b E 41 A=Y Chinese Journal of Cell Biology 2024, 46(1): 151-164 DOI: 10.11844/cjcb.2024.01.0013

DEEE L, AELFTRBEARFRFEFREMEFRAR GRS ZHE. £
ENERMERIE, TAEMFRERTEHARHIL MBI HT N A0
FnFaE WERHEESGEALEAMENL TNE. FF R XK KEC el
Cell Res~ Nat Struct Mol Biol~ Nat Communs 72 % .

T EMLES FRE

A Diest Laedrt
(Y B A BB 27, T 430000)

HE  FRtRAeRERE R AR E, TR @itiE g A m it R B iR R
B, AL GIRG Bl , AT RIILEHARLS LR, ARFRANG@BEZ—, ¢
LA RMRENFARNE EARAT R, AR B EM R LG F, Lo FRAENF OB TRIAER
—HARANMEA, R F SRR ER ARG LR, ZNRAE LB IRE T ARE B I T
MENFH LBy S WREN., A ER T HFLNEMARFRITOSTERARGLE, &
BRI T 4o BEAR RIS QLIERIE (DMT). A 430 /14 (IDAF= ODA). 54444 (RS). F
RILE A (CP)Anif 42 564 (N-DRC) 89 & G LA An A, AIRNFEF A Ly 20 F A2 fo 2 LR
RAET AFIRE,

X BNEFE; o T AR UG Sl AR A, R R R

Molecular Assembly of Motile Cilia

LU Qichao, MA Meisheng*, MA Jinzhe*
(School of Basic Medicine, Huazhong University of Science and Technology, Wuhan 430000, China)

Abstract Cilia or flagella are kinds of eukaryotic organelle that protrude from the cell surface, which
function in regulation of cell motility and the flow of fluid around cells, or sensation of body. The dysfunction of
cilia leads to human ciliopathy. As one of the organelles that found at the earliest, cilia have been being the key
point in the study of cell biology. However, during to the large and complexity in structure, the revealing of cilia
assembly has been quite difficult. Recently, as the development of cryo-electronic microscopy, the high resolution
structures of axoneme components from Chlammydomonas cilia to mammalian sperm flagella have reported by
several groups. In this review, the advances of cilia structure and molecular assembly are described, focusing on the

assembly mechanism of components that made up cilia axoneme including DMT (doublet microtubule), IDA (inner
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dynein arm), ODA (outer dynein arm), RS (radial spoke), CP (central pair) and N-DRC (nexin-dynein regulatory

complex). This review will provide basis for further understanding of ciliogenesis and functional regulation of cilia.
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The major structure of motile cilia is axoneme with “9+2” mode, which is conserved from unicellular Chlamydomonas to mammalian sperm. Axoneme
consists of 9 outer doublet microtubules, 2 central pair microtubules and accessory structures including outer dynein arm, inner dynein arm, radial spoke
and nexin-dynein regulatory complex. A: the structure model of cilia from Chlamydomonas. It grows from basal body, the central pair microtubules are
assembled into “9+2” axoneme after transition zone. B: the structure model of flagella from mammalian sperm. The sperm flagellum contains midpiece,
principal piece and endpiece, all of whose scaffold is “9+2” axoneme structure. However, there are outer dense fiber and mitochondrial sheath in mid-
piece, ODF and fibrous sheath in principal piece.

Bl SE9+H275H
Fig.1 The “9+2” structure of cilia
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A: molecular assembly of DMT from Chlamydomonas flagella. Each DMT consists of 13-protofilament complete A tubule and 10-protofilament incom-
plete B tubule. A tubule has more MIPs than B tubule and Tektin bundle locates in the B tubule. The Ribbon is formed at least by protofilamentsA11-13 and
contains conserved MIPs such as RIB43a, RIB72, FAP161 and so on. The seam localizes between A9 and A10 and binds with FAP143. The outer junction
localizes between A10 and B1 and binds with FAP53. The inner junction localizes between A1 and B10 and is linked by PACRG and FAP20. B: molecular
assembly of mammalian DMT. Multiple Tektin proteins form bundle in A tubule. C: molecular assembly of RS from Chlamydomonas flagella. Chlamydo-
monas RS consists of RS1, RS2, and degraded RS3, which can be divided into head, neck, and stalk. RS is attached to outer surface of DMT through the
binding of stalk to CCDC39/40. The RS head exhibits symmetry mediated by RSP16 homodimer, while heads of RS1 and RS2 are linked by RSP1.

