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Summary

Mutations at CPC1 disrupt assembly of a central pair is one of six subunits in a 16S central pair-associated
microtubule-associated complex and alter flagellar beat complex. Motility defects associated withcpcl alleles in
frequency in Chlamydomonas Sequences of wild-type vivo are partially rescued in vitro by reactivation of
genomic clones that complement cpcl, and of axonemes or cell models in saturating concentrations of
corresponding cDNAs, reveal the gene product to be a 205 ATP; thus the Cpcl complex is essential for maintaining
kDa protein with two predicted functional domains, a normal ATP concentrations in the flagellum.

single EF hand motif near the C-terminus and an unusual

centrally located adenylate kinase domain. Homologs are

expressed in mammals (testis and tracheal cilia) as well as Key words: Cilia, Flagella, Central pair, Motility, Chlamydomonas,
ciliated lower eukaryotes. Western blots confirm that Cpcl Adenylate kinase

Introduction discontinuity is hypothesized to be the location of a specific
The central pair complex off2 eukaryotic cilia and flagella central pair-radial spoke interaction site (Mitchell, 2003a).
is an essential regulator of axonemal dynein activityMutations at theCPC1 locus disrupt assembly of a large
Absence of the entire central pair complex causes complepwrtion of the central pair complex that includes structures
lack of motility as seen in both humans (Baccetti gtl#®179)  attached to both the C1 and C2 microtubules (Mitchell and
and ChlamydomonagWarr et al, 1966; Witman et al Sale, 1999). These structures repeat every 16 nm along the
1978). Studies of the pattern and rate of outer doublet slidingentral pair and could potentially transmit signals to radial
in protease-treated axonemes support models in whigkpokes and dyneins distributed along the entire flagellum
proteins projecting from central pair microtubules interaciMitchell, 2003a). Thecpcl mutation results in flagella that
with radial Spokes; these interactions in turn transmit Signa'ﬁeat with near normal waveform but reduced beat frequency
that regulate dynein activity on outer doublet microtubule.o(gg Hz compared with the normal 60 Hz during forward
(Smith and Sale, 1992; Yoshimura and Shingyoiji, 1999swimming in this organism).

Wargo and Smith, 2003). Ultimately regulation of dynein gjochemical comparisons afpcl mutant and wild-type

activity involves spoke-dependent modulation of proteirgagelia by SDS-PAGE revealed the absence of at least four
k||_|nabses anr(]j phoipgatltasiegg?.sgomated (;lethl ouztggot?iosubl_ tral pair proteins in the mutant. When these proteins were
(Habermacher and Sale, , Porter and Sale, » SMIkiracted from wild-type flagella, they co-sedimented on

tzrggighciggh}rgaozt?é l_é(e):vr;/ter\;?n :i]re trgeciggglsn; (();kzlsgnis ucrose density gradients as a large (16S) complex containing

pair ; p .Six polypeptides, none of which have been characterized at

presently unknown. Few central pair-associated protein e molecular level (Mitchell and Sale, 1999). In the hope that
have been identified and the transient interaction betwe N ' o 1op

urther characterization of the Cpcl protein might increase

central air and radial spoke roteins remain . .
P P P r understanding of mechanisms that regulate flagellar

uncharacterized. Here we focus on Cpcl, a protein essent%‘l’ ; o
for assembly of a large central pair projection complex tha@ynein activity, we have cloned and sequenced GRE1

may interact with radial spokes. gene, raised antibodies against the gene product that identify

The central pair consists of two microtubules and at least 258 a subunit of the 16S complex and further characterized
associated proteins (Adams et 4981; Dutcher et gl1984). ~ motility defects associated with thepcl mutation. One
Central pair-associated proteins link the two microtubule§onserved domain within Cpcl is homologous to adenylate
together and form projections that support a cylindrical cagkinases, which function in many ciliary and flagellar systems
of filaments surrounding the microtubules (for reviews, seéo regenerate ATP from ADP. We present evidence that the
Smith and Lefebvre, 1997; Smith and Yang, 2004). This cagehenotype oftpcl cells results in part from an inability to
is discontinuous in specific radial positions around themaintain normal ATP concentrations within the flagellar
circumference of the central pair cylinder, and eacltcompartment.
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Materials and Methods protocol is on file with the SUNY Upstate institutional Committee for
Chlamydomonas strains and growth the Humane Use of Animals.

Chlamydomonas reinhardtitrains 137¢ (CC 124arg2 (CC 1930),
arg7 (CC 1931),pf16 (CC 624) ancpf18 (CC 1036) were obtained

from Elizabeth Harris at th€hlamydomonagenetics center, Duke Elal?ellar |soI§1t|on and fractlloi?aélon i S d Granick 1953
University. Both mating types afnil-1 were obtained from David ells grown in acetate-enriched medium (Sager an ranick, )

Luck. Mutant strainscpcl-1 (CC 3707) andepcl-2 (CC 3708),  \Were deflagellated with 5 mM dibucaine (Witman, 1986). Membranes
described previously (Mitchell and Sale, 1999), were backcrossed 'EEgergovi;j I\;Iroén ﬂlagel\l/llaD_?_Yl_ Begus‘ﬁrésé%[‘A'ZSHM'\?lEK [30 mM
least four times into the 137¢ background before further crosses wi ;SmMMMgS@ 1 m ;0.5 mM EGTA, 25 mM potassium
arg2, arg7, or unil-1to create double-mutant strains. All in vitro ac_e_tate, .1 mM phenylmethylsulfony! fluoride _(P_MSF),OpH 7.4] and
reactivation and biochemical studies used tpel-2 allele. Both ~ Mixing with an equal volume of HMDEK containing 0.4% NP-40. To
cpcl-1 and cpcl-2 alleles were used for transformation resCuepreparepflGaxonemes that displayed instability of the C1 microtubule,
experiments. All genetic manipulations followed standard procedur M?AESTV'\II'a% rsepl?\;l:eth_)lyAH?l:/(IJDEl\l\/ll E\:ILOCT'!' HII\E/IPIEI\SIISISZ mm ;\A?S_OI_
(Harris, 1989). Glass bead-mediated transformation and selection i U0 m ' m actl, Im » pH 7.4). To

