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A solid-state control system for dynein-based

ciliary/flagellar motility

Stephen M. King

Department of Molecular, Microbial, and Structural Biology, University of Connecticut Health Center, Farmington, CT 06030

Ciliary and flagellar beating requires the coordinated
action of multiple dyneins with different enzymatic and
motor properties. In this issue, Yamamoto et al. (2013.
J. Cell Biol. http://dx.doi.org/10.1083/icb.201211048)
identify the MIA (modifier of inner arms) complex within
the Chlamydomonas reinhardltii axoneme that physically
links to a known regulatory structure and provides a sig-
naling conduit from the radial spokes to an inner arm dy-
nein essential for waveform determination.

Generation of ciliary beating involves multiple different dynein
motors acting in concert to specify the waveform and beat
frequency (King and Kamiya, 2009; Ishikawa, 2012). Further-
more, these motors must exhibit an integrated response to vari-
ous signaling factors. This requirement for coordinated action
necessitates a complex control mechanism with a response time on
the order of 20 ms or less. The fundamental unit of the ciliary
axoneme is a 96-nm repeat structure (Fig. 1 a) that in Chlam-
ydomonas reinhardtii consists of four outer arms, one inner arm
I1/f, multiple additional inner arm dyneins containing single
heavy chain motors, a complex structure known as the nexin—
dynein regulatory complex (N-DRC) that interacts directly with
several inner arm dyneins and acts as a linker connecting ad-
jacent outer doublet microtubules, two complete radial spokes
that project toward the central pair microtubule complex and also
interact with a calmodulin-containing complex (the calmodulin-
and spoke-associated complex [CSC]), and the truncated rem-
nant of a third spoke (Fig. 1, a and b; Nicastro et al., 2006; Bui
et al., 2012; Heuser et al., 2012). As isolated demembranated
axonemes can be induced to beat in an apparently normal man-
ner by addition of ATP, all the regulatory systems required for
generating and propagating a bend must be incorporated within
the axonemal superstructure. The dynein motor units within
this solid-state system respond to both mechanical cues derived
from axonemal curvature (Hayashibe et al., 1997; Patel-King and
King, 2009) and other signals, including those from the radial
spokes/central pair microtubule complex (Smith and Sale, 1992),
changes in phosphorylation status of individual dynein compo-
nents (Habermacher and Sale, 1995) and the binding of various
signaling ligands, such as Ca* (Bessen et al., 1980), alterations
in redox state (Wakabayashi and King, 2006), and the covalent
modification of axonemal tubulins (Kubo et al., 2012).
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There is now very strong evidence to support the idea
that the I1/f dynein plays a central role in the control of wave-
form and potentially also acts as a signal transduction path-
way, leading to regulation of outer arm function. Of particular
note is the demonstration that a component of this dynein (the
IC138 intermediate chain) acts to control I1/f function through
reversible phosphorylation by PKA (cAMP-dependent protein
kinase), CK1 (casein kinase 1), and the PP1 and PP2A phos-
phatases (Porter and Sale, 2000; Gokhale et al., 2009). How-
ever, the mechanisms by which signals are propagated from
the central pair/radial spokes to the I1/f dynein have remained
very unclear.

