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Abstract. We previously described a kinesin-depen-
dent movement of particles in the flagella of Chla-
mydomonas reinhardtii called intraflagellar transport
(IFT) (Kozminski, K.G., K.A. Johnson, P. Forscher,
and J.L. Rosenbaum. 1993. Proc. Natl. Acad. Sci. USA.
90:5519-5523). When IFT is inhibited by inactivation of
a kinesin, FLA10, in the temperature-sensitive mutant,
flal0, existing flagella resorb and new flagella cannot be
assembled. We report here that: (@) the IFT-associated
FLA10 protein is a subunit of a heterotrimeric kinesin;
(b) IFT particles are composed of 15 polypeptides com-
prising two large complexes; (¢) the FLA10 kinesin-II
and IFT particle polypeptides, in addition to being
found in flagella, are highly concentrated around the
flagellar basal bodies; and, (d) mutations affecting ho-

mologs of two of the IFT particle polypeptides in Cae-
norhabditis elegans result in defects in the sensory cilia
located on the dendritic processes of sensory neurons.
In the accompanying report by Pazour, G.J., C.G. Wilk-
erson, and G.B. Witman (1998. J. Cell Biol. 141:979-992),
a Chlamydomonas mutant (flal4) is described in which
only the retrograde transport of IFT particles is dis-
rupted, resulting in assembly-defective flagella filled
with an excess of IFT particles. This microtubule-
dependent transport process, IFT, defined by mutants
in both the anterograde (flal0) and retrograde (flal4)
transport of isolable particles, is probably essential for
the maintenance and assembly of all eukaryotic motile
flagella and nonmotile sensory cilia.

axoneme presents some unique problems for the

cell (Lefebvre and Rosenbaum, 1986; Johnson and
Rosenbaum, 1993; Johnson, 1995). The organelle is com-
posed of well over 200 different polypeptides (Piperno et al.,
1977; Dutcher, 1995) that, after their synthesis in the cyto-
plasm (Lefebvre et al., 1978), must rapidly find their way
to the distal tip of the flagellum where most of the assem-
bly of the microtubular axoneme takes place (Rosenbaum
et al., 1969; Witman, 1975; Johnson and Rosenbaum,
1992). Delivery of flagellar precursors to the base of the
flagellum may be facilitated by the localization of mRNAs
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for these proteins near the basal bodies, as seen with tubu-
lin mRNA in Naegleria gruberi (Han et al., 1997). Some of
the axonemal polypeptides synthesized from these mRNAs
are assembled in the cytoplasm into larger complexes, e.g.,
radial spokes (Diener, D.R., D.G. Cole, and J.L. Rosen-
baum. 1996. Mol. Biol. Cell. 7:47a) and dynein arms (Fok
et al., 1994; Mitchell, D.R., personal communication), which
are then targeted to the flagellum. How these proteins are
then transported to the flagellar tip during axonemal as-
sembly has been one of our principal research concerns.
The use of flal0-1 (Huang et al., 1977; Adams et al., 1982),
a mutant strain of the biflagellate alga Chlamydomonas
that carries a temperature-sensitive (ts!) point mutation in
the gene for a kinesin known as KHP1 (Walther et al., 1994;
Vashishtha et al., 1996) or FLA10, has been pivotal to the

1. Abbreviations used in this paper: AMPPNP, 5'-adenylylimidodiphos-
phate; FLA10, the flal0 gene product; FLA10 kinesin-II, heterotrimeric
complex containing FLA10 and two additional subunits; IFT, intraflagel-
lar transport; MT, microtubule; ts, temperature-sensitive.
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study of transport of flagellar precursors. FLA10 is essen-
tial for flagellar assembly and maintenance; after shifting
to the restrictive temperature, flal( mutants are unable to
assemble new flagella (Huang et al., 1977; Adams et al.,
1982), and will resorb flagella assembled at the permissive
temperature (Lux and Dutcher, 1991). Using a technique of
in vivo complementation called dikaryon rescue, in which the
cytoplasm of one cell supplies flagellar components to de-
fective flagella of a second cell to which it is mated, FLA10
activity was shown to be necessary for the assembly of inner
dynein arms at the flagellar tip (Piperno et al., 1996). The role
of FLA10 in flagellar assembly and maintenance may, there-
fore, involve movement of precursors to the flagellar tip.

The mechanism by which FLA10 could transport axone-
mal components to the flagellar tip may involve a kinesin-
driven motility called intraflagellar transport (IFT). IFT is
observed by video-enhanced differential-interference con-
trast (DIC) microscopy as the movement of particles under-
neath the flagellar membrane distally at 2 wm/s and proxi-
mally at nearly 4 pm/s (Kozminski et al., 1993). The
particles being moved by IFT have been shown by elec-
tron microscopy to consist of a varying number of electron
opaque subunits (hereafter referred to as IFT particles) as-
sembled into linear arrays called “rafts” (originally ob-
served by Ringo, 1967), which appear to be linked to both the
B tubules of the outer doublets and the overlying flagellar
membrane (Kozminski et al., 1993, 1995). In flal0 cells in-
cubated at restrictive temperatures, IFT gradually disappears
just before the onset of flagellar resorption, concomitant
with the reduction of rafts identified by electron micros-
copy (Kozminski et al., 1995). Together, these data suggest
that anterograde (base to tip) IFT, powered by FLA10,
delivers precursors to the flagellar tip for assembly.

Here we describe (a) the isolation, characterization, and
subcellular localization of FLA10 and present further evi-
dence that this kinesin is responsible for anterograde IFT,
and (b) the isolation, initial characterization, and cellular
localization of polypeptides that compose the IFT particles.
Peptide sequence analysis shows that of the IFT particle
polypeptides that have been analyzed so far, two are homol-
ogous to proteins that have been recently characterized in
Caenorhabditis elegans. In keeping with the proposed role
of IFT in Chlamydomonas flagellar assembly and mainte-
nance, C. elegans strains with mutations affecting these pro-
teins (Collet et al., 1998; Stone, S., and J. Shaw, personal
communication) have both structural and functional defects
in the sensory cilia of the sensory neurons (Perkins et al.,
1986). In related work, Pazour et al. (1998) describe a new
Chlamydomonas mutant in which retrograde IFT is absent,
resulting in the accumulation of IFT particles in the flagella.
Therefore, IFT in Chlamydomonas is one of the only micro-
tubule-based motilities in which mutants are available in
both the anterograde and retrograde motors responsible
for transport of discrete isolable particles. Furthermore, this
motility is essential for the assembly, maintenance, and func-
tion of motile cilia/flagella and nonmotile sensory cilia.

Materials and Methods

Cultures

Chlamydomonas reinhardtii wild-type strain cc125, cell wall-deficient
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strain cw92 (cc503), basal body—deficient strain bld2 (cc478), and ts flagel-
lar assembly mutants flal (cc1389), fla2 (cc1390), fla3 (cc1391), fla8
(cc1396), fla9 (cc1918), flal0 (flal0-1 allele, cc1919), and flal3 (cc1922)
were obtained from the Chlamydomonas Genetics Center (Duke Univer-
sity, Durham, NC). flal, fla2, fla3, and flal0-1, were originally designated
dd-a-6, dd-frag-1, dd-a-13, and dd-a-224, respectively, by Huang et al.
(1977) and renamed by Adams et al. (1982). fla8, fla9, and flal3 have been
previously described (Adams et al., 1982). Previous studies with fla mu-
tants used 32°C as the restrictive temperature; in the studies presented
here, fla mutants were incubated at a restrictive temperature of 33°C. Phe-
notypes were verified by monitoring flagellar loss after fla mutants with
full-length flagella were shifted from the permissive temperature of 23°C
to the restrictive temperature of 33°C. Cells were grown in liquid minimal
medium, My, (Sager and Granick, 1953) at 22°-23°C with a light/dark cycle
of 14 h/10 h with constant aeration.

Flagellar Isolation

Flagella were isolated from Chlamydomonas by pH shock as described by
Witman et al. (1972) with minor modifications as follows. Cells were har-
vested from 8 to 32 liters of liquid medium with a Pellicon tangential flow
filtration device (Millipore, Bedford, MA) and/or low speed centrifuga-
tion of 400 g for 3 min. Cells were resuspended in fresh M; at ~107 cells/ml
and vigorously aerated under light for 1-4 h at 23°C. Restrictive tempera-
ture experiments were carried out under lights in a 33°C water bath with
constant aeration of the cells. Cells were sedimented at 400 g for 3 min
and then resuspended in 5% sucrose in 10 mM Hepes, pH 7.2. Immedi-
ately after placing the cells in an ice bath, the flagella were shed by reduc-
ing the pH to 4.6 with 0.5 M acetic acid. Deflagellation was confirmed us-
ing phase microscopy after 60 s, and the cells were neutralized with 0.5 M
KOH before 2 min elapsed. EGTA was added to a final concentration of
0.1 mM and the following protease inhibitors were added to a final con-
centration of 1.0 mM PMSF, 50 pg/ml soybean trypsin inhibitor, 1 wg/ml
pepstatin A, 2 pg/ml aprotinin, and 1 pg/ml leupeptin. All following steps
were carried out at 4°C. Cell bodies were removed by centrifugation
through 75-ml cushions of 25% sucrose in 10 mM Hepes, pH 7.2, in 250-ml
conical bottles at 600 g for 5 min. The remaining cell bodies were removed
from the top layer by centrifugation through 8-ml cushions of 25% sucrose
in 10 mM Hepes, pH 7.2, in 50-ml conical tubes at 600 g for 10 min. The
flagella were collected using an SS34 rotor (Sorvall Products, Newtown,
CT) at 10,000 rpm for 20 min. The resulting pellet was thoroughly resus-
pended in 2-5 ml 5% sucrose in 10 mM Hepes, pH 7.2, with protease in-
hibitors, and then centrifuged through 2-4 ml 15% sucrose in 5 mM
Hepes, pH 7.2, plus half-strength protease inhibitors in 10-ml conical
tubes in an HB-4 rotor at 8,000 rpm for 20 min. This additional step usu-
ally produced a stratified pellet consisting of three layers. The bottom
layer was small, tight, dark green, and contained primarily cell bodies. The
middle layer was white and consisted primarily of flagella. The top layer
was light green, flocculent, easily removed, and contained flagella and un-
identified amorphous material. Only the white layer of flagella was recov-
ered and resuspended in a minimal volume (0.1-1.0 ml) of HMDEK
buffer (10 mM Hepes, pH 7.2, 5 mM MgSO,, 1 mM DTT, 0.5 M EDTA,
and 25 mM KCl) containing protease inhibitors as described above. Fla-
gella were extracted with NP-40 or flash frozen in liquid N, within 20 min
of final resuspension.