f RG bl id PARG7. iousl iled remove C2, axonemes were extrac_ted with HMDEK containing 0.6 M
H\jllirt]ih%rlrln;r?éssﬁgé\lggg.asmId PARGT.8, as previously detailed NaCl for 30 minutes on ice, centrifuged for 20 minutes°& dnd

resuspended in HMDEK before addition of SDS-PAGE sample buffer.
The C1 microtubule and its associated structures were solubilized by
Molecular biology treating NaCl-extracted axonemes with 0.2 M Kl in HMDEK (Mitchell

Hybridization probes were labeled with digoxygenin and detected bgnd Sale, 1999). Proteins in the KI extract were further separated by
chemiluminescence (Roche, |ndianap0|i3, |N) on Biomax ML fi|md|a|yS|S |ntOHMDEK and Centrlfugatlon on a 5-20% sucrose gradlent
(Kodak, Rochester, NY). Wild-type genomic clones for @eC1  (prepared with HMDEK) at 155,0af)(average of 218,00 at bottom
gene were identified by hybridization of a bacterial artificial Of tube) for 16 hours in an SWA40 rotor. Gradients were collected from
chromosome (BAC) |ibrary filter (Genome Systems Inc, St Louisy:he bot.tom of the tube in 0.5 ml fractions. PI'.Oteln Compogltlon W.aS
with a unique 710 bsd-Pst fragment of the insertion site clone determined by SDS-PAGE on 6% acrylamide gels stained with
from mutant allelepcl-2(Mitchell and Sale, 1999). To isolate cDNA Coomassie Blue or silver (Wray et,al981), as indicated. Dynein
clones, gel-purified restriction fragments of genomic subclone pES1geavy chains (average r¥00,000) and Benchmark Protein Ladder
were digoxygenin-labeled and used to probe filter lifts of a lambdéLife Technologies) were used as protein size-standards. For
gt10 cDNA library (Wilkerson et al1994). All selected cDNAs were Immunoblotting, proteins were transferred to Immobilon-P membranes
excised from lambda gt10 witicoR| and subcloned into tHecorl  (Millipore, Bedford, MA) and probed with affinity-purified polyclonal
site of pBluescript KS(+) (Stratagene, LaJolla, CA). Genomic andnti-CpclA at 1:100 dilution. Antibodies were detected with
cDNA clones were sequenced by the University of lowa DNA corePeroxidase-labeled goat-anti-rabbit (BioRad, Hercules, CA) developed
facility. Sequence assembly and analysis of predicted translatiopith ECL reagents (Amersham). For electron microscopy, axonemes
products, including determination of similarity and identity, usedwere fixed and processed as previously described (Mitchell and Sale,
Vector NTI Advance, version 9.0 (Invitrogen, Carlsbad, CA); databas&999). Negatives taken on a JEOL 100CX Il were digitized on a UMAX
comparisons used BLAST (Altschul et,dl997) at NCBI with default ~ (Taiwan) PowerLook Il flat-bed scanner. Images were adjusted for
parameters. Expressed sequence tags (ESTs) that aligned with CRgform density and contrast in Photoshop v6.0 (Adobe).

were identified through analysis of tracks on @lelamydomonas
Genome V1.0 (http://genome.jgi-psf.org/chlrel/chlrel.home.html}\/I -

and confirmed by BLAST searches @hlamydomonasESTs. otility _ _ _
Sequence data available on the genome browser were produd¥@tility of transformant colonies was determined by transferring arg
by the US Department of Energy Joint Genome Institutecolonies with sterile toothpicks into microtiter wells containing 200
(http://www.jgi.doe.gov/) and are provided for use in this publicationi! minimal medium. After 24 hours, velocity was visually compared
only. Secondary structure predictions were based on the PROMth the wild type anapclcontrols under dark-field illumination on
program as accessed through the PredictProtein server (Rost aid Olympus SZ60 stereo microscope. Flagellar and axonemal beat
Sander, 1993; Rost and Liu, 2003). Coiled coil structures werée€quencies were measured by tuning the frequency of stroboscopic

predicted using the programs Paircoil and Multicoil (Berger et al illumination under dark-field illumination on a Zeiss Axioskop
1995; Wolf et al, 1997). microscope, as previously described (Mitchell and Kang, 1991). A

