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The central pair of microtubules and their associated structures play a significant role in
regulating flagellar motility. To begin a molecular analysis of these components, we
generated central apparatus-defective mutants in Chlamydomonas reinhardtii using inser-
tional mutagenesis. One paralyzed mutant recovered in our screen contains an allele of
a previously identified mutation, pf2O. Mutant cells have paralyzed flagella, and the
entire central apparatus is missing in isolated axonemes. We have cloned the wild-type
PF20 gene and confirmed its identity by rescuing the pf2O mutant phenotype upon
transformation. Rescued transformants were wild type in motility and in axonemal
ultrastructure. A cDNA clone containing a single, long open reading frame was obtained
and sequenced. Database searches using the predicted 606-amino acid sequence of PF20
indicate that the protein contains five contiguous WD repeats. These repeats are found in
a number of proteins with diverse cellular functions including f-transducin and dynein
intermediate chains. An antibody was raised against a fusion protein expressed from the
cloned cDNA. Immunogold labeling of wild-type axonemes indicates that the PF20
protein is localized along the length of the C2 microtubule on the intermicrotubule
bridges connecting the two central microtubules. We suggest that the PF20 gene product
is a new member of the family of WD repeat proteins and is required for central
microtubule assembly and/or stability and flagellar motility.

INTRODUCTION

Although the structure and function of the dynein
arms in flagellar axonemes have been intensively
studied (reviewed in Witman, 1989; Porter, 1996),
much less is known about the mechanism by which
dynein-induced microtubule sliding is regulated to
produce complex flagellar waveforms. One of the
most compelling models for axonemal motility sug-
gests that the central pair regulates dynein-mediated
microtubule sliding (for reviews, Smith and Sale, 1994;
Dutcher, 1995; Porter, 1996). The central pair of micro-
tubules rotates once per beat (Omoto and Kung, 1979;
Hosokawa and Miki-Noumura, 1987), allowing a pe-
riodic interaction of the central pair projections with
the radial spoke heads (Warner and Satir, 1974). A
signal is transduced via the radial spokes to the inner
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and outer dynein arms, possibly through the dynein
regulatory complex (Piperno et al., 1992; Smith and
Sale, 1992). The nature of this signal is unknown but
recent evidence suggests that specific dynein sub-
forms are differentially regulated by a phosphoryla-
tion event that is dependent on the radial spokes
(Howard et al., 1994).
Understanding how axonemal structures contribute

to flagellar motility will require the identification and
characterization of the individual protein components
of these structures. Substantial progress has been
made in the molecular dissection of the inner and
outer dynein arms (reviewed in Porter, 1996) and ra-
dial spoke components (reviewed in Curry and Rosen-
baum, 1993), but analysis of central apparatus compo-
nents has been limited. Early attempts to identify and
characterize central apparatus components combined
ultrastructural and biochemical techniques to analyze
several Chlamydomonas mutants with defects in the
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central apparatus. Adams et al. (1981) and Dutcher et
al. (1984) determined that at least 23 polypeptides (in
addition to a and (3 tubulin) comprise the central
apparatus. Some of these polypeptides are uniquely
associated with either the Cl microtubule or the C2
microtubule, indicating that the two microtubules
may be functionally specialized. Further biochemical
characterization of these central apparatus compo-
nents has been challenging but several observations of
interest have been reported recently. Miller et al. (1990)
demonstrated that specialized structures capping the
distal ends of the central pair microtubules are recog-
nized by an antibody to a kinetochore antigen, and
Bernstein et al. (1994), Fox et al. (1994), and Johnson et
al. (1994) demonstrated that kinesin-related proteins
are components of the central apparatus.
Some central apparatus components must play a

role in the assembly and stability of the central micro-
tubules. The microtubules of the central pair assemble
with their plus ends distal to the cell body (Euteneuer
and McIntosh, 1981), the same polarity observed for
the nine doublet microtubules (Allen and Borisy, 1974;
Binder et al., 1975); but unlike the nine doublet micro-
tubules, they are not nucleated from the basal bodies
and are capped by specialized structures which pro-
hibit microtubule assembly from their distal ends in
vitro (Dentler and Rosenbaum, 1977; Dentler and Le-
Cluyse; 1982). Often, a single mutation in one central
apparatus component results in the instability of one
central microtubule or the failure of the entire central
apparatus to assemble. Therefore, not only is the cen-
tral apparatus involved in regulating flagellar motil-
ity, but some of the central apparatus components
may represent microtubule nucleation proteins re-
quired for initiation of microtubule assembly.
We have begun a molecular dissection of the central

apparatus by generating mutants defective in the cen-
tral apparatus using an insertional mutagenesis tech-
nique in which the gene responsible for the mutant
phenotype is tagged and amenable to cloning. The
first gene cloned in this effort was PF16, which en-
codes a protein that contains armadillo repeats and
localizes to the Cl microtubule (Smith and Lefebvre,
1996). In this report, we describe the cloning of the
PF20 gene and characterize its gene product. The fla-
gella of pf2O cells are paralyzed and isolated axonemes
are predominantly lacking the entire central appara-
tus. The PF20 gene encodes a protein of approximately
66 kDa, containing five contiguous G-,B or WD repeats
(Neer et al., 1994). Immunolocalization experiments
using antibodies generated against the PF20 protein
expressed in vitro demonstrated that the PF20 protein
localizes along the length of the C2 microtubule and is
associated with the intermicrotubule bridge connect-
ing the two central microtubules. The localization data
and mutant phenotype suggest that the PF20 protein is

most likely involved in the assembly and stabilization
of the central pair microtubules.

