b, RO LT FrXF—ED
HEREIX 74 uM TH D LFHR SN, ZHic k-
T, NEDODTAX = —FCoRMBEITB LT
74uM Th D EHEE S 72 (Kutomi et al., 2012b) .

B, Nk VT T U Y Y VR 2
Mg — MOEA L CRREFTHELZ LA IE 21
X, ZvTrFrY Ut LT U —B R AT
M LR A ME iR T 20BN Do, 7 LT
FroRxF—EDNFEIT ATP (& 5072) &t
_RTC 100 fELL ERE W20, ks LT F o F
F—ERMERET ) DB RRICHE D IR 2B
M) DEPINAELD EEZZBND.

Vo LUHEEBDORETHE

VU AUVIEEEIIKEEBRICKE Ebo T
L8, Rl OBEEDCSONDLENy 7L, B
5 DRI 5T LTI B O fFLL L@ & THkL TRk
F5H. 25 LIATERUSIE, #EEOFT DM S 1M
WETHZ X »THED, Ma»iigEZ 7
BRIC A C D EBMAEILE, 2R > TAEL HHE
NOEHD Y RA YUYy —OREEIC L DGR
ENTWA. 72& 20, MIRATREA Y Z 2T 5



18 V7Y LUHEEIERN O T A T = X L

Beat frequency (Hz)

1 1 1
0 0.05 0.1 0.15
ATP concentration (mM)

Beat frequency (Hz)

/¥ | | 1
0

0.05 0.1

ATP concentration (mM)

0.15

® 0.4 mM phosphoarginine
O without phosphoarginine

M 0.6 mg/ml creatine kinase
O 0.4 mg/ml creatine kinase
A 0.2 mg/ml creatine kinase
A without creatine kinase

IZ cGMP NHTH D Z LN BN E >
TV % (Noguchi et al., 2004) .

fOAEWIZBNTHY T U ATDOEH &
FERIZ, ZNHDEDY FAvEL Yy —
DOPEBALIC L o> CEENE(LT D &N
HMHNTWD, 72 xiE, 7 hIeAFIC
BWTHAKN Ca® BED EFICX - T
EVE NG X Z &4 5 (Goodenough,
1983) . &7z, 77 I REF AL, @G
W% U CHERFT O & 28 (b S & C ikl
KT 50, b Ca’ ORE RS
Zf£ 9 (Schmidt and Eckert, 1976; Harz and
Hegemann, 1991) . 7 =2y LA R ¥
B2 EORTIZRE T, Ca¥ IBEZ LR
Hi AT OW AN HE R &2 -3 2
ENE B LT D (Brokaw et al., 1974;
Gibbons and Gibbons, 1980; Shiba et al.,
2008) .

—Ji, cAMP (X, 7 7 I REF AT
U ATOEGE LT, HWEEE L
EFT LR NH DM (Hasegawa et al,
1987) , = LA KRY (C savignyi) , =
U~ A (Salmo gairdneri) , ~ U A2 ED
BB T, HEOEHE(LICEETH
D52 N BTV D (Morisawa and
Okuno, 1982; Yoshida et al., 1994; Visconti et

Fig. 3. Effects of phosphoarginine and phosphocreatine on ciliary beat
frequency. The beat frequency of cilia on intact cortical sheets of P.
caudatum was determined in the presence of low concentrations of
ATP. Ciliated cortical sheets were perfused continuously with reactiva-
tion solutions containing 1 mM EGTA, 50 mM potassium acetate,
1 mM MgCl,, 10 mM Tris-maleate buffer (pH 7.0), and 0.4 mM phos-
phoarginine (A) or 0.4 mM phosphocreatine and various concentrations
of creatine kinase (B). Values represent means = SD (n = 10). These
graphs are reproduced from Kutomi et al. (2012b) with permission.

al, 1995) . L7=2-> 7T, AWk > THE
JAZEI LoD, 1FLALEDEAITBWY
T, #WEE - MEEEB)T Ca®” ° cAMP 72 Y
DEHy RA YLDy —IT ko T &
nNoHEEZLND.