630 nm red cut-off filter was used to reduce phototactic responses

] o during live cell beat frequency measurements. Cell model reactivation
Generation of antibodies (Horst and Witman, 1998) utilized reactivation buffer that contained
Polyclonal antibodies to Cpcl were raised against two fusion proteiris mM ATP or ADP and 1% M Ca&*. Some model reactivation
that encoded regions near the N-terminus (GSTCpclA) or C terminexperiments were performed on uniflagellated cells produced in the
(GSTCpclD), created as follows. A 951-bp region of cDNA cloneunil-1mutant background. Reactivation of axonemes was performed
pCPC1A, encoding amino acids (a.a.) 63-379 of Cpcl, was releaseg resuspension of detergent-extracted axonemes i M0Ca*
with Pst and cloned into thePst site of pBS KS(+) to make reactivation buffer lacking nucleotide, followed by dilution of
pBCPC1A. The pBCPCI1A insert was then released BatitHI and axonemes 1:10 into reactivation buffer containing 1 mM ADP or ATP.
Xhd and cloned betweeBanHI| and Xhd sites of GST expression Frequency measurements were restricted to axonemes beating freely
vector pGEX-4T-2 (Amersham Pharmacia Biotech, Piscataway, NJh solution parallel to the cover slip or slide surface. The microscope
to make pCPC1EXA. The entire insert (930 bp) and flanking vectastage was maintained at °Z2 with an HCC-100A temperature
sequences of cDNA clone pCPC1D, encoding a.a. 1110-1419 abntroller attached to a stage-mounted HE-102 heat exchanger (Dagan
Cpcl, was released witBmd and EcoRV and cloned intocSma- Corp, Minneapolis, MN).
digested pGEX-2T to generate pPCPC1EXD. Fusion proteins expressed
in Escherichia coliBL21 (DE3) pLysS cells (Stratagene) were gel- )
purified and used to raise polyclonal antibodies in rabbits (Covancé&denylate kinase assays
Princeton, NJ). Specific antibodies were affinity purified using blotAdenylate kinase activity was assayed essentially as described
strips of fusion protein as an affinity matrix. An approved animal us€Gibbons, 1966). The assay was initiated by adding 9 volumes assay
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buffer to 1 volume of axonemes in HMDEK to produce finalindicating that insertions in both alleles occurred close to the

concentrations of 30 mM HEPES, pH 7.4, 3 mM MgS® mM

position of this probe. The 60A8L fragment was therefore

glucoge, 2 mM ADP, 1 mM NADP and 5 U/ml of a 2:1 mixture of chosen as a marker for tﬁPClgene_
hexokinase and glucose-6-phosphate dehydrogenase. Assay buffelyypyridization screening of a large-insert bacterial artificial

was pre-incubated at room temperature for 10 minutes before the st
of the reaction to eliminate any contaminating ATP in the AD
preparation. Activity was monitored by the linear rate of increase i
absorbance at 340 nm. All assay components were from Sigm

P

romosome ibrary of wild-type genomic wit
2H (BAC) lib f wild ic DNA with
rghe 60A8L fragment selected six BAC clones, which were
testriction mapped and tested for their ability to rescue the

Axonemal protein concentration was estimated using a dye-bindinEpCl'2 allele to a wild-type swimming speed. These

assay (BioRad).

Results
Cloning the CPC1 locus
To identify the gene product GPC1, we began with analysis

of sequences flanking the insertion site in one mutant allel

ACs formed a 125-kb contig. As shown in Fig. 2A,
complementation experiments identified BAC 28H16 as the
smallest BAC that complemented the mutation, and showed
that a 15-kb region of overlap between BACs 28H16 and 6H3
contained a functional copy of the CPC1 gene. Although the
co-transformational rescue rate was below 4% for most of these
gixperiments (last column in Fig. 2A), we never observed

cpcl-2 which was previously cloned by plasmid rescue of 4€SCU€ O wild-type motility in the absence of BAC DNA or in

4.2 kb Pst fragment from mutant DNA (Mitchell and Sale,
1999). The 1.4 kb insert of this plasmid consisted of tw
Chlamydomonagienomic fragments separated by 200 bp o
pUC vector sequences (Fig. 1A). Hybridization of part of thi
insert (60A8L) to genomic Southern blots generated restrictio
fragment length polymorphisms between wild-type strain 1378

and both of our insertional allelepcl-landcpcl-2(Fig. 1B),
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Fig. 1.(A) Restriction map of the plasmid rescued from insertional
allelecpcl-2 which contains a complete pUC119 vector (shaded)

the presence of DNA from unrelated BAC clones (negative

gontrol transformations were included in every experiment).

Mapping of the relationships between these six BAC clones

ahama.jgi-psf.org/prod/bin/chlamy/plate2seq.cgi), which also
rovided the orientation of each BAC clone (designated as x
and y ends in the database and in Fig. 2A). TRE1 gene

has been mapped to linkage group Il betw@&arX2 and
AC208 (Kathir et al, 2003) and its chromosomal orientation
was determined by maps (http://www.biology.duke.edu/
chlamy_genome/BAC/index.html) that link the orientation of

ﬁ/as aided by a database of BAC end sequences (http://

A.
tel «— — cen BAC clone map BAC# Rescue
X 25E21 17/462
y 8E12 NT
X 29H7  11/732
y 6A23 NT
10 kb X 6H3  10/552
b y 28H16  4/402
60ASL probe
5kb
K g4 g0 H
ES6 T SS3
ES10 -
A
2 B c

Fig. 2.(A) Map of overlapping bacterial artificial chromosome

(BAC) clones selected wittpclinsertion site probe 60A8L.

Indicated to the right are the number of fast-swimming (rescued)
transformants and the total number of*arglonies screened. NT,

not tested. All four tested BAC clones rescuedcihel mutant
phenotype, indicating that tl@@PClgene lies in the region of

overlap between BACs 6H3 and 28H16. The orientation of this BAC

and another small fragment of pUC119 (hatched) embedded within contig on chromosome lll is indicated by arrows pointing toward the
Chlamydomonagenomic sequences (unshaded). (B) Southern blot telomere (tel) and centromere (cen). (B) Restriction map of BAC

of genomic DNA fromChlamydomonawild-type strain 137c and
from two insertional alleles afpc], digested witiPvul and probed
with Pst-Msd fragment labeled 60A8L in (A). Hybridization of this
probe to bands that differ from the wild type in both mutants
indicates that 60A8L is close to the insertion site in both alleles.

