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Centrin, an EF hand Ca" binding protein, has been cloned in Tetrahymena thermophila. It is a 167
amino acid protein of 19.4 kDa with a unique N-terminal region, coded by a single gene
containing an 85-base pair intron. It has > 80% homology to other centrins and high homology to
Tetrahymena EF hand proteins calmodulin, TCBP23, and TCBP25. Specific cellular localizations of
the closely related Tetrahymena EF hand proteins are different from centrin. Centrin is localized to
basal bodies, cortical fibers in oral apparatus and ciliary rootlets, the apical filament ring and to
inner arm (14S) dynein (IAD) along the ciliary axoneme. The function of centrin in Ca®* control
of TAD activity was explored using in vitro microtubule (MT) motility assays. Ca** or the
Ca?"-mimicking peptide CALP1, which binds EF hand proteins in the absence of Ca?", increased
MT sliding velocity. Antibodies to centrin abrogated this increase. This is the first demonstration
of a specific centrin function associated with axonemal dynein. It suggests that centrin is a key
regulatory protein for Tetrahymena axonemal Ca?* responses, including ciliary reversal or che-

motaxis.

INTRODUCTION

Centrin, an EF hand Ca?*-binding protein, first identified in
unicellular green algae and cloned in Chlamydomonas (Salis-
bury et al., 1984; Huang et al. 1988), is highly conserved and
has been characterized in a variety of eukaryotes (Salisbury,
1995). Centrin is an integral part of microtubule-organizing
centers, such as centrioles and basal bodies, and of the
filamentous structures associated with these regions (Salis-
bury et al., 1984) including flagellar roots. Centrin is also part
of the family of proteins that make up contractile stalks and
fibers in protozoa such as Stentor or Vorticella (Routledge,
1978; Maciejewski et al., 1999). It may be part of the micro-
tubule-severing apparatus at the base of the cilium (Sanders
and Salisbury, 1989) and, most significantly for this study, it
is found as a part of some of the inner dynein arms of
Chlamydomonas axonemes (LeDizet and Piperno, 1995). Here
we report on the cloning and characterization of the centrin
structural gene, localization of its associated protein, and
function of centrin in the control of inner arm dynein (IAD)
in Tetrahymena thermophila. Because of the wide interest in
the genomics and proteomics of Tetrahymena (Asai and For-
ney, 2000), technologies exist for studies on the functional
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significance of proteins such as centrin in this organism, and
we have begun to exploit these advantages.

Using degenerate oligonucleotides generated against
highly conserved N-terminal and internal peptide regions,
we amplified a genomic DNA fragment containing ~65% of
the coding region of the Tetrahymena centrin gene by PCR.
Using RACE techniques, we successfully cloned the entire
length of both the cDNA and corresponding genomic se-
quence. Southern blotting revealed that unlike Paramecium
(Madeddu et al., 1996), only a single centrin gene is present
in T. thermophila. Analysis of the amino acid sequence de-
rived from the cDNA indicated that Tetrahymena centrin is a
167-amino acid protein of 19.4 kDa calculated molecular
weight, which includes four EF hand motifs and shows
>80% homology to a majority of other centrin molecules.
The protein also has high homology to other cloned Tetra-
hymena Ca?*-binding EF hand proteins including calmodu-
lin (CaM; Maihle and Satir, 1980), TCBP23, and TCBP25
(Takemasa et al., 1989, 1990). Because all four Ca?"-binding
EF hand proteins are present in a single cell, we undertook
to localize centrin with respect to these other proteins both
in the cell body and in the axoneme, so as to help delineate
the function of centrin in Ca?* responses, in particular with
regard to the cilium. Cloning allowed us to define a unique
N-terminal of Tetrahymena centrin and to generate a peptide
antibody against this sequence for use in such studies. Lo-
calization studies using this and other centrin antibodies
indicated that centrin was found along the ciliary axoneme
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and confirmed localization to the Tetrahymena IAD and not
with 22S outer arm dynein (OAD).

Ca?* controls important cellular events, including ciliary
beat, in Tetrahymena. Electrophysiological (Onimaru et al.,
1980) and behavioral (Leick ef al., 1994) assays indicate that
like Paramecium, Tetrahymena undergoes ciliary reversal. Al-
though a Ca?*-based action potential and depolarization
produce reversal and the electrical characteristics and their
behavioral correlates are identical to those in Paramecium,
the changes in beat form and the molecular details of Ca?*
interaction with the ciliary axoneme are not well understood
for this organism. In permeabilized Tetrahymena swimming
stops and beat form appears abnormal when the cells are
treated with Ca®* concentrations greater than 1077 M
(Goodenough, 1983). Presumably Ca?* interacts directly
with one or more axonemal Ca?*-binding proteins to influ-
ence dynein arm behavior, switching of doublet activity, and
beat form changes. Because in Chlamydomonas ciliary beat
form has been shown to primarily be regulated by IADs
(Brokaw and Kamiya, 1987), we attempted to demonstrate a
link between Ca?* binding to centrin and IAD mechanoac-
tivity. Studies using in vitro microtubule (MT) translocation
by IADs were undertaken to clarify the role of centrin in IAD
function that could lead to a change in beat form. The results
suggest a model whereby Ca?* binds directly to the EF hand
regions of IAD associated centrin, causing an increase in
IAD-generated sliding velocity. Therefore, in Tetrahymena
axonemes centrin acts as a key transducer molecule, inde-
pendent of phosphorylation, controlling ciliary beat by
changing IAD function in order to initiate a signal transduc-
tion cascade leading to chemotaxis or backwards swimming.
This is the first demonstration of a specific centrin function
associated with axonemal dynein.

