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Abstract. 

 

Several enzymes, including cytoplasmic and 

 

flagellar outer arm dynein, share an 

 

M

 

r

 

 8,000 light chain 
termed LC8. The function of this chain is unknown, but 
it is highly conserved between a wide variety of organ-
isms. We have identified deletion alleles of the gene 
(

 

fla

 

14) encoding this protein in 

 

Chlamydomonas rein-
hardtii

 

. These mutants have short, immotile flagella 
with deficiencies in radial spokes, in the inner and outer 
arms, and in the beak-like projections in the B tubule of 
the outer doublet microtubules. Most dramatically, the 
space between the doublet microtubules and the flagel-
lar membrane contains an unusually high number of 
rafts, the particles translocated by intraflagellar trans-
port (IFT) (Kozminski, K.G., P.L. Beech, and J.L. 
Rosenbaum. 1995. 

 

J. Cell Biol.

 

 131:1517–1527). IFT is a 
rapid bidirectional movement of rafts under the flagel-
lar membrane along axonemal microtubules. Antero-
grade IFT is dependent on a kinesin whereas the motor 

for retrograde IFT is unknown. Anterograde IFT is 
normal in the LC8 mutants but retrograde IFT is ab-
sent; this undoubtedly accounts for the accumulation of 
rafts in the flagellum. This is the first mutation shown to 
specifically affect retrograde IFT; the fact that LC8 loss 
affects retrograde IFT strongly suggests that cytoplas-
mic dynein is the motor that drives this process. Con-
comitant with the accumulation of rafts, LC8 mutants 
accumulate proteins that are components of the 15-16S 
IFT complexes (Cole, D.G., D.R. Deiner, A.L. Himel-
blau, P.L. Beech, J.C. Fuster, and J.L. Rosenbaum. 
1998. 

 

J. Cell Biol

 

. 141:993–1008), confirming that these 
complexes are subunits of the rafts. Polystyrene micro-
beads are still translocated on the surface of the flagella 
of LC8 mutants, indicating that the motor for flagellar 
surface motility is different than the motor for retro-
grade IFT.

 

A

 

n

 

 

 

M

 

r 

 

8,000 polypeptide, first identified as a light chain
LC8 of outer arm axonemal dynein in the green
alga 

 

Chlamydomonas reinhardtii

 

 (Piperno and Luck,
1979; Pfister et al., 1982; King and Patel-King, 1995), has
subsequently been shown to be associated with many dif-
ferent complexes, including cytoplasmic dynein (King et
al., 1996), the 

 

Chlamydomonas

 

 inner arm dynein I1 (Har-
rison et al., 1998), myosin V (Espindola, F.S., R.E. Cheney,
S.M. King, D.M. Suter, and M.S. Mooseker. 1996. 

 

Mol.
Biol. Cell

 

. 7:372

 

a

 

), neuronal nitric oxide synthase (Jaffrey
and Snyder, 1996), and a complex within the tegument of
the blood fluke 

 

Schistosoma

 

 (Hoffman and Strand, 1996).
The protein has been highly conserved throughout evolu-
tion, with homologues from humans, 

 

Drosophila melano-

gaster

 

, 

 

Caenorhabditis elegans

 

, and 

 

Chlamydomonas

 

 having

 

z

 

90% sequence identity (King et al., 1996). The function
of the polypeptide is not known, although it appears to
have a negative effect on nitric oxide synthase activity
(Jaffrey and Snyder, 1996). The fact that the protein is as-
sociated with many different enzymes raises the possibility
that it has a common structural or functional role in di-
verse polypeptide complexes.

Because LC8 is associated with at least two complexes
in 

 

Chlamydomonas

 

, 

 

Chlamydomonas

 

 provides a poten-
tially unique and valuable system for investigating the cel-
lular distribution and roles of LC8. Of particular impor-
tance is the ability to transform the nuclear genome of

 

Chlamydomonas

 

 (Kindle, 1990), which makes possible in-
sertional mutagenesis (Tam and Lefebvre, 1993; Gumpel
and Purton, 1994; Pazour et al., 1995). When 

 

Chlamydo-
monas

 

 is transformed, the transforming DNA inserts into
the genome at random, and either disrupts any gene at the
site of insertion or, more commonly, causes the deletion of
a block of DNA flanking the site of insertion. In either
case, the result is a mutation that is tagged by the exoge-
nous DNA and can be identified as a restriction fragment
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length polymorphism. If a probe for a particular gene is
available, insertional mutants can be screened by Southern
blotting to identify those in which the gene is deleted or
disrupted. An advantage of insertional mutagenesis in

 

Chlamydomonas

 

 is that it usually results in a null mutant.
We have used this strategy to identify null mutants for
LC8 in 

 

Chlamydomonas

 

. We used a cDNA encoding LC8
(King and Patel-King, 1995) to screen a large collection of
insertional mutants originally selected for defects in cell or
flagellar morphology, flagellar motility, or phototaxis (Pa-
zour et al., 1995; Koutoulis et al., 1997), and found two
strains that completely lack the LC8 gene, which we here
term 

 

FLA

 

14. The mutants grow normally but have short,
paralyzed flagella that become progressively shorter dur-
ing the light period. The mutants are rescued by transfor-
mation with the gene for LC8, confirming that the phe-
notype is due to loss of that polypeptide. Electron
microscopy of the mutant flagella revealed deficiencies in
the inner and outer arms, radial spokes, and beak-like pro-
jections that extend into the lumens of the B tubules of
outer doublet microtubules numbers 1, 5, and 6 (Witman
et al., 1972; Hoops and Witman, 1983). In addition, there is
an abnormal accumulation of particles in the space be-
tween the flagellar membrane and doublet microtubules.
These particles appear to be identical to the “rafts” that
move rapidly to the tip of the flagellum and back again
during intraflagellar transport (IFT)

 

1

 

 (Kozminski et al.,
1993, 1995). Video-enhanced differential interference con-
trast (DIC) microscopy revealed that the mutants have
normal anterograde IFT but lack retrograde IFT, account-
ing for the accumulation of rafts in the flagellum. The
other structural abnormalities in the axoneme may reflect
a direct requirement for LC8 in the assembly of the af-
fected components, or in the transport of the components
to the flagellum or within the flagellar shaft. In any case,
the results show that LC8 is essential for normal flagellar
morphogenesis and stability.

Because LC8 is a subunit of cytoplasmic dynein, our
findings suggest that cytoplasmic dynein is the motor for
retrograde IFT. The outer arm dynein, which also contains
LC8 and is potentially in the correct location to generate
IFT, can be ruled out as the retrograde motor because mu-
tants lacking the outer arms have normal IFT (Kozminski
et al., 1993). LC8 is not necessary for flagellar surface mo-
tililty (Bloodgood, 1989), indicating that retrograde IFT
and retrograde surface motility are powered by different
motors.

Recently, novel 15-16S particles have been identified in
the cytoplasmic matrix fraction of 

 

Chlamydomonas

 

 fla-
gella (Cole, D.G., and J.L. Rosenbaum. 1996. 

 

Mol. Biol.
Cell.

 

 7:47a; Piperno and Mead, 1997; Cole et al., 1998).
Concomitant with the accumulation of rafts in the flagella
of LC8 mutants, we find a massive accumulation of the
polypeptides that are postulated to be components of
these complexes. These results confirm that the 15-16S
particles are subunits of the rafts (Cole et al., 1998).

Because 

 

Chlamydomonas

 

 is advantageous for both bio-
chemical and molecular genetic studies, the null mutants

 

described here should be very useful for definitive identifi-
cation of the retrograde IFT motor, and for understanding
the role of LC8 in the functioning of this motor. The mu-
tants also should be useful for determining the full reper-
toire of complexes with which LC8 is associated in 

 

Chla-
mydomonas

 

, and whether LC8 plays a direct role in the
assembly of structures such as the inner and outer dynein
arms.

