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Background: The structure of intraflagellar transport complex A is poorly understood.
Results: Interactions between IFT A proteins are identified.
Conclusion: Three of the IFT A proteins can form a stable subcomplex.
Significance: Determining the structure of IFT A will be crucial to understanding the molecular basis of its ciliary function.

Chlamydomonas reinhardtii intraflagellar transport (IFT)
particles can be biochemically resolved into two smaller assem-
blies, complexes A and B, that contain up to six and 15 protein
subunits, respectively. We provide here the proteomic and
immunological analyses that verify the identity of all six Chla-
mydomonas A proteins. Using sucrose density gradient centrif-
ugation and antibody pulldowns, we show that all six A subunits
are associated in a 16 S complex in both the cell bodies and
flagella. A significant fraction of the cell body IFT43, however,
exhibits a much slower sedimentation of �2 S and is not associ-
ated with the IFT A complex. To identify interactions between
the six A proteins, we combined exhaustive yeast-based two-
hybrid analysis, heterologous recombinant protein expression
in Escherichia coli, and analysis of the newly identified complex
A mutants, ift121 and ift122. We show that IFT121 and IFT43
interact directly and provide evidence for additional interac-
tions between IFT121 and IFT139, IFT121 and IFT122, IFT140
and IFT122, and IFT140 and IFT144. The mutant analysis fur-
ther allows us to propose that a subset of complex A proteins,
IFT144/140/122, can form a stable 12 S subcomplex that we
refer to as the IFT A core. Based on these results, we propose a
model for the spatial arrangement of the six IFT A components.

Cilia and flagella are cellular appendages that serve as sensory
organelles for a wide variety of eukaryotic organisms. A subset
of cilia are dynamic motile structures that act to propel cells
through their environment or to move liquid and other mate-
rials across cell surfaces such as the ciliated trachea and cerebral
ventricles found in higher animals (1, 2).Most, if not all, cilia act

to transmit environmental cues that can range from light per-
ception in visual cells to volatile chemical recognition in olfac-
tory tissues, whereas other cilia mediate developmental signal-
ing pathways such as sonic hedgehog andWnt signaling (3–5).
Defects in the assembly and function of cilia and flagella can
perturb one or more of these critical motile or sensory func-
tions that can give rise to over a dozen human diseases known
as ciliopathies (6–12). Central to the formation and function of
these structures is a conserved transport ofmaterials in and out
of the organelle known as intraflagellar transport or IFT
(13–15).
First identified in Chlamydomonas reinhardtii, intraflagellar

transport (IFT)3 is characterized by the bidirectional transport
of large protein particles along the axonemal microtubules of
eukaryotic cilia and flagella (16, 17). The anterograde move-
ment of the particles out to the distal tip is the responsibility of
the plus end-directed microtubule motor Kinesin-2 (17–21),
whereas the retrograde transport back to the cell body is pow-
ered by the minus end-directed cytoplasmic dynein 1b/2 (22,
23). First isolated from the flagella of Chlamydomonas, the IFT
particleswere found to containmultiple copies of�20proteins,
each of which was associated with one of two complexes, IFT A
and IFT B (20, 24, 25, reviewed in Ref. 26). With a predicted
mass of�750 kDa, IFTA contains six protein subunits, IFT144,
IFT140, IFT139, IFT122, IFT121, and IFT43 (20, 25, 27–29).
When intact, IFT B has a predicted mass close to 1 MDa and
contains IFT172, IFT88, IFT81�2, IFT80, IFT74, IFT72, IFT70,
IFT57, IFT52, IFT46, IFT27, IFT25, IFT22, and IFT20 (20, 25,
27–39).
Functional analysis of the IFT motors and particle subunits

in diverse model organisms has progressed rapidly in the past
decade to reveal a conserved role in the assembly and function
of cilia (reviewed in Refs. 13–15 and 40–42). Mutations that
cause disruptions in many, but not all, IFT B subunits result in
severe ciliogenic phenotypes similar to those observed in Kine-
sin-2 mutants, contributing to the model that IFT B is closely
associated with anterograde transport. The loss of IFT52 or
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IFT88, for example, effectively blocks anterograde IFT resulting
in little or no assembly of the organelle (28, 30, 31, 43–45).
Mutations affecting IFT A genes, however, often result in less
severe ciliary phenotypes. Mutations affecting IFT122, for
example, typically result in partially or completely assembled
organelles that contain accumulations of IFT B proteins
(46–49).
Structural analysis of IFT has not progressed rapidly but ele-