MATERIALS AND METHODS

Cell Strains and Media
Insertional mutants were obtained by transforming strain A54-e18
(nitl-l, acl7, srl, mt+) with the plasmid pMN56 containing the NITI
gene encoding nitrate reductase (Fernandez et al., 1989). Trans-
formed strains with defective motility phenotypes were back-
crossed to strains L5 (nitl-305, apml-19, mt+) and L8 (nitl-305,
apml-19, mt-) provided by L.W. Tam (University of Minnesota, St.
Paul, MN). The pfl5 strain (CC807) and pf2O strains (CC22 and
CC1030) were provided by the Chlamydomonas Genetics Center
(Duke University, Durham, NC). Strain CC1030 is strain pf2O.3C'
(Adams et al., 1981) and strain CC807 is strain pfl5A+ (Witman et al.,
1978). The arg7 strain (Lux and Dutcher, 1991) used to construct
double mutants for cotransformation experiments was provided by
M. Porter (University of Minnesota). All cells were grown in con-
stant light in SGII, SGII-NO3 (Sager and Granick, 1953; Harris, 1989;
Kindle, 1990; Tam and Lefebvre, 1993) or TAP media (Gorman and
Levine, 1965). High-efficiency transformation, mutant selection, and
genetic analyses were performed as described in the study by Smith
and Lefebvre (1996).

Isolation of Genomic Sequence Flanking the
Integrated Plasmid
Genomic DNA flanking the insertion site of the integrating plasmid
in the mutant A10 was obtained by constructing a genomic DNA
library using the AFIX II vector (Stratagene, La Jolla, CA). Genomic
DNA (20 jig) was partially digested with 0.075 U of MboI/,lg of
DNA at 370 for 1 h. Following partial fill-in, the DNA was sequen-
tially extracted using phenol, phenol:chloroform (1:1), and chloro-
form, precipitated in ethanol, and resuspended in TE to a concen-
tration of 0.5 ,g/,ul. The DNA was ligated to the AFIX II vector arms
(Stratagene) and packaged using the Gigapack II XL packaging
extract (Stratagene) according to protocols provided by the supplier.
The resulting library was transfected into XL1-Blue MRA(P2) host
cells (Stratagene) and screened using a labeled fragment from the 5'
end of the NITI gene as a hybridization probe. Phage DNA from
positive plaques was prepared from 25-ml cultures by polyethylene
glycol precipitation (Chisholm, 1989). Genomic DNA flanking the
plasmid insertion site was identified by digesting the DNA from
positive A clones with various enzymes and identifying fragments
which did not hybridize with radiolabeled DNA from the plasmid
pMN56. Procedures for probe isolation, DNA blot analysis, and
plaque-lift hybridizations were described previously (Smith and
Lefebvre, 1996).

Cloning PF20: Library Screening and Mutant Rescue
A genomic library constructed with DNA from the wild-type strain
21 gr mt+ in the A phage vector AFIXII (Schnell and Lefebvre, 1993)
was screened using a fragment of cloned genomic DNA flanking the
insertion site in the mutant strain A10 as a probe (Figure 1). A
second genomic library (generously provided by G. Pazour,
Worcester Foundation, Shrewsbury, MA) in the ADASHII vector
(Stratagene) was screened using a DNA fragment from one clone
obtained in the first screen as a hybridization probe. Plasmid
pBlA1O (Figure 1) was constructed by digesting the A clone 3A10
with XbaI, yielding an 11-kb fragment that was ligated into pBlue-
script (Stratagene). The pBlAlO plasmid was digested with PstI to
generate probe 3 (Figure 1) that was used to screen a cDNA library.
The cDNA library was prepared in the AEXlox vector by Novagen,
Inc. (Madison, WI) from poly(A)+ RNA isolated from the wild-type
strain A55 (Schnell and Lefebvre, 1993). The cDNA insert was
excised from the AEXIox vector by digesting A DNA with EcoRI and
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Figure 1. Restriction map of overlapping A clones. Probe 1 is a 1.5-kb NotI fragment flanking the insertion site in the mutant strain pf20-16
used to screen the wild-type genomic library to obtain clones lAlO and 2A10. Probe 2 is a 4.8-kb NotI fragment used to screen the library
a second time. Clone 3A10 was obtained in the second screen and rescued the paralyzed flagella phenotype when transformed into pf20-16
mutant cells. The plasmid pBlAlO was constructed by digesting clone 3A10 with XbaI and ligating the indicated 11-kb fragment into the
pBluescript vector. Probe 3 is a 7-kb PstI fragment of pBlA1O used to screen a cDNA library and as a probe on RNA blots.

HindIII, and was ligated into the vector pUC119 for sequence anal-
ysis.
To determine whether A clones rescued the motility defects in

strain A10 or pf20.3C+, cells were transformed with a cloned select-
able marker gene and the A clone being tested. For pf20-16, an arg7,
pf20-16 double mutant was constructed and transformed with the
plasmid pARG7.8 (containing the arginino-succinate lyase gene;
Debuchy et al., 1989) and putative genomic clones for PF20. Trans-
formants were selected as colonies growing on media without ar-

ginine supplement. In transformation experiments using pf2O.3C'
cells as host, emetine resistance was used as a dominant selectable
marker. The cells were transformed with both a A clone being tested
and the plasmid pJN4 containing a mutant copy of the gene for
ribosomal protein S14 which confers resistance to emetine upon
transformation (Nelson et al., 1994).

RNA Preparation, RNA Blots
Wild-type and mutant (strain A10 and pf20.3C+) cells were grown in
250 ml of TAP media to mid to late log phase. The cells were divided
into two aliquots, one of which was deflagellated by pH shock. Total
RNA was prepared from nondeflagellated cells and from cells 45
min after deflagellation (Wilkerson et al., 1994). Poly(A)+ RNA was

prepared by batchwise adsorption to oligo(dT)-Sepharose (Life
Technologies, Gaithersburg, MD). Approximately 10 j,g of poly(A)+
RNA were fractionated on formaldehyde agarose gels (Sambrook et
al., 1982), then transferred to Hybond N+ membranes (Amersham,
Arlington Heights, IL), and hybridized with 32P-labeled probe 3
(Figure 1) according to the manufacturer's instructions.

DNA Sequence Analysis
Both strands of the cloned cDNA were sequenced using Sequenase
2.0 (United States Biochemical Corp., Cleveland, OH) according to

the manufacturer's instructions. For some templates, sequencing
was performed by the DNA Sequencing Facility (Iowa State Uni-
versity, Ames, IA). The GCG programs were used for sequence
assembly (Devereux et al., 1984). Searches of the GenBank and
SwissProt databases for sequence homologies were performed us-

ing the FASTA and BLAST programs (Altschul et al., 1990).