28H16 (top line) shows the location of the insertion site in mutation
cpcl-2(arrow). Subclones ES6, ES10 and SS3, and three smaller
fragments of ES10 (A, B, C) shown below the restriction map were
tested for their ability to rescue the mutation. Rescue was only seen
with ES10. HHindlll; E, EcoRlI; S, Sal.
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the BACs shown in Fig. 2 to LG Ill markers near CPCL1 (arrowsdditional 1.7 kb for a predicted total mRNA size of 6.2 kb
in Fig. 2A). (Fig. 4A, right-facing arrow). Genomic clone pES10 extends
Transformation with BAC 28H16 DNA that had beenan additional 420 bp upstream of cDN& and 1.8 kb
digested with restriction enzymes showed that the gene wa®ewnstream of the furthest BST and overlaps part of thé 3
disrupted byHindlIl but not byEcdRI or Sal (Table 1). When UTR of an adjacent gene (left-facing arrow in Fig. 4A), as
three plasmids containing the three fragments generated bigtermined by sequence identity with two ESTs (BI726615 and
EcoRl andSal digestion of BAC 28H16 (Fig. 2B) were tested BQ824695). The '3ends of these two transcription units are
for their ability to complement thepcl-2mutation, only the separated by 77 bp.
largest of these, ES10, rescued mutant cells to wild-type Based on the presence of a single complete transcription unit
motility (15 wild type out of 672 colonies screened). Flagellain pES10, on the ability of this clone to complemgntland
beat frequency of rescued strains was indistinguishable frown the site of the insertion that generated atiptel-2 marked
that in the wild type (57+4 Hz)=15). As a further test of the by an arrowhead in Fig. 2B, this transcription unit isGiRC1
ability of this plasmid to rescue thepcl defect, axonemes gene. It contains a single large ORF (Fig. 4A) whose predicted
from transformants were examined by thin section electrotranslational start site fits well to the consensus based on other
microscopy. As shown in Fig. 3, Cl-associated projection 1iChlamydomonagenes. The gene spans ten exons and has a
which is missing in mutant axonemes, is restored in ES18 UTR of at least 191 nucleotides and ‘alBTR of 284
transformants ottpcl-2 Identical results were obtained by nucleotides. A single polyadenylation signal sequence of
transformation of acpcl-1 strain (unpublished data). All TGTAA appears 14 bp upstream of the polyadenylation site in
necessary coding regions for a functioB&C1lgene product the CPCLEST sequences.
are therefore present on the ES10 fragment.
The ES10 insert was fully sequenced, and three smaller o
fragments indicated as A, B and C in Fig. 2B were used tgharacterization of the CPC1 gene product
screen a size-selected lambda gt10 cDNA library. Five cDNA'he CPC1ltranscript encodes a predicted protein of 205 kDa.
clones spanning a total of 4.5 kb were sequenced and foundS$tructure prediction and homology search programs reveal
overlap, except for a short gap (9 nucleotides) between the enslsveral distinct domains within a predominantly (66&6)
of cDNA clonesa and c. The sequence of this gap was helical protein. Four blocks of sequence are predicted to form
determined directly from sequence analysis of ES10. Thesehelical coiled-coils at more than 50% probability with one
cDNAs did not contain the'3nd of a coding region, but or more prediction algorithms (Fig. 4B) which suggests that
sequences from clones and d overlapped with expressed much of Cpcl functions as an extended structural protein.
sequence tag (EST) AV626984. We obtained the corresponditpwever, between the second and third coiled-coil domains is
cDNA clone from the Kazusa DNA Research Institutea sequence with several blocks of homology to adenylate
(Asamizu et al 1999) and used its sequence to identify EST&inase family members, and near the carboxyl terminus is a
that extend our cDNA sequences in tHedBection by an sequence that matches the consensus for a single calcium
binding (EF hand) domain. The EF hand domain (Fig. 5A)
retains all of the residues common to this motif, including those
Table 1. Restriction digestion to delimit theCPClgene on involved in coordination of G4 (underlined in Fig. 5A), and

BAC28H16 occurs in the context of the helix-loop-helix pattern typical of
Transforming DNA Number rescued/number tedted Ca?*-binding EF hands.
B 01372 BLAST searches with Cpcl sequences outside the region of
Uncut 4/336 adenylate kinase similarity identified homologs in several
Hindlll 0/276 mammalian species, most represented by ESTs from tissues
Eg:m 255520 with motile cilia or flagella (trachea, lung, brain, testis). The

best match, Kpl2, represents the predicted product of a
aThe number of argcolonies that swam at wild-type velocity when no previously _characterlzed full length cDNA sequence that was
DNA () or 10pg of BAC 28H16 DNA, treated as noted in the first column, Selected in a screen for mRNAs upregulated during

was mixed with 219 of ARG plasmid and co-transformed imfoc1-2arg2 ciliogenesis in rat tracheal explants (Ostrowski et ¥999),
cells. whereas the remainder are all partial sequences of hypothetical
. f!y Cla Bridge
A2 Cle G

C2c

cid 5
\ TC2b

i § . Shea{l: b
.. Cl1b Dlagﬂnal
coc1-2[ES10] Link

Fig. 3. Thin-section electron micrographs of wild-typalamydomonaaxonemes (WT)pcl-2axonemes and axonemes froptlcells
transformed with plasmid ES16(dc1-ZES10)]. Diagram to the right summarizes central pair structures as seen in cross sections (modified
from Mitchell and Sale, 1999). Central pair structures missingdéiare fully restored in transformants (arrows). Bar, 100 nm.
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Fig. 4. Diagram of transcription units in ES10 and the domain
structure of the predicted translation product, Cpcl.

(A) Directional arrows show one complete and one partial
transcription unit in ES10. The left-pointing partial transcription
unit was identified from BLAST searches of EST databases and
with the ES10 sequence and includes only then&anslated

region of a gene as reported in tBelamydomonagenome
database v1.0 (predicted product genie 3.63). The right-pointing

complete transcription unit and corresponding ORF were identifieﬂ
from sequence analysis of ES10, cDNA clones a-e (see text) and .

