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Abstract. A microtubule-based transport of protein
complexes, which is bidirectional and occurs between
the space surrounding the basal bodies and the distal
part of Chlamydomonas flagella, is referred to as in-
traflagellar transport (IFT). The IFT involves molecu-
lar motors and particles that consist of 17S protein
complexes. To identify the function of different compo-
nents of the IFT machinery, we isolated and character-
ized four temperature-sensitive (ts) mutants of flagellar
assembly that represent the loci FLA1S5, FLA16, and
FLA17. These mutants were selected among other ts
mutants of flagellar assembly because they displayed a
characteristic bulge of the flagellar membrane as a non-
conditional phenotype. Each of these mutants was sig-
nificantly defective for the retrograde velocity of parti-

cles and the frequency of bidirectional transport but
not for the anterograde velocity of particles, as revealed
by a novel method of analysis of IFT that allows track-
ing of single particles in a sequence of video images.
Furthermore, each mutant was defective for the same
four subunits of a 17S complex that was identified ear-
lier as the IFT complex A. The occurrence of the same
set of phenotypes, as the result of a mutation in any one
of three loci, suggests the hypothesis that complex A is
a portion of the IFT particles specifically involved in
retrograde intraflagellar movement.

Key words: Chlamydomonas ® temperature-sensitive
mutants ® intraflagellar particles ® video microscopy ®
retrograde transport

the site of function in eukaryotic cells often occurs
along frameworks of microtubules with the partici-
pation of molecular motors and auxiliary molecules that
link the motors to the cargo. These molecular machineries
also operate in specific compartments of polarized cells,
such as cilia, flagella, and axons, where they serve several
functions: among others, they release a cargo at the distal
part of the compartment and move back to the cell body to
be recycled. Retrograde transport often requires molecu-
lar motors that differ from those working in anterograde
transport.
To dissect the complexity of a microtubule-based system
that transports proteins within a specific cellular compart-
ment, we turned to the study of temperature-sensitive (ts)!

TRANSPORT of proteins from the site of synthesis to
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mutants of Chlamydomonas reinhardtii that are defective
in the assembly of flagella (Huang et al., 1977). Chlamy-
domonas flagella contain a machinery that transports pro-
tein complexes in both directions and operates between
outer doublet microtubules and the flagellar membrane
(Kozminski et al., 1995). This intraflagellar transport (IFT)
of protein particles was discovered by video-enhanced dif-
ferential interference contrast microscopy (Kozminski et
al., 1993) and currently is being analyzed at the molecular
level (Piperno and Mead, 1997; Cole et al., 1998; Pazour et
al., 1998).

The IFT requires KHP172410 (Walther et al., 1994), the
heavy chain of an heterotrimeric kinesin II (Scholey,
1996), for anterograde transport (Kozminski et al., 1995;
Cole et al., 1998) and LC8 414 3 light chain of axonemal
and cytoplasmic dyneins (King et al., 1996), for retrograde
transport of a cargo (Pazour et al., 1998). The cargo con-
sists of large protein particles that are not membrane-
bound (Kozminski et al., 1995) and are composed of at
least 15 polypeptides comprising two 16S complexes, re-
ferred to as IFT complexes A and B (Cole et al., 1998).

Following our studies on the structure of inner dynein
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arms, we analyzed the transport of p28, an inner dynein
arm light chain, within the flagella of ida4 (Piperno et al.,
1996), a null mutant of p28 (LeDizet and Piperno, 1995a).
We found that p28 required KHP1/2410 to reach the distal
part of flagella where it bound to outer doublet microtu-
bules in a concentration gradient from distal to proximal
part of the axoneme. This evidence suggested that the
transport of precursors of inner dynein arms to their bind-
ing site within the axoneme involved a molecular motor
and not passive diffusion (Piperno et al., 1996).

We also found that a cytoplasmic 17S complex of poly-
peptides binds p28 in substoichiometric amounts and re-
quires KHP171410 to be present in flagella (Piperno and
Mead, 1997). The 17S complex represents 2—4% of the
mass of flagellar proteins and is composed of at least 13
different subunits, nine of which turned over 37 times
faster than axonemal dyneins (Piperno and Mead, 1997).
This evidence suggested the following hypotheses: the 17S
complex functions as a carrier of precursors of inner dy-
nein arms and consists of two modules that differ in turn-
over (Piperno and Mead, 1997). Furthermore, the 17S
complex is probably identical to the ensemble of the IFT
complexes A and B recently described (Cole et al., 1998).

To identify the function of different parts of this ma-
chinery of transport, we intended to isolate ts mutants of
flagellar assembly with a defect in a specific aspect of the
IFT, such as the anterograde motion, the retrograde mo-
tion, or the frequency of transport. To this purpose we an-
alyzed ts mutants of flagellar assembly with phenotypes
similar to that of flal0 because the IFT is inhibited at the
restrictive temperature in flagella of fla10 (Kozminski et al.,
1995), and KHP17£41% and the 17S complex are parts of
the same transport system (Kozminski et al., 1995; Piperno
and Mead, 1997; Cole et al., 1998). In an initial phase of
this study, we observed ts mutants isolated by others
(Huang et al., 1977; Adams et al., 1982). However, some of
them lost the original ts phenotype while others could
have accumulated additional mutations. Therefore, in-
stead of characterizing them again we isolated a new set of
ts mutants of flagellar assembly by a procedure that is sim-
ilar to that previously described (Huang et al., 1977; Ad-
ams et al., 1982). Furthermore, to detect subtle changes in
a specific property of the IFT, we developed a method of
quantitative analysis of the IFT that allows unambiguous
identification of single particles and, therefore, accurate
measurement of anterograde and retrograde velocity of
the particles.

Here we describe four of the new ts mutants of flagellar
assembly, which we selected from among the others be-
cause they have an additional phenotype, namely a distinct
bulge of the flagellar membrane. These four mutants rep-
resent three loci referred to as FLA15, FLA16, and FLA17.
They have flagella as long as those of a wild-type strain at
permissive temperature and accumulated amorphous ma-
terial in the flagellar bulge at both permissive and restric-
tive temperatures. The presence of the flagellar bulge in
each mutant was correlated with a decrease of both veloc-
ity of retrograde IFT and frequency of bidirectional trans-
port. In addition, each mutant was defective for the same
four subunits of a 17S complex, three of which were identi-
fied earlier as subunits of the IFT complex A. The identifi-
cation of the gene products of FLA1S5, FLA16, and FLA17
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should reveal whether IFT complex A is required for ret-
rograde transport of protein particles within flagella.

