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Homologues of Radial Spoke Head Proteins Interact with
Ca2+/Calmodulin in Tetrahymena Cilia
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Calmodulin (CaM) is an axonemal component. To examine the pathway of Ca2+/CaM
signaling in cilia, using Ca2+/CaM-affinity column, we identified seven Ca2+/CaM-
associated proteins from a crude dynein fraction and isolated 62 kDa (p62) and 66 kDa
(p66) Ca2+/CaM-associated proteins in Tetrahymena cilia. The amino acid sequences
deduced from the p62 and p66 cDNA sequences suggested that these proteins were
similar to Chlamydomonas radial spoke proteins 4 and 6 (RSP4 and RSP6), components
of the radial spoke head, and sea urchin spermp63, which is a homologue of RSP4/6, and
isolated as a key component that affect flagellar bending patterns. Although p62 and
p66 do not have a conventional CaM-binding site, those have consecutive sequences
which showed high normalized scores (> 5) from a CaM target database. These consecu-
tivesequenceswerealsofoundinRSP4,RSP6,andp63.Theseradialspokeheadsproteins
have a high similarity region composed of 15 amino acids between the five proteins.
Immunoelectron microscopy using anti-CaM antibody showed that CaM was localized
along the outer edge of the curved central pairmicrotubules in axoneme. Therefore, it is
possible that the interaction betweenCa2+/CaMand radial spoke head control axonemal
curvature in the ciliary and flagellar waveform.
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In various eukaryotic organisms, cilia and flagella are uni-
versal organelle, which possess fine structure comprised of
nine doublet microtubules and two central pair microtu-
bules. Many kinds of eukaryotic cilia and flagella change
their waveform in response to the internal Ca2+ concentra-
tion. In the reactivated cell models of Paramecium, an
increase in Ca2+ concentration induced reversal of swim-
ming direction by changing the direction of the ciliary
effective stroke (1). The biflagellate green alga Chlamydo-
monas reinhardtii also displays a marked Ca2+-dependent
waveform conversion (2). When axoneme isolated from sea
urchin sperm were reactivated in vitro under low calcium
conditions, those axonemes beat with a symmetric wave-
form. Upon increasing calcium concentration in the buffer,
the axonemes beat with increasing asymmetry (3); at
extremely high calcium concentrations, quiescence was
induced (4).

CaM has been identified as a component of ciliary and
flagellar axonemes of various eukaryotic cells (5, 6). In
Chlamydomonas, axonemal CaM located in the radial
spoke stalk (7) and the C1a projection of central pair struc-
ture (8). The radial spokes are T-shape structures extend-
ing from the A-tubule of each outer doublet microtubule
to the central pair structure of the axoneme, adjacent to the