EST sequences 1-7 (corresponding to AV626984, BU650028,

BE337526, BG857322, BG859077 and BE337525, respectively).

(B) Distribution of sequences predicted to founmelical coiled

Flagellar central pair adenylate kinase 4183

proteins based on genomic predictions or cDNA sequences.
The human Kpl2 homolog was also identified as a ciliary
protein using proteomics (Ostrowski et,a2002). Fig. 4C
indicates that regions dthlamydomona£pcl with greater
than 40% similarity to rat Kpl2 are found over most of the
length of these large proteins. These regions include the 100
N-terminal amino acids, two of the predicted coiled coil
domains, conserved regions of the adenylate kinase domain,
and the region of homology to EF hand proteins. Queries with
the N-terminus (a.a. 1-110) of Cpcl produced single significant
BLAST hits in genomes of a fiskugu rubripes(E value 2E-

09), a sea urchinStronggylocentrotus purpuratu@E-14),

a ciliate, Tetrahymena thermophila(8E-04), and an
apicomplexan flagellateloxoplasma gondi{8E-06), but not

in a fungus $accharomyces cerevis)aan insectDrosophila
melanogastgrand a round wormGaenorhabditis elegaps
Homologs of Cpcl are therefore likely to be present in most
organisms with motile cilia or flagella.

Alignment of the Cpcl adenylate kinase domain with the
complete sequence of a more typical adenylate kinase (human
KAD2) shows that this domain is separated in Cpcl into four
segments by linker sequences of low complexity (Fig. 5B), but
it still retains all the sequence features that place it closer to
the adenylate kinase family of P-loop kinases than to another
NMP kinase family or any of the families of the GTPase clade.
The Cpcl Walker A motif, which retains the hallmarks of P-
loops common to both kinases and nucleotidases (Walkey et al
1982), ends in a threonine (GKT) and thus more closely
resembles the P loops of other NMP kinases such as UMP
inases, whereas glycine (GKG) is found in the same position
in most AMP kinases (Leipe et.a2003). Significance of this
variant residue has not been characterized but GKT P-loops
appear in the sequences of adenylate kinase homologs of some

coils (CC) and sequences with similarity to adenylate kinases (AdProkaryotes (e.gCampylobacter jejuniGenBank Accession

Kin) and to calcium binding domains (EF). (C) Distribution of

no. Q9PHMS8) and lower eukaryotese{shmania donovani

regions with highest similarity to a mammalian homolog, rat Kpl2 GenBank Accession no. AAD39831). The Walker B motif of

(AAD56310). Sequences of genomic clone ES10 and the CPC1

Cpcl includes a perfect copy of the DGFPRT sequence, which

cDNA have been deposited in GenBank (Accession no. AY60188is only found among AMP kinases and has been used as an

and AY601882).

A

CrCpcl: 1655 D KDHDGLLSQEBN 1667

B.

Segment 1 Walker A
CrCpcl: 578 RQP
HsKAD2: 1 -MA

Segment 2

CrCpcl: 675 GTAATAAAGPSAKAR [NEAQIAAALKIXEG Ha VVLGMKESKDWAPPVEVDPKAKG 735
HsSKAD2: 60 ------------mm- EKKLKATMIAEK =M IEKNLET---------------- 89

Segment 3 Walker B

CrCpcl: 745 PAGSKSAGAPAAPH [EDTGHe:V\lelR=INAAGLYLIBERMLTGLDLDSEQALIDAASVIAPP 805
HsKAD2: 90 -------------- ELCKNe];LL [plelgyVHOLEMIDDLMEKRKEK---------------

Segment 4 | | RxxH

CrCpcl: 821 BAVVVCGLPHRALKEZALCERL OZQTE )4zl [Hz0d5-- [FSNBPGLSA

HsKAD2: 122 BYVIEFSIP B-SHLIR [§IT [€f5L IH [FKSE]; FNEFKEEMHBDITGE

CrCpcl: 880 2QQIQHRIMSQAELAZIDDWRRFSRLRRPEGSGPLGILESAGDIAEGLLRAKAAAAS 940
HsKAD2: 180 a—LKIFIQAYHTQTRNEYY RKRGIHSA-I BASQTPD SILAAFSKATCKDLVMFI 240

SPCRELPAIETLPLELAVIEEAZ TCVAQHESRRYKLR[MEPEALVAEAR =F 638
FSVMEAAEPEYPKGRAVLKEP R GT(GPHEAENFCVCEATGDMLRANQSG $=- 59

identifying signature of this P-loop kinase family. The two

Fig. 5.(A) Cpcl sequences predicted to
fold into an EF hand, with residues
important for coordination of Ga

underlined. (B) Alignment of portions of

the Cpcl adenylate kinase domain with the
complete sequence of human adenylate
kinase isoform 2 (AAC52061). Identical
residues are shaded black, conservative
replacements in grey. Cpcl sequences
homologous to adenylate kinase are
separated into four segments, with segment
1 spanning the phosphate binding loop (P-
loop, Walker A motif) and segment 3
encompassing the highly conserved Walker
B motif. Arrows (segments 1 and 4)
indicate arginine residues that may be
important for substrate interactions. The
RxxH sequence in segment 4, part of the
LID domain, is common to most

eukaryotic adenylate kinases.