Isolation of FLA 10 Kinesin-11

The purification of FLA10 kinesin-II was monitored using affinity-puri-
fied anti-FLA10T, a polyclonal antibody raised against the COOH-termi-
nal portion (amino acids 416-688 containing the tail domain and most of
the stalk domain) of the FLA10 gene product (Kozminski et al., 1995).
The minimal concentration of NP-40 (Pierce Chemical Co., Rockford, IL)
required to release FLA10 kinesin-II from flagella was found to be 0.02%
(data not shown). Use of excess NP-40 (1-2% final concentration) fre-
quently resulted in a 50% lower yield of extracted FLA10 kinesin-II, pos-
sibly due to irreversible aggregation. Therefore, to ensure maximum solu-
bilization of FLA10 kinesin-II, extractions were routinely performed at
0.05% NP-40. Flagella were initially extracted with 0.05% NP-40 and 2 mM
5’-adenylylimidodiphosphate (AMPPNP) (Sigma Chemical Co., St. Louis,
MO) in HMDEK buffer for 10 min before centrifugation in a microfuge at
12,000 rpm for 10 min. The supernatant, “membrane plus matrix,” was re-
moved and saved for later analysis. The axonemal pellet was washed in 0.5
mM AMPPNP in HMDEK buffer and centrifuged again at 12,000 rpm for
10 min. The axonemal pellet was then extracted with 10 mM MgATP for
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15 min on ice before centrifugation at 12,000 rpm for 10 min. The superna-
tant, termed the ATP eluate, was further clarified for 10 min in an Airfuge
A-100/18 rotor (Beckman Instruments, Fullerton, CA) at 25 psi. The ATP
eluate was then fractionated by gel filtration using a 1 X 90 cm S400
(Pharmacia Biotech Sevrage, Uppsala, Sweden) column equilibrated with
HMDEK plus protease inhibitors. The FLA10 kinesin-II peak fractions
were pooled, concentrated to 200 pl using a Centricon-10 (Amicon Corp.,
Beverly, MA), and further fractionated by sedimentation through 11 ml
5-20% sucrose density gradients in a SWTi41l rotor (Beckman Instru-
ments) for 12 h at 41,000 rpm.

Preparation of IFT Complexes A and B

Freshly prepared flagella were extracted with 0.05% NP-40 and 10 mM
MgATP in either HMDEK buffer or 10 mM Hepes, pH 7.2. Alternatively,
fresh flagella in HMDEK buffer or 10 mM Hepes, pH 7.2, were flash fro-
zen in liquid N, and thawed to effect disruption of the flagellar membrane
as described by Zhang and Snell (1995). The soluble proteins from freeze/
thaw preparations are believed to exclude both membrane and axonemal
proteins and are referred to as the “matrix.” Detergent extractions and
freeze/thaw extractions produced similar yields of complexes A and B.
Axonemes and other insoluble matter were removed with a 10-min cen-
trifugation in an Airfuge A-100/18 rotor at 25 psi. The supernatants, mem-
brane plus matrix (with NP-40) or matrix (freeze/thaw) were fractionated
through 11 ml 5-20% or 10-25% sucrose density gradients in a SWTi41
rotor for 12 h at 38,000 rpm. Gradients were typically fractionated into ei-
ther 28 0.4-ml aliquots or 18 0.6-ml aliquots, and subsequently analyzed by
SDS-PAGE and Western blotting.

Determination of Molecular Mass

Sedimentation coefficients were determined on both 5-20% and 10-25%
sucrose density gradients with varying buffers, ionic strength, and pH.
Sedimentation standards were added to the samples before centrifugation
and included thyroglobulin (19.4 S), catalase (11.3 S), BSA (4.4 S), oval-
bumin (3.66 S), and cytochrome ¢ (2.1 S). Diffusion coefficients were de-
termined on either an open column of S400 (1.0 X 90 cm) run by gravity
or a prepacked S300 column (1.6 X 60 cm) using an FPLC system (Phar-
macia Biotech Sevrage). The standards used were fibrinogen, 1.98 X 1077
cm?s; thyroglobulin, 2.6 X 10~7 cm?s; catalase, 4.1 X 10~7 cm?/s; alcohol
dehydrogenase, 4.76 X 1077 cm?/s; and BSA, 6.3 X 1077 cm%s. The void
volumes were determined with blue dextran and linear plasmid for the
S400 and S300, respectively. The bed volume was determined with ATP.
The apparent molecular mass of FLA10 kinesin-II and IFT complexes A
and B were determined with the Svedberg equation,

M = SRT/D (1-V,p)

(Cantor and Schimmel, 1980), where R is the gas constant, 7 is tempera-
ture in Kelvin, V; is the partial specific volume of the protein, and p is the
solution density, and S and D are the experimentally derived sedimenta-
tion and diffusion coefficients, respectively. The partial specific volume
was assumed to be 0.72 cm3/g, and the solution density was assumed to be
1.00 g/cm?®.

Electrophoresis

Isoelectric focusing was performed according to O’Farrell (1975) using a 1:4
mixture of 3-10 and 4-6 ampholines (Serva, Westbury, NY). Gels were fo-
cused for 8,000 V h followed by 1 h at 800 V. Second dimension SDS-PAGE
was carried out on 5-20% acrylamide gradient gels (Laemmli, 1970).

Antibodies

The outer arm dynein intermediate chain mAb, 1869A (King et al., 1985),
as purchased from Sigma Chemical Co. The pan-kinesin peptide antibod-
ies, LAGSE and HIPYR (Cole et al., 1992; Sawin et al., 1992), were pur-
chased from BABCO, Inc. (Berkeley, CA). Antibodies against the tail do-
main of FLA10 (anti-FLA10T, Kozminski et al., 1995) and RSP3
(Williams et al., 1989) were affinity purified (Olmsted, 1981).

Polyclonal anti-FLA10N antiserum was raised against the FLA10 neck
domain as follows. A 390-bp Sall fragment encoding the putative neck do-
main and a portion of the stalk domain of FLA10, Ser-342 to Arg-472, was
cloned into the Sall site of PGEX-5X2 expression vector (Pharmacia Bio-
tech Sevrage) to produce a FLA10N-GST fusion protein. The fusion protein,
expressed in XL1-Blue cells induced with 3 mM isopropylthio-B-p-galacto-
side (IPTG), was purified using glutathione—agarose resin (Frangioni and
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Neel, 1993). Two rabbits were injected subcutaneously with 500 pg
FLA10ON-GST fusion protein and boosted with 250 ug after 21 d and ev-
ery 28 d thereafter. Antibody was affinity purified from serum taken at 10 d
after the third and fourth boosts. All treatment and care of the rabbits was
performed by Yale Biotechnology Services (New Haven, CT).

The anti-FLA10N-GST antiserum was affinity purified using a FLA10-
His6 fusion protein that included most of the motor domain and all of the
130-amino acid neck/stalk fragment used for antigen, termed FLA10M/
N-His6. 1,122 bases of FLA10 encoding Met-97 to Arg-472 were cloned
into the PQE-30 expression vector (Qiagen, Chatsworth, CA). The
FLA10M/N-His6 fusion protein was expressed as described above and pu-
rified on Ni-NTA resin (Qiagen) according to the manufacturer’s instruc-
tions. Purified FLA10M/N-His6 was dialyzed overnight against bicarbon-
ate coupling buffer and coupled to cyanogen bromide-activated
Sepharose 4B beads (Pharmacia Biotech Sevrage) as recommended by
the manufacturer. Anti-FLAI10N-GST antisera (20 ml) was incubated
with 4 ml resin for 2 h at 25°C, washed twice with TBS, and then 1.0 M
NaCl in TBS at 25°C. Affinity-purified anti-FLA10N antibody was eluted
with 0.1 M glycine, pH 2.8, neutralized in 0.1 M Tris, pH 8.5, and then dia-
lyzed overnight against 1X TBS.

mAbs were raised against select IFT particle polypeptides as follows.
Sucrose density gradient—purified IFT complexes A and B (15-16S fractions)
were injected subcutaneously into balbc mice (50 pg total protein per
mouse) on days 0, 21, and 35. On day 49, one of the mice was given an in-
travenous injection of 40 wg total protein. On day 52, the mouse was killed
and the cells from the spleen were fused with an sp2/0 myeloma cell line
and plated out on 10 96-well microtiter plates. Between 7 and 14 d later,
~300 hybridoma supernatants were tested against curtain blots of sucrose
density gradient—purified IFT complexes A and B using a Miniblotter28
(Immunetics, Cambridge, MA). Seven positive clones produced antibod-
ies named after the IFT particle polypeptide they recognize: 172.1, 139.1,
81.1, 81.2, 81.3, 81.4, and 57.1. In order, their isotypes as determined with the
Sigma Immunotype Kit are IgG1, IgG2a, 1gG1, could not be determined,
IgG1, IgG1, and IgG2a. Immunofluorescence with these antibodies used
tissue culture supernatants, whereas immunoprecipitation was carried out
with antibodies purified from ascites (Yale Immunological Services; 172.1
ascites were raised by Maine Biotechnology Services, Portland, ME).