MATERIALS AND METHODS

Growth of Cells and Preparation of Cell Fractions

T. thermophila SB255 were grown at 21-28°C to early or midstationary
phase in complex growth medium (cf. Gorovsky, 1973) on a rotary
shaker. Harvested cells were washed twice in 10 mM Tris, pH 7.2.
Whole cell lysates were made by mixing the cell pellet with an equal
volume SDS sample buffer and left in the freezer at —20°C. Cilia
were isolated from the harvested cells by dibucaine deciliation, as
previously described (Satir ef al., 1976). Axonemes were prepared
from isolated cilia by 1% Triton X-100 treatment for 2 h on ice,
centrifuged at 20,000 X g,. and finally washed and resuspended in
axoneme buffer (20 mM K acetate, 5 mM MgSO,, 0.5 mM EDTA, 30
mM HEPES, pH 7.6). As described previously (cf. Larsen et al.,
1991), crude dynein was extracted from the axonemes using 0.6 M
KCl in axoneme bulffer on ice for 2 h and fractionated into IAD (14S)
and 22S dynein fractions on a sucrose gradient (5-30%), followed by
an assessment of ATPase activity and heavy-chain composition of
each fraction.

Reagents

Authentic isolated Chlamydomonas centrin, mAb 20H5 against bac-
terially expressed Chlamydomonas centrin and polyclonal MC1 rab-
bit antibody against mouse centrin were generous gifts from J.L.
Salisbury (Mayo Clinic, Rochester, MN). Antibody to Tetrahymena
centrin N-terminal region (TcN antibody) was produced in chick by
AnaSpec (San Jose, CA) and affinity purified. CaM and tubulin
antibodies, purified CaM and 4',6-diamidino-2-phenylindole dihy-
drochloride (DAPI) were obtained from Sigma (St. Louis, MO).
Antibodies to TCBP23 and -25 (TCBP 23, -25 antibodies) were kindly
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provided by Y. Watanabe (University of Tsukuba, Japan). The Ca>*-
mimicking peptide, CALP1, was kindly provided by J.E. Blalock
(University of Alabama, Birmingham, AL; Villain et al., 2000).

Electrophoresis of Proteins and Immunoblotting

SDS-PAGE was performed using 12% polyacrylamide and 0.1%
SDS. On completion of migration, the proteins were electrophoreti-
cally transferred to a PVDF Immobilon P (Millipore, Bedford, MA)
or a nitrocellulose membrane (Schleicher & Schiill, Dassel, Ger-
many) in transfer buffer (Towbin et al., 1979) at 250 mA for 3 h.
Protein transfer was evaluated by staining the membrane in 1%
Ponceau S red prepared in 0.5% acetic acid. The membranes were
then blocked by saturation with milk buffer (2% nonfat dry milk in
1x TBST [0.01 M Tris-HCl, pH 7.4, 0.15 M NaCl, and 0.05% Tween
20]) for at least 30 min before overnight incubation of membranes in
primary antibody (1:1000 dilution) at 4°C. The membranes were
washed three times for 5 min each in 1X TBST and then incubated
with a secondary antibody coupled to alkaline phosphatase (Sigma)
at room temperature for 1 h. The membranes were again washed
three times for 5 min each in 1X TBST and then incubated with a
BCIP/NBT solution (Kirkegaard and Perry Labs, Gaithersburg,
MD). The reactions were stopped by washing in water and air-
drying the membranes.