1

121

QEVABASND 879
IRRS[EDNEK 179
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arginine residues marked with arrows in segment 4 interas Al B.

with the adenine base moiety and gamma phospha WT pfls pfl6 cpcl WT pfis pfl6 cpel
respectively, of ATP in several families of P-loop kinases

(Leipe et al, 2003). Conservation of these residues in Cpc: S ———

supports functional interaction with ATP for this protein. The 220 48 s — i
region immediately following these arginines includes ar I

RxxH sequence, which is a conserved feature in the bas 120 —— e e

interacting LID domain of eukaryotic and some bacterial AMF 1) g T P g B

kinases, but is not present in Archaeal AMP kinases or in UM 50 -

or CMP kinases (Leipe et.al2003). Its presence further 70 S - ———

supports the identification of Cpcl as a member of th i o —

eukaryotic AMP kinase family. One feature missing from Cpcl itk

is an arginine, present in most adenylate kinases includir O T

human KAD?2, located carboxyterminal to the Walker A motif

(arrow in Fig. 5B, segment 1), which has been shown to binFig. 6. Western blotting of flagellar axonemes from wild-type cells
the alpha phosphate of AMP in the crystal structure oEthe and three central pair defecti@lamydomonastrains. (A) 6% SDS
coli enzyme (Muller and Schulz, 1992). Other basic residuePolyacrylamide gel of wild-type aruf18 pfl6andcpclmutant.

in the primary sequence of Cpcl may have taken over th@<Onemes stained with Coomassie blue. Dots next to the wild-type

function, as arginines located carboxyterminal to the Walker [S2MPle mark two high molecular weight proteins, CP3 and CP4,

. L S . . missing from central pair assembly-defective stpdit8 The sizes
motif fulfil this function in other NMP kinases (Leipe et,al of molecular weight standards (in kDa) are shown along the left

2003). o . ._.edge. (B) Western blot of the gel in (A) probed with anti-Cpcl1A. A
The most striking divergence of Cpcl from the typicalsingle band is seen in the wild type and at reduced amoupitsén
adenylate kinases is the location of this enzymatic domaiaxonemes. The immunoreactive band aligns with the location of CP4
within a much larger protein and the presence of three extendin (A).
linker sequences between the conserved motifs. Extendea
amino-terminal a-helical coiled-coil domains and linker
domains similar to those in Cpcl appear in all of the clos8ale, 1999). To see if Cpcl is identical to CP4, the KI soluble
homologs of Cpcl, such as rat Kpl2, as well as in the vertebrateaterial (Fig. 7A, lane KS) was sedimented through a sucrose
KAD7 family members (e.g., human KAD7, GenBank gradient and resulting fractions were analyzed by SDS-PAGE
Accession no. Q96M32). These linkers may have little effecand immunoblotting (Fig. 8). Western blots show that most
on the structure of catalytic regions in Cpcl. The lengths o€pcl sediments near the bottom of the gradient (fractions 5
sequences that connect catalytically important structurand 6) but a second minor peak sediments above the middle of
domains among the many families of P-loop kinases anthe gradient (fraction 10), corresponding to thel6S and 9S
nucleotidases are quite variable, even though the basic P-loppaks of CP4 (Mitchell and Sale, 1999). Of the five proteins
fold shows little divergence in three-dimensional architecturg¢hat co-sediment with Cpcl at 16S (apparent sizes of 350 kDa,
(Muller and Schulz, 1992; Cheek et, &002). 265 kDa, 135 kDa, 79 kDa and 56 kDa; arrows in Fig. 8B),
only the 265 kDa (Cpcl) and 56 kDa bands sediment in the 9S

Biochemistry of the Cpcl complex A B.

Location of the Cpcl protein within flagellar fractions was Ax NP KP KS  Ax NP KP KS
determined with western blots using antibodies directe: 4

against GST fusion protein CpclA. On western blots o !H n
demembranated axonemes from wild-type flagellar sample ! . —— -
this antibody detected a single protein that migrates ¢ 208 =

approximately 265 kDa (Fig. 6). The 265 kDa band is abser 160 o |

from axonemal proteins ofpcl or central pair assembly

mutantpfl8 and is reduced in abundance in axonemes fror IEO'E‘ =

pfl6, a mutation that renders the C1 central pair microtubul '_33:-

unstable during axoneme isolation (Dutcher et¥384). We 80 WEmm == -

then used this antibody to test the solubility of Cpc1 following 70 ST

successive extractions of wild-type axonemes with 0.5 N 60 t

NacCl, which removes the C2 microtubule and 0.2 M KI, which 50

solubilizes the C1 microtubule. As anticipated, Cpcl remain o
in the pellet after extraction with sodium chloride, but fails toFig- 7. Purification of Cpcl bghlamydomonasiagellar
pellet after extraction with potassium iodide (Fig. 7A,B). Ourfcrgrﬁtelggzﬁ?j?ﬁéngt?e?; ﬁ:?)ts(gc)"é’?s\;}’éa{;&ea%g'n(gr%gg‘% Ax), the
%nl}'rba?\%\;\? ecrgm?; %g(i:rl rﬁ%rrg':g[)itllg-ga;vslt)hcitgtzggglrﬁsst ?égleinsoluble material following successivg extracti_o_ns with 0.5 M NacCl
CP4) extracted by potassium iodide. We previously showe\(,'\\,lp) and 0.2 M KI (KP) and the material solubilized by KI (KS).