 

Materials and Methods

 

Strains

 

Chlamydomonas reinhardtii

 

 strains used in this work included: g1 (

 

nit

 

1,

 

NIT

 

2, 

 

agg

 

1, 

 

mt

 

1

 

) (Pazour et al., 1995), 137c (

 

nit

 

1, 

 

nit

 

2, 

 

mt

 

1

 

), CC124 (

 

nit

 

1,

 

nit

 

2, 

 

mt

 

2

 

), ida1 (

 

ida

 

1, 

 

mt

 

1

 

) (obtained from R. Kamiya, University of To-
kyo, Tokyo, Japan), and 

 

pf

 

18 (

 

pf

 

18, 

 

mt

 

2

 

). Strains 137c, CC124, and 

 

pf

 

18
can be obtained from the 

 

Chlamydomonas

 

 Culture Collection (Duke Uni-
versity, Durham, NC). Strains produced in the course of this study in-
cluded: V64 (

 

fla

 

14-1::

 

NIT

 

1, 

 

nit

 

1, 

 

mt

 

1

 

) and V101 (

 

fla

 

14-2::

 

NIT

 

1, 

 

nit

 

1,

 

mt

 

1

 

), both insertional mutants obtained by transforming g1 with cloned

 

NIT

 

1 DNA; F5 (

 

FLA

 

14, 

 

fla

 

14-1::

 

NIT

 

1, 

 

nit

 

1, 

 

mt

 

1

 

) obtained by transform-
ing V64 with the cloned 

 

FLA

 

14 gene; and 2782.1 (

 

FLA

 

14, 

 

fla

 

14-1::

 

NIT

 

1,

 

mt

 

2

 

) obtained by crossing F5 to 137c.

 

Growth Medium

 

Cells were grown in the following media: M (Sager and Granick [1953]
medium I altered to have 0.0022 M KH

 

2

 

PO

 

4

 

 and 0.00171 M K

 

2

 

HPO

 

4

 

), M–N
(M medium without nitrogen), R (M medium plus 0.0075 M sodium ace-
tate), and SGII/NO

 

3

 

 (Sager and Granick [1953] medium II modified to
have 0.003 M KNO

 

3

 

 as the nitrogen source).

 

Transformation

 

Transformation was performed using the glass bead method of Kindle
(1990) as described in Pazour et al. (1995). Insertional mutants were ob-
tained by transforming 

 

nit

 

1 cells (strain g1) with plasmid pGP505 (Pazour
et al., 1995) which contains the 

 

Chlamydomonas

 

 nitrate reductase gene
(Fernandez et al., 1989). After transformation, the cells were plated on
solid SGII/NO

 

3 

 

medium and allowed to grow into colonies. Individual col-
onies were picked into 5 ml of R medium and grown until the cultures
were light green in color. The cells were then examined for photoaccumu-
lation and motility (Pazour et al., 1995; Koutoulis et al., 1997). From 2,978
transformants screened, 55 lines with defects in motility were identified.
DNA was isolated from the 55 lines and examined by Southern blotting
using the LC8 cDNA clone as a probe.

For experiments in which 

 

fla

 

14 cells were rescued by transformation
with cloned 

 

FLA

 

14 genomic DNA, transformants were selected using an
enrichment technique based on the ability of transformants to swim. After
vortexing in the presence of the exogenous DNA, cells were placed di-
rectly into flasks containing 125 ml of liquid R medium and then allowed
to grow for 

 

z

 

1 wk. Untransformed cells were unable to swim and re-
mained on the bottoms of the culture flasks, whereas transformants could
swim and were distributed throughout the flasks. Transformants were ob-
served in all flasks. After a few rounds of enrichment obtained by remov-
ing the inoculi from the tops of the cultures, most of the cells were swim-
ming. At this point, cells were plated on solid medium; a single colony was
kept from each flask.

 

Genetic Analysis

 

Mating and tetrad analysis were performed as described by Levine and
Ebersold (1960) and Harris (1989). Cells of each mating type were grown
on solid R medium, resuspended in M–N liquid medium, and then mixed
together. After pellicles became apparent in 1 or 2 d, the mixture was
plated on solid M medium, allowed to dry, and then placed in the dark for
6–10 d. Zygotes were hatched on solid R medium and dissected using a
glass needle. The meiotic progeny were allowed to grow for 3–5 d and
then transferred to 5 ml of liquid R medium. Cells were allowed to grow
for an additional 2–5 d and then scored for motility by microscopic obser-
vation of cells illuminated with dim red light.

 

1. 

 

Abbreviations used in this paper

 

: DHC, dynein heavy chain; DIC, differ-
ential interference contrast; IFT, intraflagellar transport.
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Analysis of IFT and Flagellar Length

 

IFT was observed in living cells by video-enhanced DIC microscopy as de-
scribed by Moss et al. (1992), except that a 20

 

3

 

 projection lens was used,
and images were recorded on a Toshiba (Japan) PCM VHS recorder.
Cells were immobilized for observation by placing them between a slide
coated with a thin layer of 0.5% agarose in M medium and a coverslip.
Output was recorded as an AVI file using AV Master (Fast Multimedia,
Munich, Germany) to capture the data. IFT was quantitated by manually
counting the number of particles passing a point about halfway along the
flagellum while also measuring elapsed time.

For measurement of flagellar lengths, live cells were recorded at
2,000

 

3

 

. Subsequently, images of the flagella were displayed on a video
monitor, traced onto transparent acetate overlays, and then measured
with a flexible ruler. A slide micrometer was measured in the same way to
establish the scale.

 

Isolation and Fractionation of Flagella

 

Flagella were isolated from the 

 

fla

 

14 mutant strain V64 and from wild-
type strain 137c by the dibucaine method (Witman, 1986). Isolated flagella
were demembranated with 1% NP-40 and the membrane plus matrix frac-
tion was separated from the axonemes by centrifugation (Witman, 1986).
The axonemes were then washed with a solution containing 10 mM ATP
in 30 mM Hepes pH 7.4, 10 mM MgSO

 

4

 

, 2 mM DTT, 0.5 mM EGTA, and
30 mM potassium acetate to remove any ATP-extractable components.
Finally, the washed axonemes were resuspended in the same solution but
without ATP. All three fractions from a particular preparation were equal
in volume. Samples from different preparations were normalized by com-
paring the amounts of axonemal tubulin on Coomassie blue–stained gels.

 

Western Blotting

 

Flagellar fractions were separated by SDS-PAGE (Pfister et al., 1982) and
electroblotted onto a polyvinylidene difluoride membrane (Immobilon-P;
Millipore Corp., Waters Chromatography, Milford, MA). Western blot-
ting was carried out by standard procedures (Sambrook et al., 1987) using
5% nonfat dry milk in 10 mM Tris, pH 7.5, 166 mM NaCl, and 0.05%
Tween to block the membrane. Primary antibodies were diluted in the
blocking solution as recommended by the supplier and then hybridized for
2 h at room temperature. Horseradish peroxidase–conjugated secondary
antibodies and enhanced chemiluminescence (Amersham Pharmacia Bio-
tech. Inc., Piscataway, NJ) were used to detect the primary antibodies.