E2 DMTHIRSZM(IRHESE SCHk[11-12,15,17-18,21] 2 4R)
Fig.2 Structure of DMT and RS (adapted from references [11-12,15,17-18,21])
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Table 1 Analysis of cilia components

HAHS Frretk N A
Components Specificity Homo sapiens Chlamydomonas
MIPs Common PACRG, CFAP52, CFAP276, CFAP161, CFAP126, PACRG, FAP52, FAP276, FAP161, FAP126, FAP67,
NME?7, PIERCE1, PIERCE2, EFHC1, EFHC2, MNSI,  FAP182, RIB72, FAP127, FAP210, RIB43A, FAP106,
CFAP210, RIBC1, RIBC2, ENKUR, CFAP45, CFAP53, FAP45, FAP53, FAP90, FAP107, FAP20, FAP68,
CFAP90, CFAP107, CFAP20, CFAP68, CFAP21, FAP21, FAP95, FAP143, FAP77"!
CFAP95, SPAGS8, CFAP77!422%4
Specific Tektin1, Tektin2, Tektin3, Tektind, TektinS, TEKTIPI, FAP112, RIB30, FAP363, FAP8S, FAP115, FAP166,
SMRP1, TEPP, ODF3, TSSKS6, FAP252, FAP141, FAP222, FAP129, FAP273, RIB21,
TEX37, TEX43, CCDC105, C100rf82, PPP1R32, FAP1, FAP144, FAP257!121]
FAM166A, FAM166BP, FAM166C,
EFCABG!!*?22
External coil-  Common CCDC39, CCDC40, CCDCY6, CCDC113, CFAP299, CCDC39, CCDC40, FAP184, FAP263, FAP299,
coiled CFAP57, CFAP58, CCDC146!"! FAP57, FAP189!"l
ODA Common DNAHS, DNAH9, DNAI1, DNAI2, DNALI, DYN- B-HC, y-HC, IC1, IC2, LC1, LC2, LC3, LC7a, LC7b,
LRB1, DYNLRB2, DYNLLI, DYNLL2, DYNLT2, LC8, LCY, LC10M!
DYNLT2B, DYNLT4, DYNLT1, DYNLT3, NME9!"
Specific a-HC, LC4, LCS, LC6M
ODA-DC Common ODADI1, ODA2!" DC1, DC2!!
Specific ODAD3, ODAAD4!" DC3M
IDAf Common DNAH2, DNAH10, DNAI3, DNAI4, DNAI7, DYN- IDAf a-HC, IDAT B-HC, IC140, IC138, IC97, LC7a,
LRBI1, DYNLRB2, DYNLLI1, DYNLL2, DYNLT2, LC7b, LC8, Tctex1!"!
DYNLT2B, DYNLT4, DYNLT1, DYNLT3!"
Specific FAP120, Tctex2b!'
MIA Common CFAP73, CFAP100!" FAP73, FAP100"!
T/TH Common CFAP43, CFAP44!" FAP43, FAP44"
Specific MOT7M!
IDA Common DNAHI1, DNAH3, DNAH6, DNAH7, DNAH12, DHC2, DHC9, DHC7, DHCS, DHCS,
DNALII, CETN2, ACTA2, TTC29, ZMYND12["! DHC6, centrin, p28, IDAS, p44, p38!'"
RS1/2 Common CALMI, CYB5D1, DNAJBI13, DYDC2, DYNLLI, RSP20, FAP198, RSP16, RSP2, LC1, LC8, FAP253,
IQUB, LRRC34, MORN3, NMES, PPIL6, ROPNIL, RSP15, RSP207, RSP23,
RSPHI, RSPH3, RSPH4A, RSPH9, RSPH14, SPA17, RSP11, RSP1, RSP3, RSP4, RSP14,
RSPH6, RSPH10B, CFAP91!"'# RSP7, RSP6, RSP10, FAP91"
Specific RSP5, RSPS, IDA4!®!
RS3 Common CFAP61, CFAP91, CFAP251" FAP61, FAP91, FAP251!"
N-DRC Common DRCI1, DRC2, DRC3, DRC4, DRC5, DRC7, DRCS, DRCI1, DRC2, DRC3, DRC4, DRC5, DRC6, DRC7,
DRC9, DRC10, DRC11!"" DRCS8, DRCY, DRC10, DRC11!""
Specific CaM!"!
CAl Common Calmodulin, SPEF2, ENO2, CFAP46, CFAP47, CFAP54, Calmodulin, CPC1, Enolase,
CFAP69, CFAP74, CCDC180, DLEC1, CFAP99, FAP46, FAP47, FAP54, FAP69,
CCDC189, MYCBP, SPAG6, CFAP211, MORN2, LR- FAP74, FAP76, FAP81, FAP99,
GUK, LRRC72, WDR93, HSPAIL, HYDIN, SPATA17, = FAP114, FAP119, FAP174, FAP194, FAP221,
SPAG17, SPAG6, PPP1CCH® FAP227, FAP246, FAP279, FAP297, HSP70A, Hydin,
MOT17,
PF6, PF16, PP1c!"
Specific FAP7, FAP42, FAP101, FAP105, FAP108, FAP216,
FAP219, FAP275!"1!
CA2 Common CFAP20, CFAP65, CFAP70, MY CBP-associated pro- FAP20, FAP65, FAP70, FAP147, FAP174, FAP178,