Materials and Methods
Cell Culture

Wild-type cells (137%) used for mutagenesis were grown in liquid medium
(Sager and Granick, 1953) as modified in Huang et al. (1977) for 3 d under
intense light at 25°C. Wild-type cells (137") or mutants used for biochemi-
cal or phenotypic analyses were grown on solid medium for 3 d under in-
tense light at 25°C and 1 d in the dark at 21°C. Cells used for phenotypic
analysis were cultured in liquid medium for at least 12 h under light at
21°C.

Proteins were extracted from wild-type cells (137") or mutants that
were grown at a steady state on modified solid medium supplemented
with [*S]sulphuric acid (Luck et al., 1977).

The wild-type strains 137 and flal0-1 are from the collection of Dr.
David Luck (Rockefeller University, New York).

Screening of Temperature-sensitive Mutants for
Flagellar Assembly

Vegetative wild-type cells (137, 10° cells/ml) in 50 ml of 0.02 M citrate
buffer, pH 5, were exposed to 1, 5, or 10 mg/ml of N-methyl-N -nitro-N ni-
trosoguanidine (MNNG) for 30 min at 25°C in the dark. After two washes
in medium, cells (10° cells/ml) were cultured for 24 h in light at 21°C. Sur-
vival was 71, 57, and 45% after the exposure to 1, 5, or 10 mg/ml of
MNNG, respectively. Screening of temperature-sensitive mutants for
flagellar assembly was achieved by three repeats of the following two-step
cycle: we discarded cells regenerating their flagella and swimming at the
restrictive temperature of 32°C, and we also discarded cells not swimming
at the permissive temperature of 21°C. At the first step of the cycle, cells
were deflagellated by pH shock, pelleted by centrifugation at 1,000 rpm
(in a model GH-3.7 rotor; Beckman Instruments, Fullerton, CA), resus-
pended in 30 ml of medium, and exposed 3 h at 32°C in light before being
separated in four aliquots, one of which was enriched in cells that were
sedimenting. Sedimenting cells were cultured overnight at 21°C in light.
After this incubation, the upper 70% of the culture was removed and kept
for the next screening at 32°C. The volumes of the medium added to the
cells before the second and third exposure at 32°C were 5 and 3 ml, re-
spectively. We cultured the remaining cells in solid medium, picked single
colonies, and cultured them in 200 pl of liquid medium. We selected
clones that lost the majority of their flagella within 4 h of exposure at
32°C. We retained 11 and 5 clones of mutants from cells exposed to 1 or 5
mg/ml of MNNG, respectively. Some of the clones could derive from the
same mutant that divided during the process of screening.

Mutants in four distinct clones had the same phenotype: a bulge of the
flagellar membrane. They were crossed with wild-type cells (1377) to ver-
ify that they represented a single mutation. They also were crossed to each
other and to flal0 to determine whether they represented different loci.
Complementation tests were performed by tetrad analysis (Harris, 1989).
Three of the four mutants recombined and generated wild-type cells in
reciprocal crosses. In contrast, two mutants did not recombine in 204
crosses. Each of the three mutants that recombined also recombined with
flal0. Therefore, the four mutants were referred to as flal5, flal6, flal7-1,
and flal7-2 to follow the nomenclature previously adopted for tempera-
ture-sensitive mutants of flagellar assembly (Adams et al., 1982; Harris,
1989). Whether any one of these mutants is an allele of a fla mutant other
than flal0 remains to be determined.

Recombinant strains between pfl5, a paralyzed flagella mutant (Ad-
ams et al., 1981), and flal0, fla15, flal16, and fla17-1 were isolated to carry
out the analysis by video microscopy. They had straight, immotile flagella
and were temperature-sensitive for flagellar assembly.

Optical and Video Microscopy

Phenotypic analysis of mutants was performed on cells fixed in 2% glu-
taraldehyde, 0.01 M sodium phosphate buffer, pH 6.9. Phase contrast mi-
croscopy was performed with a microscope (model Axioskop; Carl Zeiss,
Inc., Thornwood, NY) connected to a CCD camera (SenSys, model KAF
1400; Photometrics, Tucson, AZ) through a 4X intermediate lens.
Differential interference contrast microscopic observation of intra-
flagellar transport of particles in living cells was carried out using a micro-
scope (model Axiovert 35; Carl Zeiss, Inc.) with a 1.4 NA condenser, a
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100X, 1.3 NA Plan Neofluar objective, and a 4X magnifier placed on the
trinocular head in front of a video camera equipped with a Newvicon tube
(model C2400-07; Hamamatsu Corporation, Bridgewater, NJ). Transillu-
mination light was provided by a mercury arc and filtered through a Zeiss
standard green filter. Video images were acquired at a rate of 30 frames/s
and stored directly on optical disks (model TQ-3038F Optical Disc Re-
corder; Panasonic Communications and Systems Company, Secaucus,
NJ). Calibration of pixel dimensions was carried out by use of a stage mi-
crometer.

Cells in liquid medium were immobilized in ~0.25% low melting tem-
perature agarose (SeaPlaque; FMC BioProducts, Rockland, ME) in a thin
chamber created by a glass coverslip and a slide held together by Scotch
double-side adhesive tape that also served as a spacer.

