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ntraflagellar transport (IFT) is the bidirectional movement
of multisubunit protein particles along axonemal micro-
tubules and is required for assembly and maintenance of

eukaryotic flagella and cilia. One posited role of IFT is to
transport flagellar precursors to the flagellar tip for assembly.
Here, we examine radial spokes, axonemal subunits
consisting of 22 polypeptides, as potential cargo for IFT.
Radial spokes were found to be partially assembled in the
cell body, before being transported to the flagellar tip by
anterograde IFT. Fully assembled radial spokes, detached

I

 

from axonemal microtubules during flagellar breakdown
or turnover, are removed from flagella by retrograde IFT.
Interactions between IFT particles, motors, radial spokes,
and other axonemal proteins were verified by coimmuno-
precipitation of these proteins from the soluble fraction of

 

Chlamydomonas

 

 flagella. These studies indicate that one of
the main roles of IFT in flagellar assembly and main-
tenance is to transport axonemal proteins in and out of
the flagellum.

 

Introduction

 

The flagellum, in spite of its apparent stability, is a dynamic
structure in which the microtubules and appended proteins
are constantly turning over (Stephens, 1997; Marshall and
Rosenbaum, 2001; Song and Dentler, 2001). The continuous
assembly and disassembly of axonemal components at the
tip of the flagellum requires the perpetual delivery of precursors
to the tip and the removal of discarded flagellar proteins.
The 250

 

�

 

 polypeptides that make up the axoneme, there-
fore, must be transported to the flagellar tip for assembly,
not only during flagellar growth, but also for flagellar main-
tenance in the mature, full-length flagellum.

Many axonemal components are comprised of multiple
subunits. For example, outer dynein arms contain 16 differ-
ent polypeptides (King, 2000) and radial spokes contain 22
(radial spoke protein [RSP]1–22; Piperno et al., 1981; Yang
et al., 2001). One mechanism that would simplify targeting,
transport, and assembly of flagellar components would be

the preassembly of these complexes in the cell body before
their delivery into the flagellum. In this way, one targeting
sequence could direct an entire complex to the flagellum
where it could attach to axonemal microtubules as a com-
pleted unit. Such prefabrication would reduce both the
number of individual components to be transported and the
amount of assembly taking place at the flagellar tip. Early
indirect evidence for the presence of stable complexes of
flagellar components in the cell body of 

 

Chlamydomonas

 

 was
obtained from dikaryon rescue experiments (Luck et al.,
1977). Later, more direct evidence for such complexes came
from the isolation of an active 22S axonemal dynein from
the cytoplasm of deciliated 

 

Paramecium

 

 (Fok et al., 1994)
and immunoprecipitation, using an antibody against the
dynein 

 

�

 

 heavy chain, of a dynein complex containing all
three dynein heavy chains and both intermediate chains
from 

 

Chlamydomonas

 

 cell body extracts (Fowkes and Mitchell,
1998). These results suggest flagellar components can be
preassembled in the cell body before entering the flagella.

Flagellar precursors, especially those that are preassembled
into large complexes that diffuse slowly, may require a
mechanism of transport to the flagellar tip for assembly.
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Intraflagellar transport (IFT) is a likely candidate for this
transport. IFT is a microtubule-based motility located be-
tween the flagellar membrane and axoneme, in which
groups of protein particles are transported from the base to
the tip of the flagellum (anterograde) by kinesin II and from
the tip to the base (retrograde) by cytoplasmic dynein 1b.
The IFT particles are composed of at least 17 polypeptides,
which form two complexes, called complex A and B (Pi-
perno and Mead, 1997; Cole et al., 1998; Cole, 2003). This
motility, first described in the biflagellate alga 

 

Chlamydomo-
nas

 

, has been shown to be absolutely essential for the assem-
bly and maintenance of almost all eukaryotic flagella (for
review see Rosenbaum and Witman, 2002). Still, many
questions remain concerning the role of IFT in ciliary as-
sembly, maintenance, and function.

In the current model of flagellar assembly, IFT particles
accumulate around the base of the flagellum at the transi-
tional fibers of the basal bodies (Deane et al., 2001). It is
probably in this area that flagellar precursors are loaded onto
the IFT particles before being transported to the flagellar tip.
Indeed, flagellar precursors are concentrated around the
basal bodies in a pattern very similar to that of the IFT parti-
cles (Johnson and Rosenbaum, 1992; Piperno et al., 1996).
IFT is required to move these precursors to the flagellar tip
during flagellar assembly. In the absence of IFT, flagella can-
not assemble, and even existing flagella gradually shorten be-
cause IFT is required to bring replacement precursors to the
flagellar tip to compensate for subunits lost by the continu-
ous turnover at the tip of the axoneme (Marshall and Rosen-
baum, 2001).

This study provides the first evidence that IFT serves as a
two-way transport system, to bring precursors to the tip for
assembly and to return the products of axonemal turnover to
the cell body. We have used the radial spoke, one of the
principal axonemal components, as a marker for the cargoes
of anterograde and retrograde IFT. In the cell body, radial
spokes are partially preassembled into 12S complexes, which

are moved to the flagellar tip assembly site by anterograde
IFT. Once attached to the axoneme the intact (20S) radial
spoke is formed. These 20S complexes are released from the
axoneme by turnover and are returned to the cell body by
retrograde IFT. In addition, we have used antibodies to
polypeptides in IFT complex B to show, by immunoprecipi-
tation, that the motors, IFT particles, RSPs, and other
axonemal proteins are associated with one another. Immu-
nocytochemistry shows that these components are concen-
trated in the anterior of the cell surrounding the basal bod-
ies. These data provide the most cogent arguments to date
that IFT directly moves flagellar precursors into the flagella
and returns spent flagellar components to the cell body.

 

Results

 

During flagellar growth, thousands of copies of flagellar pre-
cursors must be transported to the flagellar tip for assem-
bly. Transport and assembly of flagellar subunits continue
throughout the life of the organelle due to the constant turn-
over of axonemal components at the flagellar tip. Continu-
ous turnover produces disassembled proteins that must be
removed from the flagella. The following experiments were
performed to address several questions presented by flagellar
assembly and turnover: To what extent are flagellar precur-
sors, in this case the radial spokes, assembled in the cell body
before transport into the flagellum? Is IFT directly involved
in the transport of these flagellar precursors? What is the fate
of disassembled axonemal components–is IFT involved in
returning the products of turnover at the flagellar tip to the
cell body?