Primary antibodies used included: (

 

a

 

) R4058, specific for LC8 (King
and Patel-King, 1995) (gift of S. King, University of Connecticut Health
Center, Farmington, CT); (

 

b

 

) 1878

 

b

 

, specific for the outer arm dynein in-
termediate chain IC78 (King et al., 1985); (

 

c

 

) EU51, specific for the inner
arm dynein intermediate chain IDA-IC140 (previously unpublished anti-
body gift of P. Yang and W. Sale, both from Emory University, Atlanta,
GA); (

 

d

 

) 2-10-

 

b

 

6, specific for 

 

b 

 

tubulin (gift of G. Piperno, Mount Sinai
School of Medicine, New York) (Piperno et al., 1987; King et al., 1991);
(

 

e

 

) anti-FLA10N, specific for the anterograde IFT motor subunit FLA10
(Cole et al., 1998) (gift of D. Cole and J. Rosenbaum, both from Yale Uni-
versity, New Haven, CT); and (

 

f

 

) a mixture of mAB172.1, mAB139.1,
mAB81.1, mAB81.2, mAB81.3, mAB81.4, and mAB57.1 specific for four
of the raft proteins (Cole et al., 1998) (gift of D. Cole and J. Rosenbaum).
Additional antibodies used were specific for radial spoke proteins RSP1
(Williams et al., 1986) and RSP3 (Williams et al., 1989) (gifts of D. Cole
and J. Rosenbaum), the highly conserved kinesin sequences HIPYR and
LAGSE (gift of C. Walczak, University of California, San Francisco, CA),
and the molecular chaperone HSP70 (previously unpublished antibody
gift of E. Savino and J. Rosenbaum, both from Yale University).

 

Electron Microscopy

 

Cells were fixed in glutaraldehyde (Hoops and Witman, 1983) and pro-
cessed as described in Wilkerson et al. (1995) or Kozminski et al. (1995).

 

DNA Isolation and Analysis

 

DNA was isolated by digesting 

 

z

 

0.3 ml of packed cells with 0.5 ml of pro-
teinase K (1 mg/ml) in 5% sodium lauryl sulfate, 20 mM EDTA, and 20
mM Tris, pH 7.5, at 50

 

8

 

C for 12–16 h. Ammonium acetate was added to
1.5 M, the mixture extracted once with 50% phenol/50% chloroform, once
with chloroform, and then precipitated with 0.7 vol of isopropyl alcohol.
DNA was resuspended in a solution containing 10 mM Tris, pH 8.0, and 1

mM EDTA and then digested with PstI. Gel electrophoresis and Southern
blotting were performed according to standard procedures (Sambrook et al.,
1987).

 

Results

 

Identification of Mutants Deleted for the LC8 Gene

 

We previously used insertional mutagenesis to generate a
large number of mutants with defective flagella (Koutoulis
et al., 1997); these included slow-jerky swimmers, slow-
smooth swimmers, uniflagellate cells, aflagellate cells, cells
with paralyzed flagella, and cells with long flagella. In an
effort to find mutations in the gene for LC8, we screened
the slow-jerky swimming cell lines for a restriction frag-
ment length polymorphism detectable using a cDNA
clone encoding LC8. Slow-jerky swimming is indicative of
outer dynein arm mutations (Kamiya, 1988), and it seemed
reasonable that a defect in LC8 would affect the outer
arm. However, we found no LC8 mutations in this collec-
tion, suggesting that the phenotype of an LC8 mutation
could be quite different from that of other outer dynein
arm mutations. We therefore expanded our search by
screening all of the insertional mutants in our collection.
This identified two cell lines, V64 and V101, that were
completely deleted for LC8 (Fig. 1).

Both LC8 mutants have short, often unequal length fla-
gella (Fig. 2 

 

A

 

) that sometimes have swellings on their
sides or tip. The flagella are paralyzed and only rarely ex-
hibit slight bending movements. They are longest at the
beginning of the light cycle and shorten linearly at a rate of

 

z

 

0.2 

 

m

 

m/h as the day progresses (Fig. 2 

 

B

 

). The mutations
do not appear to affect growth or division of the cells,
since doubling times and cell body morphology are normal
(Fig. 2, 

 

A 

 

and 

 

C

 

).
We attempted to use tetrad analysis to investigate if the

short paralyzed flagella phenotype was linked to the LC8
deletion. The V64 and V101 cell lines did not mate well
with wild-type cells and only two partial tetrads were ob-
tained after many attempts. The mutant offspring of these
tetrads were missing the LC8 gene, whereas the normal

Figure 1. The gene encoding LC8 is deleted in two
cell lines with flagellar defects. Chlamydomonas
mutants with defects in motility were generated by
insertional mutagenesis. DNA was isolated from
each of the mutant cell lines, cleaved with PstI, and
then analyzed by Southern blotting with the cDNA
encoding LC8 as a probe. The probe hybridized
with a single band in the lane of wild-type DNA,
consistent with there being a single copy of this gene
in the Chlamydomonas genome (King and Patel-
King, 1995). All cell lines except V64 and V101
showed wild-type hybridization patterns. V64 and
V101 had no hybridizing bands, indicating that the
gene is completely deleted in these mutants.
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offspring contained the LC8 gene, suggesting that the phe-
notype was indeed linked to the LC8 deletion.

More definitive evidence that loss of LC8 was responsi-
ble for the mutant phenotype was obtained by rescuing the
mutants with the cloned LC8 gene. Genomic DNA encod-
ing LC8 was isolated from a lambda phage library and
used to transform mutant cells. The lambda phage clones
and subclones as small as 3.1 kb complemented the muta-
tion, restoring flagellar length (Fig. 2 A, 

 

Transformant

 

)
and the ability to swim. To rule out the possibility that the
rescuing DNA contained genes in addition to LC8, the
ends of the 3.1-kb complementing fragment were se-
quenced (data not shown). The LC8 gene occupied 

 

z

 

700 bp
beginning at 

 

z

 

150 bp from one end. The sequence at the
other end of the clone matched internal exons of the 

 

Ara-
bidopsis

 

 propionyl-CoA carboxylase gene. The central

 

z

 

1,200 bp of the fragment were not sequenced but pre-
sumably contained the remaining exon(s) and the 39 un-
translated region of the propionyl-CoA carboxylase gene.
This leaves very little room for any other gene, making it
highly unlikely that this fragment contains any full-length
genes except LC8.

To confirm that rescue was due to integration of the
LC8 gene as opposed to suppression of the phenotype by
spontaneous mutation of some other gene, we examined
the segregation pattern of the exogenous DNA in crosses
involving the rescued mutants. One of these transformants
was mated to wild-type cells and then tetrads were dis-
sected. A motile meiotic product, deleted for the endoge-
nous copy of the LC8 gene but carrying a transformed
copy of this gene, was identified and mated to wild-type

cells. Seventeen complete tetrads were obtained. The mo-
tility of the offspring was observed by light microscopy
and the genotype was determined by Southern blotting
(Fig. 3). Because the transformed copy of the LC8 gene is
integrated at a site unlinked to the original locus, the in-
serted gene segregated independently of the original gene,
resulting in offspring with zero, one, or two functional cop-
ies of the gene. Cells with one or two copies of the gene
exhibited a wild-type phenotype, whereas those with no
copies had a mutant phenotype. Thus, the defects in V64
and V101 are caused by deletion of the gene encoding
LC8, and rescue was due to restoration of the LC8 gene.
This gene will be termed FLA14, and the mutations have
been named fla14-1 and fla14-2, respectively.

LC8 Deletion Mutants Have Severe Defects in
Flagellar Ultrastructure

Electron microscopic analysis of V64 and V101 flagella re-
vealed that the beak-like projections (Witman et al., 1972)
in the B tubule of the outer doublet microtubules are miss-
ing, most of the radial spokes are missing or very defec-
tive, and the outer and inner dynein arms are reduced in
number (Fig. 4). The central pair of microtubules and their
projections appeared normal, although the central pair
frequently is not centered in the axoneme, as previously
observed in the absence of radial spokes (Witman et al.,
1978).