Fusion Protein Expression and Antibody Production
The pEXlox vector containing the PF20 cDNA was digested with
Sacl and HindIll to release a 2.3-kb insert fragment that was then
ligated into the pET30a vector (Novagen, Madison, WI) digested
with SacI and HindIII. The resulting fusion protein contains a 6x His
tag at the amino terminal end. The pET30a-PF20 construct was
transformed into BL21(DE3) cells carrying the pLysS plasmid and
plated on LB plates containing 30 gg/ml kanamycin. For induction
of gene expression, cells were grown at 37°C to a density of OD600
(0.6-1), and fusion protein synthesis was induced by adding 1 mM
isopropyl-thio-f3-D-galactoside. After incubation for 2 h, the cells
were suspended in 6 M urea, 5 mM imidizole, 0.5 M NaCl, and 0.02
M Tris-HCl (pH 8) and lysed by freezing at -80°C and thawing.
Recombinant protein was purified from the resulting lysate
by binding to Ni2 NTA resin as recommended by the supplier
(QIAGEN, Inc. Chatsworth, CA). Eluate fractions were analyzed by
SDS-PAGE on 10% polyacrylamide gels stained with Coomassie
blue. Peak fractions which contained pure fusion protein were
pooled, and protein concentrations were determined using the
Bradford reagent. Three injections of 100 jig of pure protein each
were used to generate polyclonal antibodies in rabbits (Spring Val-
ley Laboratories, Sykesville, MD). Sera collected after the second
boost following primary injection showed high specificity for PF20
protein on immunoblots of flagellar proteins. For immunoblots,
flagella were isolated as described (Smith and Lefebvre, 1996) and
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75 ,ug of protein were loaded into each lane of a 10% polyacrylamide
minigel. The proteins were transferred electrophoretically to a poly-
vinyldifluoridine difluoride membrane. For primary antibody incu-
bations, the sera were diluted 1:10,000. Anti-PF20 binding to immu-
noblots was detected with alkaline phosphatase conjugated to goat
anti-rabbit IgG (Bio-Rad, Richmond, CA) and developed with 5-bro-
mo-4-chloro-3-indolyphosphate/nitroblue tetrazolium (Harlow and
Lane, 1988).

Immunolocalization
For immunolocalization experiments, the sera collected after the
second boost following primary injection were affinity purified us-
ing the recombinant PF20 protein that had been electroblotted onto
polyvinylidene difluoride membrane (Millipore, Bedford, MA).
Binding and elution of the antibody was performed as described by
Talian et al. (1983). For immunofluorescence experiments, flagella
were isolated as described previously (Smith and Lefebvre, 1996).
Fixation, permeabilization, and antibody incubation steps were car-
ried out as described by Sanders and Salisbury (1995) using purified
PF20 antibody as the primary antibody and goat anti-rabbit fluo-
rescein isothiocyanate-conjugated secondary antibodies (Cappel,
Organon Technika, Durham, NC) diluted 1:500. For immunogold
labeling, flagella were isolated from A54-e18 cells, resuspended in
HMDEK (10 mM HEPES, 5 mM MgSO4, 1 mM dithiothreitol, 0.5
mM EGTA, 25 mM KCl), and allowed to settle onto formvar-coated,
carbon-stabilized nickel grids. All subsequent antibody incubation
steps were carried out as described in the study by Bemstein et al.
(1994) using purified PF20 antibody as the primary antibody and 12
nm, gold-conjugated secondary antibodies (goat anti-rabbit, Jackson
Immunologicals, Westgrove, PA) diluted 1:40. Control experiments
in which the primary antibody was omitted were also performed.
The central pair of microtubules were easily identified by eye, since
their diameter is smaller than that of the doublet microtubules and
the length and spacing of their associated projections is distinct
from that of the radial spokes attached to the doublets.

RESULTS

Transformation and Mutant Screen
Mutants were generated by transforming nitl (ni-
trate reductase-deficient) cells with a plasmid con-
taining the cloned NITI gene (Fernandez et al., 1989;
Kindle et al., 1989; Smith and Lefebvre, 1996). Col-
onies were picked into liquid media and visually
screened for motility defects. Mutants with central
apparatus defects characteristically have rigid fla-
gella (Randall et al., 1964; 1967). Axonemes were
isolated from all cells with paralyzed flagella of
wild-type length and were analyzed by electron
microscopy. An analysis of axonemal cross-sections
revealed that 95% of axonemes from the mutant
strain A10 completely lacked central microtubules, a
phenotype previously described for strains carrying
the pfl5, pfl8, pfl9, and pf2O mutations (Randall et
al., 1964; 1967; Warr et al., 1966).

Genetic Analysis
The A10 strain was backcrossed to a nitl mutant to
determine whether the central apparatus defect coseg-
regated with the Nit+ phenotype. Tetrad analysis re-
vealed that the Nit+ phenotype cosegregated with
flagellar paralysis in at least 24 complete tetrads in

each of two backcrosses, indicating that the lesion in
the A10 strain was most likely caused by the integra-
tion of the transforming plasmid DNA. The mutation
in the strain A10 was then tested for allelism with
mutations known to produce defects in the central
apparatus. In crosses of A10 cells with cells carrying
the pfl5 (Witman et al., 1978), pf18, and pfl9 (Adams et
al., 1981; provided by M. Porter, University of Minne-
sota) mutations, recombinant progeny were obtained.
However, in crosses of strain A10 with the pf2O mu-
tant, no recombinants were obtained in 24 complete
tetrads. Allelism was established by constructing sta-
ble diploids. Heterozygous diploids constructed by
crossing A10 cells and pf2O cells have paralyzed fla-
gella, indicating that these mutations are allelic. There
are 15 previously identified alleles of the pf2O muta-
tion (Adams et al., 1981); therefore, the insertional
allele was designated pf20-16.