Ca™ |2 & Dk - HiBET O R ETHAEIC
DONWTIE, FETLMNT/ > TR,
T - B OTT VEROTHR D Ca¥ i

EBLYBAL Z Y, BEEAEAFNED Ca® T ¥ 2 AN
B &, Mifashn s Ca® BSIENICTHEA L THREN
Ca® #JEMN EF 4% (Naitoh and Eckert, 1969; Kung
and Eckert, 1972; Kung and Saimi, 1982; Gonda et al.,
2007) . ELC, #EEN Ca™ BEEMN 10°M BE E
AT 5L, MBI FMNWE L, %BiBEKERT.
— 5, AR R SR A ST D Loy i i 2
v, K FxxLENLEIFA ORI TT
TR 7 T —ENEE LS, BN DO cAMP
PN EFH9 2% (Schultz et al., 1992) . ZHIZ L -
THEBSTHES R L, Yo U ATi3lE oLl k
DME TS, £, YU U LATOBEBITEDITE
BT O A 7 )b 7e D =Ly 72idEdEh & R 353
(Sugino and Naitoh, 1982) , Z O#EFT ORI

BN TERNL ONFEEENTED,
I oM A T TV D (&
W) . = cAMP T L HkE - Wi ES) o JHEiHAE
IZOWTH, EEAEDEMIZE T, cAMP JRE
EHIZE 2T cAMP (KFEMET BT A X T —F
(PKA) MIEMEALE 4L, ZHIZ L > TH L D0
RANTENY VLIRS ZENEETHD &
EZHNTWA, Y7 U AV T, cAMP KTFRYIC
VUt SN sMik & X7 D H B, 1R 29
kDa DIMIZ A = EH (p29) DV U EE{LAY cAMP
2 X AMEEEEBORENICEE CTH D Z ENH LI
STV 5 (Hamasaki et al., 1991; Barkalow et al.,
1994; Noguchi et al.,, 2000; Kutomi et al., 2012a: %
W) . FEF T, p29 OV CEEE Y ERILEESE D
PP2C (&> TIHY b sid Z & LI
TW% (Noguchi et al., 2003) . 7 7 I REF AT
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I, PKA 7 v A —FT 54 RIEMRT VT IVA
R—7IZHFEFELTEY (Gaillard et al., 2001; Yang et
al., 2006) , DX NIEIERERK I LIZs T2
KEFZE, MEHTHOREZRLEZZ END
(Gaillard et al., 2006) , 7 7 X KEJ A#H 7 8
7D cAMP BT Y VL OFAGIZ, TUT VA
A= PHERE L TV D AR R SN TV D,

WEEHDRABECBTE5 1 =0 DRE

B A = IR ES A L E B S E T b E
RS T D Z &b, WD) o F RS
EWFGET D LT, XA = OREEERS S LT
FEFICHETH D, HEOXA =10F, #HEOPL
WZxt L CTOMIE & D45 A = &, WIZH DN
s A =D 2 DCKREL T OND. TNEND
Ao =N IBEEOY 7=y FbRER S D E
KEEAETHD. S A =213 1 FEOEAE
EN, WX A = NIEEEEAET L. SEAE
ERERT O 7=y ML, HFrEORETSTEIC
A, PREEH, BN IND. HEEUE ATP Jik
IR A T NVEATHIB—H— R AL B, il
FLBBUTEMHICHEA LT, A = ORI
R, A= EREIBNEICEG S &HEZHE 9
LEZLRTND.