The most striking feature of fla14 flagella is an unusual
abundance of electron-dense material between the flagel-
lar membrane and the outer doublet microtubules. This

Figure 2. Phenotype of mutants lacking
the LC8 gene. (A) Deletion of the LC8
gene in strain V64 (V64) causes flagella to
be shorter than normal (Wild Type). After
transformation of the mutant with wild-
type genomic DNA encoding LC8, flagel-
lar length is restored (Transformant). Cells
were fixed with 0.1% glutaraldehyde in 10
mM Hepes and examined by DIC micros-
copy. (B) Deletion of the LC8 gene causes
the flagella to shorten with time. V64 cells
were grown synchronously on a 14-h light:
10-h dark cycle in liquid M medium with
perfusion of 5% CO2. Starting 1 h after
the beginning of the light cycle, samples
were removed, hatched with autolysin,
and then the length of one flagellum on
each of 50–75 cells was measured. When
the two flagella of a cell were of different
lengths, the longer flagellum was mea-
sured. Data reported are mean and stan-
dard deviation. (C) Deletion of the LC8
gene does not affect growth rate. Wild-
type (g1) or mutant (V64, V101) cells were
grown in liquid M medium with perfusion
of 5% CO2. Every 24 h a sample was re-
moved and the cells counted with a
hemocytometer. On day 3, a second set of
cultures was inoculated by diluting cells
from the first series to 105 cells/ml (arrow).
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material looks very much like the rafts that have been cor-
related with the moving particles in IFT (Kozminski et al.
1993, 1995). When viewed in flagellar cross-sections, rafts
appear as pairs of globular structures, each z20 nm in di-
ameter (Fig. 4 C). These paired structures occasionally
were observed in wild-type flagella, but in the mutant they
were so abundant that they sometimes completely circum-
scribed the axoneme (Fig. 4, B and C). In longitudinal sec-
tions of flagella (Fig. 4 D) the rafts appeared as linear ar-
rays of subunits, as reported by Kozminski et al. (1993).
Frequently, especially at the distal tips of the flagella, the
rafts were piled up, causing distension of the flagellar
membrane; this presumably gives rise to the bulges seen
by light microscopy. In such cases, some rafts were closely
associated with the outer doublet microtubules, and others
with the flagellar membrane; these associations appeared
to be mediated by raft–microtubule or raft–membrane
crossbridges, respectively (Fig. 5).

Retrograde IFT Is Defective in LC8 Mutants

It has been suggested that cytoplasmic dynein is the motor
responsible for retrograde IFT (Kozminski et al., 1995).
The fact that LC8 is a subunit of cytoplasmic dynein (King
et al., 1996) prompted us to examine the flagella of the
fla14 mutants to determine if IFT was affected in any way.
IFT in flagella of control and mutant cells was assayed by

video-enhanced DIC microscopy. In control cells, particles
were observed moving in both the anterograde and retro-
grade directions (Fig. 6 A and Table I). Movement was
smooth and continuous in each direction; the retrograde
rate was slightly greater than the anterograde rate, as pre-
viously reported (Kozminski et al., 1995). In contrast, fla14
mutants almost completely lacked retrograde IFT, al-
though anterograde IFT appeared to be normal (Fig. 6 B
and Table I). No discrete particles were observed to move
toward the cell body, although occasionally there ap-
peared to be a peristaltic-like movement of material from
tip to base. The rate of anterograde transport in the mu-
tants was indistinguishable from that in control cells (Fig.
6, A and B).

fla14 Mutations Do Not Abolish Surface Motility

In addition to beating its flagella to swim through liquid
medium, Chlamydomonas also uses its flagella to glide
along solid surfaces. This occurs when the flagella bind to
the substrate and then glide over the substrate surface. If
the flagella are oriented in opposite directions, one of the
two becomes dominant and pulls the cell body and other
flagellum along after it. In a process that may be related to
gliding motility, Chlamydomonas flagella translocate ex-
ogenous microbeads that become bound to the outside of
their flagella (Bloodgood, 1989). However, in contrast to
gliding motility, where the apparent forces are unidirec-
tional, bead movement occurs in both directions, indicat-
ing bidirectional forces.

The flagella of fla14 cells do not adhere to glass and so
we were unable to determine if they are capable of gliding
motility. However, polystyrene microspheres bind to fla14
flagella and are translocated (Fig. 7). In pf18 cells, which
have normal IFT (Kozminski et al., 1993) but have para-
lyzed flagella and thus facilitate observation of bead move-
ment, the beads are seen moving along the flagella or
pausing near the base of the flagella (Fig. 7, A and C, open
bars). In contrast, the beads on fla14 flagella are much
more likely to be found at the tips of the flagella (Fig. 7, B
and C, closed bars). This is not due to a lack of retrograde
movement of beads, since beads can be observed moving
in both directions on fla14 flagella (Fig. 7 D, closed cir-
cles). The rates of both anterograde and retrograde bead
movement (as indicated by the slopes of the lines in Fig. 7
D) are generally slower in the mutant than in wild type. It
is not clear if the slower rate is directly due to the lack of
LC8 or is an indirect effect related to the flagella being
filled with rafts.

Many Flagellar Proteins Are Affected by Deletion of the 
LC8 Gene

The defects in axonemal structures and the accumulation
of raft-like material beneath the flagellar membrane sug-
gested that there might be differences in the content of
proteins in the various flagellar fractions of fla14 mutants
as compared with wild-type cells. To investigate this, fla-
gella were isolated from wild-type and fla14-1 cells and
separated into the following three fractions: (a) “mem-
brane plus matrix,” the detergent-soluble membrane pro-
teins and the soluble proteins within the flagellum; (b)
“ATP wash,” proteins that are bound to the axoneme only

Figure 3. Presence of the LC8 gene correlates with the wild-type
phenotype in meiotic products. Strain V64 was transformed with
a lambda phage clone containing the LC8 gene. Transformed
cells recovered the ability to swim and were readily enriched by
taking inoculi from the upper parts of unmixed cultures. After
enrichment, a pure culture of one of the transformants was iso-
lated and mated to a wild-type cell line of the opposite mating
type. An offspring deleted for the endogenous LC8 gene, but car-
rying a transformed copy of this gene, was isolated. This was
mated to a wild-type cell line of the opposite mating type. Tetrads
were dissected and the offspring were scored for motility by light
microscopy. DNA was isolated from each of the offspring and an-
alyzed by Southern blotting using pUC119 (the cloning vector
used in the original insertional mutagenesis) and the cDNA clone
encoding LC8 as probes. pUC119 detects inserted exogenous
DNA marking the deletion allele of this gene, whereas the cDNA
detects the wild-type allele as well as the transformed copy. Off-
spring from all four of the products of one tetrad (marked in
brackets) and a single product of 16 additional full tetrads were
analyzed. All wild-type swimmers (1 Motility) had at least one
copy of the LC8 gene, whereas the nonswimmers (2 Motility)
had no copies of this gene (bottom). Cells containing the deletion
allele (top) were swimmers or nonswimmers depending on
whether they inherited the transformed copy of the LC8 gene.
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by an ATP-sensitive bond, as might be expected for active
IFT motors and proteins associated with them; and (c) “ax-
oneme,” the insoluble proteins not released by detergent
or ATP. For each cell type (wild-type or mutant), the vol-
umes of the fractions were adjusted so that equal aliquots
of each fraction contained protein from an equivalent
number of flagella. The proteins in these fractions were
separated by SDS-PAGE and analyzed by silver staining
or immunoblotting; because of the difference in flagellar
length, loadings of fractions from wild-type versus mutant
cells were normalized based on b tubulin content in the re-
spective axonemal fractions (Fig. 8 B). In the membrane
plus matrix fraction, a number of polypeptides were ele-
vated in fla14 flagella (Fig. 8 A, white dots), whereas only
two prominent proteins, migrating just behind tubulin in
wild type, were missing from this fraction in the mutant
(Fig. 8 A, black dots). In contrast, in the axoneme fraction,
many proteins were decreased by the mutation.

Western blotting with an antibody to LC8 showed that
this protein was present in all fractions of the wild-type
cells but in none of the fla14 fractions (Fig. 8 B, FLA14).
This is expected as the fla14-1 allele is a complete deletion
of the gene (refer to Fig. 1).