Specific

tein,
MYCBP, SPEF1 or SPATA4, Paralog of CFAPS52,
SPAG16L!"®

FAP196, PF20!'!

FAP213, FAP225, FAP239, FAP388, FAP424'!
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A: molecular assembly of ODA from Chlamydomonas flagella. The Chlamydomonas ODA establishes a repeat length of 24-nm and consists of three
dynein heavy chains: a, p, and y-HC. The N-terminal of the HCs bind to DC1/2/3 complex to anchor the ODA onto the outer surface of the DMT. The
interaction between the head of B, y-HC and the tail of neighboring ODA results in an array of ODA molecules arranged in head-to-tail manner on the
DMT. The IDA complex binds to the outer surface of DMT with a periodicity of 96-nm. It possesses 7 subtypes including IDA: a, b, ¢, d, e, f, and g
among which the f subtype has two heavy chain heads named fo and fB. Multiple complexes are involved in anchoring IDAs to the DMT. B: molecular
assembly of N-DRC. The filamentous heterodimer of DRC1/2 and filamentous homodimer of DRC4 span across the entire complex to form a scaffold
and is responsible for the recruiting of other molecules.

El3 1B FN-DRCEAI(IRIESE TR [11,17,40]204%)
Fig.3 Structure of dynein arm and N-DRC (adapted from references [11,17,40])
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LC4A. LC7-a/b. LC8-la/b. LC8-2a/b. LC8-3a/bfll &R (MTBD). MTBDfE 54145 DMTH) BE 45
Tetex-a/b— 3+ =AM EES T4, FANEES T A, TAAASHEATMTBD LA i e 4 5 1) Stalk
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CP is formed by C1 and C2 microtubules. C1 and C2 bind with a small amount of MIPs internally and are surrounded by multiple layers of complexes

externally. PF16, FAP194 and FAP69 form spring structure on the external surface of C1 to guide the assembly of other substructures. The main com-

ponent of C2 motor arm is KLP1 motor protein, which regulates the relative movement of CP. C1 and C2 are connected by several substructures such as

FAP47 complex.

El4 hRIGEEARIES E STHR11,17]204%)
Fig.4 Structure of central pair (adapted from references [11,17])
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