Indirect Immunofluorescence Microscopy

Two different protocols were used for immunofluorescence and both pro-
duced similar results. The first protocol was based on a procedure by
Huang et al. (1988) in which 3% paraformaldehyde was used to fix cell
wall-less mutants (cw92) in suspension before attachment to coverslips
and labeling. cw92 cells from logarithmic phase liquid cultures were har-
vested by gentle centrifugation at 84 g for 6 min. The cells were resus-
pended in 3% paraformaldehyde (Electron Microscopy Sciences, Fort
Washington, PA) in 0.1 M KHPO,, pH 7.4, and then fixed for 30 min at
room temperature. Fixed cells were washed three times in PBS by sedi-
menting 1.5-ml aliquots of cells in a microfuge at 4,000 rpm for 2 min.
Washed cells were resuspended in 0.5 ml H,O and adsorbed onto No. 1
glass coverslips by thoroughly coating one side with the cell suspension
and immediately removing any excess liquid. The cells were allowed to air
dry on the coverslips, which were subsequently placed into Coplin jars for
the following extractions. Cells were permeabilized in 0.5% NP-40 in PBS
for 2 min and then washed several times with H,O. Chlorophyll was ex-
tracted with three changes of ice-cold acetone for 5 min each. After a brief
rinse in distilled H,O, excess liquid was wicked away and the coverslips
were placed cell side up in a humidity chamber. 150-250 pl primary anti-
body diluted in blocking buffer A (10 mM K,HPO,, pH 7.2, 5% normal
goat serum [Jackson Immunoresearch, West Grove, PA], 5% glycerol,
and 1% cold water fish gelatin [Sigma Chemical Co.]) was incubated on
each coverslip at 37°C for 2 h. The coverslips were washed three times
with PBS in Coplin jars for 5 min each and returned to the humidity cham-
bers. 150-250 pl aliquots of secondary antibody in blocking buffer A were
incubated on the coverslips at 37°C for 1 h. After secondary antibody in-
cubation, the coverslips were washed three times with PBS as described
above, rinsed briefly with distilled H,O, and then mounted onto slides in a
medium containing 2% N-propyl gallate (Sigma Chemical Co.), 30% 0.1 M
Tris, pH 9, and 70% glycerol.

The alternate protocol, used for staining wild-type (ccl25), bld2, and
flal0 mutants, was adapted from Sanders and Salisbury (1995). This pro-
cedure allowed simultaneous fixation and extraction of cells that pos-
sessed cell walls. Coverslips were coated with 1% poly-L-lysine (Sigma
Chemical Co.) for 5 min, rinsed with distilled H,O, and then air dried for
30-60 min. Cells were placed on the coverslips for 5-10 min, rinsed briefly

995



in fresh My media, extracted in —20°C methanol in Coplin jars for 10 min,
and then air dried for 10-15 min. The following steps were performed in
humidity chambers at room temperature. The dried cells were rehydrated
with PBS for 10 min and then treated for 30 min with 5X blocking buffer
B containing 5% BSA, 1% cold water fish gelatin in PBS. The cells were
incubated for another 30 min with 10% normal goat serum in 5X blocking
buffer B in PBS. The cells were incubated with primary antibody in 1X
blocking buffer B for 6-12 h, and then washed with six changes of 1X
blocking buffer B before a 60-min incubation with secondary antibody in
1X blocking buffer B. The coverslips were washed six times with 1X
blocking buffer B before mounting on slides with ProLong antifade re-
agent (Molecular Probes, Eugene, OR).

Stained cells were viewed on a Nikon Diaphot 300 inverted micro-
scope. Images were collected with an Image Point CCD camera (Photo-
metrics, Tucson, AZ) and Metamorph Imaging System software (Univer-
sal Imaging Corp., West Chester, PA) running on Windows 95 (Microsoft,
Redmond, WA). Images were prepared for final publication using Photo-
shop (Adobe Microsystems, Mountain View, CA).

Electron Microscopy

Wild-type cells were fixed and embedded as described in Kozminski et al.
(1995). Sections were cut with a diamond knife and quenched in blocking
buffer C (2% BSA, 0.1% cold water fish gelatin, 0.05% Tween-20 in PBS,
pH 7.2) for 30 min before incubation in mAb 172.1 tissue culture supernatant
diluted 1:1 with blocking buffer C at 4°C, overnight. Grids were washed
three times each in wash buffer (PBS plus 0.05% Tween-20) for 5 min each,
incubated in 12-nm colloidal gold conjugated to goat anti-rabbit IgG
(Jackson Immunologicals, West Grove, PA) for 60 min at room temperature,
rinsed in wash buffer (three times for 5 min), PBS (5 min), water (twice for
5 min), and then stained with 2% aqueous uranyl acetate for 10 min before
rinsing in water (three times for 5 min). Sections were viewed on a transmis-
sion electron microscope (CM10; Philips Electron Optics, Mahwah, NJ).

Results

Purification of Flagellar FLA10 Kinesin-I1

IFT is the bidirectional movement of particles beneath the
flagellar membrane along the outer doublet microtubules
of the axoneme (Kozminski et al., 1993, 1995). The IFT
particles, which are not bounded by membrane, exist in
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linear arrays or rafts of varying lengths that appear to be
bridged to the B tubules of the outer doublets (Kozminski
et al., 1993, 1995). The movement of the rafts is dependent
on the kinesin-like protein FLA10: inactivation of this mo-
tor in the temperature-sensitive mutant flal0 results in
cessation of IFT (Kozminski et al., 1995). FLA10 has also
been localized by immunoelectron microscopy to the com-
partment where IFT occurs—between the outer doublets
and the flagellar membrane (Kozminski et al., 1995).

In light of the role of FLA10 in IFT, this flagellar kine-
sin was isolated, not only to characterize the native motor
complex, but also to identify polypeptides bound to the
motor complex that might be components of the IFT parti-
cles/rafts. FLA10 was purified from flagella by use of stan-
dard kinesin purification procedures (see Materials and
Methods): isolated flagella were first treated with deter-
gent in the presence of AMPPNP to remove the flagellar
membrane plus matrix while leaving the kinesin bound to
the axonemal microtubules. The kinesin was then eluted
from the axonemes with ATP and was further purified by
gel filtration (Fig. 1) and sucrose gradient centrifugation
(Fig. 2 A).

The purified kinesin complex, similar to other previ-
ously described heterotrimeric kinesins (Cole et al., 1992,
1993; Kondo et al., 1994; Yamazaki et al., 1995, 1996;
Wedaman et al., 1996), was composed of three polypep-
tides with molecular weights of 100, 90, and 85 kD (Fig. 2
A) in a molar ratio of 0.8:1:1. From the hydrodynamic
properties of the protein measured by gel filtration (D =
3.1 X 1077 cm?s; Fig. 1; Table I) and sucrose density gradi-
ent centrifugation (S-value = 9.7 S; Fig. 2 A; Table I) the
molecular mass of the complex was calculated to be 270
kD, in accord with the sum of the mass of the three sub-
units (275 kD). Using several anti-kinesin antibodies, in-
cluding pan-kinesin antibodies, an anti-FLA10 antibody,
and antibodies to motor and nonmotor subunits of sea ur-
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onemal ATP eluate. Axonemes from
wild-type cells were isolated in the
presence of AMPPNP and then ex-
tracted with ATP. The resulting ATP
eluate, shown in the first lane (L) was
separated on an S400 sizing column.
(A) Coomassie-stained gel (7.5%) of
fractions 46-69 (left to right) shows the
majority of eluted protein. The vertical
arrowheads over lanes 56-58 indicate
the peak fractions of three comigrating
bands of M, 100, 90, and 85 kD. Molec-
ular weight markers are indicated on
the right. (B) Corresponding immuno-
blot probed with anti-FLA10T reveals
that the 90-kD FLAIO gene product
coelutes with the three comigrating
bands, primarily between fractions 55
and 60.
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Figure 2. Sucrose density gradient profile of FLA10 kinesin-II
and subsequent antibody analysis. The peak FLA10-containing
fractions from S400 chromatography were pooled, concentrated,
and further fractionated on a 5-ml, 5-20% sucrose gradient. (A)
Coomassie-stained gel shows cosedimentation at 9.7 S of three
polypeptides at 100, 90, and 85 kD with molar ratios of 0.8, 1.0,
and 1.0, respectively. Only the portion of the gradient from 20%
(left) to 12% (right) sucrose is shown. (B) Analysis of FLA10 ki-
nesin-1I subunits with antibodies. The left panel is a Coomassie-
stained gel of sucrose density gradient—purified FLA10 kinesin-
II. The right panel contains separate strips from corresponding
immunoblots that have been probed with the antibodies listed
above each strip. Both of the pan-kinesin peptide antibodies,
LAGSE and HIPYR, reacted with both the 85- and 90-kD
polypeptides, indicating a high probability that both subunits are
kinesin-like proteins. Anti-FLA10T and K2.4, an mAb raised
against the 85-kD subunit of sea urchin kinesin-1I, reacted only
with the 90-kD subunit (FLA0). The polyclonal anti-115k antisera,
raised against the 115-kD nonmotor subunit of sea urchin kine-
sin-1I, reacted only with the 100-kD subunit. The identities of the
reactive bands were confirmed in lanes probed with mixtures of
the antibodies. The mixture of K2.4 and anti-FLA10T reacted
only with the 90-kD band, verifying that a monoclonal raised
against the smaller of the two kinesin-like subunits (85 kD) of sea
urchin kinesin-II recognizes the larger of the two kinesin-like
subunits (90 kD) of Chlamydomonas kinesin-I1.