S A =

S A = T O RS & B TR S I R
TELHTLbH-T, TNETITWLS DDEYD
S A =2 Do ST o T DL i
LN HEA TWD 7 T I REFTADIMEL A =2
%, H#H2Y3 > (aHC, pHC, y HC) , R8s 2 »

(IC1,1C2) T, 483 10 HfH (LC1~LC10) 7>64%
STV 5 (King and Kamiya, 2008) . A4 A =
UKL TV AERMRL, MERITHENMIT LT
WGEEENIELS 225 Z LD, A& A = I13iE
NEHETEBTLOICMETHD I ENRINT
5% (Brokaw and Kamiya, 1987) .

S A = OGO 1 > THD LCL 1L, #HE -
WEEMCEE R 7 2=y b THD I ERHEE
nTnws. 773 FEF20EA, LC1 X y HC ©
FT—H—RAAf v EFa—TY (BARNE) &
fEA L TED (Benashski et al., 1999; Wu et al., 2000,
Patel-King and King, 2009) , LCl1 ® KX F > b3 #
T TR T, HERFTHE &k o) &
HEBFT IR OELILA A U % (Patel-King and King,
2009) . HR D JHOIEEAR & L THI B AL D T AR H
D kYR —= (Trypanosoma brucei) TI%, LCI
? RNAI / v 7 B0 N8k oT, SMis A =2 i3
SHNCIER L, MEEFTHEE R EA T 5 & RIREC,

EF R WiHR L TRk A2 79 K 51272 % (Baron et
al., 2007) . RIEEW D75V T (Schmidtea medi-
terranea) DO, LCl Z RNAI IZL~>T/ v o7 X0
ULl MEEITHEESEE OLEMFELEITETL,
ZFRATEEDL DR & OB LIS Z & T,
A BT a—F L EREEN D R 24k B E B 2L
A4 T % (Rompolas et al., 2010) .

Fxix, IYVEAY DU LTDLCL S cAMP (2 X
LBEEBHOFEHICMETH D EEPALNCLE
(Kutomi et al., 2012a) . ZOHIZBWT, IVE
AV ) AY®D LC1 % [ODALI (Outer Dynein Arm
Light chain 1)] £ HFLLTW5720, AfETHLIEZ
DEHITEKFTDH. ODALI % RNAi IZL~>T/ v 7
X LlmaYe Ay Y Ay (ODALI-RNAI)
W, BEEHGEE AL TR T 5720 T, fif
B ZZ T 72 < TH ARMICEREESL (1 R
DOFEWRIREK) ZHEIRLIZY, ANANRBY
WO E Tl DML Eo%iRlEKE R LEZY LT
(Kutomi et al., 2012a) . #MifaRE s — b & HW\ T
ODALI-RNAi OFREFIBHEL T LI 25, /v
JET L TWRWIYEAY T LAY (v b
2—/L) \ZHARTHEBRITHER D LTz &R
bhrolz. Fi, WH, MEBFHEEIL ATP BE L5
2> T EHJ %52 (Noguchi et al., 2001; ¥ 1 &
RH, 2001) , ODALI-RNAi ®¥4, 1 mM ATP T
WEFTHENEIT B DI ENbhoTlz. L
L, ETOREBICIZRERN Lo holoZ &
5, ODALI-RNAi 737k U7=ilEiki E O R 1, #E
FTHEORICERT 52 ENHB L. £,
ODALI-RNAi [THZIZ ARM R B S &3 2 &
Nh, Ca TRt ARBZMEN EH L, v hr—
F VAR Ca®t BRI THEEIE AR T O TRV
FHEN. oL, EYEEEZ5 &SRO
T Cal PRI, 2 he— LOBEALIZEALE
bolnot=. oF0, ZOREIX, ODALI %/ v
7 A LTH Ca¥ I X AN RO RAIITIE
AWERBRHEZI N EEBERLTWS, 22T,
b 1O KAy Y Yy —, cAMP IZ7EH
L7z, #EITOH ML cAMP IC k> THAHi SN T
BY, cAMP [TREKRGFOICHKETEZ LV BT~ L
7 h &5 (Noguchi et al., 2000, 2004, 2005) . i
FIETHMOFEIZIBNT, cAMP 1L Ca® & PRI
ERA L, Ca¥" IC X DB IH T 20 RN H 5
Z N BT D (Bonini and Nelson, 1988;
Nakaoka and Ooi, 1985; Noguchi et al., 1991, 2000, 2004,
2005) . MIREES— bk LOEE Ca’t 7 FCH
EEAL S8, EFRRECILTRE, 22056
Bra1Z cAMP JRIEZ FiF T &, 2 hr—1T
I3 cAMP JEEE BT fE - THRE WS 2 il S vz o
IZ%F LT, ODALI-RNAI D&%, cAMP (2 X %k
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EWFEROMFEIT EAER SN~ 72 (Kutomi et
al., 2012a) . L7235, ODALI %/ v 7 X%
% &, cAMP 1T X 2R EI R A PLE S, cAMP O
Ca®t IC X BBz MK+ 2R ML ALY KD
NTNDLZEERLTWD. ZDO7®H ODALI-RNAI
TITHRBEOICRIBGEKZ L0, Blormdligic k-
T OE UL EO R %Rk E R LY LT
TR nnEEZ NS,