24 - : ! . lestern blotting with anti-CpclA shows that Cpcl is extracted by
that CP4 co-purifies with several other proteins in a 16%|. Stoichiometric amounts were loaded in each lane. Dots in (A)
complex, and that additional material of the same apparent simark the location of high molecular weight central pair proteins CP3
as CP4 sedimented in a second peak at about 9S (Mitchell aand CP4.
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A. Cpel Kl extract gradient region. None of these bands are seen in Kl extractsdpmi+
O e A e s 2 axonemes (Fig. 8A).
- e i QH'H:;:,—'———
=220 Motility
I Because the Cpcl protein is predicted to encode an adenylate
Py _}ﬁg kinase, which catalyzes the reversible reaction 2ADRATP
< 80 + AMP, one function of Cpcl may be to increase ATP
gg concentrations locally. The long, narrow flagellar compartment
i has been hypothesized to restrict direct supply of ATP by
;m diffusion, requiring other methods of locally boosting the ATP

concentration enough for normal dynein activity. In some
Liiag organisms, ATP can be generated directly within the ciliary or
g flagellar compartment by transfer of phosphates from high-
energy storage compounds (creatine phosphate or arginine
phosphate) to ADP (Noguchi et,&2001) and perhaps even by
B. Wild type KI extract gradient glycolysis (Gitlits et al 2000). In addition, ATP concentration
e o can be maintained locally by adenylate kinases (Schoft,et al
b "'"'t_‘:;‘ b — | ﬁb E |~ J= ‘ 1989; Nakamura et al1999), which, if their forward reactions
e == e e + Cpel  gre favored by removal of AMP, effectively allow each ATP to

-220 : . .
=1 be used twiceChlamydomona$iagella can be reactivated in

1 b bd B —:gg the presence of ADP alone (Hyams and Borisy, 1978) and are
' 100 known to possess adenylate kinase activity, but to lack creatine
and arginine kinase activities (Watanabe and Flavin, 1976).
Therefore, the reduced beat frequencypaflcells could result
in part from inability to maintain a high enough ATP
concentration within the flagellar compartment to support
wild-type motility. To test this possibility, we reactivated
gER__— 30 permeabilized cell models at a saturating ATP concentration (1
- 20 mM) and measured the resulting flagellar beat frequency. As
summarized in Table Zpclflagellar beat frequency is only
S 0 O OO e 2 S0 64% of that of the wild-type frequency in live cells, but
increases to almost 90% of the wild-type value in reactivated
cell models. Thus an inability to maintain a normal ATP
concentration is likely to contribute to the reduced beat
Fig. 8. Sucrose density gradient analysis of K| extracts from frequency otpclflagellain live cells. This result suggests that
Chlamydomonaaxonemes. (A,B¥pclaxonemes (A) and wild-type the adenylate kinase domain in Cpcl is catalytically active and
axonemes (B) were sedimented on 5-20% sucrose gradients and important for flagellar motility. The remaining 10% difference
resulting fractions were analyzed by SDS-PAGE (bottom of gradientin beat frequency seen at saturating ATP concentrations
to the left). Gels were stained with Coomassie blue. The sizes of  gyggests that the Cpcl complex contributes directly to flagellar
molecular weight standards (|_n kDa) are shown along_ the right edgemotility regulation, but may result from an overall change in
of each gel. (C) Westem blotting of gel in (B) with anti-Cpc1A the relative orientation of C1 and C2 microtubules noted
shows that Cpcl sediments in two peaks with approximate previously in this mutant (Mitchell and Sale, 1999).

sedimentation coefficients of 16S and 9S. Five proteins [marked in - - .
(B) with arrows], including CP3, CP4 (Cpcl) and bands of 135 kDa, If Cpcl were the only adenylate kinase available in flagella,

79 kDa, and 56 kDa co-sediment with Cpc1 in the faster sedimentinfleéncpclcell models should not be reactivated in the presence
(16S) peak. None of these bands are seen in Kl extractefroin of ADP alone. In contrastpclcell models did swim when
axonemes (A). reactivated in the presence of 1 mM ADP alone (Table 2). Beat

24

L e <+ Cpcl

Table 2. Beat frequency otpclflagella in vivo and in vitro
Beat frequency = s.dn), (Hz)

Sample Nucleotide added Wild type cpcl % cpclwild type
Live cells - 58+5 (45) 37+5 (48) 64%
Cell model 1 mM ATP 43+7 (40) 3815 (40) 88%
Cell model 1 mM ADP 20+2 (20) 19+3 (20) (100%6)
Axonemes (Exp. 1) 1 mM ATP 58+3 (40) 5015 (20) 86%
Axonemes (Exp. 2) 1 mM ATP 52+5 (96) 49+4 (96) 94%
Axonemes 1 mM ADP 22+3 (40) 23+3 (36) (100%6)

aSignificantly different from the wild-type beat frequenBx (.01, two-tailed test).
bNo significant difference between mutant and wild-type beat frequency.
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frequency in ADP was about 45% of the wild-type frequency
in ATP, and did not differ significantly between wild-type and
cpclcell models. This lack of difference between wild-type
and cpcl beat frequencies could result from release of at y=0.0021x + 0.0154
adenylate kinase activity into solution, either from flagella ol
from cell bodies, during detergent treatment. Such solubilize
adenylate kinase could act upon the bulk ADP in solution an
might produce enough ATP to mask the lack of microtubule
bound Cpcl adenylate kinase activity in the mutant flagelle
We therefore isolated flagella away from cell bodies, remove
membranes from the flagella with detergent, washed th

resulting axonemes to remove any residual soluble ¢ - 0 -
membrane-associated adenylate kinases and reactivated -10.0 5.0 0.0 5.0
purified axonemes in either ATP or ADP. In ATP alocgg;l 1ATP, mM:

axonemes beat at 90% of the wild-type value (average of tt._

two experiments shown in Table 2), similar to the result wittFig. 9. Double-reciprocal plot of the variation of in vitro
cell models. This confirms that one major reason for decreasédilamydomonasagellar beat frequency with ATP concentration.

beat frequency incpcl cells is lack of adequate ATP !ntercepts provide a Frequengyof 64.9 Hz and a Kreq)0f 0.14
concentration. However, both wild-type andcl axonemes mM ATP.