chin kinesin-II, the purified complex was determined to be
a heterotrimeric kinesin with the 90-kD subunit being the
FLAIO gene product (Fig. 2 B). We have named this
Chlamydomonas heterotrimeric complex FLA10 kinesin-
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IT in keeping with the nomenclature established for the sea
urchin heterotrimeric kinesin-II (Scholey, 1996; Wedaman
et al., 1996). The term FLA10, by itself, refers to the 90-kD
subunit of FLA10 kinesin-II.

Regardless of the methods used to isolate the FLA10 ki-
nesin-1II from flagella (see Materials and Methods), it was
always released as a 270-kD complex containing only
three constituent polypeptides. Therefore, although IFT is
dependent on FLA10 activity, the IFT particles did not
copurify with the FLA10 kinesin-II heterotrimer under
the conditions used.

Identification of Components of IFT Particles

Because the IFT particles did not appear to be bound to
FLA10 kinesin-II, we took advantage of the observation
that IFT particles are depleted from the flagella of the ts
mutant flal0 to identify the components of the particles.
When pfI flal0 double mutants (the pfI flal0 double mu-
tant was used because it has paralyzed flagella, which
greatly facilitates visualization of IFT using DIC micros-
copy) are incubated at the restrictive temperature for 1.5 h,
IFT disappears, and very few rafts can be seen by electron
microscopy (Kozminski et al., 1995). We therefore looked
for proteins that disappeared from the flagella of flal0
cells at 33°C coincident with the loss of IFT particles.

Wild-type and flal0 cells were incubated at either 23° or
33°C, and their flagella were analyzed by SDS-PAGE. A
set of prominent polypeptides was reduced in the flagella
of flal0 cells following incubation at the restrictive tem-
perature of 33°C. Although these changes could be ob-
served on SDS-PAGE gels of intact flagella (data not
shown), they were more obvious in membrane plus matrix
extracts of these flagella (Fig. 3 A). The loss of a specific
set of flagellar polypeptides concomitant with the reduc-
tion of flagellar rafts suggested that these polypeptides
were components of the IFT particles.

Other ts fla mutants that, like flal0, resorb their flagella
at 33°C, were likewise analyzed for changes in flagellar
proteins at the restrictive temperature. The putative IFT
particle polypeptides that were reduced in the flagella of
flal0 cells at 33°C were also significantly reduced in the
flagella of two additional ts fla mutants, flal and fla8, after
incubation at 33°C (Fig. 3 A; Table II). In contrast, this
same set of polypeptides was not similarly depleted in the
flagella of the ts fla mutants fla2, 3, 4, 9, and 13 (Fig. 3 A;
Table II) after incubation at 33°C. Indeed, in fla3 only a
subset of the IFT particle polypeptides were reduced at
33°C (Fig. 3 A) and in fla2 the levels of all of the IFT parti-
cle polypeptides increased at 33°C (Table II).

Table 1. Hydrodynamic Behavior and Predicted Stoichiometry
of Chlamydomonas FLA10 Kinesin-II Complex

Sedimentation 9.7S
Diffusion coefficient 3.1 X 1077 cm?s ™!

Molecular mass 270 kD
Stoichiometry
1 X 100 kD
(FLA10 Subunit) 1 X 90kD
1 X 85kD
997
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Figure 3. Polypeptide analysis of flagellar extracts from wild-type
and fla mutant cells. Flagella were isolated from cells incubated
at either 23°C or the restrictive temperature of 33°C. Membrane
plus matrix was isolated in the presence of 0.05% NP-40 and 10 mM
ATP to optimize extraction of FLA10 kinesin-II. (4) Coomassie-
stained 7.5% gels of membrane plus matrix. Arrowheads, promi-
nent bands that are reduced after incubation of the flal0 and fla8
mutants at 33°C. @ on the far right indicates a band, M, 140 kD,
that is reduced in fla3 after heating, indicating that only a subset
of the polypeptides lost in fla8 and flal0 appear to be reduced in
the flagella of fla3 incubated at 33°C. An asterisk indicates a band
at ~100 kD that increases in fla8 after incubation at 33°C. Molec-
ular weight standards, dynein, and tubulin are indicated on the
right. (B) Corresponding immunoblots probed with anti-FLA10T.
The FLA10 protein is significantly depleted in the flagellar ex-
tracts of the flal0 and fla8 mutants after incubation at 33°C.

The flagellar membrane plus matrix fractions shown in
Fig. 3 A were probed with anti-FLA10T for the presence
of FLA10 protein (Fig. 3 B). As expected, incubation at
33°C did not affect FLA10 levels in wild-type cells; how-
ever, in flal (not shown), fla8, and flal0 the level of
FLA10 decreased after the incubation. Even at the per-
missive temperature, the amount of FLA10 in these three
ts mutants was reduced relative to wild-type cells, consis-
tent with previous results showing little FLA10 in flal0 fla-
gella at either the permissive or restrictive temperatures
(Walther et al., 1994; Kozminski et al., 1995). The similar-
ity of FLA10 behavior in flal0, flal, and fla8, suggests that
the gene products of flal and fla8 could be the 100- and
85-kD subunits of the heterotrimeric FLA10 kinesin-II
complex. In the remaining fla mutants tested, the amounts
of FLA10 remained relatively constant or increased after
incubation at the restrictive temperature (Table II). Thus,
the loss of the putative IFT particle polypeptides corre-
lates with the loss of FLA10 in the flagella of flal, fla8, and
flal0 after incubation at the restrictive temperature. This
correlation provided further evidence that the set of polypep-
tides described above are components of the IFT particles.

Membrane plus matrix extracts of flagella isolated from
wild-type cells or fla mutants were analyzed by sucrose
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density gradient centrifugation to better characterize the
IFT particle polypeptides. As seen in gradients of wild-
type extracts (Fig. 4), the set of polypeptides that were re-
duced by incubating flal0 at 33°C (Fig. 3 A) cosedimented
at ~16 S. The loss of these putative IFT particle polypep-
tides was confirmed in gradients of flagellar extracts iso-
lated from flal0 (data not shown) and flal (Fig. 5) mutants
after incubation at 23° and 33°C. Note that, as with flal0
(Fig. 3 A), the concentration of the IFT particle polypep-
tides in flal flagellar extracts isolated at 23°C (Fig. 5 A)
was low relative to wild-type extracts.

The IFT particle polypeptides were further character-
ized with two-dimensional gel analysis of 15-16 S fractions
of wild type (Fig. 6), flal, and flal0 flagellar extracts iso-
lated from cells at 23° and 33°C. Comparative analysis of
one- and two-dimensional gels of these extracts led to the
identification of the following 15 IFT particle polypep-
tides: p172, p144, p140, p139, p122, p88, p81, p80, p74, p72,
pS7/55, p52, p46, p27, and p20. Routinely, all but the 74-/
72-kD doublet could be identified on two dimensional gels
as shown in Fig. 6. The lower band of the 140-kD doublet
seen on one-dimensional gels (Figs. 4 and 5) was further
resolved on two-dimensional gels into a doublet of p140
and p139 (Fig. 6). On immunoblots of one- and two-dimen-
sional gels, both p57 and p55 reacted with the same mAb,
57.1, suggesting they are the product of the same gene
(data not shown). p80 could be resolved from p81 on one-
dimensional gels (Fig. 4) but was frequently not resolved
from p81 on two-dimensional gels as illustrated in Fig. 6.
Densitometric scans of Coomassie-stained one-dimensional
gels suggested the polypeptide components of the IFT par-
ticles were present in a molar ratio of ~1 (data not
shown), with the exception of p88 and p46, which were fre-
quently present at substoichiometric levels (for example,
Fig. 4, p88; Fig. 6, p406).