inner dynein arms and two or three of them are arranged
within each 96-nm repeat. The Chlamydomonas radial
spoke contains at least 23 proteins, 18 of which have
been characterized at the molecular level (9). Some
spoke stalk proteins are predicted to have domains asso-
ciated with signal transduction, including CaM-, Ca2+-,
AKAP- and nucleotide-binding domains. RSP2 (118 kDa
radial spoke protein) has structural homologues of the
‘‘1-8-14’’ Ca2+-dependent CaM binding motifs, including
both type B and type A (10). These motifs are based on
the conserved residues at positions 1, 8, and 14 in the
amphipathic helical structure (11). Moreover, RSP23
(102 kDa radial spoke protein), which consists of an
N-terminal nucleoside diphosphate kinase (NDK) catalytic
module and a C-terminal domain containing three IQ
motifs that bind CaM, is an integral component of the
radial spoke stalk (12). Recently, in central pair structure,
it is reported that CaM is a component of the C1a complex
(8). In central pair-less Chlamydomonas strains, flagella
become paralyzed (13). However, flagellar motility can be
restored by the introduction of a suppressor mutation in
components of the dynein arms or the dynein regulatory
complex (DRC) (14–16). It is implicates that the central
pair structure also plays an important role to modulate
ciliary and flagellar waveform by regulating dynein activ-
ity. The radial spoke heads are made up of five proteins in
Chlamydomonas; these transiently interact with the cen-
tral pair projection (17). Structural and genetic analyses
showed that radial spokes and their interactions with
the central pair apparatus play a crucial role in regula-
tion of ciliary and flagellar motility and waveform (18, 19).
For example, in Chlamydomonas, failure to assemble
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the radial spokes results in flagellar paralysis, even
though their axonemes are capable of sliding disintegra-
tion (13). However, at low ATP concentrations (< 100 mM),
CP/RS-deficient axonemes are capable of beating and the
waveform conversion occurred at >10–5 M Ca2+ concentra-
tion, although the waveform is different between the
mutants and the wild type (20). Huang et al. isolated extra-
genic suppressor mutations that bypassed the requirement
for the radial spoke and/or the central pair (14). These
genes, which caused suppressor mutations, encode seven
proteins known as the DRC (15). The DRC contains at least
seven polypeptides that are tightly associated with the
outer doublet microtubules (16). The DRC has also been
associated with a crescent-shaped structure located near
the base of the second radial spoke, close to the site of
attachment for the nexin link (21). In studies with the
demembranated/reactivated sperm model of sea urchin,
it was reported that monoclonal antibody D-316 caused
transformation of the flagellar waveform, but the beat
frequency was unaffected by dose. The protein recognized
by D-316 is related to RSP4 and RSP6, which are radial
spoke head proteins of Chlamydomonas (22). Moreover, it
suggests that Ca2+ controls dynein activity by a regulatory
mechanism of the CP/RS complex (23). In Triton-extracted
models of Paramecium, trifluoperazine (TFP), a CaM
antagonist, can inhibit the ciliary reversal in the presence
of cyclic adenosine 30,50-monophosphate (cAMP) (24). We
focused on role of Ca2+/CaM in cilia; we researched Ca2+/
CaM binding-proteins in Tetrahymena cilia. Though elon-
gation factor 1a (EF-1a), a Ca2+/CaM-binding protein, has
been isolated from the membrane and matrix fraction
of Tetrahymena cilia (25), a biochemical isolation of the
Ca2+/CaM target proteins in the crude dynein faction
had not been performed.

In this study, to examine the pathway of Ca2+/CaM
signaling in Tetrahymena cilia, we identified target pro-
teins of Ca2+/CaM in the crude dynein fraction of cilia using
Ca2+/CaM-affinity column chromatography. The crude
dynein fraction included outer and inner arm dyneins,
radial spokes and central pair structures. We detected
120 kDa (p120), 116 kDa (p116), 66 kDa (p66), 62 kDa
(p62), 33 kDa (p33), and 30 kDa (p30-1, p30-2) Ca2+/
CaM-associated proteins in this fraction. Two main Ca2+/
CaM-associated proteins among them, p62 and p66,
were separated with 2D-SDS-PAGE; corresponding
cDNAs were cloned and the amino acid sequences were
analyzed. p62 and p66 were homologue of Chlamydomonas
or sea urchin radial spoke head proteins, which
regulate flagellar bending patterns. The results suggest
that, as the target proteins of Ca2+/CaM, p62 and p66
were involved in the regulation mechanism of flagellar
bending pattern.

MATERIALS AND METHODS

Cell Culture—Cultivation of Tetrahymena thermophila
(B24964WT) was performed as described previously (26).

Isolation and Fractionation of Cilia—Isolation of axo-
nemes was performed as described in our previous study
(25). The crude dynein fraction was prepared as follows.
The axoneme was washed with Tris-Mg solution (2 mM
MgSO4, 30 mM Tris-HCl, pH 8.3), and dialyzed against
a Tris-EDTA solution (0.1 mM EDTA, 1 mM Tris-HCl,

pH 8.0) for 3 h, and centrifuged at 10,000 · g for 20 min.
The supernatant is referred to as the ‘‘crude dynein
fraction.’’