In this issue, Yamamoto et al. define an additional com-
plex (termed modifier of inner arms [MIA]) located on the
A-tubule (Fig. 1 a) of the outer doublets that appears to physi-
cally interact with the N-DRC and extend toward the base of the
I1/f inner arm dynein. This structure consists of two coiled-coil
proteins (FAP73 and FAP100), and mutants lacking these com-
ponents exhibit altered waveform, decreased beat frequency,
and abnormal photobehavior that is evidence of defects in
flagella control pathways (King and Dutcher, 1997). Further-
more, they observe that the phosphorylation pattern of the key
I1/f phosphoregulator IC138 is altered, suggesting that the MIA
complex exerts its regulatory effects, at least in part, through the
kinases/phosphatases responsible for IC138 modification; most
likely by ensuring their correct positioning relative to IC138.
Double mutants that lack both the MIA complex and the I1/f
dynein exhibit essentially the same phenotype as mia mutants
alone, providing further support for the idea that signals from
the MIA complex propagate their effects through the I1/f dy-
nein. Interestingly, although the MIA complex appears to phys-
ically interact with the N-DRC, double mutants lacking both
MIA and the N-DRC exhibit a more severe flagella paralysis
defect, suggesting that MIA-based signaling is likely indepen-
dent of the N-DRC; similarly, lack of the MIA complex and
several monomeric inner arms also resulted in more severe
phenotypes. Another key observation is that mutants defective for
the radial spoke head domain (which interacts with the central
pair) and MIA exhibit reduced microtubule sliding velocities
compared with either single mutant alone, suggesting that the
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Figure 1. Overview of the 96-nm axone- A
mal repeat and dynein control pathways.
(A) Cartoon illustrating the approximate loca-
tion on the outer doublet Atubule of the vari-
ous dyneins and regulatory structures within a
single 96-nm axonemal repeat. The «, B, and
v heavy chains of the outer arm stack upon
each other, with the a heavy chain outermost.
(B) This systems level overview of one 96-nm
axonemal repeat illustrates the key players
and interactions in the solid-state dynein con-
trol pathways that are sufficient to generate
ciliary/flagellar beating upon addition of ATP
to demembranated axonemes. The color code
is outer arm dyneins (OAD), light green; inner
arm dyneins (IAD), cyan; inner arm 11/f, dark
pink; N-DRC, red; MIA complex, yellow; the
CSC, orange; radial spokes, purple; central
pair microtubule complex, brown; adjacent
outer doublet B-tubule, blue; kinases/phospha- B
tases, pink; and distal protrusion (DP), light
blue. The monomeric inner arm dynein nomen-
clature is IAD2, dynein a (DHC6); IADX, dy-

nein b (DHC5); IAD3, dynein c (DHC?); IAD4,
dynein e (DHCS8); IAD5, dynein g (DHC7); and
IAD6, dynein d (DHC2). Note that patterns of
linkage between outer arms and other compo-
nents vary depending on the microtubule dou-

blet and position along the axonemal length,

and ATP-dependent interactions between outer

arm dyneins and inner arm dyneins with the
B-tubule of the adjacent doublet are not illus-
trated for clarity. IC/LC, intermediate chain/

light chain.

Inner Arms,
MIA and
N-DRC

MIA complex forms part of an additional signal transduction path-
way in addition to that propagated through the radial spokes.

Although the MIA complex is not observed to interact with
the outer row of dynein arms, the mia mutants do exhibit a sig-
nificant decrease in flagellar beat frequency, which is a classic
sign of reduced outer arm power output (Kamiya and Okamoto,
1985; Mitchell and Rosenbaum, 1985). One clear possibility is
that the MIA complex acts as a conduit for a regulatory signal
that reaches the outer arms through a series of recently identi-
fied linkers present on subsets of doublet microtubules that con-
nect these motors with inner arm I1/f and the N-DRC (Nicastro
et al., 2006; Bui et al., 2012). Indeed, the stability of the I1/f
dynein appears dependent on both the MIA complex and the
outer arms, as mutants lacking both these structures have dra-
matically reduced amounts of the I1/f motor.

Finally, phylogenetic analysis (Yamamoto et al., 2013) re-
vealed that potential orthologues of C. reinhardtii MIA com-
plex components are present in vertebrates, and RNASeq data
from the Human BodyMap 2.0 project (http://rnaseq.crg.es/
project/HBM) indicate they are highly expressed in ciliated/
flagellated tissues, such as testis, ovary, and lung. Furthermore,
one potential orthologue is encoded at a locus thought to be
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required for normal lung function (Soler Artigas et al., 2012),
whereas expression of a second is altered in lung carcinoma
(Kwon et al., 2012). Thus, the MIA complex represents a highly
conserved and essential feature of the axonemal superstructure
that occupies a central position in the key signal transduction
pathways required for ciliary beating.