Cloning the PF20 Gene
To begin cloning the PF20 gene, a fragment of DNA
flanking the site of plasmid integration was cloned
from genomic DNA isolated from pf20-16 cells. We
determined that the pf20-16 mutant contained sev-
eral copies of the plasmid by hybridizing the
pUC119 vector to genomic DNA on gel blots (see
Figure 1 for map of insertion). Although genomic
DNA analysis suggested that the pf20-16 genome
contained intact copies of the pUC119 vector, at-
tempts to use a plasmid rescue technique to clone
genomic fragments adjacent to the site of insertion
were unsuccessful. Therefore, a library was con-
structed from pf20-16 genomic DNA to clone DNA
fragments flanking the insertion site. Phages con-
taining genomic DNA adjacent to the site of plasmid
insertion were identified using the 5' end of the
NIT1 gene as a hybridization probe. This probe
corresponds to a region of the NITI gene deleted in
the A54-e18 strain so that it will hybridize only to
copies of the NITI gene acquired upon transforma-
tion. A DNA from plaques hybridizing to the probe
was isolated and a restriction map was prepared. A
1.5-kb NotI fragment which contained only genomic
sequence from pf20-16 DNA and no plasmid se-
quence was identified (Figure 1). To confirm that the
cloned sequence flanked the site of plasmid inser-
tion, this 1.5-kb NotI fragment was used as a hybrid-
ization probe on blots of genomic DNA from
pf20-16 and wild-type (A54-e18) cells digested with
a variety of enzymes (our unpublished observa-
tions). The probe hybridized to restriction frag-
ments of different size on blots of DNA from
pf20-16 cells compared with that from wild-type
cells, confirming that this probe represented DNA
flanking the site of plasmid insertion in the mutant.
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The 1.5-kb NotI probe (Figure 1, probe I) was then
used to screen a bacteriophage A library constructed
from wild-type genomic DNA (Schnell and Lefeb-
vre, 1993). Several overlapping clones were identi-
fied (Figure 1, clones lAlO and 2A10) but none
rescued the motility defect in pf20-16 cells upon
transformation. One possible explanation for failed
rescue is that the complete wild-type copy of
the gene was not contained in the clones tested.
Insertion of exogenous DNA into Chlamydomonas
frequently results in rearrangement and deletion
of large portions of DNA (Tam and Lefebvre,
1993). Thus, if a sizable deletion occurred at the
integration site, DNA clones flanking that site
might be far from the PF20 gene. Using labeled
restriction fragments from clone 2A10 as probes on
Southern blots of genomic DNA from pf20-16, a
sizable deletion (greater than 15 kb) was detected. A
4.8-kb NotI fragment at the end of clone 2A10 ex-
tended into the region deleted in the mutant, and
this fragment was used as a probe to rescreen the
library (Figure 1, probe 2). No positive clones ex-
tending beyond the clone 2A10 were obtained.
When the same probe was used to screen an unam-
plified A library provided by Dr. G. Pazour (Worces-
ter Foundation), a single clone, 3A10 (Figure 1), was
obtained which extended beyond clone 2A10 into
the region deleted in the mutant. This clone rescued
the motility and ultrastructural defects in pf20-16
and pf2O cells upon transformation. The full extent
of the deletion that occurred in pf20-16 was not
determined.

Rescue of pf2O Mutant Phenotypes by
Transformation
To determine whether the A clones obtained in our
screen contained a functional PF20 gene, we tested
the ability of the A clones to rescue the mutant
phenotype in the insertional pf2O allele, pf20-16 and
the previously identified pf2O allele, pf2O.3C+. In
these experiments the cells were cotransformed
with a selectable marker gene and the A clone being
tested. For both mutants the transformants were
picked into liquid media and screened for restora-
tion of flagellar motility. To establish that rescue of
the mutant phenotype correlated with incorporation
of transforming DNA, genomic DNA was isolated
from several transformed strains and analyzed by
Southern blot hybridization. In all cases the rescued
cells contained DNA from the transforming A clone,
indicating that the phenotypic rescue was most
likely due to the function of the transgene. Ultra-
structural analysis of axonemes isolated from res-
cued cells revealed that for both pf20-16 and
pf2O.3C+ strains the central apparatus was restored
(Figure 2). Table 1 summarizes these results. In the

Figure 2. Thin section electron microscopy of axonemes from the
mutant pf2O-16 (a) and from rescued mutants pf2O-16 (b) and
pf2O.3C' (c) transformed with the cloned PF20 gene. Panels are
representative axonemal cross-sections. Bar, 200 nm.

rescued mutants, the number of central microtu-
bules observed in axonemal cross-sections was com-
parable to the number of central microtubules ob-
served in cross-sections of axonemes from wild-type
cells.

Table 1. Rescue of pf2O-16 and pf2O.3C' by transformation

No. of central tubules present
(%)

Mutant 0 1 2

Wild-type 6 12 81
pf2O-16 73 27 0
pf2O.3C' Transformant 9 0 91
pf2O-16 Transformant 3 5 92

Percentiles represent at least 100 cross-sections of axonemes isolated
from each strain.
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Transcript Analysis and cDNA Sequence
To characterize the transcript of the PF20 gene and to
obtain the amino acid sequence of its predicted gene
product, cDNA clones were isolated and sequenced.
To prepare an appropriate hybridization probe for
screening a cDNA library, the extent of the PF20 gene
was defined by subcloning A clone 3A10 into smaller
fragments and testing each subclone for the ability to
rescue flagellar paralysis upon transformation. The
smallest subclone that rescued the mutant phenotype
was an 11-kb XbaI fragment subcloned into pBlue-
script (Figure 1, pBlA10). A PstI fragment from clone
pBlA10 (Figure 1, probe 3) was then used as a hybrid-
ization probe for RNA blots.
Poly(A)+ RNA was prepared from pf20-16,

pf20.3C+, and wild-type cells before and 45 min after
deflagellation. Deflagellation in Chlamydomonas causes
increased accumulation of transcripts from genes en-
coding flagellar proteins (reviewed in Lefebvre and
Rosenbaum, 1986). Hybridization of probe 3 (Figure 1)
to blots of size-fractionated RNA revealed a 2.6-kb
transcript that accumulated following deflagellation in
wild-type cells (Figure 3, lanes 1 and 2). As expected,
no detectable transcript was observed in RNA isolated
from the mutant pf20-16 (Figure 3, lanes 3 and 4)
because the PF20 gene is deleted in this mutant. A
transcript of the expected size was present in RNA
from pf2O.3C+ cells, although transcript levels were
low relative to wild-type cells and the transcript did
not accumulate following deflagellation.
A wild-type Chlamydomonas cDNA library prepared

from poly(A)+ RNA isolated from wild-type cells was
screened using probe 3 (Figure 1). The largest clone
obtained had a 2.6-kb insert. The DNA sequence of the
2.6-kb cDNA revealed a single, long open reading
frame whose putative translation initiation codon is
preceded by an upstream in-frame termination codon
(Figure 4, double underline). Therefore, the 2.6-kb in-