 

Radial spoke complexes in the cell body and soluble 
flagellar fraction

 

Cell body extracts were analyzed on sucrose density gradi-
ents to assess the assembly state of radial spokes. Immuno-
blots of gradient fractions were probed with antibodies to

Figure 1. RSP1–6 from the cell body cosediment 
on gradients. (A) Fractions of a sucrose density 
gradient containing cell body extract were analyzed 
on immunoblots probed for RSPs as indicated. 
Note the 12S and 20S peaks of all RSPs examined. 
RSP3 migrates as a doublet due to phosphorylation; 
the 20S peak contains the upper phosphorylated 
band, characteristic of axonemal RSP3, whereas 
the 12S peak contains both forms. The RSP6 
polyclonal antibody cross-reacts with RSP4 
(arrows; these two RSPs are 48% identical [Curry 
et al., 1992]). RSP4 is only faintly visible in the 20S 
fraction. Ax, axoneme. (B) Gradient analysis of 
flagellar M�M was performed as in A. Both the 
12S and 20S complexes are present in the M�M.
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three radial spoke head proteins: RSP1, -4, and -6; and three
proteins of the radial spoke stalk: RSP3, which attaches the
stalk to the axoneme (Huang et al., 1981; Diener et al.,
1993), and RSP2 and -5, which may attach the head to the
stalk (Huang et al., 1981; Piperno et al., 1981). These six
RSPs cosedimented with major peaks at 12S and 20S (Fig. 1
A), suggesting they are assembled into complexes that in-
clude the base of the stalk and the head of the spoke. A frac-
tion of some of the RSPs (e.g., RSP2 and -5) were also
present in smaller forms, which could represent monomers
or small oligomers that had not assembled or that had de-
tached from the larger complexes during preparation. Simi-
lar sedimentation analysis of the soluble membrane plus ma-
trix (M

 

�

 

M) fraction isolated from flagella showed that the
same 12S and 20S radial spoke complexes were present in
this flagellar fraction (Fig. 1 B).

The 20S complex isolated from either the cell body or
M

 

�

 

M sediments at the same rate as the intact radial spoke
complex extracted from flagellar axonemes with potassium
iodide (Yang et al., 2001) and so may be the intact spoke.
This complex was examined by EM for comparison to ma-
ture spokes (Yang et al., 2001). Because of the low abun-
dance of the complex in the cell body extract, the 20S com-
plex from the M

 

�

 

M was used. In general, negative-stained
views of the M

 

�

 

M 20S radial spokes (Fig. 2) were similar to
the mature T-shaped spokes extracted from the axoneme
(Yang et al., 2001), further suggesting that the 20S complex
in the M

 

�

 

M is the complete radial spoke. Some further de-
tails of the structure of the spoke from M

 

�

 

M fraction
should be noted (Fig. 2). Occasionally, the stalk appeared
shorter and thicker than the typical stalk, with a helical sub-

structure. In addition, in some cases the spoke head ap-
peared to be formed of three or four globular domains,
which sometimes separated from each other but remained
attached to the stalk by thin stems. These differences may
have resulted from varying degrees of protein unwinding
that occurred during sample preparation, yet they provide
new information on the substructure of the radial spoke.

 

The 12S radial spoke complex is a flagellar precursor 
carried into the flagellum by IFT

 

The presence of a subassembly of the radial spoke along with
the mature radial spoke in the cell body and M

 

�

 

M raises
the question as to their respective functions. The 12S and
20S complexes could represent stages of preassembly of ra-
dial spokes in the cell body that are transported through the
soluble compartment of the flagellum in transit to the flagel-
lar tip. To test this hypothesis the soluble M

 

�

 

M from grow-
ing (regenerating) flagella was isolated and analyzed on gra-
dients. Components in route for flagellar assembly would be
expected to be enhanced in the soluble fraction of such fla-
gella. Fig. 3 A shows a gradient of the M

 

�

 

M of half-length,
regenerating flagella probed for RSP1. As would be expected
for a protein entering the flagellum for assembly, the 12S ra-
dial spoke complex was more abundant relative to the 20S
complex in regenerating flagella (Fig. 3 A) than in nonregen-
erating, full-length flagella (Fig. 1 B). This result suggests
that the 12S complex, but not the 20S, enters the flagellum
to be assembled onto the growing axoneme.

A second observation also suggests that the 12S complex is
in route to the flagellar tip for assembly, and also that IFT is
the mechanism that transports it there. If IFT carries the

Figure 2. Negative-stained radial 
spokes from the 20S membrane plus 
matrix resemble mature spokes from 
the axoneme. Radial spokes from the 
20S M�M were generally “T” shaped 
(panels 1–3), as are mature spokes (Yang 
et al., 2001); however, in some cases the 
stalk appeared to be coiled into a helix 
(panel 4). Occasionally the head formed 
three or four globular domains tethered 
to the stalk by thin filaments (panels 5–8). 
Bar, 20 nm.

Figure 3. Radial spoke proteins 
enter the flagellum as a 12S complex. 
(A) M�M fraction from regenerating 
wild-type cells were separated on 10–
25% sucrose density gradients, fractions 
were separated on 8% gels and blots 
were probed for RSP1. During flagellar 
assembly the 12S complex predominates 
over the 20S complex. (B) Gradient 
analysis of the M�M of flagella from 
fla10ts cells held at 32�C for 3 h (fla10ts, 
32�C), shows that the 20S form of radial 
spokes is more prevalent than the 12S 
form when IFT is blocked. The shift 
toward the 20S complex is observed to 

a lesser degree in fla10ts cells at 22�C (fla10ts, 22�C), at which temperature other minor effects of the mutation are apparent (Lux and Dutcher, 
1991; Kozminski et al., 1995). Wild-type cell body extract is also shown (wt, 32�C) as a control. The blots were probed for RSP1.
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12S complex to the tip, blocking anterograde IFT should re-
duce the amount of 12S precursors in the soluble M

 

�

 

M
flagellar fraction. Incubation of the 

 

Chlamydomonas

 

 mutant

 

fla10

 

ts

 

 at 32

 

�

 

C (restrictive temperature) inactivates the
FLA10 subunit of the anterograde IFT motor, FLA10 kine-
sin II, thereby halting IFT; after 2 h under these conditions
IFT can no longer be seen and the flagella start to resorb.
Gradient analysis of the M

 

�

 

M from flagella undergoing re-
sorption shows that the concentration of 12S complex de-
creases (Fig. 3 B) relative to the concentration of 20S. These
observations suggest that the 12S radial spoke complex is
transported by IFT into the flagella for assembly, but the
20S complex must have a different origin.