Affinity Purification of Ca2+/CaM-Associated Proteins
from the Crude Dynein Fraction—Affinity purification of
Ca2+/CaM-associated proteins from the crude dynein frac-
tion was performed using two different methods. First, the
GST-CaM bound glutathione-sepharose 4B (Amersham
Pharmacia Biotech, USA) was incubated with the crude
dynein fraction in binding buffer (1 mM CaCl2, 40 mM
KCl, 2 mM MgSO4, 20 mM Tris-HCl, pH 7.5) for 100 min
at 4�C. The beads were then loaded into a Poly-Prep
Column (Bio-Rad, USA) and washed with washing buffer
(1 mM CaCl2, 100 mM KCl, 2 mM MgSO4, 20 mM Tris-HCl,
pH 7.5). GST-CaM–associated proteins were eluted with
buffer (5 mM EGTA, 100 mM–1 M KCl, 2 mM MgSO4,
20 mM Tris-HCl, pH 7.5). GST bound glutathione-
sepharose 4B was used as a control column. Second,
preparation of a GST-CaM affinity column and control
GST column were carried using the HiTrap NHS-activated
(Amersham Biosciences Europe GmbH, Freiburg,
Germany), according to the manufacturer’s instructions.
GST-CaM (5 mg/1 ml) was applied to a HiTrap NHS–
activated sepharose column (column volume 1 ml).
Coupling of GST to the HiTrap NHS-activated was carried
out in the same manner. Each 10 ml of crude dynein frac-
tion was applied to a GST-CaM column or a control GST
column equilibrated with binding buffer (1 mM CaCl2,
40 mM KCl, 2 mM MgSO4, 20 mM Tris-HCl, pH 7.5) at
a flow rate of 0.1 ml/min. After loading, each column was
rinsed with binding buffer containing 100 mM KCl at
1 ml/min for 120 min. Then the columns were eluted suc-
cessively with elution buffer (5 mM EGTA, 100 mM KCl,
2 mM MgSO4, and 20 mM Tris-HCl, pH 7.5).

Cloning of p62 and p66 Proteins—The p62 and p66 Ca2+/
CaM-associated proteins spots were cut from a 2D-SDS-
PAGE gel, digested by lysyl endopeptidase, and fractio-
nated on a high performance liquid chromatography
(HPLC) using reverse-phase column. Micro sequencing of
the derived peptides was performed by APRO Life Science
Institute (Naruto, Tokushima, Japan). Sequences of two
peptides, (K)TPYPGDTENEEP from the p62 protein and
(K)LVDPEDATGRTL from the p66 protein, were obtained.
These sequences were used to search the T. thermophila
genomic DNA database at TIGR (The Institute for Genomic
Research, Rockville, MD, USA) using BLAST (Basic Local
Alignment Search Tool). DNA sequences encoding these
peptides were found from scaffold DNA. The genes, ID
8254437 and ID 8254671, encoded polypeptides in
(K)TPYPGDTENEEP from p62 and (K)LVDPEDATGRTL
from p66, respectively (Fig. 3, A and C). Open reading
frames of these regions were estimated by BLAST search
at NCBI (National Center for Biotechnology Information,
Bethesda, MD, USA). RNA was isolated from mid-log
phase T. thermophila using Isogen (Nippon Gene, Tokyo,
Japan) according to the manufacturer’s protocol. First
strand cDNA synthesis was performed with SMART
RACE cDNA Amplification Kit (BD Biosciences Clontech,
Palo Alto, CA, USA). The polymerase chain reaction (PCR)
and the rapid amplification of cDNA ends (RACE) were
performed using first strand cDNA as template DNA.
For RACE amplification, primers 50-GGGGGTAACTAAA-
GGCAATTCCATCC-30 (50-RACE for p62), 50-CTCCAAAA-
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CCTACACCTGCCCATTCA-30 (50-RACE for p66), 50-GCT-
TTGGATGACCCTGAAAACCCAATC-30 (30-RACE for
p62), and 50-ACCCAGAAGATGCAACTGGCCGTACT-30

(30-RACE for p66) were used with the manufacturer’s
primers. PCR was performed using cDNA library as
template DNA. PCR products were cloned into T vectors
(Qiagen, San Diego, CA, USA) and we determined the
cDNA sequences with an ABI PRISM 310 (Applied Bio-
systems, USA). Homologous proteins were searched at
Genome Net (Kyoto University Bioinformatics Center,
Kyoto, Japan) using BLAST search. Multiple alignments
of homologous proteins were calculated by CLUSTAL W
Multiple Sequence Alignment Program (version 1.8) at
Genome Net.