By EM, radial spokes appeared to be missing from fla14
axonemes. To confirm this result and to determine if the

radial spokes had accumulated in an unassembled state in
the fla14 membrane plus matrix fraction, blots were probed
with antibodies to the radial spoke stalk protein RSP1 and
the radial spoke head protein RSP3 (Fig. 8 B, RSP1 and
RSP3). The blots revealed that these proteins are almost
completely absent from the axonemes of the mutants, in
agreement with the EM observations. The radial spoke
proteins do not accumulate in an unassembled state in
fla14 flagella, since these proteins also were reduced in the
membrane plus matrix fraction of the mutant.

EM analysis indicated that the inner and outer dynein
arms are reduced in number in the mutant flagella. Inas-
much as LC8 is a subunit of both outer arm dynein (King
and Patel-King, 1995) and of the major inner arm dynein
species I1 (Harrison et al., 1998), the absence of this sub-
unit may affect the ability of the arms to assemble, be
transported to, or attach to their normal binding sites on
the doublet microtubules. Western blots using an antibody
to the outer arm dynein intermediate chain IC78 showed
that this protein was absent from fla14 axonemes and
greatly reduced in the fla14 membrane plus matrix and
ATP wash fractions (Fig. 8 B, ODA-IC78). These results
are in agreement with the EM observations. It is likely that
the few outer arms observed in fla14 flagella by EM are
weakly attached to the axoneme and released by ATP.

Figure 4. Electron micrographs of flagella from wild-type cells (A) and mutant V64 lacking the LC8 gene (B–D). Flagella of wild-type
cells have prominent outer arms (arrow) and inner arms (arrowhead) and radial spokes, but the space between the axoneme and the
flagellar membrane is usually devoid of material. In contrast, flagella of the LC8 mutants lack the radial spokes, most of the outer arms,
and some inner arms. Due to the lack of radial spokes, the central pair of microtubules frequently is not centered in the axoneme. Mu-
tant flagella also have a massive accumulation of material termed rafts (Kozminski et al., 1995) between the axoneme and membrane
(B). In flagellar cross-sections, each raft appears as a pair of globular structures (C, conjoined arrows). Sometimes the rafts are piled up,
forming a bulge on the flagellum (C and D). In D, the rafts (white arrows) are closely associated with either the flagellar membrane or
the doublet microtubules; the base of the flagellum is to the left. Finally, LC8 flagella lack the projection into the lumen of the B tubule
that is present in outer doublets number 1, 5, and 6 of wild type (P in panel A) (Witman et al., 1972; Hoops and Witman, 1983). Flagella
were fixed for electron microscopy as described in Hoops and Witman (1983) (A–C) or Kozminski et al. (1995) (D). Bars: (A–C) 50 nm;
(D) 100 nm.
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ATP-dependent release of at least some of the outer arms
from wild-type axonemes has been described previously
(Goodenough and Heuser, 1984), but the mechanism of
this release is not understood. Western blots using an anti-
body to the inner arm I1 intermediate chain IC140 re-
vealed a decrease in the amount of this chain in fla14 ax-
onemes, nearly equivalent amounts of the chain in wild-type
and fla14 membrane plus matrix fractions, but an in-
crease in the amount of the chain in the ATP wash from
fla14 axonemes (Fig. 8 B, IDA-IC140). The former result
is consistent with our EM observations; the latter result
suggests that more of the I1 inner arms are attached to the
axoneme solely by ATP-dependent bonds in fla14 than in

Figure 5. Two overlapping rafts (Raft, thick arrows) in a flagel-
lum of an LC8 mutant. The raft on the right appears to be con-
nected to the flagellar membrane (Mem) by links (right, thin ar-
rows); the other appears to be connected to the outer doublet
microtubule (OD) by slightly thinner crossbridges (left, thin ar-
rows).

Figure 6. IFT examined in living cells by video-enhanced DIC
microscopy. Output was recorded as an AVI file using AV Mas-
ter (Fast Multimedia, Munich, Germany) to capture the data. Each
series presented in this figure was produced by capturing five frames,
each separated by 0.067 s. To enhance moving particles, each im-
age (first number to right) had the subsequent image (second
number to right) subtracted from it using the Adobe Photoshop
subtract function with an opacity of 90%; this causes the moving
particles to appear as bright objects. The flagellar tips are to the
left; selected particles moving anterogradely or retrogradely are
marked by diagonal lines having positive or negative slope, re-
spectively. (A) Anterograde and retrograde IFT are observed in
cells carrying a wild-type copy of the LC8 gene. The flagellum
shown is from strain ida1, which lacks the inner dynein arm I1,
but is wild-type for the LC8 gene and has normal IFT. The
straightness of the lines indicates that movement in each direc-
tion occurred at a constant rate; the greater slope of the lines
marking the retrogradely moving particles indicates that retrograde
movement is faster than anterograde movement, as reported by
Kozminski et al. (1995). (B) fla14 mutant (strain V64). Antero-
grade, but not retrograde, IFT was observed in flagella of mu-
tants lacking the LC8 gene. Particles move anterogradely at the
same rate in these cells as in ida1 cells, as indicated by the fact
that the lines marking the anterogradely moving particles of both
strains have the same slope.



The Journal of Cell Biology, Volume 141, 1998 986

wild-type cells. The results also indicate that the deficiency
for inner arm I1 is not as severe as that for the outer arm.

The large amount of raft-like material seen in the mu-
tant flagella by EM suggested that proteins of the rafts

should be elevated in the membrane plus matrix and/or
ATP wash fractions of fla14 cells. These rafts are thought
to be composed of two complexes (complex A and com-
plex B) sedimenting at 15-16S and together containing
at least 15 different polypeptides (Cole, D.G., and J.L.
Rosenbaum. 1996. Mol. Biol. Cell. 7:47a; Piperno and
Mead, 1997; Cole et al., 1998). Western blotting using
monoclonal antibodies raised against one polypeptide
(p139) of complex A and three polypeptides (p172, p81,
and p57) of complex B (Cole et al., 1998) showed that all
four proteins are greatly elevated in both the membrane
plus matrix and ATP wash fractions of fla14 cells (Fig. 8 C).
These findings provide further evidence that complexes A
and B make up at least part of the rafts. The fact that these
proteins were elevated in both fractions is consistent with

Table I. Loss of Retrograde IFT in Mutant V64 Lacking LC8

Number of particles observed/min

Anterograde Retrograde

pf 18* 59 6 14 50 6 10
V64 52 6 13 0.7 6 1.3

Particles were counted as they moved past a point approximately halfway out on the
flagellum. Values are mean 6 SD.
*Control. pf18 lacks the central pair of microtubules (Witman et al., 1972) but has
normal IFT (Kozminski et al., 1993).

Figure 7. Beads move in
both directions but accumu-
late at the tips of fla14 mu-
tant flagella and at the base
of pf18 flagella. Polystyrene
beads (Polysciences, Warring-
ton, PA, 0.3 mm in diameter)
were added to pf18 and fla14
(V64) cells. In general, beads
(arrows) tended to be lo-
cated at the bases of pf18 fla-
gella (A) but at the distal tips
of fla14 flagella (B). (C) Bead
position was quantitated by
continuously recording while
moving through microscope
fields and then measuring the
position of bound beads with
respect to the ends of the fla-
gella. As soon as a flagellum
with attached bead came into
view, the position of the bead
on the flagellum was mea-
sured; only one measurement
was made per flagellum. On
average, pf18 flagella were
9.8-mm long and fla14 fla-
gella were 4.9-mm long. To
compare data from different
length flagella, the bead posi-
tion was converted to per-
cent of length and plotted as
a histogram. (D) Beads bound
to flagella of pf18 (open cir-
cles) and fla14 (closed circles)
are actively translocated in
both directions. Moving beads
were observed by DIC mi-
croscopy and videotaped. In
each case, the position of the
bead on the flagellum was
measured and plotted as a
function of time. Note that
beads bound to both pf18
and fla14 flagella make long,
smooth runs in both direc-
tions. The pf18 sequence was
atypical in that the bead was
at the flagellar tip during
much of the recording time.
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the EM observation that rafts are closely associated with
both flagellar outer doublet microtubules and membranes.