 

The 20S radial spoke complex is a flagellar turnover 
product removed from the flagellum by IFT

 

Gradient analysis of the M

 

�

 

M of shortening flagella of

 

fla10

 

ts

 

 cells showed a change in the relative amounts of 12S
and 20S complexes. To examine the absolute change of solu-
ble radial spokes in these flagella, whole flagella and M

 

�

 

M
were analyzed by SDS-PAGE and immunoblots. The
stained gels (Fig. 4 A) show that for an equal amount of total
flagellar protein the amount of soluble protein increases as
the flagella shorten after 3 h at 32

 

�

 

C. Immunoblots of these
gels (Fig. 4 B) show that IFT particle proteins disappeared
by 3 h; however, RSP1 and -3 increased, along with subunits
of outer (IC69 and DC83) and inner (IC140) dynein arms,

 

�

 

- and acetylated 

 

�

 

-tubulin. The build up of RSPs must be
due to the accumulation of the 20S complex (Fig. 3) result-
ing from the breakdown of the flagellar axoneme in the ab-
sence of retrograde IFT, which stops, along with anterograde
IFT, in the flagella of 

 

fla10

 

ts

 

 cells incubated at 32

 

�

 

C. This
accumulation of axonemal proteins was not seen in flagella
induced to shorten by treating cells with 1 mM 3-isobutyl-
1-methyxanthine (IBMX; Fig. 4), which induces flagellar re-
sorption (Lefebvre et al., 1978) without affecting IFT
(Kozminski et al., 1993). Thus, only in the absence of IFT
does flagellar shortening result in the accumulation of the
20S radial spoke complex and other axonemal components
in the soluble compartment of resorbing flagella.

IFT probably transports axonemal breakdown products
produced by flagellar resorption or, presumably, by turn-
over, to the cell body. If this is the only source of 20S radial
spokes in the cell body, cells without flagella should not con-
tain the 20S complex. Cell body extracts from 

 

bld1

 

, 

 

bld2

 

,
and 

 

ift88

 

, 

 

Chlamydomonas

 

 mutants that lack flagella due to
mutations in the genes encoding IFT52 (Brazelton et al.,
2001), 

 

�

 

-tubulin (Dutcher et al., 2002), and IFT88 (Pazour
et al., 2000), respectively, were analyzed on sucrose gradi-
ents. These cell body extracts contained the 12S complex,
but no detectable 20S form (Fig. 5 A). This result shows that
the presence of the 20S complex in the cell body is depen-
dent on the presence of flagella.

The relationship between the 20S radial spoke complex in
the cell body and IFT was further explored in two mutants
that lack retrograde IFT. Deletion of the gene encoding the
heavy chain of the retrograde motor DHC1b results in cells
with only flagellar stubs (Pazour et al., 1999; Porter et al.,
1999). The cell bodies of this mutant, 

 

dhc1b

 

, contained no
20S complex (Fig. 5 B). Short flagella (

 

�

 

1 

 

�

 

m) isolated
from 

 

dhc1b

 

 cells contain IFT particles and radial spokes but,
for unknown reasons, these proteins were largely insoluble
in 0.05% NP-40 (unpublished data) and so could not be
subjected to gradient analysis. This observation is corrobo-
rated by transmission EM observations: IFT particles remain
on the axoneme of 

 

stf1

 

 cells (another DHC1b mutant strain)
treated with 0.5 or 2% NP-40 (Porter et al., 1999).

Like 

 

dhc1b

 

, 

 

fla14

 

 cells are defective in retrograde IFT, but
the defect is due to a mutation affecting LC8, a light chain
of cytoplasmic dynein (Pazour et al., 1998). 

 

fla14

 

 cells are
able to form aberrant flagella that fill with IFT particles and
slowly resorb. Cell body extracts from these cells revealed no
20S radial spoke complexes even though both 12S and 20S
complexes were detectable in the M

 

�

 

M fraction (Fig. 5 B).
These data suggest that the 20S radial spoke complex
present in the M

 

�

 

M of 

 

fla14

 

 flagella is not recycled into the
cell body because retrograde IFT is not functional. Despite
the abundance of IFT particles and the lack of retrograde
IFT, RSPs did not accumulate in 

 

fla14

 

 flagella (Pazour et al.,
1998). Perhaps the absence of LC8, which is a subunit of

Figure 4. Disassembled axonemal 
proteins accumulate in the membrane 
plus matrix when IFT is blocked. 
Flagella were isolated from fla10ts cells 
incubated at 32�C for 0, 1, and 3 h or 
from wild-type cells treated with 1 mM 
IBMX for 75 min. Equal amounts of 
flagellar protein, or the M�M fraction 
from three times an equivalent amount 
of flagella, were processed for SDS-PAGE. 
(A) Coomassie blue–stained 10% gel of 
whole flagella and M�M. Molecular 
mass markers are indicated on the left. 
(B) Corresponding immunoblots probed 
with antibodies against IFT proteins and 
a variety of axonemal proteins (Table I). 
Note in B the disappearance of IFT pro-
teins and the accumulation of axonemal 
proteins in the M�M of flagella of fla10ts 
cells after 3 h at 32�C, but not in the 
M�M of flagella of IBMX-treated cells.
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multiple flagellar components (King and Patel-King, 1995;
Harrison et al., 1998) including radial spokes (Yang et al.,
2001), compromises the transport of the 12S and 20S com-
plexes and/or their retention in the flagella.