Quantitative Analysis of Intraflagellar Transport
of Particles

Measurement of the velocities of bidirectional intraflagellar transport of
particles was carried out by a new method that does not rely on image
contrast enhancement and subtraction of successive images as previously
described (Kozminski et al., 1995; Pazour et al., 1998). Each image in a
video sequence was read from the optical disc recorder and digitized by a
frame grabber. A light intensity profile, or linescan, along the flagellum
was obtained using a built-in function of the Image-1 software package
(Universal Imaging Corporation, West Chester, PA). To increase the sig-
nal-to-noise ratio, the values of five pixels across the width of the flagel-
lum were averaged for each value in the linescan. The position of each in-
dividual particle was identified by a sinusoidal deflection around the local
mean signal intensity in the linescan. The amplitude of this deflection, or
contrast, and its length are functions of the birefringence of the particle,
its size as well as its distance from the focal plane. Under our conditions,
the peak-to-peak amplitude of these features was ~1-2% of the total sig-
nal. Direct visualization of particles undergoing bidirectional motion was
obtained by means of a composite plot obtained by simply adding an off-
set to each linescan to displace it from the preceding one and displaying
the whole sequence as a stack. The intensity dimension in this composite
plot also contained time information since the stacked linescans were de-
rived from images obtained at 33-ms intervals. In these plots, moving par-
ticles appeared as diagonal ridges or streaks, whose slope was propor-
tional to their velocity. Although the raw linescans were sufficient to
identify and track many of the particles moving in the anterograde direc-
tion, which usually display stronger contrast, they were not suitable for a
complete analysis of the data and an accurate measurement of bidirec-
tional particle velocities because of several factors, such as the presence of
uneven background, light intensity fluctuations, and digitization noise. To
overcome these limitations, the data were submitted to singular value de-
composition, a mathematical procedure that yields a reduced representa-
tion of the original data in terms of a set of 1 nonzero eigenvalues, also
called singular values, and two sets of orthogonal eigenvectors (Golub and
Reinsch, 1970; Malinowski, 1991; Press et al., 1992). The first set of eigen-
vectors constitutes a matrix U with dimensions ng X p, where p is the num-
ber of pixels in each linescan and is formed by ny component “spectra” or
waveforms, which carry information related to the shape of the experi-
mental linescans. The second set of eigenvectors forms a matrix V with di-
mensions ng X [, where [ is the number of linescans and carries information
about the fractional contribution of each of the n, components to each of
the linescans. Finally, each of the ng singular values in the diagonal matrix
S measures the weight or contribution of the respective component to the
ensemble of linescans. Multiplication of the three matrices, USV”, where
VT represents the transpose of V, using the complete set of eigenvalues
and eigenvectors yielded a perfect reproduction of the original ensemble
of linescans, including background and noise. However, inspection of the
U eigenvectors revealed that components beyond the first 10-20 con-
tained uncorrelated signal arising from noise in the data, whereas the first,
and sometimes up to the third, eigenvector contained the signal contribu-
tion of the structured background. Matrix multiplication using the subset
of intermediate components yielded a reconstructed ensemble of line-
scans in which the contributions of both background and noise were sup-
pressed. As a result, this procedure not only allowed the unambiguous
identification of moving particles but also eliminated the distortions in the
time component of the time/intensity dimension caused by variations in
the signal due to fluctuations in light intensity and other artifacts present
in the unprocessed data. Examples of composite plots of linescans from
the flagellum of pf15, a mutant with straight and immotile flagella that was
used as a reference strain, and of flal5pf15, one of the recombinant strains
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characterized in this study, are shown in Fig. 4. The velocity of each parti-
cle was calculated from the slope of a line drawn manually along each of
the diagonal ridges.

A lower limit for the value of the frequency of intraflagellar transport,
expressed in particles/second, was estimated from the ratio of the total
number of particles detected to the total observation time, equal to the
number of linescans divided by thirty, the video frame rate. The frequency
of retrograde transport probably was underestimated as a result of the
lower contrast generated by particles moving in that direction, whose fea-
tures in the composite plots were therefore at the limit of detection.

Electron Microscopy

Cells were fixed in 3% glutaraldehyde in 10 mM Hepes buffer, pH 7.2, for
2 h at 4°C. The fixed cells were then washed three times for 10 min each in
10 mM Hepes buffer, pH 7.2, and postfixed in 1% OsO, plus 0.8%
K;Fe(CN)y in 4 mM phosphate buffer, pH 7.2, for 30 min at 4°C (Mc-
Donald, 1984). The cells were then washed with water for 10 min, stained
with 0.15% tannic acid for 1 min, again washed with water for 10 min, and
stained en bloc in 2% uranyl acetate for 1 h at room temperature in the
dark. After staining, the cells were washed with water for 10 min and then
dehydrated through a graded ethanol series (70, 80, 90, 100, and 100%, 30
min in each stage). The cells were taken through a transition of propylene
oxide for 15 min and 1:1 propylene oxide:epon/araldite resin for 1 h at
room temperature on a rotator. They were then infiltrated with epon/
araldite resin overnight at room temperature on a rotator and, finally, em-
bedded in a fresh batch of epon/araldite resin. The resin was polymerized
at 68°C for 2 d.

Silver sections were cut on an Ultracut E ultramicrotome (Reichert-
Jung, Vienna, Austria), collected on 200 mesh grids, and stained with ura-
nyl acetate for 20 min and lead citrate for 2 min. Examination and photog-
raphy of sections was carried out using a transmission electron microscope
(model H-7000; Hitachi, Tokyo, Japan).

Isolation of the 17S Complex

Flagella were separated from the cell bodies by a pH shock method
(Huang et al., 1979). After ultrasonic disruption of flagella, soluble pro-
teins were separated from the insoluble residue by centrifugation at
14,000 rpm in a table top minicentrifuge (model 5402; Eppendorf, Madi-
son, WI). Protein fractions containing the 17S complexes were isolated by
sedimentation in a 5-20% sucrose gradient (Piperno and Mead, 1997).
Sedimentation standards were 21S and 11S Chlamydomonas dyneins (Pi-
perno et al., 1990) that were sedimented either with the flagellar extracts
or in a parallel gradient.

Chromatography on a DEAE-Sepharose column (fast flow, Pharmacia
Biotech, Piscataway, NJ) was carried out on a 0.3-ml column. Elution of
proteins was performed by a 4-ml 0.03-0.4 M NaCl gradient in 0.01 M
Hepes, pH 6.8. The concentration of the salt gradient was measured by re-
fractometry.

Gel Electrophoresis of Polypeptides

One- and two-dimensional electrophoresis of 3°S-labeled polypeptides
were carried out as described (Piperno, 1995) with the following two mod-
ifications. SDS gels were made of a 4-11% polyacrylamide gradient. Iso-
electric focusing was carried out either at 1.4 mA for 14 h or 1.6 mA for 16 h.
Quantitative analysis of the isoelectric point was carried out under the
second set of conditions, which allowed the subunits of the 17S complex to
reach their isoelectric point. Determination of pH of the gel containing
polypeptides at their isoelectric point was carried out directly in suspen-
sions of 1 X 1 X 0.1 cm gel slices in 2 ml of water.