The molecular chaperone, HSP70, is found within the
flagellum and has been suggested to play a role in target-
ing tubulin and other axonemal components to the tip of
the flagellum where they are incorporated into the growing
structure (Bloch and Johnson, 1995). Within the flagellum,
HSP70 has been reported to be in both the membrane plus
matrix fraction and bound to the axoneme; furthermore,
part of the axonemal fraction is extractable by ATP (Bloch
and Johnson, 1995). In our fractionation (Fig. 8 B), HSP70
had a distribution similar to that seen by Bloch and Johnson
(1995). HSP70 also has been suggested to be a component of
the 15-16S complexes believed to constitute the rafts (Piperno
and Mead, 1997). We found that Hsp70 was slightly elevated
in fla14 flagella, but much less so than the p172, p139, p81,
and p57 components of the 15-16S complexes. Therefore,
if Hsp70 is a component of either complex A or complex
B, it is associated with only a subset of those particles.

Kinesin-related Proteins in fla14 Flagella

If retrograde transport is not functioning, anterograde mo-
tors may not be recycled back to the cell body and might
accumulate in the flagella. The anterograde motor is
thought to be a heterotrimeric kinesin, FLA10 kinesin-II
(Kozminski et al., 1995; Cole et al., 1998). FLA10 kinesin-
II contains two different kinesin-like motor subunits, one
of which is the z90-kD FLA10 protein, and a slightly
larger nonmotor subunit. We found that in wild-type fla-
gella, FLA10 was most abundant in the ATP wash fraction,
although it was present in the other two fractions as well

(Fig. 9 A, FLA10). This protein was elevated in all frac-
tions of fla14 flagella, consistent with the idea that the an-
terograde motors are not being returned to the cell body.

The pan-kinesin antisera, LAGSE and HIPYR, detect
several other proteins within the Chlamydomonas flagella
(Fox et al., 1994; Johnson et al., 1994). To determine how
these are affected by fla14, Western blots were probed
with these sera. Both LAGSE and HIPYR detect a
FLA10-sized protein and a slightly smaller protein (Fig. 9,
B and C) that are greatly elevated in fla14 flagella. This
smaller protein may be the 85-kD motor subunit of the
heterotrimeric FLA10 kinesin-II (Cole et al., 1998). How-
ever, the relative amounts of the two bands varied in the
wild-type fractions, suggesting that more than one species
is represented. There also is a .200-kD axonemal protein
(detected by LAGSE), a z110-kD protein (detected by
both LAGSE and HIPYR in the ATP wash and the ax-
oneme), and a z40-kD protein (detected by HIPYR in the
ATP wash and axoneme fractions) that are elevated by the
mutation. Other proteins at z150 and z125 kD (detected
by HIPYR in the ATP wash) are not greatly affected by
the fla14 mutation. Interestingly, one protein at z55 kD
(detected by LAGSE) in the membrane plus matrix frac-
tion of wild type is completely missing in the mutant. This
may correspond to one of the two proteins indicated by
black dots in the membrane plus matrix fraction of Fig. 8 A.

Discussion

Phenotype of LC8 Deletion Mutants

We have isolated mutant cell lines of Chlamydomonas

Figure 8. Many flagellar proteins are af-
fected by deletion of the LC8 gene. Fla-
gella were isolated from 137c (WT) and
V64 (fla14) cells and separated into the
NP-40–soluble fraction (Membrane 1 Ma-
trix), the fraction of proteins released
from the axoneme by 10 mM ATP (ATP
Wash), and the remaining axonemal pro-
teins (Axonemes). The proteins within
these fractions were separated electro-
phoretically on SDS 5–15% gradient poly-
acrylamide gels. Loadings of wild-type
and fla14 axonemes were normalized
based on b tubulin content (see Fig. 8 B);
for each cell type, membrane plus matrix,
ATP wash, and axoneme fractions were
loaded with protein from an equivalent
number of flagella. (A) Silver-stained gel.
Proteins that are more abundant or less
abundant in fractions of fla14 as compared
with wild-type flagella are marked by
white or black dots, respectively. In gen-
eral, the fla14 membrane plus matrix frac-
tion had increased amounts of several pro-
teins, whereas the fla14 axonemes exhibited
reduced amounts of several other pro-
teins. (B) Immunoblots probed with anti-
bodies specific for LC8 (FLA14), the
outer dynein arm intermediate chain IC78

(ODA-IC78), the I1 inner dynein arm intermediate chain IC140 (IDA-IC140), radial spoke stalk protein RSP1 (RSP1), radial spoke
head protein RSP3 (RSP3), the molecular chaperone HSP70 (HSP70), and b tubulin (b-tub). (C) Immunoblot probed with a mixture of
monoclonal antibodies against putative raft proteins p172, p139, p81, and p57 (Cole et al., 1998).
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that are missing the gene encoding LC8, first identified as
a subunit of outer arm dynein (Piperno and Luck, 1979;
Pfister et al., 1982; King and Patel-King, 1995). Although
this chain also is a subunit of cytoplasmic dynein (King
and Patel-King, 1995), and has been reported to be associ-
ated with mammalian myosin V (Espindola, F.S., R.E.
Cheney, S.M. King, D.M. Suter, and M.S. Mooseker. 1996.
Mol. Biol. Cell. 7:37a) and neuronal nitric oxide synthase
(Jaffrey and Snyder, 1996), deletion of the gene from
Chlamydomonas does not have a detectable effect on cell
growth or gross cell morphology. Therefore, the gene is
not required for any critical cellular process in Chlamydo-
monas. However, loss of the gene, which we have named
FLA14, does cause severe flagellar defects. Flagella of the
mutant cells are short, unstable, and exhibit only slight
bending movements. They are defective in retrograde IFT
and are missing or have deficiencies in several axonemal
structures. In addition, the space between the axonemal
microtubules and the flagellar membrane of the mutants is
filled with an abnormal amount of electron-dense mate-
rial. This material appears to be identical to the rafts, de-
scribed by Kozminski et al. (1993, 1995), that have been
correlated with the moving particles of IFT. Consistent
with the EM observations, there is an increase in many
proteins in the fla14 membrane and matrix fraction, and a
decrease in other proteins in the fla14 axonemal fraction,
relative to wild-type.

LC8 Is Required for Assembly of Multiple
Axonemal Components

Both EM and Western blotting of flagellar fractions dem-
onstrate that fla14 mutants have greatly reduced numbers
of outer dynein arms. This is most likely a direct result of
the loss of LC8, which is an outer arm subunit and, like the
outer arm dynein heavy and intermediate chains (Witman
et al., 1994), may be required for arm assembly or attach-
ment to the doublet microtubule.

LC8 also has been reported to be a subunit of inner arm
I1 (Harrison et al., 1998). As with the outer arm, both EM
and Western blotting indicate that there is a reduced num-
ber of inner arms in fla14 axonemes, although the defi-
ciency is not as severe as that for the outer arm. The 140-kD
intermediate chain of inner arm I1 is unique among the ax-

onemal proteins that we examined in that it is elevated in
the ATP-wash fraction of fla14 mutants relative to that of
wild type. This could be because a substantial portion of I1
arms are more weakly attached than normal to their cor-
rect sites on the doublet microtubules of fla14 flagella, per-
haps due to their deficiency in LC8. Alternatively, the I1
arms extracted by ATP could have been unassembled
arms which were in transit to the tip of the flagellum (see
below) and became bound directly or indirectly to the ax-
onemal microtubules by rigor bonds after flagellar detach-
ment.