 

Coimmunoprecipitation of RSPs with IFT 
complexes A and B

 

If IFT directly transports flagellar radial spoke complexes
through the flagellum, interactions between IFT complexes
A and B, the motors powering their motility, and RSPs
should be detectable by immunoprecipitation. In keeping
with a previous report (Cole et al., 1998), a monoclonal an-
tibody against complex A protein IFT139, precipitated pri-
marily IFT139 along with the rest of complex A (Fig. 6 B).
Similarly, monoclonal antibodies against several complex B
proteins (IFT172, IFT81, and IFT57) and a polyclonal anti-
body against IFT74/72 (

 

�

 

-IFT72

 

2

 

; see Materials and meth-
ods), also precipitated predominantly complex B (Fig. 6 B),
though a small amount of complex A proteins could be de-
tected in the precipitates (Fig. 6 C). In contrast, polyclo-
nal antibodies against complex B proteins, 

 

�

 

-IFT72

 

1

 

 and

 

�

 

-IFT52, precipitated complex B along with approximately
stoichiometric amounts of complex A (Fig. 7 B). When
these immunoprecipitates were compared with the 16S frac-
tion from M

 

�

 

M, which is enriched in IFT particle proteins,
all the IFT proteins of molecular mass 

 

	

 

55 kD could be
identified (Fig. 7 B); the identity of several of these IFT pro-
teins was confirmed on immunoblots. The IFT proteins of
molecular mass 

 

�

 

55 kD were presumably present as well
but were not detectable by Coomassie blue staining. Precipi-
tation of both complex A and B with either of these complex
B antibodies suggests that these complexes interact in vivo.

Immunoprecipitates of 

 

�

 

-IFT72

 

1

 

 and 

 

�

 

-IFT52, which
contained both complex A and B polypeptides, were
probed on immunoblots for the presence of the motors

Figure 5. Retrograde IFT is required 
for the removal of the 20S radial spoke 
complex from the flagellum. (A) Cell 
body extracts of flagella-less cells were 
fractionated as in Fig. 3 and the blots 
were probed for RSP1 and -3. The 20S 
radial spoke complex present in wild-
type cell bodies is absent from mutants 
without flagella - bld1, bld2, and ift88. 
(B) Gradient analysis of radial spoke 
complexes in M�M of fla14, which 
lacks retrograde IFT, shows a normal 
amount of the 20S complex (fla14 
M�M). No 20S complex is present in 
the cell body of this mutant (fla14 cell 
body) or in dhc1b (dhc1b cell body), 
which also lacks retrograde IFT.

Figure 6. Intact IFT complex A and B can be immunoprecipitated 
separately. (A) Antibody �-IFT722 recognizes IFT74/72 on an immuno-
blot of the M�M. (B) Immunoprecipitates with antibodies against 
IFT polypeptides from M�M were analyzed on Coomassie blue–
stained 8% gels. The antibodies used for immunoprecipitation are 
listed above the gels. The lane labeled 16S shows a sucrose density 
gradient fraction enriched for IFT polypeptides (Cole et al., 1998). 
IFT particle complex A (in italics) and B proteins are indicated. 
(C) Immunoblots of these gels show that IFT81and IFT139 are present 
in all the immunoprecipitates.
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that drive IFT and for axonemal proteins that could repre-
sent cargo (Fig. 7 C). Probing blots with antibodies against
FLA10 and DHC1b, subunits of the IFT motors, revealed
that the anterograde and retrograde IFT motors were both
present. In addition to the motors, the immunoprecipitates
also contained RSP1, other axonemal proteins, IC69,
DC83, IC140, and acetylated �-tubulin indicating that
these proteins interact with IFT proteins and are cargo
transported by IFT.

It was important to verify that the coimmunoprecipitation
of RSPs with IFT proteins was due to specific interactions
rather than nonspecific protein trapping. Comparing the
proteins in the immunoprecipitates to those remaining in
the supernatants demonstrated the specificity of precipita-
tion: many major bands in the supernatant did not appear in
the precipitate (Fig. 7 B). Furthermore, FMG-1, the most
abundant glycoprotein of the flagellar membrane (Blood-
good et al., 1986), was not immunoprecipitated (Fig. 7 C).
As an additional control for nonspecific precipitation, up to
0.5 mg/ml ovalbumin was added to the M�M before im-
munoprecipitation with �-IFT721 (Fig. 8 A) and �-IFT52
(unpublished data). Even when assayed by sensitive immu-
noblotting, there was virtually no detectable ovalbumin in
the precipitated pellet. These controls substantiate the speci-
ficity of the immunoprecipitation of RSPs and other axone-
mal proteins with antibodies against IFT particle proteins.
In the experiment shown in Fig. 8, �100% of the IFT pro-
teins were immunoprecipitated. Under these conditions
	50% of most of the putative cargoes were coprecipitated
(Fig. 8 C). Most of the dynein light chains examined, LC1,
LC2, and Tctex1, however, remained in the supernatant.
This may be due to their dissociation from the dynein com-
plexes during immunoprecipitation, or they may be trans-
ported by a different mechanism.

IFT particle proteins and flagellar protein RSP3 are 
colocalized at the basal body region
The distribution of IFT52 or FLA10 and a putative cargo,
RSP3, in the cell body were compared by immunofluores-
cence microscopy (Fig. 9), as these proteins had not been ex-

amined previously in the same cell. RSP3 was detected in a
strain expressing an HA-tagged RSP3 (Diener et al., 1993)
using an �-HA antibody. In cells viewed from the side (Fig.
9, see diagram), RSP3 was found surrounding the basal bod-
ies, forming a well-defined “V” shape pointing toward the
anterior of the cell. IFT52 had much the same configuration
though it had a rounder and more diffuse shape. When
viewed from above, RSP3 and IFT52 each formed four
spots, two at the periphery of each basal body. Likewise, lo-
calization of FLA10 and RSP3 were nearly identical. Thus,
the localization of the IFT particles, IFT motors, and RSP
cargo in the cell body is consistent with IFT carrying axone-
mal proteins and suggests the cargo is loaded onto the IFT
particles near the basal bodies.