continued to beat in ADP alone, with no significant difference

between strains (Table 2). Therefarpcl axonemes must complex may depend on formation of the complex for their
retain other adenylate kinases capable of generating ATP fromdividual stability or their transport into the flagellar
ADP. A direct assay for adenylate kinase activity in wild-typecompartment (Fowkes and Mitchell, 1998; Qin et2004). In

and cpclaxonemes did not detect a significant difference ireither case, it is reasonable to surmise that smaller subunits of
enzymatic activity (data not shown). Lack of Cpcl proteinthe 16S complex use one of the two larger subunits as a
although associated with a highly significant frequencyscaffold. Sedimentation of approximately half of Cpcl at 9S,
reduction in live cells, does not have a significant effect on theeparate from the other subunits (except perhaps the 56 kDa
synthesis of ATP from ADP in isolated axonemes under thband) suggests that the smaller proteins may form a tighter
reactivation conditions tested. association with 350 kDa CP3 than with 265 kDa Cpcl.

To determine the approximate concentration of ATP in vivo Similarity searches show that Cpcl is retained in many
in cpclflagella, beat frequencies of wild-type axonemes wer@rganisms that have motile cilia or flagella, including
measured at varying ATP concentrations. A double-reciprocalertebrates (humans, rats, puffer fish), echinoderms (sea
plot of the data (Fig. 9) was used to estimate that a normal ATichins), and ciliatesTetrahymeng but not in organisms that
concentration in wild-type flagella is approximately 1.2 mM.lack such motile organellesC( elegans, S. cerevisiae
In contrast, the ATP concentrationdpclflagella that would Distribution of sequence similarities over the entire length of
produce the observed beat frequency of 37 Hz is 0.2 mM. the rat and algal homologs suggests that the need for Cpcl

function arose early in eukaryotic evolution and has changed

) ) little since. Our inability to find Cpcl homologs in the
Discussion databases foD. melanogasteran organism that has motile
The clearly essential function of central pair-associateflagellated 92 gametes, may indicate that the need for Cpcl
proteins in flagellar motility has been difficult to understand,s not universal to flagellar motility, but could also reflect gaps
both because the function of most individual central paiin available sequences for this organism.
proteins has not been explored and because most mutations thathe cpclmutation alters flagellar motility by reducing beat
disrupt central pair structure generate the null phenotypequency, rather than altering waveform, and does not affect
(paralyzed flagella). Here we characterize@®C1locus and the responsiveness of frequency and waveform to changes in
show that it encodes a large scaffold protein with an embeddedlcium ion concentration (Mitchell and Sale, 1999). Other
adenylate kinase domain. We also show that Cpcl is essentiltations that disrupt the central pair have a qualitatively
for maintaining normal beat frequency, mainly because mutasimilar effect in that they all reduce beat frequency, but
flagella lack normal concentrations of ATP. different mechanisms are probably involved. Mutations such as

The protein encoded by tf@PC1llocus has an estimated pfl5 and pf20 that completely disrupt central pair assembly
mass of 205 kDa (apparent gel size of 265 kDa) andesult in complete flagellar paralysis, wherp which only
corresponds to the CP4 band previously characterized asbbbcks assembly of the Cla projection, allows very slow
central pair protein (Dutcher et.al1984). Western blots flagellar bend propagation at up to a few beats per second
confirm our previous conjecture that Cpcl/CP4, wher{Rupp et al 2001). In the case afpcl, reduction in beat
extracted with 0.2 M KI, sediments in two peaks, one at 9Srequency apparently results from two separate functions of the
which may contain Cpcl alone, and one at 16S, in which Cpd@pcl complex. The adenylate kinase activity of Cpcl (or the
co-sediments with five additional proteins. Other proteins ifunction of another protein in the Cpcl complex) is required
this complex, including CP3 (350 kDa), fail to assemble intdo maintain localized ATP concentrations, as most of the lost
cpcl axonemes (Mitchell and Sale, 1999), suggesting thdteat frequency is restored when mutant axonemes are
Cpcl acts as a link between the proteins of this complex anmdactivated in saturating concentrations of ATP. Other in vitro
the central pair microtubules. Alternatively, proteins in thistests ofChlamydomona#iagellar motility mechanisms, based

0.03 -

0.02

1/frequency

0.01
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on doublet sliding of protease-treated axonemes, also failed émalysis of mutations that selectively disrupt parts of the central
show a significant difference betweepcland the wild type pair complex, together with ultrastructural analysis of the
at 1 mM ATP (Smith, 2002b). This phenotype is so far quiteelationship between central pair orientation and dynein
specific to cpcl Axonemes from paralyzed central pair activity (Wargo and Smith, 2003; Mitchell, 2003a; Mitchell,
assembly mutations such pf20 cannot be reactivated with 1 2003b) will be needed to understand fully the mechanisms
mM ATP, although they can be reactivated to low frequencyhrough which the central pair complex regulates dyneins.
beating by very low ATP concentrations (e.g..88) (Omoto

et al, 1996). The remaining 10% difference in beat frequency We thank Anthony Koutoulis and Yvonne Vucica for sharing
betweencpcl axonemes and wild-type axonemes reactivate®reliminary data on insertional alleles@PC1, Carolyn Silflow and

in 1 mM ATP must reflect loss of a function unrelated to ATP,Ushpa Kathir for mapping thePC1 gene and Kimberly Brown,
concentration. This difference could result directly fromKarIy Judson, Judy Freshour and Masako Nakatsugawa for technical

b f Cocl. indirectly f lack of f th assistance. This work was supported by grants to D. Mitchell from the
absence of Lpcl, Indirectly from lack of on€ or more o ational Science Foundation (MCB9982062) and the National
other proteins in the 16S Cpcl complex, or from an overajf\situtes of Health (GM44228).

change in central pair structure.
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