Evaluation of apparent molecular weight of polypeptides was per-
formed by the use of molecular weight standards (Pharmacia Biotech lot
7070615011 and GIBCO-BRL lot KB9418). The values reported here for
13 subunits of the 17S complex were: (1) 189,000; (2) 148,000; (3) 127,000,
(4) 86,000; (5) 81,000; (6) 71,000; (7) 69,000; (8) 65,000; (9) 56,000; (10)
47,000; (11) 26,000; (12) 21,000; and (13) 19,000. These values are probably
more accurate than those reported before (Piperno and Mead, 1997). The
previous set of data was obtained by prestained molecular weight stan-
dards (SDS-7B lot 125H9408; Sigma Chemical Co., St. Louis, MO) that
yielded nonreproducible results.

Western Blots

Western blot analyses of axonemal proteins and subunits of the 17S were
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performed as described (LeDizet and Piperno, 1995b). To detect the pres-
ence of inner dynein arms, outer dynein arms, and central pair complexes
in flagella from flal5, flal6, and flal7-1, we used antibodies specific for
p28 (LeDizet and Piperno, 1995b), y-chain of outer dynein arms (Piperno
et al.,, 1996), and PF16 gene product (Smith and Lefebvre, 1996), respec-
tively. Equal amounts of axonemal proteins from each mutant and a wild-
type strain bound each antibody in similar amounts. To identify subunit 2
of the 17S complex (Piperno and Mead, 1997) with p144—p139 subunits of
complex A (Cole et al., 1998), we used monoclonal antibody 139.1 (Cole
et al., 1998).

Results

Temperature-sensitive Mutants of Flagellar
Assembly with a Nonconditional Phenotype: A Bulge
of the Flagellar Membrane

To identify ts mutants of flagellar assembly that are defec-
tive in the IFT, we generated mutants similar to flal0, a ts
mutant of a motor involved in IFT (Walther et al., 1994;
Kozminski et al., 1995; Cole et al., 1998). After mutagene-
sis and screening, we isolated 16 strains that lost or did not
regenerate their flagella after 4 h of exposure at the re-
strictive temperature of 32°C. Four strains also had a non-
conditional phenotype: a distinct bulge of the flagellar
membrane. We selected these four strains for further anal-
ysis because such a deformation of the flagellar membrane
could derive from disruptions in the transport of protein
particles that occurs between outer doublet microtubules
and the flagellar membrane (Kozminski et al., 1995).

We performed a complementation test on the four
strains and found that three of them consisted of mutants
representing different loci. Therefore, we will refer to the
four mutants as flal5, flal6, flal7-1, and flal7-2, following
the designation used for mutants of flagellar assembly
(Adams et al., 1982). The strain fla17-2 was not used as ex-
tensively as flal7-1 in the following studies because it may
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be a clone of the same mutation in FLA17, as explained in
Materials and Methods.

Anomalous assembly of flagella in flal5, flal6, and
flal7-1 was evident at both permissive and restrictive tem-
peratures. At the permissive temperature, we detected a
defect in flagellar assembly by measuring the rate of re-
generation of flagella. Increasing delay in the regeneration
of flagella was observed in the following order: flal5 >
flal6 > flal7-1 > wild-type (Fig. 1). However, the final
length of the regenerated flagella in all mutants was simi-
lar to that of the wild-type strain (Fig. 1). Therefore, muta-
tions in FLA15, FLA16, and FLA17 affected the rate of
assembly of flagella, not the control of flagellar length.

A 4-h exposure of each mutant to the restrictive tem-
perature led to extensive loss of flagella similar to that ob-
served in flal0 (Table I). The flagella remaining in
mutants following a 4-h exposure to the restrictive tem-
perature were ~50% shorter than in a wild-type strain
(Table I). Prolonged exposures (6-8 h) to the restrictive
temperature caused complete retraction of flagella in the
mutant cells.

In contrast to flal0, which has wild-type-like flagella at
the permissive temperature, flal5, flal6, flal7-1, and fla17-2
have a bulge positioned randomly along the length of one
flagellum at both permissive and restrictive temperatures
but not in isolated flagella. Occasionally, the bulge was on
both flagella or was absent. Its short diameter was ~0.4
pm, near the limit of the optical microscope resolution.
The bulge was immotile at least over the time course of
microscopic observation, 5-10 min. Examples of bulges on
the flagellar membrane of flal5 are shown in Fig. 2, as de-
tected by differential interference and phase contrast mi-
croscopy after fixation in glutaraldehyde. The other mu-
tants were indistinguishable from fla15 by this criterion.

Electron microscopy of flal5, flal6, and flal7-1 revealed
that the bulge of the flagellar membrane contained amor-

Figure 1. Flagellar assembly of
temperature-sensitive  mutants
flals, flal6, and flal7-1 was de-
fective at permissive tempera-
ture. A wild-type strain and
flals, fla16, and flal7-1 were cul-
tured, deflagellated by pH
shock, and analyzed by phase
contrast microscopy during the
regeneration of flagella at per-
missive temperature. The length
of flagella was measured after
fixation. Vertical bars represent
the standard error of the mean

Time in minutes
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Table I. Loss of Flagella after a 4-h Exposure at Restrictive Temperature

Flagellated cells

Length of flagella

Strain 21°C 32°C 21°C 32°C

wm
137+ 87.3% (n: 102) 76.9% (n: 147) 11.5 (s: 0.2; n: 25) 11.1 (s: 0.2; n: 25)
flal0 91.0% (n: 100) 16.3% (n: 147) 11.7 (s: 0.1; n: 25) 6.6 (s: 0.3; n: 25)
flal5 83.3% (n: 132) 11.8% (n: 153) 11.0 (s: 0.3; n: 25) 6.0 (s: 0.3; n: 25)
flal6 68.5% (n: 124) 19.0% (n: 199) 10.1 (s: 0.4; n: 25) 5.4 (s: 0.3; n: 25)
flal7-1 48.6% (n: 138) 9.4% (n: 107) 11.1 (s: 0.2; n: 25) 5.8 (s: 0.3; n: 25)

n, number of determinations; s, standard error of the mean.

phous material that was concentrated between the flagel-
lar membrane and the outer doublet microtubules (Fig. 3)
and was indistinguishable from cytoplasm. Axonemal sub-
structures, such as the central pair complex, radial spokes,
and dynein arms, had normal morphology in both cross
and longitudinal sections. Therefore, mutations in FLA1S,
FLA16, and FLA17 affected the flagellar shape but not
the axonemal structure.