Other Procedures—An affinity-purified rabbit anti–
Tetrahymena CaM antibody was prepared in our previous
study (27). Immunoelectron microscopy was performed as
described in our previous study (25). Isoelectric focusing
with Immobiline DryStrip (Amersham Pharmacia Biotech,
Uppsala, Sweden) was performed for the first dimension of
2D electrophoresis as described (28). SDS-PAGE was
carried out according to the method of Laemmli (29).
The protein concentration was determined by the
method of Bradford with bovine serum albumin as
standard (30).

RESULTS

Identification of Ca2+/CaM-Associated Proteins in Crude
Dynein Fraction—In immunoelectron microscopy using
anti-CaM antibody, most of the immunogold particles for

CaM were observed in the region between the central pair
microtubules and the outer doublet microtubules (25).
Since radial spokes existed in this region, we expected
that components of radial spokes would bind to a Ca2+/
CaM-affinity column. Tetrahymena cilia were sequentially
extracted by detergent, dialysis against low ionic strength,
and dialysis against high ionic strength. These extracted
samples were analyzed by SDS-PAGE and silver staining
(Fig. 1B). We refer to the low ionic strength dialysis
fraction as the ‘‘crude dynein fraction,’’ including outer
and inner arm dyneins, radial spoke and central pair
structures. To search for Ca2+/CaM-associated proteins
in the crude dynein fraction, we performed Ca2+/CaM-affi-
nity column chromatography using an NHS-activated
HiTrap column. Using this column, we succeeded in
obtaining the seven Ca2+/CaM-associated proteins (Dynein
heavy chain, p120, p116, p66, p62, p33, and p30) in quan-
tities sufficient for further analysis (Fig. 1E). We regard
the high molecular weight protein as probably being the
heavy chains of dynein. To investigate the direct interac-
tion of CaM and dynein, we isolated mixture of 14S and 22S
dynein from Tetrahymena cilia, and applied on the
Ca2+/CaM-affinity column prepared with NHS-activated
HiTrap column. As a result, dynein did not interact directly
with Ca2+/CaM (data not shown). Thus, it suggested that
interaction of CaM and dynein was mediated by the other
Ca2+/CaM-associated protein(s). Moreover, p120 and p116
Ca2+/CaM-associated proteins are probably homologues of
Chlamydomonas RSP2 and RSP23 with molecular weights
were 118 and 102 kDa in SDS-PAGE, respectively. It has
been reported that RSP2 and RSP23 have CaM-binding

Fig. 1. Ca2+/CaM-associated proteins in crude dynein frac-
tion. (A) GST-CaM fusion protein used for CaM-affinity column
and GST alone for the control column. (B) Fractionation of Tetra-
hymena cilia was performed as following. Axonemes were sequen-
tially treated as follows, incubation with 1% Triton X-100 for 10 min
at 4�C (lane 1), dialysis against low ionic strength buffer for 3 h at
4�C (lane 2), and dialysis against high ionic strength buffer for
overnight at 4�C (lane 3). Aliquots of fractions collected at each
step were electrophesed on 10% SDS–polyacrylamide gels and
the proteins were stained with silver staining. A high molecular
weight protein in lane 2 is dynein (asterisk). (C) Schematic

diagrams show axonemal structure expected to be included in
each fraction. (D, E) Ca2+/CaM-associated proteins in the crude
dynein fraction. Ca2+/CaM-associated proteins were eluted from a
GST-CaM affinity column (E) and a GST control column (D) with
elution buffer containing 5 mM EGTA and 100 mM KCl. Closed
arrowheads indicate dynein heavy chain, 120, 116, 66, 62, 33,
and 30 kDa Ca2+/CaM-associated proteins, and open arrowheads
indicate GST-CaM and GST from the ligand. The gels were silver-
stained. The apparent molecular weights (kDa) are shown on the
left.

Homologues of Radial Spoke Head Proteins 527

Vol. 140, No. 4, 2006

 at U
niversidade Federal do Pará on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


motifs (10, 12). Since the other molecular weight proteins
(p66, p62, p33, and p30) have not been reported, we focused
on these proteins.