ZDE I, ODALI 7 v 7 X7 S RIET e
EIRENL, WREERAMEIT D cAMP DORHEHH
KITHZETHD., ZOHELEN cAMP KFEHY ik
(B X DB B HEEOWERIC LD b0 E S
MERFET D72, ODALI-RNAIL 7~ 5 Hifift L 7= #kF
i1, y-[*PJATP Z/%, cAMP {KIFANIC Y (L
SNDHhR Y RN EERBE LI, F OSSR,
ODALI-RNAi Tl%, =y bu—/Lilish Tl Eh
% 29kDa DY UL E X BDOR Y R ER
2o 7 (Kutomi et al., 2012a) . LARTOHAFIEIC &
D, 4358 29 kDa DA X A = 8 EH p29 M
cAMP {ETFIIIC U gk &, FhZ Ko THM &
A=V ERUNEEOFT RO EEN BHT 5 2 Lo
5 AL TCU % (Hamasaki et al., 1991; Barkalow et al.,
1994) . fit~>C, ODALI / > 7 X728~ 7T p29
D cAMP {KIFEY Y VERL B L, T L - Tk
EIEE OGRS LE &7 Z &3 ODALI-RNAI
OEFHRFOFNTHE EEZLND (Fig. 4) .

p29 = — RT2BETHRRLEICIn—=0 7 &
VTV W2 OIZERIIAHITED, 3% 5< ODALI
ZDHLDT, )y I E AL ST p29 AENTEE
Libo b EIN D, TOEMIE, ODALI OHEE
Sl 22kDa T, SMEES A =2 OREHOHCld
Y 29 kDa (22 &, ODALI D7 X J EERcHI D 55
FTHDEY A cAMP {KIFHIZY Vs D & T
BEnsZ L ThHs (Kutomi et al., 2012a) . p29 @
TR B DT X o THRE DR —E 5 n
WTNHGNZ D THAH. F£7, ODALI &7 7
R REFAD LCI OF 2/ BREHE T D5 L, y
HC OF—H— KA RF 2—7 U v & OHENEH
ERLMREFES TV D (Kutomi et al., 2012a) . L7»
L, ODALI 78 y HC, BLUOF =2—7 VU v LHALE
HALTWENE I NI ETE D> T,

T hT7 b AFTIE p29 EHEREMICHIRITZ E B 26
NTWD XU RXTEIE, 1 34kDa DA X A =
VG (p34) THDH. p34 b cAMPIREMIIC Y ER
tEnsdZEnbio>TWwb (Christensen et al.,
2001) . £/, T FT7EAFTYH cAMP f77E F T4+
W A =2 EPUNEEOTRYMEN ERHF 52 &
No, TRIZEAFICHEY T U LAY LEFRERD cAMP
(2 K DMk EEE) O FHEIAE S FAET D ATREED &
5.