The absence of a marked axonemal defect was con-
firmed by two independent lines of evidence. Two-dimen-
sional maps of axonemal polypeptides from flal5 and a
wild-type strain were indistinguishable. In addition, the
presence of outer dynein arms, inner dynein arms, and
central pair complexes in axonemes of flal5, flal6, and
flal7-1 was confirmed by immunoblots of axonemal pro-
teins using antibodies specific for a protein subunit of each
of these axonemal substructure, as described in Materials
and Methods.

Retrograde but Not Anterograde Transport of Particles
Is Defective in Flagella of flal5, fla16, and fla17-1

To determine whether IFT is inhibited in flal5, flal6, and
flal7-1, as it is in flal0 at the restrictive temperature
(Kozminski et al., 1995), we observed flagella in vivo by
video-enhanced differential interference contrast micros-
copy. For this purpose, we isolated recombinants between
the mutants and pf15, a paralyzed flagella mutant, to per-
form the microscopic analysis on immotile and straight fla-
gella. In each recombinant, flal0pf15, flal5pf15, flal6pf15,
and flal7-1pf15 transport was seen to occur along the
whole length of the flagella, including the section where
the membrane swelling was located.

Quantitative analysis of the velocity and the frequency
of IFT of protein particles in both anterograde and retro-
grade directions was carried out by a new method de-
scribed in Materials and Methods. The analysis required
both the scanning of light intensity along a flagellum in
each video frame and the composition of linescans. In
these composite plots, moving particles appear as diagonal
ridges or streaks, whose slope is proportional to their ve-
locity. Examples of these streaks originating from particles
undergoing anterograde and retrograde transport were
colored in red and green, respectively, in the composite
plots generated with pf15 and flal5pf15 (Fig. 4). Particles
undergoing anterograde transport generated a stronger
light contrast than particles undergoing retrograde trans-
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port. Therefore, these particles differed in optical proper-
ties from those moving in the opposite direction.

At the permissive temperature, the velocity of antero-
grade movement of particles in pf15 was similar to that in
fla10pf15, fla15pfl15, flal6pf15, and flal7-1pf15 (Table 11).
In contrast, the velocity of retrograde transport in flal5
pfls, flal6pfls, and flal7-1pf1S was significantly lower
than that in pf15 and flal0pf15 (Table II). Results of these
comparisons between each recombinant and pf15 are sig-
nificant at a confidence level of P < 0.001, as determined
by standard Student’s ¢ test.

At the restrictive temperature, the velocity of retro-
grade transport of particles did not change significantly in
flal6pfl5 and flal7-1pf15, whereas retrograde transport
was undetectable in the majority of flalOpf15 flagella and
in all flal5pf15 flagella.

The representative plots of singular value decomposi-
tion processed linescans measured from pf15 and flal5
pfl15 at the permissive temperature (Fig. 4) show that the

a) b)

o d) g

Figure 2. flal5 caused a bulge of the flagellar membrane. Micro-
graphs of flal5 cultured and fixed at permissive temperature. (a)
Differential interference contrast micrographs. (b—d) Phase con-
trast micrographs. Bar, 10 pm.
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b)

frequency of bidirectional transport is decreased in flalS
pfl5. The frequencies of bidirectional transport in flal5
pflS, flal6pfls, and flal7-1pf15 were 24, 66, and 51% of
that of pf15, respectively. In contrast, the frequency of bi-
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Figure 3. The deformation of
the flagellar shape caused by
flal5 was correlated with the ac-
cumulation of cytoplasmic ma-
trix. (¢ and b) Electron micro-
graphs. (a) Longitudinal section
cut through the central pair mi-
crotubules. The cytoplasm accu-
mulated between the outer dou-
blet microtubules and the
flagellar membrane in a section
of the axoneme. (b) Longitudi-
nal section cut through the cyto-
plasm accumulated in the bulge
of the flagellar membrane. Bar,

‘:“‘M 0.1 pm.

directional IFT of flal0pf15 was similar to that of pf15 un-
der the same condition.

In summary, flal5, flal6, and flal7-1 differ from flal0
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for the presence of a bulge on their flagella, a lower veloc-

Figure 4. Representative illustration of in-
traflagellar transport of particles occurring
at permissive temperature. Composite
plots of longitudinal linescans of light in-
tensity along flagella of (a) pf15 and (b)
flal5pf15. One linescan from the proximal
to the distal part of the flagellum was mea-
sured for each successive image in a video
sequence obtained at a rate of 30 frames/s.
The ensemble of linescans was then sub-
jected to singular value decomposition and
reconstructed as described in the text. The
processed linescans were stacked and dis-
played so that the origin of the x axis cor-
responds to both the first linescan of a se-
quence and the proximal part of the
flagellum. The distance on the y axis was
measured relative to the proximal part of
the flagellum. Particles undergoing antero-
grade or retrograde transport are identifi-
able as ridges with rightward and leftward
slopes, respectively. (a and b) Examples of
red and green ridges represent particles
undergoing anterograde and retrograde
transport, respectively.



Table I1. Velocity of Intraflagellar Particles

Strain Anterograde Retrograde
um/s

pfl5 2.2 (SD: 0.3; n: 43) 3.9 (SD: 0.6; n: 32)

pf15flal0 1.8 (SD: 0.2; n: 64) 4.2 (SD: 0.6; n: 81)

pf15flals 2.1 (SD: 0.3; n: 47) 2.9 (SD: 0.5; n: 17)

pf15flal6 2.1 (SD: 0.2; n: 104) 2.7 (SD: 0.6; n: 40)

pf15flali-1 1.9(SD: 0.3; n: 121) 2.3 (SD: 0.4; n: 36)

n, number of particles analyzed.

ity of retrograde IFT and a lower frequency of bidirec-
tional transport. These phenotypes are nonconditional, in
contrast to the lack of flagellar assembly or flagellar regen-
eration that is expressed at the restrictive temperature in
every mutant including fla10.

flal5, flal6, and fla17-1 Are Deficient for the Same
Subunits of the IFT Complex A