Discussion
Preassembly of radial spokes
Targeting, transport, and assembly of the many proteins re-
quired for flagellar assembly could be simplified by a modu-
lar construction, in which polypeptides are preassembled in
the cell body to form larger subunits of the flagellum, e.g.,
radial spokes, dynein arms, and central pair projections. The
evidence presented here indicates that radial spokes are par-
tially assembled in the cell body to form a 12S complex,
which is transported into the flagellum. A radial spoke com-
plex that cosediments at 20S with mature radial spokes ex-
tracted from axonemal microtubules is also present in the
cell body, but this complex is derived from the turnover of
the axoneme, which releases intact radial spokes.

Three observations indicate that the 12S complex is the
form of radial spokes used in flagellar assembly. First, the
concentration of this complex increases relative to the 20S
form in growing flagella in which precursors are needed.
Second, the 12S complex, but not the 20S complex, is found
in all the flagella-less strains tested, showing it is preassem-
bled in the cell body before flagella are formed. Third, when
IFT, which is necessary for flagellar assembly, is inhibited,
the 12S radial spoke complex is depleted from the M�M.
These observations fit a model in which IFT delivers flagel-

Figure 7. Complex A and B, IFT motors, 
and a variety of axonemal proteins 
coimmunoprecipitate with IFT particles. 
(A) Immunoblots of M�M probed with 
�-IFT721 and �-IFT52 show these anti-
bodies recognize only the expected 
proteins. (B) The Coomassie blue–
stained gel of immunoprecipitates 
obtained from M�M using �-IFT721 
and �-IFT52 antibodies show complex A 
(in italics) and B proteins in the pellet (P), 
whereas most other proteins remain in 
the supernatant (S). A control was done 
without adding antibody (no antibody 
lanes); similar results were obtained 
using preimmune serum of �-IFT721. 
Pellets were resuspended in sample 
buffer equal to the supernatant volume. 
The loading volume is indicated at the 
bottom of each lane. (C) Corresponding immunoblots probed with antibodies against IFT motors FLA10 and DHC1b, and a variety of flagellar 
proteins as listed (Table I) show these proteins coprecipitated with IFT proteins. IFT52 is not shown because it is occluded by the IgG heavy chain.
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lar precursors to the flagellar tip; in the absence of antero-
grade IFT, the 12S radial spoke complex and presumably
other flagellar precursors are depleted from the flagellum.

The other major radial spoke complex in the cell body and
soluble flagellar M�M is a 20S complex that cosediments
with mature radial spokes. This form does not appear to be

destined for flagellar assembly, but rather, is derived from as-
sembled flagella and is brought back to the cell body by ret-
rograde IFT. This scenario is supported by the observation
that the 20S complex decreases relative to the 12S complex
in the M�M during flagellar assembly. Furthermore, as fla-
gella resorb due to inhibition of anterograde IFT, the 20S
complex increases in the flagellar M�M, indicating it is de-
rived from the breakdown of the axoneme. The 20S com-
plex in the cell body also is derived from the flagella;
Chlamydomonas mutants that never have flagella do not con-
tain the 20S complex in the cell body although the 12S
complex is present. The presence of fully formed flagellar
components in the cell body, therefore, is not sufficient to
designate these complexes as flagellar precursors destined for
assembly.

Assembly of radial spokes occurs in several stages. Al-
though all the RSPs are present, radial spokes are only par-
tially assembled in the cell body. One subassembly made in
the cell body is a 12S complex; other subassemblies or mo-
nomeric RSPs that go into making the 20S complex could
not be identified with the available probes. The mechanism
by which the12S complex is converted into the 20S complex
in the flagellum, and how this transition is regulated, is still
unknown.

Association of IFT particle proteins with axonemal 
components
When IFT was first described it was hypothesized to be a
mechanism for delivering flagellar precursors to the flagellar
tip (Kozminski et al., 1993) where assembly occurs (Johnson
and Rosenbaum, 1992). Since that time, the IFT particle
polypeptides and the motors responsible for their movement
have been identified (for reviews see Rosenbaum and Wit-
man, 2002; Sloboda, 2002; Cole, 2003). Mutations affect-
ing IFT proteins or motors have demonstrated that IFT is
necessary for both the assembly and maintenance, not only
of motile flagella/cilia, but also of immotile, sensory cilia, in-
cluding the sensory cilia of Caenorhabditis elegans. In verte-
brates, repercussions of such mutations include diseases such
as retinal degeneration, polycystic kidney disease, and the
condition known as situs inversus (for review see Rosen-
baum and Witman, 2002). Still, little had been learned to
confirm or refute the hypothesis that IFT directly transports
flagellar precursors.

In perhaps the most direct experiments to test IFT func-
tion, inactivation of the FLA10 subunit of the anterograde
kinesin II motor blocked the normal addition of inner dy-
nein arms onto existing outer doublet microtubules, pre-
sumably because, in the absence of IFT, these components
were not transported to the tip (Piperno et al., 1996) where
the assembly occurs. In addition, during flagellar regenera-
tion, inner dynein arms were found to sediment at 19S,
much faster than sedimentation of a single dynein arm
(11S), suggesting the dynein was attached to other mole-
cules during transport in growing flagella (Piperno and
Mead, 1997). Still, direct evidence for the association of IFT
particles with such axonemal proteins has been lacking.

The immunoprecipitation results presented here provide
the first direct evidence that IFT particle proteins bind to
axonemal proteins. When IFT complexes A and B were im-

Figure 8. Immunodepletion of IFT proteins from the membrane 
plus matrix fraction with �-IFT721 antibody precipitates a substantial 
fraction of IFT motors and several axonemal proteins. Ovalbumin 
was added to the M�M as a negative control at 100 to 500 ng/�l 
before immunoprecipitation with �-IFT721 antibody. Pellets were 
resuspended in a volume equal to the supernatants and equal volume 
loadings of pellets (Pellet), supernatants (Super), and M�M were 
resolved on a 10% gel. Immunoblots show that: (A) ovalbumin did 
not precipitate; (B) IFT polypeptides were immunodepleted from 
M�M (exemplified by IFT139 and IFT74/72; the rest of IFT particle 
proteins were similar; unpublished data); (C) immunoblots with 
antibodies against IFT motors FLA10 and DHC1b, and a variety 
flagellar proteins as listed (Table I) show these motor proteins and 
various flagellar proteins coprecipitated with IFT proteins. In contrast, 
LC2 and Tctex-1 did not precipitate.
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munoprecipitated together from the M�M fraction using a
polyclonal antibody to a complex B protein, several axone-
mal proteins were coprecipitated, including RSP1 and -3,
subunits of inner and outer dynein arms, and acetylated
�-tubulin (Figs. 7 and 8). Conversely, IFT particle proteins
could be precipitated with antibodies against IC69, �-tubu-
lin, and acetylated �-tubulin (unpublished data). These re-
sults demonstrate that the interactions between IFT proteins
and these putative cargo proteins do indeed occur.