Immunofluorescence and Immunogold Localizations

Immunolabeling of permeabilized Tetrahymena or isolated axon-
emes was carried out as previously described for Paramecium by
Cohen and Beisson (1988). Cells starved in 10 mM Tris-HCl buffer
(pH 7.2) or axonemes were mounted onto poly-L-lysine—coated
microscope slides. After permeabilization for 2 min in buffer A (60
mM Pipes, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl1,, 1% Triton
X-100, pH 6.9; Schliwa and van Blerkom, 1981), preparations were
fixed in 2% paraformaldehyde (freshly prepared) in buffer A for 30
min, washed three times in buffer A, and then briefly incubated in
buffer B (10 mM Tris-HC1, pH 7.4, 0.15 M NaCl, 0.01% Tween-20,
3% bovine serum albumin, 5 mM CaCl,). Buffer B was used in all
subsequent steps: 1° antibody (30 min), three washes 5 min each,
incubation in FITC- or Cy3-labeled 2° antibody (15 min), and three
final washes 5 min each. Preparations were mounted in mounting
media (1X TBS, 70% glycerol, 2% n-propylgallate). The respective
antibody dilutions used were 1:1000 for 1° antibodies and 1:500 for
2° antibodies (Jackson Laboratory, Bar Harbor, ME).

Fluorescence microscopy was performed using a Scanalytics EPR
deconvolution system (Scanalytics Inc., Fairfax, VA; Femino et al.,
1998) on an Olympus AX70 microscope. Cell reconstructions were
done using Scion Image (Scion Corp., Frederick, MD) or Vox Blast
(Vaytec Inc., Fairfield, IA)

Immunogold localization was performed by settling axoneme
preparations onto formvar cast nickel grids coated with poly-L-
lysine. Axonemal sliding was induced by floating grids on drops of
axoneme buffer containing 0.7 mM ATP for 2 min. Preparations
were fixed in 0.3% glutaraldehyde in axoneme buffer, rinsed in
axoneme buffer, and washed with wash buffer (axoneme buffer,
0.05% Tween 20). After 2° antibody incubation, the preparation was
thoroughly washed before a quick rinse in nanopure water. The
preparations were negative-stained with 2% aqueous uranyl acetate
for 90 s before being viewed on a JEOL (Peabody, MA) 100CXII
operated at 80 kV.

PCR Amplification and Nucleotide Sequence
Analysis

T. thermophila SB255 genomic DNA was isolated from cells as de-
scribed by Gaertig ef al. (1993). PCR amplification was accomplished
by using partially degenerate oligonucleotide primers designed on
the basis of highly conserved regions derived from the consensus
sequence of an alignment of 15 different centrin sequences found in
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National Center for Biotechnology Information (NCBI) GenBank
using GCG software (Wisconsin Package Version 10.2, Genetics
Computer Group [GCG], Madison, WI). The nucleotide sequences,
incorporating either a PstI (sense primers) or an Avrll (antisense
primers) restriction enzyme site were as follows: N-term sense 1:
GCGCTGCAGTTRTTYGAYACYGAYGG; N-term sense 2: GCGCT-
GCAGCTYTTYGAYACYGAYGG; C-term antisense 1. GAC-
CCTAGGRATCATTTCTTRYAAYTC; C-term antisense 2: GAC-
CCTAGGRATCATTTCTTRRAGYTC. PCR reactions for degenerate
primers (50 ul) contained 1 uM of each primer, ~50 ng genomic
DNA, 0.2 mM dNTPs, 1X PCR buffer and 2 U Tag DNA polymerase
(Fisher Scientific, Pittsburgh, PA). Reactions were performed as
follows in a Geneamp PCR System 2400 (Perkin Elmer-Cetus, Ap-
plied Biosystems Division, Foster City, CA): 94°C for 45 s, 42°C for
1 min, 72°C for 45 s for four cycles, followed by a higher stringency
sequence 94°C for 45 s, 55°C for 45 s, 72°C for 45 s for 26 cycles and
72°C for 10 min and 4°C hold. PCR conditions for nondegenerate
primers were essentially the same, with the following changes: 0.2
1M of each primer; reaction sequence 94°C for 45 s, 52°C for 45 s,
and 72°C for 45 s for 30 cycles. The amplification products were
separated on a 1% agarose gel, isolated, and recovered using a PCR
Wizard Prep kit (Promega, Madison, WI). DNA sequencing was
performed by the Albert Einstein College of Medicine DNA Se-
quencing Facility using an ABI 377 automated sequencer (Perkin
Elmer-Cetus). Sequence data were analyzed by Sequencher soft-
ware (Gene Codes Corp., Ann Arbor, MI).

RACE Techniques for Generating Full-length Centrin
Sequence

Total RNA was isolated from Tetrahymena strain SB255 in logarith-
mic growth following the protocol of Chomczynski and Sacchi
(1987). Using total RNA as a template, poly-A mRNA was amplified
for the production of a cDNA pool using a 3" RACE kit (Life
Technologies, Rockville, MD), following the manufacturer’s proto-
col. Using a centrin-specific 3’ sense primer and a poly-dT contain-
ing anchor primer, the 3" end of centrin cDNA was amplified from
the original cDNA pool. Sequencing of the PCR product revealed
the 3’ end of the coding region of the gene, including the poly-A tail
of the mRNA. A centrin-specific 5" antisense primer was used to
generate oligo-dC—tailed single-strand cDNA from the original
c¢DNA pool using a 5" RACE kit (Life Technologies). The 5" end of
centrin cDNA was amplified from the oligo-dC tailed single-strand
cDNA using a nested centrin-specific 5" antisense primer and an
oligo-dG-containing anchor primer. Sequencing the PCR product
revealed the 5" end of the coding region of the gene.