Figure 3. RNA blot. Ten mi-
crograms of poly(A)+ RNA

- 4.4 kb prepared from cells before and
45 min after deflagellation
were loaded in each lane. A
radiolabeled 7-kb PstI restric-

-2.4 tion fragment of plasmid
- 1.3 pBlA1O (Figure 1, probe 3)

was used as a hybridization
probe. The S14 gene (encoding
the ribosomal S14 protein) is
constituitively expressed and
was used as a hybridization

1 2 3 4 5 6 probe to control for equal
loading. Lanes 1, 3, and 5 con-

tain RNA from cells before deflagellation. Lanes 2, 4, and 6 contain
RNA from cells 45 min after deflagellation. Lanes 1 and 2 contain
RNA from wild-type cells, lanes 3 and 4 contain RNA from pf20-16
cells, and lanes 5 and 6 contain RNA from pf2O.3C+ cells. The band
of 1 kb represents the transcript of the S14 gene.

sert appeared to contain the complete coding sequence
of the PF20 protein with an open reading frame en-
coding 606 amino acids.

Analysis of the Predicted PF20 Gene Product
The predicted PF20 protein of 606 amino acids has an
isoelectric point of 6.56 and mass of 65.8 kDa. The gene
product contains five contiguous G-13 repeats (Fong et
al., 1986) in the carboxyl-terminal half of the protein
(Figure 4, underlined). Four of these repeats were
identified using the MOTIFS program in the GCG
suite of sequence analysis programs (Devereux et al.,
1984). The first G-,B repeat was identified by eye and
conforms well to the G-f3 consensus described by Neer
et al. (1994) of fX6-94 - [GH-X2341 - WDII except
WD is replaced by WH. All five repeats conform to the
more extensive consensus proposed by Neer et al.
(1994; Figure 5). Within the PF20 protein, the spacing
of amino acids within and between the five WD re-
peats is highly conserved. In each case there are 27
amino acids between GH and WD within a repeat and
11 amino acids between the WD of one repeat and the
GH of the next repeat.
Database searches using only the amino half of the

protein revealed no significant homology with any
previously identified protein sequences. Structur-
ally, this region appears to be largely coiled coil,
containing three distinct regions including an
acidic, a basic, and an alanine-rich region (Figure 6).
In the region of amino acids 7-38, 50% are acidic;
from amino acids 151-183, 44% are basic; and from
amino acids 151-205, 37% are basic. Immediately
upstream from the WD repeats there is an alanine-
rich region. From amino acids 263-283, 45% are
alanine residues; from amino acids 242-313, 31%
are alanine residues.

In searches of the expressed sequence tag data-
bases for PF20 homologues, many sequences were
identified that contained WD repeats but no simi-
larities to PF20 outside of the repeats. However, one
human cDNA sequence was identified whose pre-
dicted protein sequence showed extensive similarity
to PF20 in a region near the amino terminus. The
sequence of clone N51175 was 62% identical and
72% similar to PF20 over a stretch of 47 amino acids
(Figure 7). Only a very short stretch of sequence
from the N51175 clone was available for compari-
son; therefore, we do not know whether this protein
contains WD repeats. However, because of the high
amino acid sequence identity and because no other
homologues were found using the amino-terminal
half of the PF20 protein in searches of other data-
bases, it is likely that N51175 is a bona fide human
homologue of PF20.
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1 GCATTTMTGACGTCCTIGCC'UTICATAGAAGCGCTTGTIGGTCTGGCCAACATCTATIClATGAGCATCCAACGATAGGTAATAGG 90
91 TAATAGCTTCCATIATAGCACTGAAATAGAGC CGGGCTGGATACCCTGCGCCIGGAGG 180

M A A A G L D T L R L E D

181 TGTGACGCGGCTTTCGGGA 270
S D D D F K Y E E V D V M S D G E D D A S E D L D A A L R K

271 AACTCCAGCAGITrACAAGCAAGAAGCGGCGACCGGGCCAGCACGGACTACGGAGGTAAAACCGGGGCAAGTGGTGAAGAAGCCGG 360
L Q Q F T S K Q E A A T G P A R T T E V K P G Q V V K K P E

361 AGGTCATTGAT4ACTTCCT5CGCAACTTCTTCATCAAAA5GGGGCTGTCGCGGACGTGCGAGTGTTTCGAGGCTGAGTGACGAGCTCA450
V I D D F L R N F F I K M G L S R T C E C F E A E W Y E L K

451 AAGCCACGCCG54GC0OACAACAGCACCACCGTGCCGGACGTGTACCTTCGCAACGCGGAGCTGGAGGACGATGTGGCGGGCCTGCGGC540
A T G R L D N S T T V P D V Y L R N A E L E D D V A G L R R

541 GCGAGCTGCGGAGGCCAAGTCCA30GCGGGCCGCGCCTCCGCCACCTGGGACAAGTCCGCAAGGAGcGCGArTTCCACCGCATGCCC630
E L A E A K S I A G R A S A T W D K F R K E R D F H R M H H

631 A 70TGTTGACTGACCTGCGGCSGCTAGGAGCACTACGCCAAGTAT&AGCCGACCATCCTCG720
K R V A Q E K N K L L T D L R R L K E H Y A K Y E P T I L E

721 AGCM 8GAA1AAGTACGAGACCCTGAT0AAGGAGAAGATGATGATGAGCC0GAGCCGGACAACCGCGGCGCGGGTGGACGCACTGG810
L K K K Y E T L M K E K M M M S L E R D K L A A R V D A L E