In spite of these results, IFT complex A and B sediment
on sucrose density gradients without attached motors or
cargo, and immunoprecipitation with several IFT antibodies
precipitate predominantly only complex A or B proteins.
This discrepancy may be due to the avidity of the antibod-
ies. On addition of �-IFT721 and �-IFT52 antibodies to
M�M, a precipitate was often seen, apparently due to the
formation of large immunocomplex lattices. The stability
and rapid purification of these lattices may explain why
these two antibodies precipitated motors and cargos with
IFT particles even though the interactions between these
molecules may be of too low affinity to be preserved during
separation on sucrose density gradients or during precipita-
tion with other antibodies.

Immunofluorescent localization of IFT proteins, FLA10,
and axonemal precursors (RSP3) also suggest an interaction be-
tween these proteins. Because RSP3 is found throughout the
axoneme it was impossible to compare its localization in the

flagella to that of IFT52 and FLA10. In the cell body, however,
the distribution of these proteins converged in the anterior of
the cell in a tight area surrounding the basal bodies. It is appar-
ently in this area that IFT particles and axonemal precursors as-
sociate in preparation for transit into the flagellum.

A previous study found that unlike inner arm dynein,
outer arm dynein did not require FLA10 to enter the flagel-
lum, and so it might not be a cargo of IFT (Piperno et al.,
1996). In the current work, immunoprecipitation of IC69, a
component of outer arm dynein, with IFT particles suggests
that this dynein can be transported by IFT, though under
some circumstances IFT may not be required for its delivery
into flagella. IC69 may associate with IFT particles only
during its removal from the flagellum as a result of turnover.
On the other hand, the original results were obtained by ob-
serving fla10ts cells after 75 min at 32�C, at which time some
attenuated IFT still may be present (Kozminski et al., 1995).
Perhaps sufficient IFT was present to transport outer arms
to the periphery of the axoneme, but not to transport inner
dynein arms to the tip. The relationship between IFT and
outer dynein arms is, therefore, not completely resolved.

Association of IFT particle proteins with motors
In addition to binding cargo, IFT particles also would be ex-
pected to bind the motors that propel IFT. This report, along
with work showing the association of FLA10 and IFT pro-
teins using a microtubule pull down assay (unpublished data),

Figure 9. IFT52 and RSP3 colocalize 
in the basal body area of the cell. 
(Left) Diagrams of the top and side views 
of a cell showing the position of basal 
bodies, flagella, and the four micro-
tubule rootlets that emanate from the 
basal bodies. (Right) Immunofluorescence 
staining using antibodies as labeled. 
The first row shows the localization 
of FLA10 relative to the rootlet micro-
tubules and basal bodies as shown in 
the diagram. Rows two and three show 
that the distribution of IFT52 and RSP3 
surrounding the basal bodies generally 
overlap, though IFT52 covers a larger 
area. The fourth row illustrates the position 
of FLA10 relative to RSP3. Bar, 5 �m.
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provides the first direct evidence that IFT proteins are also as-
sociated with motors. Immunoprecipitation from M�M with
antibodies against IFT74/72 or IFT52 also contained sub-
units of the anterograde motor, FLA10 kinesin-II, and the ret-
rograde motor, cytoplasmic dynein DHC1B. These motors
have also been identified surrounding the basal bodies (Cole
et al., 1998; Pazour et al., 1999; Vashishtha et al., 1996) ap-
parently in preparation for taking IFT particles and flagellar
components into and out of the flagellum.

The binding of IFT proteins to IFT motors and axonemal
precursors suggest that the IFT particles form a link between
the IFT motors and cargo as has been described for kinesin
(for review see Verhey and Rapoport, 2001) or the dynactin
complex, which works in consort with cytoplasmic dynein.
In the case of conventional kinesin, for example, c-Jun NH2-
terminal kinase and its associated transmembrane protein
ApoRE2 are linked to kinesin by c-Jun NH2-terminal ki-
nase–interacting proteins, for transport to neurite ends (Ver-
hey et al., 2001). Similarly, the mammalian mLin7/mLin2/
mLin10 protein complex is used as a molecular tether be-
tween the KIF17 motor and cargo vesicles containing the
NR2B subunit of NMDA receptors (Setou et al., 2000).
Dynactin is a complex of approximately nine proteins that
serves, among other things, to link membranous organelles
to the motor cytoplasmic dynein (Holleran et al., 2001;
Hoogenraad et al., 2001). The complexity of IFT particles
may be in part because they must bridge multiple flagellar
cargoes to the anterograde and retrograde motors. 

Retrograde IFT
IFT operates continuously in both directions—toward the
flagellar tip and back to the cell body. One function of retro-
grade IFT is to return the IFT particles themselves, and the
anterograde IFT motor kinesin II, to the cell body (Iomini
et al., 2001; Orozco et al., 1999; Pazour et al., 1998, 1999;
Porter et al., 1999; Signor et al., 1999). In the absence of
retrograde IFT, e.g., in dhc1b and fla14 mutants, IFT parti-
cles accumulate in the flagella blocking assembly and func-
tion of the organelles (Pazour et al., 1998, 1999; Porter et
al., 1999; Signor et al., 1999). Does retrograde IFT have ad-
ditional functions?