Particularly intriguing is the nearly total loss of the ra-
dial spokes from fla14 axonemes. Similarly, fla14 ax-
onemes are missing the beak-like projections present in
the lumens of the B tubules of doublet microtubules 1, 5,
and 6 (Witman et al., 1972; Hoops and Witman, 1983). A
possible explanation is that LC8 also is a subunit of these
components, and is directly required for their assembly
and/or attachment to the doublet microtubules. In this
context, it may be relevant that axonemes contain a pool
of LC8 not associated with either the outer or inner dynein
arms (Benashski, S.E., A. Harrison, and S.M. King, un-
published data, cited in Benashski et al., 1997).

The above explanations presume that LC8 is a subunit
of four different axonemal structures, and is necessary for
all four structures to assemble or bind to the doublet mi-
crotubules. An alternative explanation for the loss of inner
arms, radial spokes, and beak-like projections in fla14 mu-
tants is that the absence of LC8 affects transport of these
structures in the flagellum. Both the radial spokes
(Johnson and Rosenbaum, 1992) and the inner arms (Pip-
erno et al., 1996) must be transported to the tip of the fla-
gellum before binding to their normal sites on the doublet
microtubules. In dikaryon rescue experiments (Segal et al.,
1984), the beak-like projections are restored to fully
formed flagella of mutants specifically lacking the projec-
tions, raising the possibility that these structures also are
transported to the tip of the flagellum and then move back
down the lumen of the B tubule to their binding sites. At
least for the inner arms, movement to the tip of the flagel-
lum is dependent upon FLA10 (Piperno et al., 1996), one
of the subunits of the anterograde IFT motor (Walther et al.,
1994; Kozminski et al., 1995). If defects in the fla14 flagel-
lum prevented this transport, deficiencies in assembly of

Figure 9. FLA10 and several
other kinesin-like proteins
are affected by the deletion
of LC8. Immunoblots pre-
pared as described in Fig. 8
were probed with antisera to
the anterograde IFT motor
subunit FLA10 (A), and to
the highly conserved kinesin
sequences HIPYR (B) and
LAGSE (C).
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inner arms, radial spokes, and perhaps the beak-like pro-
jections would result. Although anterograde movement of
rafts appears to proceed unimpaired in fla14 flagella, the
movement of other components may be impeded.

It also is possible that loss of the structures from fla14
axonemes is due to a defect in the movement of axonemal
precursors into the flagellum, or to the base of the flagel-
lum before their transport into the flagellum. In the ac-
companying paper, Cole et al. (1998) show that FLA10
kinesin-II and the IFT particle proteins are highly con-
centrated in the cell body near the basal bodies, and point
out that, inasmuch as the minus ends of the cytoplasmic
microtubules terminate near the basal bodies, this accu-
mulation may involve a retrograde microtubule motor
such as cytoplasmic dynein. If the loss of LC8 impairs
transport of axonemal precursors to the base of the flagel-
lum, the complexes may not enter the flagellum in suffi-
cient quantities to build a complete axoneme. Indeed, nei-
ther outer arm nor radial spoke proteins accumulate in
fla14 flagella (refer to Fig. 8 B), consistent with there be-
ing a block to entry of these structures into the flagellum.

Retrograde IFT Is Dependent on LC8

A dramatic difference between wild-type and fla14 flagella
is the presence of massive amounts of raft material at the
tip of the fla14 flagella. This undoubtedly is due to the loss
of retrograde IFT in the mutant; because anterograde IFT
is present, the rafts are transported to the distal end of the
flagellum where they accumulate.

Recently, two new complexes, sedimenting at 15-16S
and together containing z15 different polypeptides, have
been found in the membrane and matrix fraction of Chla-
mydomonas flagella (Cole, D.G., and J.L. Rosenbaum. 1996.
Mol. Biol. Cell. 7:47a; Piperno and Mead, 1997; Cole et al.,
1998). These complexes are lost from the flagella concomi-
tantly with the anterograde motor FLA10 kinesin-II when
the temperature-sensitive mutant fla10 is shifted to non-
permissive temperatures. As a result, it has been proposed
that the complexes are the cargo of the FLA10 kinesin-II mo-
tor. Because the rafts are moved by IFT (Kozminski et al.,
1995), the 15-16S complexes may be subunits of the rafts.

The fact that the rafts are highly enriched in fla14 fla-
gella provided an opportunity to test this hypothesis. Us-
ing antibodies specific for four different polypeptides of
complexes A and B, we found that all four of these pro-
teins were greatly elevated in fla14 flagella. As expected,
the proteins were present primarily in the membrane plus
matrix fraction. These results strongly support the notion
that the 15-16S complexes are raft components (Cole et al.,
1998). That anterograde IFT continues unabated in the
fla14 mutants despite the accumulation of large numbers
of rafts at the tip of the flagella suggests that the cell body
contains a large pool of raft components. This is consistent
with immunolocalization studies showing that proteins of
the 15-16S complexes are highly enriched in the basal
body region (Cole et al., 1998).

Cytoplasmic Dynein Is Likely To Be the Motor for 
Retrograde IFT

Retrograde IFT moves particles toward the base of the fla-
gellum, where the minus ends of the flagellar microtubules

are located. The motor driving retrograde IFT is un-
known, but has been suggested to be either cytoplasmic
dynein or a kinesin that moves towards the minus ends of
microtubules (Kozminski et al., 1995). Inasmuch as cyto-
plasmic dynein contains LC8 (King et al., 1996), our find-
ing that deletion of the LC8 gene disrupts retrograde IFT
points to cytoplasmic dynein as the most likely motor. It
should be noted that loss of the outer arms and inner arms
in the LC8 mutants cannot be responsible for the loss of
retrograde IFT, since IFT is normal in mutants that specif-
ically lack either or both of these structures (Kozminski,
1993, and Fig. 6 A of this article).

The involvement of cytoplasmic dynein in retrograde
IFT is further supported by studies of C. elegans mutants.
In the nematode, the ends of the sensory neurons are mod-
ified cilia (Perkins et al., 1986; White et al., 1986). Defects
in the C. elegans CHE-3 gene, which encodes a dynein
heavy chain (DHC) (Grant, W., personal communication,
and see below), cause the tips of the ciliary neurons to be-
come swollen and packed with electron-dense material
(Lewis and Hodgkin, 1977; Albert et al., 1981). The OSM-6
gene product, which is homologous to the p52 polypeptide
of the Chlamydomonas 15-16S complex B (Cole et al.,
1998), is massively accumulated at the tips of the che-3
neurons (Collet et al., 1998). Therefore, the electron-
dense material in the tips of the C. elegans che-3 neurons is
likely to correspond to the rafts of Chlamydomonas fla-
gella. The ciliated tips of the neurons also are much
shorter in che-3 than in wild-type worms (Lewis and
Hodgkin, 1977). Thus, the che-3 mutation in C. elegans ap-
pears to cause a phenotype closely related to that reported
here for the Chlamydomonas fla14 mutant.

The occurrence of similar defects in organisms as evolu-
tionarily distant as Chlamydomonas and Caenorhabditis
suggest that the underlying process—presumably retro-
grade IFT—is widely distributed among organisms. Like-
wise, the occurrence of similar defects in organelles as dif-
ferent as the motile flagellum and the sensory neuron
suggests that IFT is of importance in a wide range of cilia-
based structures. This is likely to include the rods and
cones of the vertebrate retina, which are modified cilia and
contain a FLA10 kinesin-II homologue (Beech et al., 1996).