Southern Blot

Genomic DNA (~10 ug) was digested with selected restriction
endonucleases purchased from New England Biolabs (Beverly, MA)
as either single or double digests. The digested DNA was electro-
phoretrically separated on a 1% agarose gel and transferred to
nitrocellulose following the protocol in Maniatis et al. (1982). The
blot was prehybridized in hybridization buffer for 2 h at 58°C. A
radioactive probe generated from a nick-translation reaction of the
full-length genomic PCR product was hybridized overnight for 16 h
at 58°C at 107 cpm/ml in hybridization buffer. The blot was washed
twice at room temperature in 2X SSC, 0.1% SDS and then washed at
55°C in 1X SSC, 0.1% SDS until the background count was less then
600 cpm. The blot was wrapped in plastic wrap and placed on
Kodak BioMax MR Film for 16 h (Eastman-Kodak, Rochester, NY).
It was developed using a Konica SRX-101A automatic film devel-
oper (Konica Medical Imaging, Wayne, NJ).

In Vitro Motility Assays for Centrin Function

These assays were modified from Hamasaki et al. (1995) and Wada
et al. (2000). Briefly, motility chambers were constructed and Tetra-
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Organism N Terminus C Terminus
PARAMECIUM 1A FDLFDTDGTQSID DDSELQEMIDRA
PARAMECIUM 1B FDLFDTDGTQSID DDSELQEMIDRA
PARAMECIUM 1C FDLFDTDGTQSID DDSELQEMIDRA

TETRASELMIS FDLFDTDGSGTID TDEELQEMIDEA
MICROMONAS FDLFDTDGSGTID TDEELQEMIDEA
S. SIMILIS FDLFDTDGSGTID TDEEIQEMIDEA

HUMAN 2 FDLFDVDGSGTID TDEELQEMIDEA
GIARDIA FDLFDSDGSGRID TDEEIQEMIDEA
CHLAMYDOMONAS FDLFDTDGSGTID TEEELQEMIAEA
NAEGLERIA FDLFDMDGSGKID TDEELREMIEEA
HUMAN 3 FELFDTDKDEAID SDEELRAMIEEF
MOUSE 2 FELFDTDKDQAID SDEELRAMIEEF
GIARDIA FDLFDADRSGRID SDEELLAMIQEF

37 49 138 149

CONSENSUS FDLFDTDGSGTID TDEELQEMIDEA

Figure 1. Alignment of highly conserved centrin sequences from
the N- and C-terminal regions of the molecule. The numbers above
refer to amino acid positions in the derived consensus sequence. The
underlined amino acids were used for degenerate primer design.
Full sequences and accession numbers available on the EMBL web-
site (http://www.ebi.ac.uk/embl/).

hymena 14S TAD fractions were used as a motor substratum for
translocation assays using taxol-stabilized bovine brain MTs and
darkfield microscopy. ATP, at 1 mM, was added, and tracking of
individual MTs whose length was measured was followed at high
resolution. Analysis followed the methods of Hamasaki ef al. (1995).

RESULTS

PCR Cloning of the Centrin Gene Sequence from
Tetrahymena Genomic DNA

Alignment of 15 centrin amino acid sequences (Figure 1)
published by the NCBI GenBank was used to construct four
partially degenerate oligonucleotide primers (see MATERI-
ALS AND METHODS) for direct PCR amplification of
genomic Tetrahymena DNA. PCR amplification produced
only a single detectable product that was sequenced directly,
without subcloning. The PCR product was 428 nucleotides
long and appeared to contain 343 nucleotides of the struc-
tural gene for centrin (65%). An intron of 85 nucleotides was
found with standard splice sites (GT and AG, respectively),
positioned eight amino acids following the second calcium-
binding domain (EF hand) from the N-terminus. Our PCR
clone included sequences that coded for three of four of the
calcium-binding domains in centrin. The intron caused a
shift of the reading frame in the final spliced PCR product.
5" and 3" RACE techniques were used to generate the com-
plete coding region of the centrin gene. Centrin-specific
primers designed using the 5" and 3’ RACE sequences were
used to PCR and sequence both the full-length cDNA (774
base pairs) and the full-length coding region of the genomic
DNA (859 base pairs), shown in Figure 2A (EMBL accession
no. AF141944). The Tetrahymena centrin gene has standard
start (ATG) and stop (TGA) codons.