Several observations suggest that retrograde IFT returns the
products of axonemal turnover to the cell body. First is the
finding that acetylated �-tubulin immunoprecipitates with
IFT particles (Figs. 7 and 8) and so is a potential IFT cargo.
Acetylation is a modification of �-tubulin that occurs follow-
ing tubulin polymerization; soluble tubulin dimers are typi-
cally not acetylated (Maruta et al., 1986; Piperno et al., 1987).
It seems unlikely, therefore, that acetylated tubulin would be
transported from cell body into flagella. Rather, coimmuno-
precipitation of acetylated �-tubulin with IFT particles sug-
gests this tubulin was derived from the turnover of axonemal
microtubules, which contain acetylated �-tubulin, and is des-
tined to return to the cell body by retrograde IFT.

A second line of evidence for retrograde transport of ax-
onemal breakdown products is that in fla10ts cells held at
32�C, radial spokes and other flagellar components accumu-
late in the flagellar M�M as the flagella slowly begin to
shorten (Fig. 4). At this time both anterograde and retro-
grade IFT no longer function to bring axonemal compo-

nents in or out of the flagella. As the axonemes shorten the
breakdown products accumulate because they cannot be re-
moved from the flagella by IFT. Third, the observation that
fla14 cells, which lack retrograde IFT, contain the 20S radial
spoke complex in the M�M, but not in the cell body, also
suggests that retrograde IFT carries the products of axone-
mal breakdown to the cell body. Retrograde IFT, therefore,
carries the intact 20S radial spoke complex, as well as other
products of flagellar breakdown, out of the flagellum, back
to the cell body.

Conclusion
We have used the radial spoke to show that flagellar compo-
nents are prefabricated in the cell body before their move-
ment into the flagellum. Anterograde IFT is directly in-
volved with the transport of these prefabricated complexes
to their assembly site at the flagella tip, and retrograde IFT is
responsible for recycling proteins back to the cell body after
detachment from the axoneme during flagellar turnover.
This is the first clear demonstration that IFT is directly re-
sponsible for the transport of a specific flagellar cargo.

Materials and methods
Strains and culture conditions
Chlamydomonas reinhardtii strains used in this work included: wild-type
strain cc125, basal body–deficient strain bld2 (cc478), temperature-sensi-
tive flagellar assembly mutant fla10 (fla10–1 allele, cc1919), IFT52 mutant
bld1 (cc477; Brazelton et al., 2001), IFT88 mutant ift88 (Pazour et al.,
2000), cytoplasmic dynein light chain LC8 mutant fla14 (Pazour et al.,
1998), cytoplasmic dynein heavy chain DHC1b mutant dhc1b (Pazour et
al., 1999), cell wall-less mutant (cw92, cc503), paralyzed flagellar mutant
pf14 (cc1032), and a pf14 strain expressing an HA-tagged RSP3 (Johnson
and Rosenbaum, 1992). Strains cc125, cc478, cc1919, cc477, cc503, and
cc1032 can be obtained from the Chlamydomonas Culture Collection
(Duke University, Durham, NC).

Cells were grown on plates or in liquid Tris-acetate-phosphate (Gorman
and Levine, 1965) or R/2 (Kindle et al., 1989) medium at 22�C with a light–
dark cycle of 14 h:10 h with constant aeration.

Isolation of flagella
Flagellar isolation was essentially as described in Cole et al. (1998). Iso-
lated flagella were resuspended in HMDEK (10 mM Hepes, pH 7.2, 5 mM
MgSO4, 1 mM DTT, 0.5 M EDTA, and 25 mM KCl) containing a cocktail of
protease inhibitors. fla14 flagella were isolated when most of the cells had
the longest flagella, �2.5 h after the cells escaped the mother cell wall.

Soluble flagellar proteins, termed the M�M, were extracted from freshly
prepared flagella with 0.05% NP-40 in HMDEK. Alternatively, fresh fla-
gella in HMDEK, were flash frozen in liquid nitrogen and thawed to dis-
rupt the flagellar membrane. Axonemal and other insoluble proteins were
removed by centrifugation.

Preparation of cytoplasmic extracts
Cells were harvested by centrifugation and the cell pellet was resuspended
in an equal volume of HMDEK or lysis buffer: 10 mM Tris, pH 7.4, 5 mM
MgSO4, 25 mM KCl, 150 mM NaCl, 0.5 mM EGTA, 1 mM dithiothreitol,
and protease inhibitors aprotinin (2 �g/ml), benzamidine (20 �g/ml), pep-
statin (1 �g/ml), and trypsin inhibitor (50 �g/ml). Cells (1–5 ml) were dis-
rupted on ice by two 15-s pulses in an Omnimixer (Sorvall) on setting 4.
PMSF was added to the homogenate to 1 mM. The homogenate was clari-
fied to remove flagella and cell debris either in a microfuge or at 10,000
rpm in a SW34 rotor (Sorvall) for 10 min and then at 100,000 g for 20–60
min in a Ti50 rotor (Beckman Coulter). The clarified extract was typically
20 to 40 mg/ml protein. Cells with cell walls were treated with autolysin
for 10 to 60 min before homogenization. Centrifugation was performed at
4�C and the extract was kept on ice.

Sucrose density gradients
M�M or cell body extracts were fractionated through 12-ml 10–25% su-
crose density gradients in HMDEK or 10–30% sucrose in lysis buffer (Fig. 1,
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A only) in an SW41Ti rotor (Beckman Coulter) for 14 h at 38,000 rpm.
Gradients were typically fractionated into 24 to 26 0.5-ml aliquots. Stan-
dards used to calculate S-values were BSA (4.4S), aldolase (7.35S), cata-
lase (11.3S), and thyroglobulin (19.4S).

Sequence analysis of IFT74/72
16S IFT particles were purified from Chlamydomonas flagella as described
in Cole et al. (1998) and separated by PAGE using SDS from EM Science,
Inc. Bands corresponding to IFT72 and IFT74 were excised and subjected
to microsequence analysis at the University of Massachusetts Medical
School Protein Sequencing Facility (Shrewsbury, MA). Five internal pep-
tides were obtained for IFT72: (1) AGQQLQVENRPPP, (2) PAGASIIGA-
GIT, (3) GEFGSVEDIQR, (4) NLSAGVFEMDEFIK, and (5) VGSQAPVY-
VIQQEFAALK; and two for IFT74: (1) APTGGAVQQPDRPMTGQR and (2)
(Q)VLDKNYFMNEL(R).