gant high resolution EM tomographic reconstructions of intact
IFT particles reveal convoluted structures that bridge from the
ciliary membrane to the axonemal microtubules (50). To com-
plement this top-down approach, other studies have focused on
specific interactions within the IFT motors and complexes.
Direct interactions, for example, have been demonstrated for
the following pairs of IFT B components IFT20-IFT57, IFT25-
IFT27, IFT46-IFT52, IFT46-IFT70, IFT46-IFT88, IFT52-
IFT70, IFT52-IFT88, IFT70-IFT74/72; IFT74/72-IFT81, and
IFT81-IFT81 (29, 34, 39, 51–54). Biochemical analysis of com-
plex B isolated from Chlamydomonas flagella has provided
additional architectural information that includes the stepwise
removal of peripheral subunits revealing a stable 11 S subcom-
plex known as the IFT B core (34).
By comparison to IFT B, much less is known about the archi-

tecture of the A complex. Unlike complex B, IFT A is a stable
complex that has resisted partial dissociation to reveal stable
subcomplexes. In addition, the large size and relative insolubil-
ity of five of the six IFTAcomponents has slowed the analysis of
individual components expressed in heterologous systems such
as E. coli or yeast. Indeed, as reported here, heterologous
expression revealed only one convincing interaction between
the IFT A subunits, IFT121 and IFT43. To better understand
the A complex, we isolated two Chlamydomonas IFT A
mutants, ift121 and ift122, that carried disruptions in the
IFT121 and IFT122 genes, respectively. As observed withmany
IFTmutants, these two strains were nonmotile with cells being
either aflagellate or possessing very short flagella. To determine
how the loss of IFT121 or IFT122 affects complex A, the
remaining IFT A proteins were analyzed by antibody pull-
downs and sucrose density gradient centrifugation. The loss of
IFT122 had a severe effect on IFT A with three of the polypep-
tides, IFT122, IFT121, and IFT139 being undetectable, whereas
the levels of IFT140 and IFT144were significantly lower than in
the parental strain; IFT43 was present but appeared to be unas-
sociated with IFT140 and IFT144. The loss of IFT121, however,
resulted in the formation of a stable IFT A subcomplex or core
of IFT122, IFT140, and IFT144 that sedimented at �12 S.
IFT43 was present but unassociated with the IFTA core, which
was consistent with IFT121-IFT43 interactions observed using
heterologous expression. This dissociation coupled with the
absence of IFT139 indicated that IFT121 was required for both
IFT139 and IFT43 to be stably associated with complex A.
Thus, both IFT121 and IFT122 were essential in keeping com-
plex A intact, but the loss of IFT122 resulted in nearly complete
disruption of the complex.

EXPERIMENTAL PROCEDURES

Algal Strains and Media—The Chlamydomonas cell wall-
deficient strain CC-503 (cw92) and temperature-sensitive fla-

gellar assembly strain CC-1390 (fla2) were obtained from the
Chlamydomonas Center. Chlamydomonas strains were grown
and maintained on solid or in liquid TAP medium (55).
Antibody Generation—With the exception of the pre-exist-

ing monoclonal 139.1 (20), polyclonal antisera were generated
against IFT A proteins using a variety of host animals (supple-
mental Table S1). Antigenswere expressed as recombinant chi-
meric proteins in E. coli and purified by affinity chromatogra-
phy according to the protocols provided by the suppliers.
Recombinant His6-tagged proteins were derived from the
pTrcHis expression vector (Invitrogen) and purified on nickel
affinity resin (His-Bind;Novagen). Recombinantmaltose-bind-
ing protein (MBP) chimeric proteins were derived from the
pMalC2X expression vector (New England Biolabs) and puri-
fied on amylose resin (New England Biolabs). Aliquots of puri-
fied proteins were supplied to the company for antiserum pro-
duction. Rabbits were immunized with 200 �g of antigen
initially and 100 �g at 2-week intervals for a total of six injec-
tions. Chickens were immunized following a similar schedule.
Rats were initially immunized and subsequently boosted every
3 weeks with 100 �g of antigen. Aliquots of immune sera (rab-
bits, rats) or IgY fractions (chickens) were tested against trans-
fer blots of the respective recombinant IFT A protein and
sucrose gradient-purified native IFT proteins to verify the avid-
ity and specificity of each serum.
Insertional Mutagenesis—Chlamydomonasmotility mutants