Hydrodynamic Analysis of the IFT Particle Polypeptides

The 15 IFT particle polypeptides appeared initially to
cosediment at ~16 S (Fig. 4). By varying the ionic strength,
however, these polypeptides could be separated into two
complexes: complex A, composed of p144, p140, p139, and
p122, which sedimented at 16.1-16.4 S in both low and
moderate ionic strength solutions; and complex B, com-

Table I1. Flagellar Levels of FLA10 and IFT Particle
Polypeptides in fla Mutants

Flagellar FLA10 epitope IFT polypeptides

resorption
Cell line at 33°C 23°C 33°C 23°C 33°C
wild type No loss ++ ++ ++ ++
flal ty,=5h + - + -
fla8 ty,=2h * - + —
flal0-1 t;p =3h s - + -
fla2 ty, =05h ++ ++ +++ ++++
fla3 t;p =0.75h + ++ ++ ++/+
fla4 typ,>6h + + + +
fla9 t,,>6h +++ +++ ++ ++
flal3 t;p =4.5h ++ +++ +++ ++

1y, is the time of incubation at 33°C when the average flagellar length is 50% preincu-
bation length.
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posed of the remaining 11 polypeptides, which, at low
ionic strength (10 mM Hepes, pH 7.2) sedimented at 16 S,
but sedimented more slowly as the ionic strength was in-
creased. The composition and hydrodynamic behavior of
complexes A and B are listed in Table III. Fig. 7 A shows a
profile of a sucrose density gradient (moderate ionic
strength =125 mM) of membrane plus matrix isolated
from fla2 (fla2 was used because flagella from fla2 cells
contain two to three times as much complex A and com-
plex B as flagella from wild-type cells). The salt-dependent
shift in the sedimentation of complex B polypeptides was
especially evident in a corresponding immunoblot of Fig. 7
A that was probed with mAbs raised against p172, p139,
p81, and p57/55 (Fig. 7 B). The separation of p172 from
the rest of complex B, most apparent on the immunoblot
(Fig. 7 B), accounts for the variability in S-value and diffu-
sion coefficient (see below) of complex B.

The IFT particle polypeptides also behaved as two com-
plexes when fractionated by gel filtration: complex A ex-
hibited a relatively constant diffusion coefficient of 2.5 X
1077 cm?/s over a range of ionic strengths (75-375 mM). It
was difficult to obtain an accurate diffusion coefficient for
complex B by gel filtration because of its lability, espe-
cially at the moderate ionic strength (100 mM) needed to
minimize interactions between proteins and the gel filtra-
tion support resin. Given this caveat, an approximate dif-
fusion coefficient of 1.8 X 1077 cm?s was obtained for
complex B at an ionic strength of 75 mM (Table III). From
these hydrodynamic data, the molecular masses of com-
plex A and complex B were calculated to be 550 kD and
710-760 kD, respectively. Assuming a stoichiometry of 1.0
for each subunit, the composite molecular masses of the
complexes were estimated to be 545 and 769 kD for com-
plexes A and B, respectively (Table I1I), in accord with the
calculations made from the hydrodynamic data. These re-
sults suggest that complexes A and B each contain one
each of the subunits as listed in Table III. We can not rule
out, however, that one or more of the subunits may be
present at a higher or lower stoichiometry.

Immunoprecipitation of Complexes A and B

One-dimensional immunoblots of whole cells and whole
flagella were probed with anti-FLA10N antibody and the
complex A and complex B mAbs to demonstrate the spec-
ificity of the antibodies (Fig. 8 A) and to measure the rela-
tive distribution of FLA10 kinesin-II and the IFT particle
polypeptides in flagella and the cell body (data not
shown). Even though the majority (90%) of total FLA10
antigen was found in the cell body, the ratio of FLA10 an-
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5%
Figure 4. Sucrose density gradient profile of
-205 membrane plus matrix. The membrane plus
matrix fraction from flagella of wild-type cells
-116 was fractionated on an 11-ml 5-20% sucrose

gradient in 10 mM Hepes, pH 7.2. The Coo-
massie-stained gel of the gradient profile
shows that the putative IFT particle polypep-
tides cosediment at 16 S (highlighted by both
sets of arrowheads with their apparent mobil-
ities listed on the left).

tigen to total protein was enriched 10-fold in the flagella
over that of the whole cell. The flagellar enrichment of
FLA10 kinesin-II is in contrast to that reported for sea ur-
chin blastula in which kinesin-II concentrations are 10—
20-fold lower in the cilia relative to the cell body (Morris
and Scholey, 1997). Similar flagellar enrichments of the
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Figure 5. Loss of 16 S polypeptides in the flagellar extracts of flal
mutant cells at the restrictive temperature. Membrane plus ma-
trix from flal mutant cells incubated at the permissive and re-
strictive temperatures of 23° and 33°C was fractionated on 11 ml
5-20% sucrose gradients in HMDEK buffer. Only the portion of
the gradient from 20% (left) to 10% (right) is shown here on
Coomassie-stained 7.5% gels. At 23°C, the IFT particle polypep-
tides, at 15-16 S, are reduced relative to wild type (arrowheads).
These polypeptides are further depleted after incubation at 33°C
(arrowheads). Similar results were obtained with membrane plus
matrix isolated from fla8 and flal0 cells incubated at 23° and
33°C. Note that in the upper gel the polypeptides at 140 and 122
kD peak in the fraction highlighted by the 16 S arrow, whereas
the other highlighted bands are sedimenting slightly slower.
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IFT particle polypeptides p172, p139, p81, and p57/55 rela-
tive to cell body levels were also observed (data not
shown).

To identify other proteins weakly bound to complexes
A and B, the complexes were rapidly purified by immuno-
precipitation from both wild-type membrane plus matrix
as well as with the 16 S fraction from sucrose gradients of
membrane plus matrix. Antibody 139.1 coprecipitated pri-
marily the four polypeptides previously described as com-
prising complex A: p144, p140, p139, and p122 from both
membrane plus matrix (data not shown) and the 16 S frac-
tion (Fig. 8 B). Antibody 172.1 immunoprecipitated the
172-kD polypeptide described previously and significant,
albeit substoichiometric, amounts of the rest of the com-
plex B polypeptides at an ionic strength of 100 mM. The
lability of the interaction between p172 and the rest of
complex B was evident by washing the resin with 0.2 M
NaCl in 10 mM Hepes, pH 7.2, which released nearly all of
the bound complex B polypeptides except for p172 (data
not shown). Thus, the salt-sensitive immunoprecipitation
of complex B with 172.1 agrees with the dissociation seen

Table 11I. Polypeptide Composition of IFT Complexes A and B

Complex Hydrodynamic behavior Subunit polypeptides
Mass pl
A S-value 16.1-16.4 S pl44 5.7-5.8
Diff. coef. 2.5 X 1077 cm?s pl40 6.0
M., 550 kD p139 5.9
pl22 5.8-6.0
B S-value 15-16 S pl72 5.9
Diff. coef. 1.8 X 1077 cm?¥s p88 5.9
M, 710-760 kD p81 6.1
p80 6.0
p74 nd
p72 nd
p57/55 4.9/4.8
p52 5.0
p46 4.4
p27 5.2
p20 4.7
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45 pl

/ Figure 6. Two-dimensional gel of IFT particle
polypeptides. The 15-16 S fraction from a su-
crose density gradient of a wild-type flagellar ex-
tract was separated by two-dimensional gel elec-
trophoresis and stained with Coomassie blue.
Identifiable bands are labeled according to ap-
parent molecular mobility in the second dimen-

20 sion. An asterisk may represent p74. p57/55 are

resolved as two closely migrating bands. p172
and pl122 frequently run as streaks. The pls of
two-dimensional gel standards are shown.

on sucrose gradients. We also found by Western blotting
with anti-FLA10N that there was a small, but detectable,
amount of FLA10 present in the 139.1 immunoprecipitate
of membrane plus matrix (data not shown). Thus, in spite
of clear separation between FLA10 kinesin-II and com-
plexes A and B on sucrose gradients, coimmunoprecipita-
tion of FLA10 and complex A raises the possibility that
one or more polypeptides in complex A can bind directly,
though weakly, to FLA10 kinesin-II. If such binding can
occur, it appears to be weak under the conditions used and
such weak binding may not be detected using long dura-
tion separation techniques such as the sucrose density gra-
dient centrifugation and gel filtration procedures used to
purify both FLA10 kinesin-II and complexes A and B.

Immunolocalization of FLA10 Kinesin-II and IFT
Complexes A and B

Immunofluorescence and immunogold electron micros-
copy were used to localize both FLA10 and complex A
and B polypeptides (see Figs. 9-11). Immunofluorescence
microscopy shows that in the cell body, FLA10 (Fig. 9, d—f),
pl172 (Fig. 9, a—c), p81 (Fig. 9 g), and p139 (Fig. 9 h) are
highly enriched in the region around the basal bodies (Fig.
9, insets). This is in spite of the fact that the antigens were
purified from isolated flagella. The basal body region
staining appeared as a bi- or sometimes tri-lobed semi-cir-
cle with the concave side facing the nucleus. Unlike basal
bodies, which are closest together at the point nearest the
nucleus, FLA10 and IFT particle polypeptide staining was
farthest apart nearest the nucleus. Weak, punctate staining
of the flagella was also observed with these antibodies. It is
probable, though not certain, that the punctate staining of
the flagella represents the raft structures seen with DIC
and electron microscopy.