Because C. elegans has no motile cilia and the doublet
microtubules of the ciliary neurons lack dynein arms, the
CHE-3 gene product must be a component of cytoplasmic
dynein. In a phylogenetic tree based on the predicted
amino acid sequences of members of the DHC family, the
C. elegans CHE-3 gene product clustered with the DHC1b
isoform from human, rat, mouse, sea urchin, and Tetrahy-
mena (Pazour, G., and G. Witman, unpublished data).
DHC1b is more closely related to the conventional cyto-
plasmic DHC isoform (DHC1a) than to known axonemal
DHCs (Gibbons et al., 1994; Tanaka et al., 1995; Porter et
al., 1996), yet its expression is induced by deciliation (Gib-
bons et al., 1994) and it accumulates at the apical ends of
ciliated cells (Criswell et al., 1996). A likely explanation
for these observations is that DHC1b is a cytoplasmic dy-
nein that operates in cilia and flagella. Retrograde IFT
may be powered specifically by DHC1b.

Evidence that defects in LC8 cause defects in cytoplas-
mic dynein function is provided by a comparison of LC8
mutants and cytoplasmic dynein mutants in the fly Dro-
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sophila melanogaster and in the fungus Aspergillus nidu-
lans. In Drosophila, strong LC8 alleles are embryonic le-
thals, whereas weak alleles cause sterility and defects in
the wings and bristles (Dick et al., 1996; Phillis et al.,
1996). Similarly, DHC1a deletions are homozygous lethals,
whereas weaker alleles result in sterility and bristle and
eye defects (Gepner et al., 1996). In Aspergillus, LC8
(nudG) and cytoplasmic DHC (nudA) mutations both af-
fect nuclear migration (Xiang et al., 1994; Beckwith, S.M.,
and N.R. Morris. 1995. Mol. Biol. Cell. 6:5a). Thus, in both
Drosophila and Aspergillus, the phenotypes of LC8 muta-
tions closely resemble those of cytoplasmic DHC muta-
tions. Assuming that LC8 is associated with both DHC1a
and DHC1b, defects in LC8 are likely to affect the func-
tions of both isoforms.

The above arguments notwithstanding, one cannot yet
rule out a role for a minus-end–directed kinesin in retro-
grade IFT. Chlamydomonas flagella contain several pro-
teins that react with antisera against highly conserved ki-
nesin sequences. One of these is an z55-kD membrane plus
matrix protein missing in fla14 flagella (Fig. 9 C), a pattern
that might be expected for the IFT motor. Further study
will be necessary to determine if this is a motor protein.

Retrograde IFT and Retrograde Surface Motility Are 
Powered by Different Motors

The discovery of IFT (Kozminski et al., 1993) raised the
possibility that the movement of beads in flagellar surface
motility (Bloodgood, 1989) simply reflected the movement
of rafts to which the beads had become attached via a
transmembrane protein. Previous experiments to resolve
this have yielded ambiguous results. Both IFT and bead
movement ceased together within 60–90 min after eleva-
tion of fla10 cells to nonpermissive temperature, indicating
that both were dependent upon the anterograde IFT mo-
tor (Kozminski et al., 1995); however, this dependency
might be due to a requirement for IFT to deliver the sur-
face motor to the tip of the flagellum. Both IFT and bead
movement were inhibited by NaCl and sucrose (Kozmin-
ski et al., 1993); this inhibition most likely was due to an
osmotic affect, which could have inhibited more than one
process. Rafts and polystyrene beads are transported at
different rates (Kozminski et al., 1993), but this may be
due to differences in the viscous drag acting on particles of
vastly different sizes. Low Ca21 and EGTA blocked bead
movement without affecting IFT (Kozminski et al., 1993),
although this might have been due to uncoupling of beads
from rafts. Our observation that retrograde bead move-
ment continues in fla14 flagella even in the absence of ret-
rograde IFT provides the strongest evidence to date that
these two types of movement are powered by different
motors. Possible candidates for the retrograde surface mo-
tility motor include the kinesin-like proteins that are not
affected by the loss of LC8 (Fig. 9).

The loss of LC8 does result in an abnormal accumulation
of beads at the distal tip of the fla14 flagellum. Assuming
that the motor responsible for bead movement is microtu-
bule-based, this may occur because the accumulation of
rafts at the tip of the flagellum pushes the membrane so far
away from the axoneme that the surface motility motor can
no longer span the gap between membrane and microtubules.

The Role of IFT

Observations on Chlamydomonas defective in the antero-
grade IFT motor FLA10 kinesin-II have shown that IFT is
essential for flagellar assembly. As discussed above, an-
terograde IFT may be necessary for transporting specific
axonemal components to the flagellar tip before their as-
sembly into the axoneme. Whether retrograde IFT itself
has a role in flagellar assembly is less clear. Although the
flagella of fla14 mutants are short and paralyzed, this could
be a secondary consequence of loss of the radial spokes
and inner and outer arms. Mutants with specific defects in
the radial spokes have paralyzed flagella (Witman et al.,
1978), and double mutants with defects in both inner and
outer arms have short flagella and are nonmotile (Brokaw
and Kamiya, 1987; Kamiya et al., 1989; Kurimoto and Ka-
miya, 1991). It also is possible that axonemal assembly and
flagellar growth in fla14 strains are not affected by loss of
retrograde IFT per se, but by a defect in the transport of
axonemal precursors in the cytoplasm to the region of the
basal body, or from there into the flagellum (see above).

In related work, Morris and Scholey (1997) showed that
microinjection of kinesin-II antibodies into fertilized sea
urchin eggs blocked ciliogenesis. The injected embryos as-
sembled only short, immotile flagella that lacked a central
pair. It is likely that this is due to an effect of the antibody
on IFT, and that IFT also is necessary for cilia formation in
sea urchin cells.

Although the importance of IFT in flagellar assembly is
established, the purpose of this process in nongrowing fla-
gella is less well understood. When fla10 cells are shifted
to nonpermissive temperatures, their flagella slowly shorten.
Similarly, the flagella of fla14 cells shorten throughout the
day. Therefore, both anterograde and retrograde IFT are
necessary for maintaining flagellar length. IFT may supply
some component essential for axonemal stability or main-
tenance. Perhaps the continuous active movement of large
numbers of rafts to and fro in the confined space between
the doublet microtubules and the flagellar membrane stirs
the flagellar matrix, facilitating mass transport of molecules
along the flagellar shaft.

It is not clear why the flagella of fla14 cells form within
the mother cell wall, but then shorten after hatching. The
findings reported here indicate that retrograde IFT is nec-
essary for returning the rafts to the base of the flagellum.
By extension, retrograde IFT is likely to be involved in re-
cycling of other components that are transported to the tip
of the flagellum. The lack of recycling of certain compo-
nents may result in a deficiency that accumulates with
time, eventually affecting flagellar stability.

IFT also is likely to have an important role in the main-
tenance of the flagellar membrane. A 65-kD membrane
protein is one of the major species transported to the fla-
gellum of nonregenerating Chlamydomonas cells (Remill-
ard and Witman, 1982). Turnover of membrane proteins
probably represents replacement of proteins lost by bleb-
bing of membrane vesicles from the flagellar tip (Bergman
et al., 1975), and failure to maintain the membrane could
have deleterious effects on axonemal stability.

Future Directions

Because LC8 is associated with multiple polypeptide com-
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plexes, it is not surprising that deletion of the LC8 gene
has pleiotrophic effects. Importantly, loss of the chain is
not lethal in Chlamydomonas. As a result, it should be
quite feasible to learn more about the role of LC8 and the
complexes of which it is a part in this organism. It also
should now be possible to isolate mutants with defects in
other polypeptides of the retrograde motor; these should
permit the effects of loss of retrograde IFT per se to be
distinguished from other effects due to loss of LC8.
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Note Added in Proof. We recently have identified an insertional mutant of
Chlamydomonas in which the gene for the dynein heavy chain isoform
DHC1b is deleted. The mutant has short flagella, confirming that DHC1b
is important for flagellar assembly.
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