2D-SDS-PAGE Analysis of Ca2+/CaM-Associated
Proteins—To confirm whether Ca2+/CaM-associated pro-
teins obtained by binding assay exist in the crude dynein
fraction, we examined compared by 2D SDS-PAGE spots in
the crude dynein fraction with those in the Ca2+/CaM-
associated proteins. As a result, we found the spots of
p66, p62, p33, and p30 in crude dynein fraction (Fig. 2).
The spots of p66 and p62 in the crude dynein fraction were
slightly shifted to the acidic side. These shifted spots also
bound to the Ca2+/CaM-affinity column (Fig. 2, A0 and B0).
In addition, the amount of p33 spot in the crude dynein
fraction was very small. However, the amount of the p33
spot among the Ca2+/CaM-associated proteins increased
compared with that in the crude dynein fraction. We sug-
gest that this protein strongly binds to Ca2+/CaM. In the
case of p30, there were two spots at 30 kDa, showing that
30 kDa Ca2+/CaM-associated proteins contained two
proteins, p30-1 and p30-2. Therefore, there were 7 Ca2+/
CaM-associated proteins (p120, p116, p66, p62, p33, p30-1,
and p30-2) in the crude dynein fraction.

Molecular Cloning and Sequence Analysis of p62 and
p66—The spots of p62 and p66 in the crude dynein fraction
were major spots compared with the other spots, and
slightly shifted to the acidic side. Several research groups
suggested that the Ca2+/CaM-dependent enzymes were
involved in ciliary and flagella waveform (24, 31). There-
fore, it is possible that p62 and p66 are also involved in
ciliary and flagellar waveform. The spots of p62 and p66
were transferred to polyvinylidene fluoride (PVDF)
membrane, stained with Coomassie Brilliant Blue, and
then analyzed with a protein sequencer. However, the
N-termini of p62 and p66 were protected with post-
translational modifications. To determine inner-amino
acid sequences, p62 and p66 were isolated from 2D-
SDS-PAGE gels, and were digested to peptides with
lysyl-endopeptidase. These peptides were separated by
HPLC, and amino acid sequences were determined (Mate-
rial and Methods). Amino acid sequences of peptide from
p62 and p66 were (K)TPYPGDTENEEP and (K)LVDPE-
DATGRTL, respectively. The genes encoding the peptide
sequences were searched from among the genome DNA

sequence database of Tetrahymena thermophila for geno-
mic DNA sequences at TIGR. We found the genomic DNA
encoding the amino acid sequences of these peptides in the
database. These open reading frames were predicted from
the BLAST search. For getting cDNAs of p62 and p66,
PCR, 50-RACE and 30-RACE were performed using first
strand cDNA as template DNA (Materials and Methods).
Consequently, complete cDNA sequences of p62 and p66
were determined (Fig. 3, A and C). Since amino acid
sequences estimated from these cDNAs included peptide
sequences of p62 and p66, respectively, we concluded that
these cDNAs encode Tetrahymena thermophila p62 and
p66. p62 and p66 were 463 and 493–amino acid proteins
and their molecular weights 53.5 and 56.9 kDa, respec-
tively (Fig. 3). The molecular weight of each protein was
smaller than that estimated from the electrophoretic mobi-
lity, suggesting that the three dimensional structures of
these proteins may be flexible structure.

Sequence Analyses of p62 and p66—BLAST homology
search of p62 and p66 revealed identities to radial spoke
head proteins including Chlamydomonas RSP4 and RSP6.
p62 is homologous to RSP6 with 30% identity and 50%
similarity and RSP4 with 27% identity and 45% similarity.
p66 also had homology to RSP4 and RSP6 with 24%
identity and 38% similarity to both. Secondary structure
analysis predicted that p62 and p66 have a coiled-coil
region in the open reading frame from approximately resi-
dues 310 to 350 and residues 50 to 100, respectively
(Fig. 3E). On the other hand, sea urchin radial spoke
head protein p63 has two coiled-coil regions in one
sequence (Fig. 3F). Though p62 and p66 do not have a
conventional CaM-binding site, these proteins have conse-
cutive sequences that showed high normalized scores (> 5)
from a CaM target database (http://calcium.uhnres.utoron-
to.ca/ctdb/flash.htm). The normalized scores were
evaluated with the following criteria: hydropathy, alpha-
helical propensity, residue weight, residue charge, hydro-
phobic residue content, helical class, and occurrence of
particular residues. A high valued consecutive string indi-
cates the location of a putative CaM-binding site. Since
normalized scores of the amino acid residues 138–157 in
p62 and 136–155 in p66 were > 5, those residues were
probably CaM-binding sites (Fig. 3F). The length of
the putative CaM-binding sites in p62 and p66 were 20