Although FLLA10 kinesin-IT and complexes A and B ap-
pear to be highly concentrated near the basal bodies, their
precise relationship to these organelles is difficult to re-
solve. To further elucidate this relationship, the distribu-
tion of these proteins in a mutant cell line that lacks basal
bodies, bld2 (Goodenough and St. Clair, 1975; Ehler et al.,
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Figure 7. Resolution of 15 IFT particle polypeptides. Membrane
plus matrix from fla2 cells incubated at 23°C was fractionated on
an 11-ml 10-25% sucrose density gradient in HMDEK buffer +
50 mM NaCl. Only a portion of the gradient from fraction 7 (21%
sucrose, left side) to fraction 18 (15% sucrose, right side) are
shown here on 5-20% SDS-PAGE. (A) Silver-stained gel. A sub-
set of the IFT particle polypeptides, p144, p140, p139, and p122
(complex A), peak at fraction 11. The wide band at ~140 kD is a
triplet of unresolved bands at 144, 140, and 139 kD. The p172
polypeptide peaks at fraction 14. The remaining 10 IFT particle
polypeptides, p88, p81, p80, p74, p72, pS7/55, p52, p46, p27, and
p20 (complex B minus p172), peak between fractions 12 and 13.
The bands at ~80 and 74 kD are two sets of unresolved doublets
at 81 and 80 kD, and 74 and 72 kD, respectively (these two sets of
doublets were routinely resolved on 7.5% SDS-PAGE as seen in
Fig. 4). Note that at this ionic strength, p172 is clearly sediment-
ing slower than the rest of complex B. (B) Corresponding immu-
noblot probed with mAbs 172.1, 139.1, 81.1, 57.1, raised against
IFT particle polypeptides.

1995) was examined. In bld2 cells, as in wild type, p172 was
concentrated at the anterior of the cell as judged by the
position of staining relative to the nucleus and pyrenoid
body (Fig. 10, a and c¢). However, the bi- or tri-lobed struc-
ture often seen in wild-type cells was not resolved, with the
staining more variable in shape and somewhat more dif-
fuse than in wild-type cells. In contrast to p172, FLA10
was dispersed in bld2 cells, showing no localization to the
anterior of the cell (Fig. 10, b and d) as observed in wild-
type (Fig. 9) and flal0 cells. Thus, FLA10 kinesin-II is ei-
ther not targeted to, or cannot accumulate at the base of
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the flagella unless the basal bodies themselves are present;
whereas p172 does not require the basal bodies for target-
ing or accumulation in this region. Similar results were ob-
tained with flal0 cells incubated at 33°C for 24 h. During
this incubation, the total cellular FLA10 protein in the
flal0 cells was reduced from 10% (¢ = 0 h) to 3% (¢ = 24 h)
of wild-type levels, which resulted in weak anti-FLA10N
staining around the basal bodies. Concomitant with the re-
duction of FLA10 protein, p172 levels were reduced from
100% (¢t = 0 h) to 50% (¢ = 24 h) of wild-type levels and
172.1 staining continued to display the tripartite basal
body region localization characteristic of cells maintained
at 23°C (data not shown). In both cells lacking basal bodies
(bld2) and cells where the FLA10 kinesin-II has been inac-
tivated (flal0 at 33°C), p172 and presumably complex B
still accumulate in the same cellular region as in wild-type
cells.

Immunogold electron microscopy using both 172.1 and
anti-FLA10N was performed to increase our resolution of
the distribution of p172 and FLA10 relative to the basal
bodies (Fig. 11). As often seen with thin section immu-
nogold labeling, the labeling was not intense, but was spe-
cific and reproducible. Consistent with immunofluores-
cence, most of the 172.1 label was found near the basal
bodies with no labeling of the chloroplast or nucleus (data
not shown). Sometimes the label was scattered up to a mi-
cron away from the basal bodies, but more typically, one
to three gold particles were seen on, or within 100 nm of the
basal bodies (Fig. 11, a—c). Labeling was also seen infre-
quently along the flagella between the flagellar membrane
and axoneme (Fig. 11 ¢). Similarly, anti-FLA10N labeling
was concentrated around the basal bodies (Fig. 11, d and
e), and in rare fortuitous sections labeling of the rootlet
microtubules near the basal bodies was seen (Fig. 11 e).

Analysis of Complex A and B Polypeptides

To describe the components of the IFT complexes, mi-
crosequences were obtained from complex A and B poly-
peptides that were purified on two-dimensional gels (as
shown in Fig. 6). Database searches with most of these
peptides failed to reveal any matches of significant homol-
ogy with characterized proteins. However, two of the com-
plex B polypeptides, p52 and p172, appear to be homolo-
gous to proteins of known biological function. Three peptide
sequences from p52 share significant homology with
OSM-6 (Collet et al., 1998), a protein whose expression is
limited to sensory neurons in C. elegans and NGD5 (Wick
et al., 1995), a protein of unknown function expressed in
neural tissue of the mouse (Fig. 12). OSM-6, NGDS5, and
p52 are all of similar size and possess similar isoelectric
point (pl) values, as might be expected for closely related
proteins. One peptide from p172 shares significant homol-
ogy with a repeated sequence found in the recently identi-
fied C. elegans OSM-1 protein (Fig. 12; Stone, S., and J.
Shaw, personal communication). These findings are par-
ticularly significant because osm-I and osm-6 share a com-
mon ultrastructural defect; these mutants fail to properly
assemble the nonmotile sensory cilia located at the distal
ends of the dendritic processes of sensory neurons (Per-
kins et al., 1986). This phenotype is very similar to that
seen with osm-3, which encodes a KIF3-like kinesin (FLA10
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homologue) whose expression is limited to a subset of sen-
sory neurons in C. elegans (Shakir et al., 1993; Tabish et
al., 1995). These parallels suggest a common mechanism
exists for controlling the proper assembly and mainte-
nance of both motile and nonmotile cilia and that FLA10
kinesin-II and the IFT complexes identified in Chlamydo-
monas play essential roles in this mechanism.
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Figure 8. Specificity of anti-FLA10N antibody
and anti-IFT particle polypeptide antibodies and
immunoprecipitation of complex A. (A) Whole
wild-type cells and flagella were separately
boiled in SDS-PAGE sample buffer, clarified,
and then fractionated on 7.5% gels. Correspond-
ing immunoblots were probed with antibodies as
labeled. (B) Immunoprecipitation of complex A
with 139.1. The membrane plus matrix from
wild-type flagella was fractionated on a sucrose
density gradient and fractions containing the 16 S
proteins were pooled. An immunoprecipitate
with the 139.1 antibody from this pool was ana-
lyzed on a Coomassie blue-stained 7.5% gel.
Lane 7, 16 S pool; lane 2, 16 S pool after incuba-
tion with protein A-agarose resin; lane 3, 16 S
pool immunodepleted with 139.1; lane 4, 139.1
immunoprecipitate of 16 S pool in HMDEK
buffer; lane 5, 139.1 immunoprecipitate of 16 S
pool after 0.5 M NaCl wash.

139.1 Hi Salt
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Discussion

FLA10 Is a Subunit of a Heterotrimeric Kinesin

Chlamydomonas FLA10 was previously found to belong
to the kinesin superfamily of microtubule (MT)-based mo-
tor proteins (Walther et al., 1994), and was classified as a
member of the heterotrimeric kinesins (Moore and En-

Figure 9. Immunofluorescent
localization of FLA10, p172,
p139, and p81 in cw92 cells
(cell wall deficient but other-
wise wild type). (a—c) 172.1.
(d-f) Anti-FLAION. (g) a
pool of mAbs to p81: 81.1,
81.2, 81.3, and 81.4. (k) 139.1.
Note the bi- or tri-lobed
staining at the base of the fla-
gella in a—h, insets. (i) Poly-
clonal anti-a-tubulin. Bar, 5
pm (inset, 10 pm).
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Figure 10. Immunofluorescent staining of p172 and FLA10 in
bld2 cells. (a and c) 172.1 staining. (b and d) Anti-FLA10N stain-
ing. The background chloroplast labeling of anti-FLA10N is in-
tentionally bright to indicate the cells’ orientation and to demon-
strate that FLA10 kinesin-II is not concentrated at what should
be the basal body region of the cell (highlighted by arrows).

dow, 1996; Scholey, 1996). These kinesins are character-
ized by the presence of two distinct, albeit similar, kinesin-
like motor subunits, and a third, slightly larger, nonmotor
subunit (for review see Scholey, 1996; Cole, 1998). More
than 10 genes related to heterotrimeric kinesin motor sub-
units have been identified in various organisms (see the ki-
nesin homepage on the world wide web at www.blocks.
fhrc.org/~kinesin/index.html), but only the sea urchin
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(Cole et al., 1992, 1993) and mouse (Yamazaki et al., 1995,
1996) proteins have been isolated and shown to belong to
heterotrimeric complexes. The Chlamydomonas FLA10
polypeptide (90 kD) is also purified as a component of a
9.7 S heterotrimeric complex (270 kD) with a second mo-
tor subunit (85 kD), and a third nonmotor subunit (100
kD) (Figs. 1 and 2). The two motor subunits were proba-
bly previously identified (by pan-kinesin peptide antibod-
ies) in partially purified Chlamydomonas flagellar extracts
as a kinesin-related 97-kD doublet sedimenting at ~9 S
(Fox et al., 1994). We refer to the Chlamydomonas het-
erotrimeric complex as FLA10 kinesin-II using the no-
menclature suggested by Scholey and coworkers (Scholey,
1996; Wedaman et al., 1996).

IFT Particles Are Composed of Two Large
Protein Complexes

To identify components of the IFT particles, we looked for
membrane plus matrix proteins that were reduced in the
flagella of the ts flal0 mutant after incubation at the re-
strictive temperature of 33°C (Fig. 3), in which both IFT
and the number of flagellar rafts, composed of IFT parti-
cles, were dramatically reduced (Kozminski et al., 1995).
Two protein complexes, termed complex A (550 kD) and
complex B (710-760 kD), disappeared from flal0 flagella
at the restrictive temperature. At low ionic strength, both
complexes sedimented at ~16 S (Fig. 4); at higher ionic
strength, complex A continued to sediment at 16 S while
complex B dissociated into two or more species with lower
S-values (Fig. 7). Because of their large size, presence in
the membrane plus matrix fraction, relative abundance,
and FLA10-dependent presence in the flagella, these com-
plexes were excellent candidates for components of the
IFT particles.