ODAL 1 knockdown

v

cAMP=dependent
phosphorylationwef,p29

v

suppressionof
Ca?-induceéd ciliaryreversal

!

longer period of backward swimming,
spontaneous avoiding reaction

Fig. 4. Effects of ODALI knockdown on ciliary movements in
P. tetraurelia. In the control cells, the outer dynein arm light
chain, p29, is phosphorylated in cAMP-dependent manner,
causing suppression of Ca®*-induced ciliary reversal. The
ODALI knockdown impairs the cAMP-dependent phosphory-
lation of p29, causing defects in ciliary response to cAMP.
Therefore, phenotypes of ODALI-RNA:I cells, such as a longer
period of backward swimming and a spontaneous avoiding
reaction in the absence of any stimulation, are probably due to
the apparent hypersensitivity to Ca®" that is a consequence of
the defects in the ciliary response to cAMP.

%72, ODALI-RNAI ik OFEFBFEEHRIC L -
T, SMEE A = BED TR L TV D Z & AV
L7, DI &%, ODALI / v 7 B0 384
A=V OREENESER T ZEEZRL TS,
~U R =~ (T brucei) CTb, LCl /v 7 XY
ko Ta Ve Ao Ay ERBRICHE A =
BWAT 5 ERmE SN TVWDH A (Baron et al,
2007) , 7 F VTR T REFTATHE, LC1 %
)T NERR S v X LTS A =
EHA L7evy (Patel-King and King, 2009; Rompolas
etal,2010) . ZDOZENE, HEEF A = DLEE(L
I LC1 AEBLTWAMNE I g, AL - T
BipntE2HN5.

LCL DISMT, A Z A = O FEE RS Th
%5 BHC, BIWICI biiBHOOLESTHD IV
&7 —IEERE (NI, K& IRIRE, ROEE
72 EOSER Z R TEAR) OJFRIKER 1 (Bartoloni
etal, 2002) &L TCHMLNTEY, ZnbDX /Y
B OMEBEINICR T 2RI OV, BfEa Y e X
VU AT ERWEHERED ST GRIED,
2008, 2009) .
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A =2

Ao X9z, WY A =84
WFEEESH > T, E—F—RAA
VE 1 ORI RFOHEEM & 2 SFFO
T 2 IS I ND. 7T
I REF AT 7 FEOEE 2N
A =UREESH (ZHIT a~g
LIFIZATWD) , Zoo5bh,
T £ o 1 fEEOLTHY, HEEM
X RS 6 filES D Z & 3H H
1272 > T\W5% (Kagami and Kamiya,
1992; King and Kamiya, 2008) . PNfi
A=V ERRTDIT7IREFA
ZERBR T, MBI ORE BT
DT EmD, WEIA A = ITHEET
OWEFKOPFFHICEETHLEEZD
U T W % (Brokaw and Kamiya,
1987) . ZEAMOWKIX A = &R
KLi=7 7 REFAEREKETIE
MEATORE N AT 5720 T2
<, ENMERIRLI 2D ENMm
5 4L T W % (King and Dutcher,
1997) . 7 hZ b A FTHE, ZEEM
ORNEL A = OEEE ) v I T
2 & ®%iBERE R RI 2L
725729 (Hennessey et al., 2002) ,
WETOWRICELINNAE L, HEKIC
MR RIFELIZ0 35 (Wood et al,
2007) .