S.M. King's laboratory is supported by grant GM051293 from the National
Institutes of Health.

Submitted: 14 February 2013
Accepted: 6 March 2013

References

Bessen, M., R.B. Fay, and G.B. Witman. 1980. Calcium control of waveform in
isolated flagellar axonemes of Chlamydomonas. J. Cell Biol. 86:446—455.
http://dx.doi.org/10.1083/jcb.86.2.446

Bui, K.H., T. Yagi, R. Yamamoto, R. Kamiya, and T. Ishikawa. 2012. Polarity
and asymmetry in the arrangement of dynein and related structures in the
Chlamydomonas axoneme. J. Cell Biol. 198:913-925. http://dx.doi.org/
10.1083/jcb.201201120

Gokhale, A., M. Wirschell, and W.S. Sale. 2009. Regulation of dynein-driven
microtubule sliding by the axonemal protein kinase CK1 in Chlamydo-
monas flagella. J. Cell Biol. 186:817-824. http://dx.doi.org/10.1083/
jcb.200906168


http://dx.doi.org/10.1083/jcb.86.2.446
http://dx.doi.org/10.1083/jcb.201201120
http://dx.doi.org/10.1083/jcb.201201120
http://dx.doi.org/10.1083/jcb.200906168
http://dx.doi.org/10.1083/jcb.200906168

Habermacher, G., and W.S. Sale. 1995. Regulation of dynein-driven micro-
tubule sliding by an axonemal kinase and phosphatase in Chlamydomonas
flagella. Cell Motil. Cytoskeleton. 32:106-109. http://dx.doi.org/10.1002/
cm.970320207

Hayashibe, K., C. Shingyoji, and R. Kamiya. 1997. Induction of temporary
beating in paralyzed flagella of Chlamydomonas mutants by application
of external force. Cell Motil. Cytoskeleton. 37:232-239. http://dx.doi
.org/10.1002/(SICI)1097-0169(1997)37:3<232::AID-CM5>3.0.CO;2-8

Heuser, T., E.E. Dymek, J. Lin, E.F. Smith, and D. Nicastro. 2012. The CSC
connects three major axonemal complexes involved in dynein regula-
tion. Mol. Biol. Cell. 23:3143-3155. http://dx.doi.org/10.1091/mbc.E12-
05-0357

Ishikawa, T. 2012. Organization of dyneins in the axoneme. /n Dyneins: Structure,
Biology and Disease. S.M. King, editor. Academic Press, Boston/Amsterdam.
245-271.

Kamiya, R., and M. Okamoto. 1985. A mutant of Chlamydomonas reinhardtii
that lacks the flagellar outer dynein arm but can swim. J. Cell Sci. 74:
181-191.

King, S.J., and S.K. Dutcher. 1997. Phosphoregulation of an inner dynein arm com-
plex in Chlamydomonas reinhardtii is altered in phototactic mutant strains.
J. Cell Biol. 136:177-191. http://dx.doi.org/10.1083/jcb.136.1.177

King, S.M., and R. Kamiya. 2009. Axonemal dyneins: assembly, structure, and
force generation. In The Chlamydomonas Sourcebook: Cell Motility and
Behavior. Second Edition. Vol. 3. G.B. Witman, editor. Academic Press,
San Diego, CA. 131-208.