Additional evidence that complexes A and B compose
the IFT particles comes from analysis of a retrograde IFT
mutant described in the accompanying report (Pazour et al.,

Figure 11. Immunogold elec-
tron micrographs of p172 and
C FLA10 in wild-type cells. All
micrographs illustrate the
basal body region. (a—) 172.1
staining was limited to the
basal bodies and surrounding
area with occasional gold
a £ particles seen between the
flagellar membrane and outer
doublet MTs. (d and e) Anti-
FLAT1ON staining is similar to
172.1 staining. (e) Occasional
labeling of the rootlet MTs
(Mt) was seen in the vicinity
of the basal bodies (BB).
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A,

p52tr-16 AGTNINYFLEQFGMSVNNDAVVR

osm-6 ERQSLNEMIAKYGITVNKDSVIR,,,

NGD5 FDTNINFLLEEYGIMVNNDAVVR, .

consensus tniN le yGi VNnDaVvR Figure 12. (A) Ahgnment of
three tryptic peptide se-

52tr-12 QLNDIDAEEPDVSD .

Pt ELNTTIDAAEPEIND, s quences derived from p52 of

NGDS HLNQIDAEDPEISD, b

consensus LN IDAeePeist COH.lpleX B Wlth deduced
amino acids sequences from

p52tr-18 EPPPPALELFDLDESFAS C. elegans OSM-6 and mouse

osm-6 ELPMPPLELFDLDEQFSS;; .

NGD5 ELPPPPLELE‘DLDETFSS;: neuronal NGDS5. (B) Ahgn—

consensus  E FPPPPLELFDLDE FsS ment of endoproteinase Lys-C

B. peptide sequence derived

from pl72 with deduced
amino acid sequence from C.
elegans OSM-1.

pl72enK-23 RDARMWNDALRVAEQYLPTK
+ +MW DALR+A+ YLP
osm-1 IENEMWRPDALRIAQNYLPHQ, 27,

1998). This mutant, flal4, is a null mutant for the dynein
light chain LC8, a component of flagellar outer arm dynein
(King and Patel-King, 1995), which is also associated with
cytoplasmic dynein (King et al., 1996) and myosin-V (Es-
pindola, F.S., R.E. Cheney, S.M. King, D.M. Suter, and
M.S. Mooseker. 1996. Mol. Biol. Cell. 7:372a). flal4 cells
have short, nonmotile flagella, often exhibiting bulges on
the side or tip of the flagellum (Pazour et al., 1998). DIC
microscopic observations of these flagella showed that an-
terograde IFT continued while retrograde IFT stopped.
Ultrastructural analysis revealed that large numbers of
IFT rafts accumulated in the space between the axoneme
and the flagellar membrane of the mutant because antero-
grade IFT continued to transport IFT particles into the fla-
gellum, but without retrograde IFT, both IFT particles
(complexes A and B) and the anterograde motor (FLA10
kinesin-IT) lacked a mechanism by which to leave the fla-
gellum. The levels of FLA10 kinesin-II and IFT particle
polypeptides, but not other flagellar proteins, increased
dramatically in flal4 flagella over that found in wild-type
flagella (Pazour et al., 1998), providing convincing evi-
dence that complexes A and B are major components of
the IFT particles that compose the rafts.

Composition of IFT Complexes A and B

IFT complex A is a 550-kD tetramer containing subunits
of 144, 140, 139, and 122 kD, whereas IFT complex B is a
750-kD complex containing 11 subunits ranging from 20 to
172 kD (Table III). Recently, a set of 13 polypeptides, in-
cluding HSP70, were identified as a single 17 S complex
whose presence in Chlamydomonas flagella required
FLA10 activity (Piperno and Mead, 1997). It is probable
that these 13 polypeptides are a subset of those described
here, despite discrepancies in their apparent molecular
weights. However, although we detected flagellar HSP70
sedimenting at 16 S (data not shown), the level of the 16 S
fraction of HSP70 increased while the IFT particle poly-
peptides disappeared from the flagella of flal0 cells incu-
bated at 33°C, indicating that HSP70 is not a subunit of
complex A or complex B.

A small amount of complex A and to a much lesser ex-
tent, complex B, were also observed sedimenting at higher
S-values (>18 S; see first four fractions of Fig. 4), suggest-
ing the presence of larger complexes, perhaps bound to
flagellar precursors. Indeed, a fraction of inner arm dy-
nein, which sediments at 11 S when extracted from ax-
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onemes, was found to sediment at 18 S when isolated from
membrane plus matrix, as if bound to IFT particles (Pip-
erno and Mead, 1997). We also observed varying amounts
of the following flagellar antigens sedimenting in unex-
pectedly heavy fractions (15-20 S) on immunoblots of su-
crose density gradients of membrane plus matrix (data not
shown) probed with antibodies to: (@) inner arm dynein in-
termediate chain 1C140 (Yang, P., and W.S. Sale. 1996.
Mol. Biol. Cell. 7:5684a); (b) outer arm dynein intermediate
chains IC78 (King et al., 1991) and IC69 (King et al., 1985);
(¢) radial spoke proteins 3 (Williams et al., 1989) and 6
(Diener, D.R., D.G. Cole, and J.L. Rosenbaum, manuscript
in preparation); (d) actin (Kirk, D., personal communica-
tion); and (e) HSP70 (Savino, E., and J.L.. Rosenbaum, un-
published observations). These proteins, however, did not
disappear in parallel with complexes A and B in flal0 cells
incubated at 33°C. Neither did immunoprecipitation of ei-
ther complex A or complex B from membrane plus matrix
coprecipitate detectable amounts of either I1 inner arm
dynein or radial spoke complexes, suggesting that these
axonemal proteins are not directly associated with the IFT
complexes in our preparations. Though the presence of
complexes A and B at >18 S remains unexplained, the
higher sedimentation is consistent with weak self-associa-
tion of complex A and a weak association between com-
plex A and B.

Colocalization of FLA10 Kinesin-1I and p172 at the
Basal Bodies

Immunofluorescence microscopy revealed that complex A
polypeptide p139 and the complex B polypeptides pl172
and p81 were most concentrated in a semi-circular bi- or
tri-lobed arc in the region surrounding the basal bodies.
The similarity in the staining patterns of these antibodies
suggest that complexes A and B are in close proximity to, if
not associated with, each other in a unique subcellular do-
main. The precise relationship between the IFT complexes
and the basal bodies themselves or the microtubule root-
lets that emanate from the basal bodies remains unclear.
As would be expected for a motor binding its cargo, lo-
calizations of FLA10 and IFT particle polypeptides were
largely coincident (Fig. 9). FLA10 is found in association
with the basal bodies in interphase cells and migrates with
these organelles as they become centrioles during mitosis
(Vashishtha et al., 1996). A direct interaction between
FLAI10 and basal bodies was further suggested by the fail-
ure of FLA10 to concentrate at the anterior of bld2 cells,
which lack basal bodies (Goodenough and St. Clair, 1975;
Ehler et al., 1995). Unlike FLA10, however, IFT polypep-
tide p172 accumulates at the anterior of bld2 cells, though
its distribution is more diffuse than in wild-type cells. The
targeting of p172, and presumably complex B, to the basal
body region appears, therefore, to be independent of
FLA10 kinesin-II. Likewise, after 24 h at the restrictive
temperature, p172 accumulated at the basal body region of
flal0 cells even though the small amount of FLA10
present was presumably inactive. FLA10 activity, there-
fore, is required for transport of IFT particles into the fla-
gella, but not to the basal body region. Since the minus
ends of cytoplasmic MTs are in close proximity to the
basal bodies, a minus end—directed MT motor such as cy-
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toplasmic dynein may function to deliver IFT complexes
or their constitutive polypeptides to the basal body region
before their entry into the flagellum.

Model of FLA10 Kinesin-II-mediated IFT

A working model of FLA10 kinesin-II-mediated IFT is
shown in Fig. 13. FLA10 kinesin-II, complex A, and com-
plex B accumulate in the region around the basal bodies
perhaps resulting from localized synthesis or transport to
this region. Multiple copies of each complex associate,
possibly along with other still-undetermined molecules, to
form IFT particles. The basal bodies are likely to serve as a
docking site for FLA10 kinesin-II, which in turn binds to
IFT particles. At this site, other molecules that require
transport toward the flagellar tip may be bound. This
cargo may include flagellar precursors (e.g., radial spoke
complexes and inner dynein arms), integral membrane
proteins (Bloodgood, 1992), the retrograde IFT motor
(Pazour et al., 1998), and ATP. The large size and com-
plexity of the IFT particles may be necessary to sequester
flagellar precursors so they do not associate with each
other or bind the axonemal MTs during transport. Associ-
ation of the IFT complexes to form linear arrays or rafts
may occur on the basal body or along the transition region
of the axoneme. The rafts are then transported by FLA10
kinesin-II into the flagellum along the B tubules of the
outer doublets (Kozminski et al., 1995). Once the precur-
sors are delivered to the tip, the rafts, which appear to dis-
sociate into smaller oligomers, are transported by the ret-
rograde IFT motor, thought to be cytoplasmic dynein
(Pazour et al., 1998), back to the base of the flagellum.