From Southern blot analysis, we have confirmed the pres-
ence or absence of a number of predicted restriction sites
within the centrin gene (Figure 2B). A simplified restriction
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ATARATTAATTTAAAAARATCAAAATATATTTATTTATACAARARGAARAGTATATTCACAACTTAATTAARATTCTTCACATARGARATGTCCCTCARG
M 858 L K
ARCACTAGACCCCCTGTTAARGTCCACCAGAGTCTCTCGTCCTCARTTGACTGAAGAATARARATAAGAAATTAAGGAAGCCTTCGATCTTTTCGATACCG
N T R P PV K 8 TRV S RPQULTEZEUZGQIZ KQETII KEA ARVFUDILTFUDT
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CAGACATACTCATGAACTAGCATTAATAATTTGAATTTAAATARAATAGGCTGAAAGAGATCCCAGAGATGAAATTTTAARAGCTTTTAGATTATTTGAT
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(A) The Tetrahymena centrin genomic DNA sequence and the deduced amino sequence. Bold amino acids indicate EF hand

regions. (B) Southern blot of Tetrahymena genomic DNA digested by the restriction enzymes indicated and hybridized with nick-translation
reaction probe from the full-length genomic PCR product. In both single and double digests, the probe gives two bands after digestion with
restriction enzymes with sites in the centrin gene as sequenced and otherwise only single bands, supporting the restriction map in 2C. Lines:
Standards, top to bottom: 9, 6, 4,2.2, 2, 1, 0.8 kb. (C) A restriction map of the centrin locus based on the Southern blot analysis. The boxed

area represents the coding region for the molecule.

map is shown (Figure 2C). The data are consistent with the
conclusion that there is a single centrin gene in Tetrahymena.

As cloned, Tetrahymena centrin has a molecular mass of
19.4 kDa with 75% identity to human centrin 1 and 71%
identity to Chlamydomonas centrin (Figure 3A). The four EF
hand regions are spread evenly throughout the molecule
with intervals of 23 or 24 a.a.’s separating successive motifs.
Only the N-terminal ca. 16 amino acids are gene specific,
showing minimal identity to other centrins. A phylogenetic
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tree (Figure 3B) constructed from sequence data for various
centrins shows that Tetrahymena centrin is on a branch re-
lated to mammalian centrins rather than algal centrins. The
cloned Tetrahymena sequence was also compared with se-
quences of three other known Tetrahymena calcium-binding
proteins: TCBP23, -25, and Tetrahymena CaM (Figure 4A). An
unrooted tree comparing the molecules is shown in Figure
4B. Tetrahymena centrin and CaM are 52% identical. The
N-terminus of centrin is absent in CaM; however, the four
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Figure 3. (A) Comparison of
Tetrahymena centrin with repre-
sentative known centrin = se-
quences. The four EF hand se-
quences are underlined. Dashed
line indicates unique N-terminal
sequence used for TcN antibody
production. Shaded regions indi-
cate identity of amino acid in at
least three of the four sequences
shown. (B) Unrooted phyloge-
netic tree showing the position of
Tetrahymena centrin.

EF hand motifs are identically positioned in the two mole-
cules. In contrast, TCBP23 and -25 show less identity to
Tetrahymena centrin (19% and 23%, respectively). The N-
terminus of centrin is different from the N-termini of the
TCBPs. Although these molecules also possess four EF hand
motifs, these motifs are skewed with respect to Tetrahymena
centrin, so that with the best fit the third EF hand motif in
TCBP23 and -25 is most homologous to the first EF hand
motif of Tetrahymena centrin.

Recognition of Centrin by Specific Antibodies in
Tetrahymena Whole Cell Lysates and Axonemes

An antibody (TcN ab) directed against the unique N-termi-
nal region of Tetrahymena centrin was produced. Tetrahy-
mena crude whole cell lysates, isolated cilia and axonemes,
and ciliary membrane-matrix fractions were blotted with
MC1 antibody to mouse centrin, 20H5 antibody to Chlamy-
domonas centrin, TeN antibody or TCBP23 or -25 antibodies.
Whole cells and isolated axonemes of Chlamydomonas and a
centrin standard were run for comparison. Using 20H5,
MCI1 or TceN antibodies, centrin appears as one main com-
ponent in Tetrahymena cilia and axonemes with a M, of ~21
kDa. In whole cells, a second centrin band at M, ~20 kDa,
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often seen with 20H5 in other systems (Lutz et al., 2001), is
also present. Tetrahymena centrin is recognized by the cen-
trin antibodies, which do not recognize CaM, TCBP23, or -25
(Figure 5A). CaM antibody recognizes CaM but does not
recognize centrin. TcN antibody binds to TcN peptide and
does not recognize Chlamydomonas centrin or bovine CaM;
standard centrin antibodies, MC1 and 20H5, or CaM abs do
not recognize the TcN peptide (Figure 5B).