:ﬁﬁma)lj\?%/f/f = OIEMEEZRET AR T & L
T, 773 REFATIESF& 138 kDa @ {1 #4
(IC138) #% Ca* fFIE FIZBWTHLY VM S D
ZENEETHDL ESFSZHN TV D (Habermacher
and Sale, 1997) . 7 h T & A FITBWThH, B
FAIZ I35y i 112 kDa O PRISEABY B S d
DONEETHD EH 25T D (Deckman and
Pennock, 2004) . IV E AV Y ATO EHHMON
Jig 5 A = OO & DiE 1C138 DFEfF Sy FE T
BHM, VBRI K DAY A = OIGHEREIC
o Tn2D0nE I NZONTIEELET LI
o T, IV EAY Y AVOBREERICE
% ZEERONE A A = > O EHES T OEE S
DNWTHHAEMENED LN TWD GEEEIE D,
2009 ; H EiFH, 2011 ; AEIED, 2010,2011) .

BEITEEGRBICEB<ETF
el 3FEERE LY 7Y A ofinglk s — b

ZEIEE (0.5 M FRE) @ KCl 2 1 4 ENE Eigd
L, Ca¥ RPN bl kb 2 %

beat toward the anterior of cortical sheet, showing the Ca®*
reversal. (B) Ciliary orientation on the cortical sheet after extraction with 0.5 M
KCL. The cortical sheets were perfused with a high-salt solution (0.5 M KCl).
After perfusion for 1min, the cortical sheets were washed with a low-salt solu-
tion. The cilia were reactivated by ATP in the presence of 2 uM Ca*". The cilia
beat in the normal direction despite the presence of 2 uM Ca®*. The tops of the
panels represent the anterior direction of the cell. Arrows indicate directions of
ciliary beats. Bars, 20 pm. These images are reproduced from Kutomi et al.
(2013) with permission. Movies are presented at http:/link.springer.com/
article/10.1007%2Fs00709-013-0504-0.

Fig. 5. Inactivation of Ca®*-induced ciliary reversal by high-salt extraction in
Paramecium. (A) Ciliary orientation on the cortical sheet before extraction with
0.5 M KCL. The cilia were reactivated in the presence of 2 uM Ca®'. The cilia

-induced ciliary

FER LT (U Z 0B8R E EEFEsRIEE R &
IE5)  (Kutomi et al., 2013; Fig. 5) . 2 i A8 AL E
1%, ARIIMEOX A = (FIHE A =) %
T 272Dl S 528, HmHIZIE 30~60 731E
Y34 7% (Howard and Sale, 1995) . RGO iEtE
JEMEEIC X Ak O % SDS-PAGE Coyfir L7
LA A A = ARiFE A ER TV
Mo 7= (Kutomi et al., 2013) . ft~ T, #EFEHizAN
TEPEARIE, AMB A A = LTI O S N7 R
WENLOHANTZ LICRNL TS EEZLND.
kB 0 S AN TEMEAR 1T, KCL O 0E I & e
KNO; MU CHEZ 5. Zhuk, CI & NOs | iﬁi
ey 7R Ok TROMEABEREZRD SE5
THERT, ZhICL Y ¥ RGOS O R ED
HZ2) OMENERETHINLIEEZEZLN
5. DS, CI L b A bary 7 ZngEn
* R CH;CHOO™ T, #iBWifEsS EwICk 2
D, KA A ey 77N T CliikEiE
HENIEE->TLEY. RO DY T4
WG U 74 E o % SDS-PAGE CT/o#r L7
LA MEBEGHA~OEENILEALE RN T
K,S0, %° CH;COOK THLER L7234, B4 v 32
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axoneme supernatant
r 1 r 1
X X
85 8
£_83 QE£_83 9
c w0 c 5 wn
c0OZX-_IL®8s5 OZ % - I
ONNMNMNMOED ¥MNX ¥ VMO
M ' L =Eramn e
=% v
na q Fig. 6. Effects of extraction with
200 — % various high-potassium salts in the
‘; absence of ATP on the composition
é of axonemal proteins. Isolated
- ciliary axonemes were extracted
116 — 24 with the various high-potassium
salts indicated in the figure for 1
974 — min. The concentrations of the
potassium salt are 0.5 M. Proteins
66 — in the extraction remnants
(axoneme) and supernatants are
—T analyzed by SDS-PAGE. Open
45 — circles indicate common bands
between the supernatants with 0.5
M KCI1 and KNO;. HC, outer arm
31— dynein heavy chains; T, tubulins;
215 M, Markers for molecular weights
Gl (x10%. This image is reproduced
14.5 — from Kutomi et al. (2013) with
6.5 — permission.