The FLA10 product is KHP17£410 (Walther et al., 1994), a
subunit of a kinesin II (Scholey, 1996), and KHP17410 and
the 17S complex are parts of the same transport system
within flagella (Kozminski et al., 1995; Piperno and Mead,
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Figure 5. flal5 was defective for two polypeptides of the 17S sed-
imenting fractions from the cytoplasmic matrix of flagella. Auto-
radiograms of 33S-labeled polypeptides contained in sucrose gra-
dient fractions 6-16 after separation by gel electrophoresis.
Molecular weight standards are indicated on the left. (a) Proteins
from a wild-type strain. Lines between lanes 9 and 70 indicate the
presence of components 1-13 of the two 17S complexes. (b) Pro-
teins from flalS. Asterisks between lanes 9 and 10 indicate the
position of the two polypeptides that are deficient in flal5. Lines
indicate the rest of the subunits of 17S complexes.
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1997; Cole et al., 1998). To determine whether the 17S
complex was defective in flal$, flal6, and flal7-1, we ex-
tracted it from flagella of each mutant grown at the per-
missive temperature. Under this condition, the concentra-
tion of the 17S complex in flagella of the mutants was
similar to that of a wild-type strain. In contrast, the con-
centration of the 17S complex decreased several folds in
flagella of mutants exposed to the restrictive temperature.

The sedimentation profiles of 3S-labeled flagellar pro-
teins from mutant strains were indistinguishable from that
of a wild-type strain. However, the electrophoretograms
of protein fractions from the sucrose gradients revealed
that the 17S complexes from each mutant were deficient to
a different extent for the same two polypeptides with ap-
parent molecular weights of 148,000 and 127,000. The elec-
trophoretic bands of defective polypeptides from flal5 are
indicated by asterisks located between lanes 9 and 10 of
the electrophoretograms (Fig. 5 b). The other subunits of
17S complexes from flal5 and a wild-type strain are indi-
cated by lines (Fig. 5, b and a, respectively).

The polypeptides deficient from flagella of flal5, flal6,
and flal7-1 had apparent molecular weights similar to
those of two subunits of complex A (Cole et al., 1998) (Ta-
ble III). Furthermore, in the absence of these polypeptides
the sedimentation properties of the remaining subunits of
the 17S complexes were not altered. Therefore, polypep-
tides that are defective from each mutant may form a dis-
tinct 17S complex in a wild-type strain, and this complex
may be the IFT complex A (Cole et al., 1998).

To test these hypotheses and determine whether other
deficiencies occur in each mutant, we separated the poly-
peptides of 17S sedimenting fractions from wild-type and
mutant strains by high-resolution one- and two dimen-
sional gel electrophoresis. In these experiments, we identi-
fied the 13 subunits of the two 17S complexes by their ap-
parent molecular weights. These subunits are indicated by
lines and progressive numbers in Fig. 6.

Flagella of flal5, flal6, and flal7-1 contained reduced
amounts of subunits 2 and 3 relative to flagella of a wild-
type strain (Fig. 6). In addition, flagella of flal5 lacked a
polypeptide of apparent molecular weight 43,000, indi-
cated by a line between a and b in Fig. 6. This polypeptide
was not previously identified as a subunit of the 17S com-
plex (Piperno and Mead, 1997) or complexes A and B
(Cole et al., 1998). In contrast, flagella of flal6 and fla17-1
had reduced amounts of the 43,000 polypeptide and
contained an additional polypeptide, apparent molecular
weight 135,000, indicated by a dot between the second and
third lanes in Fig. 6 b. This last polypeptide is absent in fla-
gella of flal5 and of the wild-type (Fig. 6 a).

Comparison of two-dimensional electrophoretograms of

Table III. Polypeptide Composition of IFT Complex A from a
Wild-Type Strain

Cole et al., 1998 This study
Apparent molecular weight pl Apparent molecular weight pl
144,000 5.7-5.8 148,000 6.5
140,000 6.0 148,000 6.0
139,000 5.9 127,000 6.3
122,000 5.8-6.0 43,000 4.5
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Figure 6. flal5, flal6 and flal7-1 were defective to different ex-
tents in the same three polypeptides. Autoradiograms of 3°S-
labeled polypeptides of 17S sedimenting fractions from flagella
of wild-type and mutant strains following one-dimensional elec-
trophoresis at high resolution. First lane in a and b, proteins from
a wild-type strain. Second lane in a, proteins from flal5. Second
and third lane in b, proteins from flal6 and flal7-1. Equal
amounts of cpm were analyzed in each lane. Numbers and lines at
the left of the figure refer to 13 subunits of 17S complexes. Lines
between the two panels indicate the electrophoretic bands that
are deficient in each mutant and represent putative subunits of
complex A. A dot between the second and third lane in b refers
to a polypeptide that is present only in 17S sedimenting fractions
from flal6 and flal7-1. Molecular weights of standards are indi-
cated on the right side.

polypeptides from flal5 and a wild-type strain revealed
that the mutant lacked the majority of two polypeptides of
apparent molecular weight 148,000, as well as polypep-
tides of molecular weights 127,000 and 43,000, respectively
(Table IIT). These four polypeptides are indicated by ob-
lique lines in the maps of polypeptides from wild-type and
flal5 (Fig. 7, a and b). Two-dimensional maps of polypep-
tides from flal7-1 had reduced amounts of the same four
polypeptides defective in flal5 (Fig. 7, ¢ and b). The new
135,000 apparent molecular weight polypeptide present in
flal7-1 is indicated by an arrowhead in Fig. 7 c¢. The two-
dimensional map of polypeptides from flal6 was indistin-
guishable from that of flal17-1.

Three of the polypeptides deficient in flal5, flal6, and
flal17-1 were identified as subunits of IFT complex A on
the basis of their isoelectric points and apparent molecular
weight (Table III). The fourth polypeptide of 43,000 mo-
lecular weight that is defective in each mutant could be a
previously undetected subunit of IFT complex A.

To determine whether these four polypeptides remain
associated in a complex after chromatography and expo-
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sure to a high concentration of salt, we performed one-
and two-dimensional electrophoresis of wild-type proteins
that were eluted by a gradient of NaCl at pH 6.8 from a
DEAE-Sepharose column. At least three protein fractions
eluted at 0.29-0.30 M NaCl had identical compositions, as
assessed by one-dimensional electrophoresis. Polypeptides
eluted in that range of NaCl molarity formed a map (Fig.
8) that was simpler than that shown in Fig. 7 a but still
included the four polypeptides that were deficient from
flagella of flal5, flal16, and fla17-1 (Fig. 8), indicated by
oblique lines. Therefore, these polypeptides behaved as
subunits of a complex that was stable after two subsequent
procedures of protein purification.