Fig. 2. 2D-SDS-PAGE gels of crude dynein fraction and Ca2+/
CaM-associated proteins in crude dynein fraction. (A) 2D-
SDS-PAGE pattern of crude dynein fraction. (B) 2D-SDS-PAGE
pattern of Ca2+/CaM-associated proteins eluted from a HiTrap
GST-CaM affinity column with elution buffer containing 5 mM
EGTA and 100 mM KCl. Proteins were revealed by silver staining.
The apparent molecular weights (kDa) are shown on the right.

The acid end of the gel is to the right. Closed arrowheads indicate
66, 62, 33, and 30 kDa Ca2+/CaM-associated proteins, and open
arrowhead indicates GST-CaM from the ligand. Two Ca2+/CaM-
associated proteins were contained in the 30 kDa fraction. Insets
(A0) and (B0), higher magnification view of p62 and p66 region indi-
cates by dotted line boxes in (A) and (B).
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Fig. 3. Nucleotide and deduced amino acid sequences, coiled
coil domain, and putative CaM-binding domains in p62 and
p66. (A) and (C) Nucleotide and deduced amino acid sequences of
full-length cDNAs that encode p62 and p66. Boxed areas denote the
regions of determined amino acid sequences. Open reading frames
of p62 and p66 consist of 463 and 493 amino acids, respectively. (B
and D) Exon-intron maps. Exons are shown in boxes. (E) Coiled-coil
domains of p62, p66, and radial spoke head protein p63 of Strongy-
locentrotus purpuratus were predicted according to the program

COILS (44). Probability of coiled-coil formation was calculated by
a 28-residue window. (F) Schematic diagrams of predicted second-
ary structures of p62, p66 and p63 are represented schematically,
using open boxes. Gray boxes indicate coiled-coil domains. Black
boxes indicate putative CaM-binding domains. Analysis of CaM-
binding domain performed by a program for prediction of CaM-
binding site (http://calcium.uhnres.utoronto.ca/ctdb/pub_pages/
search/index.htm). Black boxes indicates consecutive strings with
high normalized scores (>5).
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amino acid residues each (Fig. 3F). Sequence comparison of
p62 and p66 with RSP6 indicates that the putative CaM-
binding sites of these three proteins have been conserved
in the same position (Fig. 4). p63 has two coiled-coil
structures and a putative CaM-binding site that has
been conserved in the same position as that in RSP4

(Fig. 4). However, RSP4 and RSP6 do not have coiled-coil
regions (Fig. 4). The boxed region represents the 15–amino
acid sequence with high similarity between the four pro-
teins (Fig. 4); that sequence is also conserved with sea
urchin radial spoke head protein p63 that was involved
in the regulation of sperm beat pattern (22).