BIXIFEE AL SN0, MR AIG S
i Z % KCl R KNO; F %2 Lz A IcB W T,
K>SO, X CH;COOK THLH L7-#A ClE R o
Mo TeNy R0, B TR0l R D
&z (Kutomi et al., 2013; Fig. 6) . ZALH DN K
X Ca® 1T L BB ts o JHFIERE 28 < BB RN 1
THHAREMENE. ZOZLE2RET 570, H
BEONICKL > TEHWOMEY VX7 ExRIEL, &
HIZIE RNAL I2 8D/ v 7 B o a1T->CHMWNER
FOREREMNT 21T 5 Z &8, FRIR~DUTHEIZ R 5 &
HFCTE5. ok, MEOESMENERICHELE
KI LR % L7236 1%, BT RIS E 2 25
BB TR SN DR 72N R2T T <,
% OWEEH X7 R & Tz (Kutomi et
al, 2013; Fig. 6) . Z D72 KI EITIE, 1T AL
DWEEL VR EREEZICHINEShTLE D &5
ZHivb.

Ca” IC&k ZHEEBDORIAWIBEIEHS Ca™ #E
AR |

Ca®* 12 X MBI EB OFEEME 1T L 2T Ca®t
LIEBRT DX NI ERED > TV BIETTh S,
INETONEICL > TRESNTZWL 200 Ca'

FEEHNIED YL, 7T RETAONEE A
= UWREH, LC4 1, Ca*" {KAFEH 72 i\ B o
B BEEARFEMHNFOOESTHLEBEZ LT
% (King and Patel-King, 1995; Sakato et al., 2007) .
T FT b AFTIE, Ca® OHFEIZ L - T in vitro 12
BN E A =2 EMUNE & OFT =0 EERE
FTHZEND, WA A =212 Ca¥ BZERH Y,
FWFETH R MY EIEER D I LEY 2 Y
V77 Y@ T S Cat A S Lo N
HEICB DD EEZHbNTWD (Guerra et al., 2003;
Satir, 2003) . HX U LA RVYOREFHIEICIL,
Ty LIRS Catt FEA Y T BBEET D

(Mizuno et al., 2009) . B 7 7 v 3T A =
WCHEPEREA L, Ca™" 7 FIcB W My o = &
WG & OFTRYEREZMEITHZ s,
L oMEEDOMEICERE R EE LRI LTS L
E2 5N TS (Mizuno etal., 2012) .

YU AVTIE, WEFESILEY 2 Y UIRE
BN L > THOMICEELEZT 52 Enb, Ca*t i
K AMEMERIZIE, eV URBEBR LTS
HREMENRRT STV S (Ofter et al., 1984; Izumi and
Nakaoka, 1987) . & 512, BRROE#EE KCl fiHic
Yo Tl aNT-ME S RICE G4 A EM & vy
BoHizbhaveEya ) UrRNEEFnTnsd (B0,
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KIHE) . LIznoT, YU LATOHEVIEON
AR VT Y 2 U U b - TV D ATREME IS
WEEZLBNDL. 2T, EBHIL, YUl LAUHEE
EPANEY 2V PR E D TRIER G EZIT,
R BRI I BT AN O I L E Y 2 ) v
DEIN T FNOELE T T ORE, Bk
ol BERELEEZITO &, ROUHEOBE R
L0 bvEE 7 F R KL (Kutomi et al.,
2013) . ZAUE, EEREAEIZ X ST, fiskNO
ANET 2 ORS00, IE
VallvEBOoTND (BZELHLINVEYa2Y L
FAEAEH L TWD) ok # o8 B i L7-
n, HOHWVITEENEL LD, hVEY 2
U VPR EIRICHER S T2 VBV 2 Y VU EREA LR
T RoleicbirbLinwn, £, ZDZ &,
HNED 2RO NANEDa ) v EHEERT S
NI EDBREFTHEROFRENIZEE 5 L T 2 TREME
ZRBELTWS, ATV 2 Ny ol AUikE
iR D 8 ZATHEET 2 O S M ShTnzn
N, 7IFIREFTATIEAALEY 2 ) o/ heg
RTVTNAR—=ZIZRIET HZ &b (Wargo et
al., 2005; Yang et al., 2006) , ' 7 U AT ORA B A
RO RET 2006 LivZe .