Localization of EF Hand Proteins in Tetrahymena

Indirect immunofluorescence with centrin antibodies con-
firmed earlier reports by Jerka-Dziadosz et al. (1995) that
centrin localized preferentially to cortical basal bodies, to
rootlet structures, to the oral apparatus, and to the apical
filament ring. Figure 6 shows immunofluorescence recon-
struction images of centrin localization in paraformalde-
hyde-fixed and Triton X-100—permeabilized Tetrahymena.
Centrin labeling was observed consistently on both individ-
ual somatic kinetosomes and on the numerous kinetosomes
found in the oral apparatus (Figure 6A). No difference in
immunofluorescence labeling was observed in cells har-
vested in late exponential growth vs. starved cells or in
strains SB255 vs. CU428. Centrin labeling almost exactly
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colocalizes with y-tubulin labeling in the basal bodies (Fig-
ure 6B). In these preparations, CaM is found along ciliary
axonemes, but centrin is not (Figure 6C). Figure 6D shows

A
TCBP25 nirin TN
SE F L%
& & 8 & B
oo 2 8 B 8
kDa = = = @ E‘ 2
29+
24+ s
— -
20+
B
TeN CaM MC1 20HS
] (_} I —=-TecN Peptide

. 10 A =-Centrin

-

= Calmodulin

Figure 5. Immunoblot of centrin vs. TCBP25. (A) TCBP25 antibody
recognizes a band M, 24 kDa, whereas 20H5 centrin antibody recog-
nizes bands at ca. M, 20 and 21 kDa in whole cells. The 21-kDa band is
also recognized in isolated cilia and axonemes. Similarly, TcN antibody
recognizes only the 21-kDa band in axonemes. 20H5 antibody is blot-
ted against Chlamydomonas centrin as a standard. (B) Dot blots for
antibody specificity. Antibodies used in the localization studies were
blotted against purified commercial bovine brain CaM, Chlamydomonas
centrin, and the Tetrahymena centrin N-terminal peptide (TcN).
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sequences shown. (B) Unrooted
phylogenetic tree showing the
evolutionary relationship of the
Tetrahymena EF hand proteins.

TCBP 23

localization of centrin and a-tubulin. In this case a-tubulin
labels the ciliary axoneme extending from the centrin-con-
taining basal bodies.

TCBP23 and -25 are found in the cell cortex in a lattice
surrounding the centrin containing basal bodies (Figure 6E).
All centrin localizations have been controlled by parallel
preparations without primary antibody; in these prepara-
tions no centrin localization was observed. For control ex-
periments, Chlamydomonas centrin, bovine brain CaM or TcN
peptide were used for competition with the centrin or CaM
antibodies. Chlamydomonas centrin diminished CaM anti-
body labeling but abolished 20H5 and MC1 centrin labeling.
TcN peptide abolished TcN antibody localization. Bovine
brain CaM abolished CaM antibody labeling but had no
effect on the 20H5 and MC1 centrin labeling.

Centrin Colocalization with a-Tubulin along the
Length of the Axoneme

The lack of centrin localization along the axoneme in Figure
6 could be the result of difficulty of antibody penetration into
the fixed cilium. To show whether centrin localization was
present along the axoneme, more stringent preparative pro-
cedures were used. Cilia were isolated by fractionation, and
their membranes were removed with detergent before cen-
trin localization studies. After this treatment both a-tubulin
and centrin are now localized along the isolated axonemes
(Figure 7). Although merged images show discontinuities in
centrin localization, with respect to a-tubulin, this is artifac-
tual. To demonstrate colocalization along the entire axon-
eme, the centrin image was displaced by several pixels from
the corresponding a-tubulin image; then, both images were
continuous and superposable (Figure 7, A and B). TcN pep-
tide abolished TcN antibody localization, without affecting
the a-tubulin image (Figure 7C). Immunogold labeling at
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Figure 6. Immunolocalization of Tetrahymena EF hand proteins in permeabilized fixed whole cells. Bars, 10 um. (A) Centrin localization to
basal bodies and oral apparatus using TcN antibody. DAPI counterstain. (B) Colocalization of centrin (20H5 antibody Cy3-labeled red) with
y-tubulin in basal bodies and oral apparatus. (C) Colocalization of centrin (20H5 antibody) and CaM. CaM (FITC-labeled green) has a diffuse
cortical and ciliary localization. (D) Colocalization of centrin (20H5 antibody) and a-tubulin. Centrin localizes to the basal body and ciliary
rootlet with a-tubulin outlining each axoneme. Boxed region is 2X enlargement. (E) Colocalization of centrin (20H5 antibody) and TCBP25.
TCBP25 localization defines a cortical lattice, but it is excluded from the region around the basal bodies. Boxed region is 3X enlargement.

EM resolution confirms localization of label along the edges
of splayed axonemal MTs (Figure 7, D and E). Therefore,
centrin is present along the length of the axonemal micro-
tubules, presumably as a component of an IAD.