Fig. 4. ClustalW alignment of the
deduced amino acid sequences
of p62 and p66, shown with the
sequences of Chlamydomonas
RSP4, RSP6, and Strongylocen-
trotus p63. ‘‘*’’ indicates positions
with identical amino acid residues.
‘‘:’’ is divided into the ‘‘strong’’ group.
‘‘.’’ is classified as the ‘‘weaker’’
group. The strong and weak groups
are defined as strong score >0.5 and
weak score <0.5. These score was
calculated by the Gonnet Pam250
matrix. Putative CaM-binding
domains are denoted with shaded
residues. The boxed region repre-
sents the sequence with high simi-
larity between all five proteins. The
residues indicated by underlines
represent predicted coiled-coil
domain of p62, p66, and p63. The
GenBank accession numbers for
the proteins Cr RSP4, Cr RSP6, Sp
p63, Tt p62, and Tt p66 are Q01656,
Q01657, NP999761, ABB03904, and
ABB03905, respectively. Cr, Chla-
mydomonas reinharditii; Sp, Stron-
gylocentrotus purpuratus; Tt,
Tetrahymena thermophila.
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Localization of CaM in Tetrahymena Cilia—Immunoe-
lectron microscopy using anti-CaM antibody showed that
immunogold particles for CaM was found on the base of the
radial spoke in Tetrahymena (25). However, we were able
to observe that some immunogold particles for CaM were
found on the center of the axoneme in longitudinal and
transverse sections (Fig. 5). The signals on the outer doub-
let microtubules probably result from binding between
CaM and EF-1a (25). Interestingly, in curved cilium region,
inclining radial spokes were observed (Fig. 5B, lines), and
most of the CaM in the center of the axoneme was localized
along the outer edge of the curved central pair microtu-
bules (Fig. 5B, arrowheads). Few immunogold particles
were found at random in control experiments with a rabbit
preimmune serum or secondary antibody alone (data not
shown).

DISCUSSION

In this study, using Ca2+/CaM-affinity column chromato-
graphy, p120, p116, p66, p62, p33, p30-1, and p30-2 were
identified as Ca2+/CaM-associated proteins in the crude
dynein fraction of Tetrahymena cilia. In 2D SDS-PAGE,
the spots of p62 and p66 in the crude dynein fraction

are slightly shifted to the acidic side relative to their
positions in a gel made with Ca2+/CaM-associated proteins.
It is possible that these spot shifts are caused by
post-translational modification, such as phosphorylation.
Since previous studies have reported that some axonemal
proteins were phosphorylated in a Ca2+/CaM-dependent
manner (32), these post translational modifications are
thought to play a key role in the stimulation of ciliary
motility. Ca2+/CaM-dependent kinase and various types
of phosphatases anchored to the axoneme seem to be
important in ciliary or flagellar motility (31). In addition,
cAMP is known to be required for the initiation and
maintenance of axonemal motility in sperm (33) and Para-
mecium (34). Specific inhibitors of protein kinase A (PKA)
alter motility of ATP-induced reactivated movement of
ciliary and flagellar axonemes (35, 36).

Since p62 and p66 were major spots compared with the
other Ca2+/CaM-associated proteins, we focused on p62
and p66, and cloned the cDNA of these proteins. Molecular
cloning of the cDNA encoding these proteins revealed that
p62 and p66 were homologues of radial spoke head pro-
teins. However, molecular weights of the proteins encoded
by these cDNAs were lower than those calculated from
the electrophoretic mobility in SDS-PAGE. Interestingly,
this discrepancy has also been observed for the other
radial spoke head proteins (22, 37). These proteins may
have intrinsic structural features that reduce their
mobility in SDS-PAGE. In these cases, it has been sug-
gested that the helix containing proline was found to be
strongly kinked, causes the flexible formation in protein
structure (38).

Sequence comparison of Tetrahymena radial spoke head
proteins with RSP4/6 and sea urchin radial spoke head
protein p63 indicates that a 15–amino acid sequence has
been particularly conserved throughout evolution (Fig. 4).
It is reported that the near this amino acid sequence is
the highest similarity between the sea urchin p63, Chla-
mydomonas RSP4 and RSP6 (22). Since this sequence is
also conserved in other species such as Homo sapiens and
Mus musculus (Radial Spokehead–like 1), this sequence
may be essential to the function of radial spoke heads.
Moreover, Tetrahymena spoke head proteins form coiled-
coil structures in the C-terminal side of p62 and the
N-terminal side of p66 (Figs. 3 and 4). Though Chlamydo-
monas RSP4 and RSP6 do not have the coiled-coil struc-
tures, spoke head proteins of sea urchin have two
coiled-coil structures (Figs. 3 and 4). The coiled-coil struc-
tures may play a role in the formation of flexible lateral
domains that extend toward the central pair projection.
Difference of coiled-coil structures may reflect the differ-
ence of movement such as the waveform or amplitude of
Tetrahymena cilia, sea urchin sperm flagella and Chlamy-
domonas flagella.