811 AGCAGGTGGCGTCCTCGCCCCTACCCGGCGCGGAGCGGTCCTTGGGCGGCCAGTCCACAGCCGCAGCCGGTGGCGGCGCCTCCGGCCGCG 900
Q V A S S P L P G A E R S L G G Q S T A A A G G G A S G R A

901 CCCTGGCGCCACCAACCGCGCACTCACAGGCGACGTGCCGCC¶TYCCGCCGGGGCGGCGGCGGCGGCCGCCACGGGCCGGICGGGETGCGG 990
L G A T N R A L T G D V P P A A G A A A A A A T G R S G A V

991 TT&AACGCGC CGCCGCGGCGCAACCCGTACGCGGACCTTGAGTTCCCGGCGGCTCCTG 1080
S A G P R S G W A S L N A P P R R N P Y A D L E F P A A P V

1081 CTGCTGTCTGGCAACCTWCGCTSCACCCCACCAAGCCCATCCTGGTCA 1170
K M L S L N K T F K G H L L S V A N L A L H P T K P I L V T

1171 CCGCCrCGGACGACAAGACCTGGAAGATTGCCACATGCCAGGCGGCGACCTGATCATG¶ CGGCGAGGGCCACAAGGACTGGGTGCGG 1260
A S D D K T W K M W H M P G G D L I M C G E G H K D W V A G

1261 GCGTGGACTTCCACCCCGCCGGCACCTGCCTGGCGACA TGCG 1350
V D F H P A G T C L A S G G G D S A V K I W D F E K Q R C V

1351 TCACCACCTTCACAGACCACAAGCAGGCCATCTGGAGTGT2CGCTCCACCACCTGGGCGAGGTGGTGGCGTCCGGCTCCCTGGACCACA 1440
T T F T D H K O A I W S V R F H H L G E V V A S G S L D H T

1441 CGGTGCGGCTGT ACCTGCCCGCCGGCAAGTGGCATGGCTCTGCGCGGCCACGTGGACAGCGTACGACCTGGCCTGGCAGCCCT 1530
V R L W D L P A G K C R M A L R G H V D S V N D L A W O P F

1531 TCAGCAGCAGCCTCGCCACGGCCTCCTCCGACAAGACCGT GGIT'D GGACGCGCGCGCGGGGCTGTGxCACGCAGACCTACTACGGGC 1620
S S S L A T A S S D K T V S V W D A R A G L C T Q T Y Y G H

1621 ACCAGAACAGCTGCAACGGCGTGAGCTICAACATCCTGGGCACCCAGCTGGCCAGCACGGACGCGGACGGAGTGGGGAAACTGTGGGACA 1710
O N S C N G V S F N I L G TO L A S T D A D G V V K L W D T

1711 CACGCATGACCGCCGAGGTCGCCACCATCAATACCGGCAAGCACCCCGCCAACAAGTCCCTICGACCGCTCCGGTCAGGTACTGGCGG 1800
R M T A E V A T I N T G K H P A N K S C F D R S G Q V L A V

1801 T1GCGT0CGACGACGGCAAGGTCAAGGCCTACAGCACCACAGACGGAGTGCTGCAGGCGGAGCTGGCGCCACGAGGACGCGGTGCAGG1890
A C D D G K V K A Y S T T D G V L Q A E L A G H E D A V Q A

1891 CGGTGCTTCGACCCGGCGGGTCAGTACCTGGTCAGCT[ctGCTCAGACAACACCTrCCGCCTGTGGTCGTXAGGAGGGGAGCGGAGG 1980
V L F D P A G Q Y L V S C G S D N T F R L W S

1981 TGGCGTTG TCTCTCCGTTC 2070
2071 CGGCGGAAGG G G AGAAGACGGTIGAAGGGCGCGCGAC CCGACGGCAGCCTCAGCCTTAGGCGTGC 2160
2161 TGCTCAGCGGGAAGTGTCAAGGCAGGGACCCCGGTCCTCTGCTACCCTGGACTCTGCCGCGGGCAAGCCGTGGGGAGCAGGGGAGGC 2250
2251 TGCT GGTCGGTAGGCTGGA TGCAGAGGCTGTAAGATW CGTGAT 2340
2341 CAACGTAATCTTC CGTTGAGGTGTIGGAAACTGTGAGTTGGTGATTGCGTrIC 2430
2431 GTGCG20CAATGGGTGCATACCGGTGATGTACCATGTAAGATGGGCCAGCATGTAGCCGCGCCACGCATCCTGCTGCAAGGACCT2520
2521 ACCCACGGTGGACGCCIClCWI9 G GCAGGGCCCAACTCCGACTACCAGCTACG¶CTIGGCGGTGTGTGITGCGACACGG 2610
2611 TCGAAGGCACGTCACGGT&uATACGTGTAATGACGGCATCCAG(A)

Figure 4. Sequence of PF20 cDNA. The longest open reading frame predicted by the sequence is indicated. The region containing the five
WD repeats is underlined. The in-frame stop codon upstream of the predicted initiation codon is indicated by double underlines. These
sequence data are available from GenBank/EMBL/DDBJ under accession number U78547.
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Figure 7. Comparison of PF20 cDNA sequence to EST clone
N51175. Solid lines indicate identity and + indicates conserved
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S SSXDXXVXIWD
G GG L from the mutant strains pf20-16 or pf2O.3C' (Figure 8,
T TT v lanes 2 and 5). These results indicate that the antibody
A AA M is specific for the PF20 protein.