Centrin Copurifies with Inner Arm Dynein

To probe whether centrin localized with a dynein subfrac-
tion from Tetrahymena, we extracted dyneins from isolated
Tetrahymena axonemes, separated them over a sucrose gra-
dient, and analyzed the resulting fractions (Figure 8). Frac-
tions 10-12 and 16-19 contained high-molecular-weight dy-
nein heavy-chain bands in SDS-PAGE, and they showed
significant ATPase activity, corresponding to 14S IAD and
225 OAD, respectively. The fractions were immunoblotted
against centrin or CaM antibodies. Centrin colocalized to
fractions 10-12 with IAD; there was no CaM localization to
these fractions.

Centrin Controls the Ca®?* Effect on the Velocity of
IAD MT Translocation

We hypothesized that centrin is the protein to which Ca**
binds to exert its effect on ciliary motility. A likely means of
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control of motility is the regulation of MT sliding velocity
(Satir, 1998). To explore the function of centrin in relation to
the velocity of MT sliding produced by IAD, we utilized in
vitro motility assays with a motility chamber constructed as
in Figure 9A. IAD was bound to the surface of the chamber
forming a substratum over which MTs of different lengths
moved when activated with 1 mM Mg-ATP (Figure 9B). At
appropriate times after motility was measured, Ca** was
added to the chamber to adjust the concentration to pCa ~5,
or alternatively CALP1 was added to a 50 uM concentration.
The hydropathy pattern of CALP1 is inverted with respect
to the EF hand 4 region of centrin as well as CaM (Figure
10A), which suggests that CALP1 should mimic the effect of
Ca?*. In some experiments antibodies to centrin were per-
fused into the chamber before the addition of Ca?*. Changes
in MT translocation velocity were measured as a function of
length (Figure 10, B and C). The data were then plotted in a
Lineweaver-Burk type plot as described by Hamasaki ef al.
(1995) to determine v, the maximum MT translocation ve-
locity (analogous to V,,,) and K, the MT length translocat-
ing at 0.5 v, (analogous to K,,).

Figure 10, B and C, shows typical experimental measure-
ments using one preparation (left panels) and average val-

257



C. Guerra et al.

Figure 7. Immunolocalization of centrin in isolated axonemes. Bars, 5 um. (A) Colocalization of centrin (20H5 antibody) with a-tubulin
along the length of the axoneme. Box indicates axonemes enlarged in left and right panels. Left panel: direct overlap of red and green
channels; right panel: displaced overlap. (B) Colocalization of centrin (TcN antibody) with a-tubulin; displaced overlap. (C) Localization after
treatment with TcN antibody + peptide. Top panel: a-tubulin; bottom panel: centrin. (D and E) Immunogold localization of centrin (MC1 antibody)
on splayed axonemes. Label is preferentially found along one edge of doublet MTs. Magnification, X13,000 and X50,000, respectively.

ues of v, and K for 63 different experiments using 656 MTs
(right panels). In the absence of Ca?*, the average v, is ~2
pm/s, but either Ca?* (pCa 5) or CALP1 increases v, ~1.5 to
3-fold (Figure 10B). When TcN antibody is added, in the
absence of Ca?*, there is little effect on v,. When Ca?* is
added, in the presence of TcN antibody, the rise in v, is
suppressed (Figure 10C). K apparently increases in the
presence of Ca?" or CALP1 (Figure 10B), whereas there is no
change of K; compared with controls when TcN antibody
alone is added (Figure 10C). K| may also change when Ca?*
or CALP is added in the presence of TcN antibody. Changes
in K are seen in Figure 10, B and C (left panels); however,
in our pooled experiments (Figure 10, B and C, right panels)
K; changes are not statistically significant. Preliminary re-
sults with MC1 antibody are qualitatively similar, although
some MTs nearly stop translocating in the presence of Ca®*
and MC1 antibody.

DISCUSSION

The cloning of Tetrahymena centrin, as reported here, is
potentially important because this organism provides
unique opportunities for assessing centrin functions. Tetra-
hymena has a single centrin gene. We have shown that cen-
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trin is localized to the Tetrahymena IADs, confirming earlier
reports from LeDizet and Piperno (1995) from Chlamydomo-
nas. This has made possible studies designed to elucidate
centrin function in the ciliary axoneme. Although Tetrahy-
mena centrin resembles other previously cloned Tetrahymena
Ca?*-binding proteins, in particular by the presence of four
EF hand regions, it is more closely related to centrins of other
species, than to Tetrahymena CaM or TCBP23, -25. Although the
other closely related Tetrahymena EF hand family proteins are
present together with centrin in the cell, their specific localiza-
tions appear to be different; in particular, centrin and TCBP25
give complementary nonoverlapping localizations in the cell
cortex, and similarly centrin and CaM have different localiza-
tion within the ciliary axonemes. Although CaM is found at the
ciliary membrane and is present along the axoneme (Yang et
al., 2001), it is not directly part of the dynein arms. This sug-
gests that each EF hand protein has a different function with
respect to Ca?" signal transduction, even although they lie
within a few hundred nanometers or less of each other. The
targeting of different EF hand proteins within such short dis-
tances is an intriguing problem.