In analysis of Chlamydomonas mutants, it was sug-
gested that radial spokes, the central pair and the dynein
regulatory complex are involved in the regulation of
dynein-driven microtubule sliding (39), possibly by phos-
phorylation of a regulatory inner arm component (40, 41).
The structure and function of the radial spoke complex
have been analyzed using Chlamydomonas motility
mutants with paralyzed flagella (pf). RSP1, 4, 6, 9, and
10 are encoded by separate genes and a single mutation
in RSP4 (pf1), RSP9 (pf17), or RSP6 (pf26) results in the

Fig. 5. Immunoelectron micrographs for CaM in Tetrahy-
mena cilia. (A) Micrographs of longitudinal section of a curved
cilium. Localization of CaM was at the basal body (bracket) and the
entire length of cilia. (B) Higher magnification view of curved
cilium region indicated by the box in A. Localization of CaM was
observed on the outer doublet microtubules and along the outer
edge of the curved central pair microtubule (arrowhead). Inclining
radial spokes structure are able to be observed (lines). (C and D)
Transverse section of cilia. CaM localized near the center of axo-
neme. Bar = 200 nm.
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absence of the entire spoke head structure and the flagellar
paralysis. In cross sections, the radial spoke heads transi-
ently interacted with the central pair projections (17).
Since flagella become paralyzed when radial spoke heads
are missing, it was thought that radial spoke heads
received some signal from the central pair structure by
transient interaction with the central pair projections.
The transient interaction may be a key event in regulation
of dynein activity. Since the central apparatus and radial
spoke in Chlamydomonas were regulated by Ca2+/CaM
and CaM-dependent kinase II, Ca2+/CaM-binding proteins
in the central apparatus and radial spoke were key com-
ponents of the Ca2+ signaling pathway (31).

In our study, p62 and p66 were identified as Ca2+/CaM-
associated proteins, and were homologues of radial spoke
head proteins. Immunoelectron micrographs showed that
CaM localized near the radial spoke head (Fig. 5), suggest-
ing that Ca2+/CaM bind to p62 and p66 in the radial spoke
head. Moreover, we have much interest in the CaM loca-
lization along the outside of the central pair microtubules
in curved region (Fig 5B). Because, it is reported that the
central pair microtubules always curves with C1 facing the
outside (42), and CaM is a component of the C1a complex
(8). Since it is thought that the waveform conversion of cilia
and flagella relates to the curvature of axoneme, it is
possible that the interaction between Ca2+/CaM and
radial spoke head control axonemal curvature in the
waveform.

Moreover, p62 and p66 were possibly phosphorylated.
The axoneme contains some A-kinase anchoring protein
and CaM-dependent kinase (31, 43). In Chlamydomonas,
two axonemal A-kinase anchoring proteins have been iden-
tified in the central pair apparatus and the radial spoke
stalk (43), and the calcium-induced increase in dynein
activity was inhibited by antagonists of CaM and CaM-
dependent kinase II in central pair-less Chlamydomonas
strains (31). Therefore, there is a possibility that A kinase
and CaM-dependent kinase take part in the phosphoryla-
tion of p62 and p66. From the above-mentioned, we posit
that p62 and p66 induce change of ciliary movement by
receiving Ca2+/CaM signaling and phosphorylation-
dephosphorylation signaling in the radial spoke head.
On the other hand, several other Ca2+/CaM-associated pro-
teins (p120, p116, p33, p30-1, and p30-2) were identified.
Characterization of p120, p116, p33, and p30-1, and p30-2
is an interesting subject for future study. In other future
studies, identification of p66- and p62-binding proteins is
important for demonstrating interaction between radial
spoke and central pair.

In light of our studies, we suggest that Ca2+/CaM may
regulate the interaction between radial spoke head and
central pair structure and control axoneme curvature in
the ciliary and flagellar waveform. These studies support a
new model in which p62 and p66 in the radial spoke head
play a role like the sensor of Ca2+ signaling. Interaction of
Ca2+/CaM with p62 and p66 in the radial spoke head may
trigger specific calcium-induced changes that affect ciliary
and flagellar motility, by mechanisms including altered
waveform.
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