To clone IFT72, two degenerate primers were designed using the
Chlamydomonas codon bias to encode part of IFT72 peptides 4 and 5.
These primers were used in RT-PCR to amply a partial cDNA of IFT72,
which identified several EST clones in Genbank. These EST sequences
were used to define the 5
 end of the cDNA sequence and design PCR
primers (sequences available on request) to amplify the 3
 end of the IFT72
transcript. The IFT72 cDNA contained a 1,923-nucleotide ORF predicted
to encode a 71.4-kD protein with a pI of 9.02 (these sequence data are
available from GenBank/EMBL/DDBJ under accession no. AY245434). The

five IFT72 peptides were found in the ORF, confirming that it encodes
IFT72. IFT72 (from about aa 100 to the COOH-terminal end) is predicted
to be a coiled-coil protein.

Several observations suggest IFT72 and IFT74 are derived from the same
gene. First, all peptide sequenced from IFT72 and IFT74 were contained in
a single ORF, and spanned 96% of the predicted protein. Second, poly-
clonal antibodies raised against a fragment of IFT72 reacted with both
IFT72 and IFT74 (Fig. 7). Third, Southern blot analysis indicated that the
Chlamydomonas genome contains only one copy of the gene that hybrid-
izes to the IFT72 cDNA (unpublished data). This evidence suggests that
IFT72 and IFT74 are isoforms of the same gene product referred to as
IFT74/72.

Sequence searches of IFT74/72 revealed the greatest similarity with a
putative C. elegans protein, C18H9.8 (23% identical, BLASTE E � 7e-30)
and a Ciona intestinalis protein (these sequence data are available from
GenBank/EMBL/DDBJ under accession no. AK115225; 27% identical,
BLAST E � 6e-45). The mammalian homologue of IFT74/72 is called CMG-1
(24% identical, BLAST E � 2e-61), a protein that is targeted to an intracel-
lular vesicular compartment and that is differentially expressed during cap-
illary morphogenesis (Bell et al., 2001).

Antibodies and immunoblots
See Table I for a list of antibodies used in this study. The antibodies against
RSP2 and -5, though unpublished previously, were generated in parallel

Table I. Antibodies used in the study

Protein Antibody Typea Reference/Source

IFT particle proteins
Complex A  

IFT139 139.1 M Cole et al., 1998
Complex B    

IFT 172 172.1 M Cole et al., 1998
IFT81 81.1–4 (pooled) M Cole et al., 1998
IFT57 57.1 M Cole et al., 1998
FT52 �-IFT52 P Deane et al., 2001
IFT74/72 �-IFT721, �-IFT722 P This paper

Kinesin II motor 
FLA10 neck �-FLA10N P Cole et al., 1998
FLA10 tail �-FLA10T P Kozminski et al., 1995

Cytoplasmic dynein heavy chain
DHC1b �-DHC1b P Pazour et al., 1999

Outer arm dynein
Intermediate chain

IC69 �-IC69 M Sigma-Aldrich
Docking complex

DC83 �-DC83 P Wakabayashi et al., 2001
Light chain

LC1 �-LC1 P Benashski et al., 1999
LC2 �-LC2 P Patel-King et al., 1997

Inner arm dynein
Light chain

Tctex-1 �-Tctex-1 P Harrison et al., 1998
Intermediate chain

IC140 �-IC140 Yang and Sale, 1998
RSPs

RSP1 �-RSP1 P Williams et al., 1986
RSP3 �-RSP3 P Williams et al., 1989

Tubulin
Acetylated �-tubulin M Sigma-Aldrich
�-Tubulin P Silflow and Rosenbaum, 1981

Flagellar membrane glycoprotein
FMG-1 �-FMG-1 M Bloodgood et al., 1986

Hemagglutinin epitope 12CA5 M Field et al., 1988
Ovalbumin �-Ovalbumin M Sigma-Aldrich

aM, monoclonal; P, polyclonal.
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with RSP1, -3, and -6, which have been described previously (Williams et
al., 1986, 1989).

Polyclonal �-IFT721 and �-IFT722 antisera were raised against the
IFT74/72 COOH-terminal domain as follows: The fragment encoding resi-
dues 207–641 of IFT74/72 was cloned into the pQE-30 expression vector
(QIAGEN) to produce a His6–IFT74/72 fusion protein. The fusion protein
was injected subcutaneously into two rabbits by the Yale Biotechnology
Services (New Haven, CT) to produce antisera named �-IFT721 and
�-IFT722. Antibodies were affinity purified from His6–IFT74/72 fusion pro-
tein bound to nitrocellulose.

Immunoprecipitation
Flagellar M�M (protein concentration at 5–10 mg/ml) was clarified for 10
min at 100,000 g and was then incubated with antibodies on ice for 1–2 h.
Immune complexes were recovered by incubation for 2–8 h at 4�C with
protein A–Sepharose beads (Amersham Biosciences). After washing three
times with 1 ml HMDEK plus 0.05% NP-40 and once with HMDEK plus
300 mM NaCl for 15 min each at RT, proteins were eluted from the beads
in SDS-PAGE loading buffer and analyzed by SDS-PAGE followed by im-
munoblotting.

Immunofluorescence microscopy
Immunofluorescence staining was performed as described previously
(Cole et al., 1998). Preparations were photographed on a Nikon Diaphot
inverted fluorescence microscope with an Image Point CCD camera (Pho-
tometrics) and the Metamorph software package.

Negative staining and EM
Samples taken from gradient fractions were used directly, or were first dia-
lyzed against HMDEK to remove the sucrose, and were applied to 300-
mesh copper holey grids covered previously with a thin layer of carbon
and activated by glow discharge. Negative staining with uranyl acetate
was performed using a modification of the double carbon layer technique
(Stoffler-Meilicke and Stoffler, 1988) as described by Koonce and Samso
(1996). Samples were examined in a Philips EM 201 operated at 80 kV.
Most images were recorded at a magnification of 45,000 using Kodak
4489 EM film.
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