For immunolocalization experiments, affinity-puri-
fied antibodies were obtained using the expressed

teats found in the predicted PF20 fusion protein. In immunofluorescence experi-
nsus of Neer et al. (1994) is ments using whole-mount preparations of flagella
1 rows conforming to the from wild-type and mutant cells, staining was ob-
are highlighted, served along the length of wild-type flagella whereas

no staining was observed in flagella from pf2O.3C+
Purification, cells (our unpublished observations). We did not as-
lization say for the presence of the PF20 protein in the cell

bodies. To localize the PF20 gene product more pre-ict inaxonemes, anti- cisely, immunogold electron microscopy was per-
s

protein expressed in formed. Whole mounts of flagella from wild-type cells
assed PF2O construct were prepared for immunogold labeling and nega-
amino terminus for a tively stained for electron microscopy. The three types
ntained six additional Of images most commonly found are presented in
terminus, making it Figure 9. The most extensive decoration of flagella by
sd fusion protein by gold particles was observed in preparations in which
fs assessed by SDS- one of the central microtubules had disintegrated (Fig-
fusion protein of the ure 9a). In these cases, a long line of gold particles was
found in the eluate. observed, probably indicating the previous position of
zd in rabbits using the the disintegrated microtubule. Since the remaining

singlet microtubule had relatively long projections
ed on protei blots of characteristic of the Cl microtubule, the disintegrated
41 strains: wild-type microtubule is most likely C2. The second type of

as well as pf20-16 staining was observed in preparations in which the
autant phenotype had two microtubules of the central apparatus had splayed
a with pBlA10. At a apart (Figure 9b). In this case gold particles were
ied sera recogmnzed a always found associated with only one microtubule;
ize (-67 kDa) in fla- based on the presence of short projections on the
cells (Figure 8,lanes gold-labeled microtubule, this microtubule is most
observed in flagella likely C2. The third type of staining was observed in

preparations in which the central apparatus was

Beta Sheets Alpha Helix largely intact but had short regions in which the two
microtubules had separated. In these cases gold par-
ticles were only observed between the two microtu-

I I I Il

200 300 400 500 600

* Alanine Rich

[ WD Repeats

Figure 6. Gene structure. The amino-terminal half of the PF20
protein is comprised of an acidic (-), a basic (1), and an alanine-rich
region (0). The carboxyl terminus is largely comprised of WD
repeats (E.. Possible extensions of the basic and alanine-rich regions
are more lightly shaded.

Figure 8. Immunoblot of
- k68 flagellar protein. Approxi-

~- --_ -b# mately 75 ,ug of protein from
isolated flagella were loaded

-43 into each lane. The purified
PF20 antibody recognizes a

-29 protein of the expected size
(67 kDa) present in flagella of
wild-type cells (lanes 1 and 4),

1 2 3 4 i 6 rescued pf2o-16 cells (lane 3),
and rescued pf2O cells (lane 6). No band is seen in flagella of the
mutant pf2o-16 (lane 2) or pf2O (lane 5).
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A

U

Figure 9. Localization of the PF20 gene product in flagella by immunogold labeling. In A, the Cl microtubule of the central apparatus is
intact (labeled Cl) but the C2 tubule has disintegrated with only a line of gold particles remaining. In B, the two central tubules have splayed
apart and gold labeling is only observed on the microtubule with the shortest projections (C2). In C, the central microtubules are still attached
to each other except in short regions (parentheses) where gold particles localize to the central microtubule bridges. Bar, 200 nm.

Vol. 8, March 1997

MI WONWUR`4 i..,.- ,:X.S
",, ..

ilAwl
.!, 4 :.M.%., -,W-

i;hi

a

463



E.F. Smith and P.A. Lefebvre

bules in the region of separation and appeared to
localize to structures connecting the two central mi-
crotubules (Figure 9c). Based on these observations,
we conclude that the PF20 protein is primarily bound
to the C2 microtubule and is associated with the con-
necting structure between the two central microtu-
bules. The binding of the PF20 protein to the C2 mi-
crotubule may be direct or may involve additional
polypeptides specifically bound to C2. No gold parti-
cles were observed bound to axonemes when incuba-
tion with the primary antibody was omitted.

DISCUSSION

We have undertaken a molecular dissection of central
apparatus components by generating new central ap-
paratus defective mutants using an insertional mu-
tagenesis technique. In our initial mutant screen, we
identified several central apparatus mutants including
D2 and A10 which contained alleles of the previously
identified mutations pfl6 and pf2O, respectively. We
cloned and sequenced the PF16 gene and character-
ized the PF16 gene product (Smith and Lefebvre,
1996). Here, we report the cloning and sequencing of
the PF20 gene and localization of the PF20 gene prod-
uct.
Although the smallest genomic clone that could res-

cue the pf20 mutant phenotype upon transformation
was quite long (-11 kb), several lines of evidence
support the conclusion that the cDNA clone we se-
quenced corresponds to the PF20 transcript. The 7-kb
restriction fragment used to screen the cDNA library
represents more than half of the genomic clone
pBlA10. Transformation using this clone rescued the
pf2O mutant phenotype. The labeled 7-kb restriction
fragment hybridized to a single transcript on blots of
RNA isolated from wild-type cells. This transcript was
missing from RNA prepared from cells containing the
deletion mutation, pf20-16. The transcript was re-
duced in abundance from RNA prepared from cells
containing the previously described allele, pf20.3C+.
Finally, antibodies generated against the gene product
of the cDNA we obtained do not detect antigen in
flagella isolated from either cells containing the
pf20-16 or pf20.3C+ mutations.
Several alleles of pf2O were initially isolated by R.A.

Lewin and first characterized structurally by Randall
et al. (1964). Additional alleles of pf20 were subse-
quently isolated and further characterized by Adams
et al. (1981); they described the pf2O mutation as being
"leaky" in that a small percentage of the cells in the
population were swimming, and reported that 35% of
flagellar cross-sections contained two central microtu-
bules, apparently wild type in ultrastructure. Upon
demembranation to produce axonemes, however, 95%
of the cross-sections showed the loss of the entire
central apparatus. In addition, using two-dimensional

gel electrophoresis, they determined that flagella from
pf2O cells lacked six polypeptides whereas axonemes
isolated from pf2O cells lacked 18 polypeptides they
identified as components of the central apparatus.
The PF20 gene encodes a predicted protein of 606

amino acids with a molecular weight of 65.8 kDa and
an isoelectric point of 6.56. Of the six polypeptides
Adams et al. (1981) detected as missing from flagella
isolated from pf2O cells, one of these polypeptides,
CP13, has a molecular weight (62 kDa) similar to that
of the predicted PF20 protein. However, the isoelectric
point of CP13 is very different (about 8) from that
predicted for the PF20 gene product. Therefore, the
PF20 gene product probably does not correspond to
CP13 and may not have been identified in previous
biochemical analyses of central apparatus compo-
nents.
Database searches using the predicted amino acid