Interestingly, the phylogenetic position of Tetrahymena
centrin places it nearer mammalian than algal centrins.
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There are few surprises in the cloned sequence; only the
N-terminal 16 amino acids differ significantly from other
centrins. We have taken advantage of this to produce a
peptide antibody specific for Tetrahymena centrin that does
not recognize CaM. Likewise, the basal body and fibrous
localizations are similar to localization of centrin in other
organisms, although the details vary. For example, the con-
spicuous cortical centrin contractile lattice described by Gar-
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Figure 9. (A) Drawing of in vitro motility chamber. The chamber
is constructed using a slide and coverslip. The chamber contains a
14S dynein substratum over which MTs are placed in motility buffer
with appropriate Ca?>* reagents added. Motility was initiated by
wicking in 1 mM Mg-ATP. Modified from Hamasaki et al. (1995). (B)
Darkfield micrograph of MTs in motility chamber. Note varying
lengths. Bar, 2 um.
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reau de Loubresse et al. (1991) and Klotz et al. (1997) for
Paramecium seems absent in Tetrahymena. With this differ-
ence in mind, it would be interesting to compare Ca®**
induced cortical contraction in Paramecium and Tetrahymena.

Demonstrating centrin localization in the axoneme by light
microscopic immunofluorescence in permeablized cells is dif-
ficult because as a component of the IAD, centrin is seques-
tered from easy antibody access. However, with isolated axon-
emes, localization can be demonstrated with a pixel
displacement technique, which shows centrin colocalization
with a-tubulin. Localization to the axoneme and IADs is con-
firmed by immunoblotting of axoneme and dynein fractions
and by immunoelectron microscopy. The 21-kDa band recog-
nized in the axoneme by all the centrin abs used in this study
may reflect the presence of phosphorylated centrin (Lutz ef al.,
2001). Using isolated axonemes and IAD, we also have prelim-
inary evidence that centrin is present in Paramecium. This sug-
gests that the centrin subunit of an inner dynein arm, presum-
ably IAD3 as described in Chlamydomonas (LeDizet and
Piperno, 1995) is generally present in axonemes. There are a
few reports of centrin-2 localization to human cilia (Laoukili et
al., 2000), but most localization is confined to the basal body
and the proximal transition zone (LeDizet et al., 1998). Because
centrin is a Ca®*-binding protein, its localization to the ciliary
axoneme may be significant for axonemal Ca®>* responses in
Tetrahymena, including ciliary reversal or chemotaxis. In this
regard, a knockout of Tetrahymena centrin should be able to
clarify its role in ciliary responses, and might have more gen-
eral implications.

The IADs are primarily responsible for ciliary beat form
(Brokaw and Kamiya, 1987), which leads to the various
behavioral responses. In the absence of changes in beat
frequency, axonemal bending is proportional to the sliding
velocity induced by IADs (Satir, 1998). Accordingly, one
possible function of centrin in the IADs might be to modu-
late MT sliding velocity in the presence of Ca?*. This pos-
sibility has been explored using in vitro motility assays with
isolated IADs. MT sliding velocity, measured as v, was
substantially increased in the presence of Ca?*. This increase
was mimicked in the absence of Ca?* when the EF hand
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binding peptide CALP1 was added. This indicates that Ca?*
was probably acting by binding directly to an EF hand
containing protein, namely centrin, which has been shown
to be a component of the IAD fractions used as substrata for
these assays. To confirm this, we used the specific Tetrahy-
mena anticentrin antibody, TcN. TcN had little effect on
sliding velocity in the absence of Ca?*, but inhibited the
activation of sliding velocity toward control values when
Ca?>" was added. In human cilia, where Ca?" increases
ciliary beat frequency, Laoukili et al. (2000) found that anti-
bodies to human centrin 2 significantly decrease beat fre-
quency. Because only a fraction of the Tetrahymena 1ADs
contain centrin, we would predict that K; would also in-
crease in the presence of Ca?" and CALP1. From our present
data this is likely but not conclusive.

These results support the conclusion that Ca?* binds to
IAD centrin to increase MT sliding velocity directly, corre-
spondingly increasing bend amplitude and changing axon-
emal beat form. This direct action is quite distinct from the
indirect action of cAMP, which acts on an endogenous PKA
to phosphorylate an OAD subunit in Tetrahymena (Chris-
tensen et al., 2001) In this respect, centrin must bind to and
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vs. Ca?" + CALP, p = 0.05/0.85.

act on the IAD isoform in much the same way as CaM acts
on various myosin isoforms. It may be that this is a more
general function of centrin in cells.
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