LL7ens, ave AV U ATOMEICITD
LNED 2 ) PUSADNL DD Ca fEEZ V0B
BHEFELTVDIERRES L TVWDEZEnD
(Kim et al., 2002) , Ca?" |2 X % #kEfiis o F ik rs
IZiE, ZHBOBEED Ca¥ A X v B HFE L
TN TV D DONE Ly

SHRORE

AFRI TR BEE O A H = X AT DK
RO AN Uiz, EOER A = X L3 H
<MBEL DWIENR e ENTNDEN, RIZICEDOE
FUTHA ST o TWRWY., AE A =2 DEF 7
2=y hOKE, WL A = O&KE, VT NLVA
A=y oL@ ENRTEE R L, TR
XHITELELIESR TS, AR TIIRER
Moty VU AVOBMEBITICEW T, Ca¥ X
cAMP DOfIZ cGMP I X % iRtk b AE L TR Y
(Bonini and Nelson, 1988; Noguchi et al., 2004) , Zil
HIEFICEEVREETH S, mk L2k o,
7 U LAY TIXBERER, U hrETL, HRERE
— N kR & fRT 9 D TR 2R FIELF
HT&E57210THh<, RNAIIZLED /v I X T DL
IRBENTIELRATE S, HEBEHOA =X
LADOEREHETHH) 2T, TNHDOTEEZRHWE
WEEBA ORI 2, AN TEEPLE
L7k B DRy OEIT 21T 9 Z LB Lsi L2 D

7259,

F 7o, ARG TIR A7 BB 2B 5 5 an RO
ZEFEL, BEH TRt N OENICEIT 20158
Wb A TH D, TG Y v R 78I,
Az CHEENE <, v MEERORREE T
WCHRZEGEFAN IV EAY T AVITBWTHE
RO T3 (Arnaiz et al., 2009) . L7723 -
T, YUULAY Blcavye Ay Y AY) e B
DRI IEDO AN 2T EWTH Y, Ik, #%
FI95 D FEIEFERE O A B 7RI IE OB 1T K &
SEBTD Z ERHENS.

e

AReDE PES a5 2 T P& o7, H]
TR ICT WFET O A RE I fRdE R 11
EHH L EFET. EFoEEHETH D E L
REEE O RBEM LI2E, ARFOREICY--TD
BETHEWEZ LA REHHR L BIFET. £, %
HDORFFEDOBATICH T > THEICL L O H%TE
Wi, BREERFZOLHEME L, #EESHEAE
DEKEGEE L, 7T AESANEE L Z—D Jean
Cohen [#+ & France Koll ffi+, FIIRKFOHHE L
fEE & s 2 L, B LRI N E O B O
L L A U N—OERE, LN KRR E O
ERRICIRVE B L B 4. ARRSicly B
T EEE OO —EE, FHAIFoe R 0 4 AR T o
() THEEIRICRE T 2 Mk EFTHIE O 53 7 ks o fif
BT (No. 21590358) ; FR&EH : T (CFRR 21~23 4
FE) | MOHDOIETIThILE L.
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