sequence of PF20 placed the protein in a family of
proteins which contain repeat domains first identified
in the }3-subunit of the heterotrimeric GTP-binding
protein ,B-transducin (Fong et al., 1984) and named G-1
or WD repeats. Many proteins containing WD repeats
have been identified and perform a variety of cellular
functions. Neer et al. (1994) grouped these proteins
into several functional classes including proteins in-
volved with signal transduction, RNA processing,
gene regulation, vesicular traffic, and regulation of
cytoskeletal assembly. More recently, the WD repeat
motif has also been identified in the IC69 and IC78
intermediate chains of outer arm flagellar dyneins of
Chlamydomonas (Wilkerson et al., 1995). In homology
searches using the predicted PF20 amino acid se-
quence, the first three matches are ,B-transducin (Fong
et al., 1986), a protein kinase (Thermomonospora curvata;
unpublished GenBank accession number U23820) and
the LIS-1 protein encoded by the lissencephaly gene
(platelet activating factor, acetylhydrolase; Reiner et
al., 1993). Because alignment of the PF20 protein with
each of these protein sequences revealed significant
homology only in the region of the WD repeats, we
conclude that PF20 is not the Chlamydomonas homo-
logue of any previously identified members of this
family.
Neer et al. (1994) proposed that the WD repeats

represent a highly conserved structural unit in which
anti-parallel 13-strands form a conserved core with
variable regions displayed on the surface. The struc-
ture of such motifs was later confirmed in crystallo-
graphic analyses by Wall et al. (1995). The WD repeats
contain multiple 13-strands in an antiparallel arrange-
ment. Four 13-strands form blades similar to those of a
propeller in which the conserved core of theWD motif
forms three inner 1-strands of one blade and the vari-
able amino-terminal portion of each repeat contributes
to the fourth outer strand of each blade. In this ar-
rangement, the conserved core is viewed as a scaffold
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to display the variable regions between repeats. The
diversity of function for proteins containing these re-
peats may be explained by the number and spacing of
the repeats as well as the variable region sequence. For
all WD repeat containing proteins, however, these
structures allow for specific interactions with other
proteins to form protein complexes. Given the pf2O
mutant phenotype, most likely the PF20 protein forms
a complex with additional polypeptides, and this com-
plex is required for assembly or stability of the central
pair microtubules.

In addition to the WD repeats, the PF20 protein also
contains distinct regions rich in basic and acidic amino
acids as well as an alanine-rich region. The PF20 pro-
tein does not encode a known microtubule-binding
domain such as those identified in microtubule-asso-
ciated proteins from neurons. The only microtubule-
binding domains described for flagellar proteins to
date are for a component of the radial spokes (RSP3)
and a dynein intermediate chain (IC78). Using in vitro
reconstitution approaches, Diener et al. (1993) identi-
fied an 85-amino acid region of RSP3 which is re-
quired for binding to the doublet microtubules of
axonemes. This region is very basic in amino acid
composition, but shares no homology with known
microtubule-binding motifs or with the PF16 or PF20
gene products. King et al. (1995) reported that basic
regions within the IC78 intermediate chain of flagellar
outer dynein arms may form microtubule-binding do-
mains. IC78 deletion constructs lacking these basic
domains no longer bound to microtubules or axon-
emes in reconstitution assays. Whether the basic re-
gion in the PF20 protein also has a microtubule-bind-
ing function will require similar analyses. We do not
know the significance of the alanine-rich region. Be-
cause this alanine-rich region separates the WD re-
peats from the amino-terminal half of the PF20 pro-
tein, it may serve as a linker element between the WD
repeats and this region.
With polyclonal antibodies generated using the ex-

pressed PF20 cDNA as an antigen, the PF20 gene
product was localized along the length of the C2 cen-
tral microtubule. PF20 may bind directly to the C2
microtubule or may bind to other polypeptides which
are specifically bound to the C2 tubule. The PF20
protein appears to localize to the intermicrotubule
links connecting Cl and C2 and not to the C2 projec-
tions. This conclusion is supported by our observation
that when the central apparatus is intact, gold labeling
is only observed in regions where the Cl and C2
tubules are partially separated. The best gold labeling
observed is when the two microtubules have com-
pletely splayed apart, exposing the antigen, or the
microtubule lattice of C2 has disintegrated altogether,
allowing complete antigen accessibility.

Previously, we reported that PF16 localizes to the
projections of the Cl microtubule (Smith and Lefeb-

vre, 1996). Bernstein et al. (1994) reported that KLP-1
localizes to the projections of the C2 microtubule, and
Miller et al. (1990) reported that a protein similar to a
kinetochore antigen localizes to the tips of ciliary mi-
crotubules. The results we describe here represent the
first report of localization of a specific polypeptide to
the cross-linking structures of the two central micro-
tubules in flagellar axonemes. Warner (1976) and
Linck et al. (1981) have described central microtubule
bridges for both mussel gill cilia and squid sperm,
respectively, as having an axial repeat of 16 nm. Inter-
estingly, using optical diffraction techniques to study
central apparatus ultrastructure, Linck et al. (1981)
observed that the central tubule bridges are in exact
register with structures on the surface of the C2 tubule
and have a similar beaded appearance, indicating that
the bridges may originate from the C2 tubule. This
observation agrees with our finding that PF20 is pri-
marily associated with the C2 tubule but does not rule
out the possibility that similar structures originate
from the Cl tubule. Because axonemes from pf2O cells
are missing the entire central apparatus, the PF20 gene
product is most likely involved in forming these
bridges and stabilizing the two microtubules of the
central pair. Based on the gene sequence, localization,
and mutant phenotype, one hypothesis is that the
PF20 protein may bind to the C2 microtubule by its
amino-terminal half, possibly through its basic region,
and interact with other polypeptides via the WD re-
peat regions to form a stable intermicrotubule bridge.
Candidates for such interacting polypeptides may in-
clude some of those reported as missing from pf2O
axonemes by Adams et al. (1981). The antibodies de-
scribed in this report will be useful in cross-linking
and immunoprecipitation experiments to determine
which polypeptides interact with the PF20 gene prod-
uct and comprise these microtubule-cross-bridging
structures.
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