If IFT delivers precursors to the tip during flagellar as-
sembly, why does it operate continually even in full-length
flagella? Several lines of evidence suggest that protein
turnover occurs in full-length flagella. Metabolically la-
beled protein rapidly incorporates into full-length cilia of
sea urchins and scallops even though these cilia have
ceased to elongate (Stephens 1994, 1996). In Chlamy-
domonas, dikaryon rescue experiments also suggest that
precursors are continually entering the flagella. Within
minutes of cell fusion during mating, cytoplasmic compo-
nents from one cell can enter immotile flagella of the other
cell and restore motility (Lewin, 1954; Starling and Ran-
dall, 1971; Luck et al., 1977; Johnson and Rosenbaum,
1992), presumably transported by a mechanism that oper-
ates continuously. Finally, in dikaryons formed from two
wild-type cells with full-length flagella, in which one cell
expresses an epitope-tagged tubulin, the epitope-tagged
tubulin incorporates into the full-length flagella beginning
at the tip and moves toward the base at a rate consistent
with microtubule treadmilling in vitro (Marshall, W., and
J.L. Rosenbaum, unpublished observations). It is possible
that, like many other microtubule structures once thought
to be stable, axonemes constantly turn over and IFT is
needed to continually deliver axonemal precursors to the
flagellar tip.

IFT may also serve to transport proteins and/or lipids
within the flagellar membrane. Evidence supporting this
hypothesis comes from electron micrographs showing pe-
riodic associations of the IFT particles with the flagellar
membrane (Kozminski et al., 1993, 1995; Pazour et al.,
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Figure 13. Model of IFT in a Chlamydomonas flagellum. Flal0
kinesin-II and IFT complexes A and B are highly concentrated
around the basal body region of the cell. Multiple copies of com-
plexes A and B associate to form IFT particles. FLA10 kinesin-II
binds to the basal bodies and then IFT particles bind to FLA10
kinesin-II. IFT particles may also bind to the kinesin before dock-
ing to the basal bodies. After oligomerization of IFT particles to
form rafts, FLA10 kinesin-1I transports IFT particles toward the
flagellar tip. At the tip, the rafts dissociate into smaller oligomers
of IFT particles and are returned to the base of the flagellum by
cytoplasmic dynein.

1998) and from studies showing that flal0 gametes lose the
ability to mate 30-60 min after being shifted to the restric-
tive temperature of 32°C (Piperno et al., 1996). Mating in
Chlamydomonas depends on flagellar adhesion (Bergman
et al., 1975; Snell, 1976) and the movement of external
flagellar membrane glycoproteins (agglutinins) to the fla-
gellar tip (Mesland, 1976; Forest et al., 1978; Goodenough
and Jurivich, 1978). It is possible that heat inactivation of
FLA10 and the concomitant loss of IFT in flal0 mutants
held at 33°C compromises one or more of the flagellar mem-
brane-dependent processes required for successful mating.

C. elegans Homologues of p172, p52, and FLA10 Are
Involved in Ciliogenesis

Sequence of internal peptides from 13 IFT particle
polypeptides reveal that at least 6 of these have homo-
logues in higher organisms. Peptide sequences from p172
and p52 are very similar to sequences of the nematode
proteins, OSM-1 (Stone, S., and J. Shaw, personal commu-
nication) and OSM-6 (Collet et al., 1998), respectively
(Fig. 12). osm-1 and osm-6 phenotypes are similar to that
of osm-3 (Shakir et al., 1993; Tabish et al., 1995), a muta-
tion affecting a kinesin-like protein closely related to
FLA10. Like osm-3, osm-1 and osm-6 were identified as
mutants unable to respond to changes in external osmotic
gradients (Culotti and Russell, 1978) due to defects in the
formation and function of sensory cilia located on the dis-
tal ends of the dendritic processes of sensory neurons
(Perkins et al., 1986). Although the ultrastructure of the
nematode sensory cilium varies, the typical cilium is a
membrane-bound nonmotile axonemal structure contain-
ing nine outer doublet MTs and a variable number of cen-
tral MTs, but lacking many of the proteins, such as dynein
and radial spoke complexes, present in motile cilia. In
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osm-1 and osm-6 mutants, all sensory cilia are much
shorter than in wild-type, but osm-3 affects only sensory
cilia exposed to the external environment, suggesting that
while IFT particles function in all sensory cilia, the role of
OSM-3 may be assumed by alternate kinesins-II in assem-
bly of some sensory cilia. Thus, in C. elegans sensory neu-
rons, homologues of FLA10 kinesin-II and complex B
polypeptides p52 and pl72 are all required for formation
of normal sensory cilia (Table IV).

The phenotypes seen in C. elegans with mutations in IFT
particle polypeptide homologues suggest that these particles
have roles in the nematode that do not involve ciliary beat-
ing, since these cilia are immotile, nor do the particles de-
liver proteins that bind to the center of the axoneme, e.g.
radial spokes and inner dynein arms, since these proteins are
not present in sensory cilia. One possible function of IFT is
suggested from sequence analysis of the p52 homologues,
OSM-6 and NGDS5; both OSM-6 and NGDS5 contain PxxP
motifs (Wick et al., 1995; Collet et al., 1998), that might inter-
act with SH3 domains found in a variety of proteins, in-
cluding signal transduction and cytoskeletal proteins (Cohen
et al., 1995). One could speculate that, in addition to ciliary
assembly, OSM-6 and p52 might also be involved with sig-
nal transduction, e.g. the transport of external signals orig-
inating on the flagellar membrane to the cell body.

Association of Kinesin-1I with Ciliary Structures in
Other Organisms

Although there is immunological evidence for the pres-
ence of at least five different kinesins in Chlamydomonas
flagella (for review see Bernstein and Rosenbaum, 1994;
Bernstein et al., 1994; Fox et al., 1994; Johnson et al.,
1994), only FLA10 kinesin-II is known to be required for
flagellar assembly and maintenance. There is evidence
that kinesin-II homologues in organisms besides Chlamy-
domonas may be similarly associated with ciliary struc-
tures. Like OSM-3 in C. elegans (described above), the
vertebrate Kinesin-II, KIF3A/3B-KAP3, is also found in
neurons but is thought to serve as a fast axonal transport
motor in mice (Aizawa et al., 1992; Kondo et al., 1994;
Yamazaki et al., 1995, 1996). KIF3A/3B-KAP3 may also
function in ciliogenesis, since the expression of the sepa-
rate subunits is very high in ciliated tissues like testes and
lungs (Kondo et al., 1994; Yamazaki et al., 1995, 1996). In
the sunfish, antibodies raised against KIF3A (Kondo et al.,
1994) were used to localize a kinesin-II homologue to the

Table IV. Comparison of Proteins Required for Assembly
of Chlamydomonas Flagella and Caenorhabditis elegans
Sensory Cilia

Chlamydomonas Caenorhabditis

Protein Comments Protein Comments
FLA10 87 kD KIF3-like kinesin. OSM-3 75 kD KIF3-like kinesin.
Required for IFT and Required for assembly
assembly of flagella of sensory cilia
p52 52kD, pl =5.0 OSM-6 53kD, pl = 4.8
IFT particle protein Required for assembly
of sensory cilia
pl72 172 kD, pl = 5.9 OSM-1 196 kD, pI = 5.0

IFT particle protein Required for assembly

of sensory cilia
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connecting cilium of the photoreceptors (Beech et al.,
1996). Vertebrate rod photoreceptors are specialized sen-
sory neurons consisting of a photosensory outer segment
connected to the cell body, or inner segment, by a mem-
brane-bound “connecting cilium” (Besharse and Horst,
1990), which contains a 9+0 axonemal structure. The
KIF3-like antigen in these cells is most concentrated
around the basal bodies with some antigen being found
along the connecting cilium (Beech et al., 1996), strikingly
similar to the distribution of Chlamydomonas FLA10 ki-
nesin-1I reported here (Fig. 10). A similar distribution also
occurs in echinoderm sperm, where kinesin-II (formerly
KRP85/95) is concentrated around the midpiece that con-
tains the basal body and mitochondria, and is found to a
lesser extent throughout the flagellum (Henson et al., 1997).
These distributions demonstrate that kinesin-II is associ-
ated with cilia in diverse organisms.

Direct evidence for participation of kinesin-II in cilio-
genesis in echinoderms was shown by microinjection of
anti—kinesin-II antibodies into sea urchin embryos (Morris
and Scholey, 1997). Injected embryos developed normally
until reaching the ciliated blastula stage, when the cells
could only assemble short, immobile cilia lacking the cen-
tral pair microtubules and varying amounts of other ax-
onemal components. Thus, like Chlamydomonas FLA10
kinesin-II and C. elegans OSM-3, sea urchin kinesin-II ap-
pears to be directly involved in ciliogenesis.

Conclusion

Kinesin-II and IFT particle polypeptide homologues may
be involved with the assembly and maintenance of all cilia
found in eukaryotic cells. Like kinesin-II, IFT particle
polypeptides appear to be widespread, as both nematode
and vertebrate homologues of six of these polypeptides
have been identified. Mutations affecting two of the nema-
tode polypeptides, OSM-1 and OSM-6, cause defects in
ciliogenesis; whether or not the vertebrate homologues
also participate in ciliogenesis has yet to be determined.
IFT particle polypeptides also play a role in axonemal as-
sembly in both Chlamydomonas and C. elegans. Thus, the
process of IFT, involving both kinesin-II and the IFT par-
ticle polypeptides, may be a universal mechanism required
for the assembly, maintenance, and function of all eukary-
otic motile cilia/flagella and sensory cilia.
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