In addition to these four putative subunits of complex
A, 30 other polypeptides were eluted from the column at
0.3 M NaCl and were detectable in the map (Fig. 8). After
column chromatography, they remained in proportions
similar to those recorded after sedimentation in sucrose
gradient (Fig. 7 a). Only a subset of these polypeptides
were tentatively identified by their apparent molecular
weights and isoelectric points as subunits of the IFT com-
plex B, previously described (Cole et al., 1998). Therefore,
the molecular composition of complex B may include a
larger number of subunits than that reported previously
(Cole et al., 1998).

Discussion

To identify the function of components of the machinery
that carries out the IFT of particles in Chlamydomonas,
we have isolated and characterized four ts mutants of
flagellar assembly that represent three loci and are defec-
tive in the same four characteristics: the flagellar shape,
the retrograde velocity of IFT, the frequency of bidirec-
tional IFT, and the concentration of IFT complex A in fla-
gella. This evidence suggests the hypothesis that the com-
plex A is the component of the IFT particles involved in
the retrograde transport of proteins within flagella. We
also identified a new subunit of the IFT complex A and in-
dicated that the molecular composition of both complex A
and complex B includes a number of subunits larger than
that reported previously. Finally, to perform this study, we
devised a new method for the quantitative analysis of the
IFT that measures the velocity as well as the frequency
of bidirectional transport and the optical properties of
IFT particles. This method will be valuable to determine
whether other ts mutants of flagellar assembly are defec-
tive in IFT and to identify the structural differences exist-
ing between particles moving in opposite directions.

The four mutants of retrograde IFT, flal5, flal6, flal7-1,
and flal7-2, were selected among 16 strains defective in
flagellar assembly for the presence of a characteristic
bulge on their flagella. These mutants, like fla10, normally
have long flagella at the permissive temperature and disas-
semble or do not regenerate flagella at the restrictive tem-
perature. They are ts in the concentration of complex A in
flagella and probably for this reason they are ts in the as-
sembly of flagella. In addition, they are nonconditional for
both the occurrence of a bulge of the flagellar membrane
and a decrease in the velocity of the retrograde IFT. Four
other ts mutants of flagellar assembly, which were isolated
in parallel to flal5, flal6, flal7-1, and flal7-2, did not
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Figure 7. 17S sedimenting fractions from flal5 and flal7-1 were deficient for the same four polypeptides to a different extent. Autorad-
iographs of two-dimensional maps of ¥S-labeled polypeptides contained in 17S sedimenting fractions from flagella of (a) wild-type, (b)
flal5, and (c) fla17-1. Numbers and lines at the left side of a refer to the position of subunits of the 17S complexes, as determined by one-
dimensional electrophoresis. Oblique lines in each panel indicate the four polypeptides that are deficient in flal5 and flal7-1. The new
polypeptide present in the 17S sedimenting fractions from fla17-1 is indicated by an arrowhead in c. Polypeptides appear in the maps in

increasing order of acidity from left to right.

present morphological defects of the flagellar membrane
nor were they defective in the intraflagellar concentration
of complex A. Therefore, the correlation between the phe-
notype of the bulge and the deficiency in complex A de-
fines a specific subset of ts mutants of flagellar assembly.

The bulge of the flagellar membrane in flal5, flal6,
flal7-1, and fla17-2 has both a distinct morphology and
rare occurrence. In contrast, deformations of the flagellar
shape were various and extensive in flal4, a short flagella
mutant of LC8 414 (Pazour et al., 1998), and in sea urchin
embryos, where ciliary assembly was inhibited (Morris and
Scholey, 1997). Furthermore, the bulge of flals, flal6,
flal7-1, and fla17-2 occurred once per flagellum and not in
every cell and flagellum. This evidence suggested that this
phenotype required both a mutation in FLA1S or FLA16,
or FLA17 and an unknown defect that occurs once per fla-
gellum and only in a fraction of them.

The deformation of flal5, flal6, flal7-1, and fla17-2 fla-
gella also is distinct from that found in fla14 for its content.
The first was filled with amorphous material that is indis-
tinguishable from the cytoplasm. In contrast, the second
contained stacked structures connected to both outer dou-
blet microtubules and the membrane. This material was
tentatively identified as the ensemble of complexes A and
B (Pazour et al., 1998).

In addition to this morphological defect, we observed a
decrease in the velocity of the retrograde IFT in flal5,
fla16, and fla17-1 by a new method of quantitative analysis
of the IFT that we have developed. Previous analyses of
quantitative aspects of IFT were performed by measuring
the relative position of individual particles in a series of
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still-frame video images. This approach was hampered by
both the difficulty of identifying the same particle in each
frame and the difficulty of detecting particles undergoing
retrograde transport. The approach was also laborious be-
cause it involved manual processing of individual images.
In contrast, the procedure that we have described here in-
volved automatic collection of data from video image se-
quences lasting over 10-s intervals. The processed linescan
data allowed the unambiguous identification of single par-
ticles undergoing both anterograde and retrograde trans-
port and the determination of the frequency of bidirec-
tional transport. The numerical data also confirmed the
visual perception that the particles undergoing antero-
grade transport are different in structure and/or size from
the particles undergoing retrograde transport. Finally,
the use of this procedure allowed us to detect significant
changes in the velocity of retrograde IFT in flal5, flal6,
and fla17-1.

The occurrence of both the bulge of the flagellar mem-
brane and the substantially slower velocity of retrograde
IFT in each mutant was correlated also with a defect in the
concentration of the IFT complex A within flagella. Our
identification of the flagellar polypeptides deficient in
each mutant as subunits of complex A was based on the
values of apparent molecular weight and isoelectric point
of these polypeptides and on the sedimentation coefficient
of the complex that they form. Although the values of
these parameters were not identical to those published by
others, they were sufficiently close to allow the identifica-
tion of IFT complex A. We recently confirmed that the
electrophoretic band including the two 148,000 molecular
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Figure 8. The four polypeptides that are deficient from flagella of
flal5, flal6, and flal7-1 behaved as subunits of a complex. Auto-
radiography of a two-dimensional map of **S-labeled polypeptides
from flagella of a wild-type strain after subsequent sedimentation
in sucrose gradient and chromatography in a DEAE-Sepharose
column. Oblique lines indicate the four polypeptides that are de-
ficient in flal5, flal16, and flal7-1. Polypeptides appear in the map
in increasing order of acidity from left to right.

weight subunits of the 17S complex corresponds to the
band including the three p144—p139 subunits of complex
A because both bind the monoclonal antibody 139.1
(Cole et al., 1998).