Kubo, T., T. Yagi, and R. Kamiya. 2012. Tubulin polyglutamylation regulates
flagellar motility by controlling a specific inner-arm dynein that interacts
with the dynein regulatory complex. Cytoskeleton (Hoboken). 69:1059—
1068. http://dx.doi.org/10.1002/cm.21075

Kwon, Y.J., S.J. Lee, J.S. Koh, S.H. Kim, H.-W. Lee, M.C. Kang, J.B. Bae, Y.J.
Kim, and J.H. Park. 2012. Genome-wide analysis of DNA methylation
and the gene expression change in lung cancer. J. Thorac. Oncol. 7:20—
33. http://dx.doi.org/10.1097/JTO.0b013e3182307{62

Mitchell, D.R., and J.L. Rosenbaum. 1985. A motile Chlamydomonas flagellar
mutant that lacks outer dynein arms. J. Cell Biol. 100:1228-1234. http://
dx.doi.org/10.1083/jcb.100.4.1228

Nicastro, D., C. Schwartz, J. Pierson, R. Gaudette, M.E. Porter, and J.R. McIntosh.
2006. The molecular architecture of axonemes revealed by cryoelectron
tomography. Science. 313:944-948. http://dx.doi.org/10.1126/science
1128618

Patel-King, R.S., and S.M. King. 2009. An outer arm dynein light chain acts in
a conformational switch for flagellar motility. J. Cell Biol. 186:283-295.
http://dx.doi.org/10.1083/jcb.200905083

Porter, MLE., and W.S. Sale. 2000. The 9 + 2 axoneme anchors multiple inner arm
dyneins and a network of kinases and phosphatases that control motil-
ity. J. Cell Biol. 151:F37-F42. http://dx.doi.org/10.1083/jcb.151.5.F37

Smith, E.F., and W.S. Sale. 1992. Regulation of dynein-driven microtubule
sliding by the radial spokes in flagella. Science. 257:1557-1559. http://
dx.doi.org/10.1126/science.1387971

Soler Artigas, M., L.V. Wain, and M.D. Tobin. 2012. Genome-wide asso-
ciation studies in lung disease. Thorax. 67:271-273. http://dx.doi.org/
10.1136/thoraxjnl-2011-200724

Wakabayashi, K., and S.M. King. 2006. Modulation of Chlamydomonas rein-
hardtii flagellar motility by redox poise. J. Cell Biol. 173:743-754. http://
dx.doi.org/10.1083/jcb.200603019

Yamamoto, R., K. Song, H.-a. Yanagisawa, L. Fox, T. Yagi, M. Wirschell, M.
Hirono, R. Kamiya, D. Nicastro, and W.S. Sale. 2013. The MIA complex

is a conserved and novel dynein regulator essential for normal ciliary
motility. J. Cell Biol. 201:263-278.

Controlling axonemal dynein motors ¢ King

175


http://dx.doi.org/10.1002/cm.970320207
http://dx.doi.org/10.1002/cm.970320207
http://dx.doi.org/10.1002/(SICI)1097-0169(1997)37:3<232::AID-CM5>3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1097-0169(1997)37:3<232::AID-CM5>3.0.CO;2-8
http://dx.doi.org/10.1091/mbc.E12-05-0357
http://dx.doi.org/10.1091/mbc.E12-05-0357
http://dx.doi.org/10.1083/jcb.136.1.177
http://dx.doi.org/10.1002/cm.21075
http://dx.doi.org/10.1097/JTO.0b013e3182307f62
http://dx.doi.org/10.1083/jcb.100.4.1228
http://dx.doi.org/10.1083/jcb.100.4.1228
http://dx.doi.org/10.1126/science.1128618
http://dx.doi.org/10.1126/science.1128618
http://dx.doi.org/10.1083/jcb.200905083
http://dx.doi.org/10.1083/jcb.151.5.F37
http://dx.doi.org/10.1126/science.1387971
http://dx.doi.org/10.1126/science.1387971
http://dx.doi.org/10.1136/thoraxjnl-2011-200724
http://dx.doi.org/10.1136/thoraxjnl-2011-200724
http://dx.doi.org/10.1083/jcb.200603019
http://dx.doi.org/10.1083/jcb.200603019