Two other differences between the previous and present
characterization of complex A are as follows: first, the I[FT
complex A characterized here included two rather than
three subunits of molecular weight in the 144,000-139,000
range, as reported previously (Cole et al., 1998). Second, a
polypeptide of 43,000 apparent molecular weight was defi-
cient in each mutant but was not identified previously as a
subunit of either complex A (Cole et al., 1998) or the 17S
complex (Piperno and Mead, 1997). These discrepancies
could result from differences in the methods of purifica-
tion and detection of the protein complexes used in these
studies. Thus, the third subunit of complex A in the
144,000-139,000 molecular weight range was identified in
flagellar extracts that were obtained by exposure to deter-
gent (Cole et al., 1998) rather than by ultrasonic treatment
as reported here. Furthermore, the polypeptide of 43,000
molecular weight was identified by autoradiography of
3S-labeled polypeptides that were resolved in two dimen-
sions. It is interesting to note that a polypeptide of molecu-
lar weight close to 43,000 was detected by Coomassie blue
staining in the immunoprecipitate that included the other
subunits of complex A (Fig. 8 B by Cole et al., 1998).

Independently from a complete definition of the compo-
sition of IFT complex A, three specific characteristics of
flals, fla16, and flal7-1 (namely the distinct bulge of the
flagellar membrane, the defect in the concentration of IFT
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complex A within flagella, and the decrease of retrograde
velocity of IFT) occur together as the result of a mutation
in any one of three independent loci. This evidence sug-
gests the hypothesis that IFT complex A is involved in
retrograde IFT of particles. A defect of the product of
FLA15, FLA16, or FLA17 may affect assembly and con-
centration of complex A and, therefore, the frequency of
binding of the complex to a retrograde motor. Alterna-
tively, a structural deficiency of complex A alters the activ-
ity of the retrograde motor. In both instances, the velocity
of retrograde transport would be decreased.

Phenotypic analysis suggested that flal5, flal6, and
flal7-1 affect different aspects of retrograde IFT. The
highest defect in the concentration of complex A in fla-
gella of flal5 was correlated with the highest deficiency in
flagellar regeneration. In contrast, the highest defect in the
velocity of retrograde transport in flagella of flal7-1 was
correlated with the lowest deficiency in flagellar regenera-
tion. The causes of these differences likely will be under-
stood when the molecular identity of the defective gene
product of FLA15, FLA16, and FLA17 is determined.

The defective gene product of FLA1S5 could be the sub-
unit of complex A that has the apparent molecular weight
43,000. This subunit of complex A is absent from flagella
of flal5, whereas the other subunits remain present in
trace amounts. If flal5 is a null mutant of the 43,000 mo-
lecular weight subunit, the assembly of the remaining sub-
units of complex A may be minimal at the permissive tem-
perature and nonexistent at the restrictive temperature, as
we have observed. A similar scenario was described for
the radial spoke mutant pf24. In this mutant, subunit 2 of the
radial spoke stalk was absent, whereas the subunits of the
radial spoke head were present in reduced amounts. Fur-
thermore, subunit 2 of the radial spoke stalk was identified
as the putative gene product of PF24 by both dikaryon res-
cue and revertant analysis (Huang et al., 1981).

Complexes A and B together likely constitute the par-
ticles moving between outer doublet microtubules and
flagellar membrane. Three lines of evidence supporting
this hypothesis are derived from the characterization of
different fla mutants. A decrease in the concentration of
complex A in flagella of flal5, fla16, and fla17-1 resulted in
a decrease in the frequency of bidirectional transport of
particles. Furthermore, the deficiency of complexes A and
B from flagella of flal0 at the restrictive temperature was
correlated with a dramatic decrease in the number of par-
ticles. Finally, the accumulation of subunits of complexes
A and B in flagella of flal4 was shown to occur concur-
rently with the accumulation of particles (Pazour et al.,
1998).

Complexes A and B together likely constitute the 17S
complex previously described. This identification is sup-
ported by the analysis of flal0, where KHP172410 activity
independently was shown to be required for the presence
of the 17S complex (Piperno and Mead, 1997) or complex
A and complex B within flagella (Cole et al., 1998). The
identification also is supported by the evidence described
here. 17S sedimenting fractions from the cytoplasmic ma-
trix of flal5, flal6, and flal7-1 flagella included two pro-
tein complexes, one of which was identified as complex A.

The number of subunits of complex B may be higher
than that reported earlier (Cole et al., 1998). We have
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found that chromatography of **S-labeled 17S sedimenting
fractions on a DEAE-Sepharose column followed by two-
dimensional electrophoresis of the polypeptides leads to
the isolation of 34 molecules, including the subunits of
both complexes A and B. Therefore, all of these polypep-
tides may form complexes that are stable at 0.3 M NaCl,
pH 6.8, the salt concentration needed for elution from the
column. Some of these molecules were at the limit of au-
toradiographic detection and, therefore, may represent
modified subunits of complexes A and B or polypeptides
that remained associated to these complexes in substoi-
chiometric amounts, such as the inner arm subunit p28
(Piperno and Mead, 1997). However, other molecules
present in the maps at higher concentration may represent
additional subunits of complex B. This hypothesis is also
supported by evidence reported by others. The two-
dimensional map of the ensemble of complexes A and B
prepared by Cole et al. (1998) also included several
polypeptides that were as prevalent as identified subunits
of complex A or B.

Complex A and a cytoplasmic dynein alone may consti-
tute the whole machinery for retrograde intraflagellar
transport. This hypothesis can be confirmed by the analy-
sis of additional mutants. The tight correlation between
the occurrence of a specific flagellar bulge and the defi-
ciency of retrograde transport suggests that mutations of
retrograde transport in other loci may be identified by the
procedure described here. Characterization of the primary
defects of these mutants combined with quantitative anal-
yses of intraflagellar transport, such as that reported here,
should yield a complete description of the molecular ma-
chinery carrying out retrograde transport within flagella.
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