were generated as described previously (52) employing inser-
tional mutagenesis of the cell wall-deficient strain, CC-503,
using the pHyg3 plasmid carrying an aminoglycoside phospho-
transferase (aph7�) gene that confers resistance to hygromycin
B (56–58). Transformed strains that displayedmotility and fla-
gellar assembly defects were screened for disruptions in IFT
genes using gene-specific PCR amplification with genomic
DNA as the template; PCR primer sequences and amplification
conditions are available upon request. After strains were iden-
tified that failed to yield IFT121 or IFT122 PCR products, the
genomic region containing each genewas screened using a vari-
ety of PCR primer sets to better define the disrupted region.
Flagellar Isolation and Sucrose Density Gradient

Centrifugation—Intact flagella were isolated from C. rein-
hardtii cells by low pH treatment of actively swimming cells as
described previously (20, 59). Isolated flagella were stored as
frozen pellets at �80 °C in HMDEK buffer (10 mM HEPES, 5
mM MgSO4, 1 mM DTT, 0.5 mM EDTA, 25 mM KCl, pH 7.2)
containing a protease inhibitor mixture (HMDEK � PI:
HMDEK plus protease inhibitors, 2 mM PMSF, 50 �g/ml of
soybean trypsin inhibitor, 1 �g/ml of pepstatin A, 2 �g/ml of
aprotinin, 1 �g/ml of leupeptin). To extract the soluble mem-
brane plus matrix containing soluble IFT complexes, frozen
flagella were pipetted repeatedly in 0.2–0.5ml of HMDEK� PI
prior to centrifugation in amicrocentrifuge at 4 °C for 15min at
16,000 � g. In some, but not all cases, the supernatant was
further clarified for 10min in an Airfuge A-100/18 rotor (Beck-
man Instruments) at 25 p.s.i. Linear sucrose density gradients
(10–25% sucrose in HMDEK buffer) were prepared in 14 �
89-mm tubes appropriate for a SW41Ti rotor (Beckman Instru-
ments); 0.5 ml of clarified membrane plus matrix protein solu-
tion was applied to the top of the gradient, and the sample was
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centrifuged at 37,000 rpm (169,000 � g) for 16 h at 4 °C. Fol-
lowing centrifugation, the gradientwas partitioned into 24 frac-
tions that were resolved on 7.5–15% SDS-polyacrylamide gels
(Idea Scientific) and stained with Coomassie Brilliant Blue; any
particles with sedimentation values much greater than 20 S
would have passed completely through the sucrose density gra-
dient and would not have been further analyzed. Gel images
were obtained by scanning the gel on a LICOROdyssey Infrared
Scanner at 680 nm. Additional samples of each fraction were
resolved on 10% SDS-polyacrylamide gels, electrophoretically
transferred onto nitrocellulose membrane, and analyzed as
detailed below under “Immunoblot Analysis.”
Proteomic Identification of IFT A Subunits—IFT proteins

were isolated from Chlamydomonas flagella, fractionated by
10–25% sucrose density gradient centrifugation in HMDEK
buffer (SW55 or SW41 rotor, Beckman), and separated by two-
dimensional or SDS-PAGE as described previously (20, 29). To
identify IFT144, IFT140, IFT139, and IFT122, the correspond-
ing protein spots were excised from Coomassie Blue-stained
two-dimensional gels prior to tryptic digestion and LC-mass
spectrometry; pure peptide fractions were subjected to Edman
degradation to determine peptide sequence. To identify
IFT121, the 16 S sucrose density gradient fraction containing
complex A was fractionated by SDS-PAGE as described previ-
ously (29) to separate IFT121 and IFT122, which were excised
from the gel and digested with trypsin; isolated peptides were
analyzed by Edman degradation. To identify IFT43, complex A
was immunoprecipitated from the 16 S fraction using an anti-
IFT139 resin where 139.1 was covalently bound to CNBr-acti-
vated Sepharose. To minimize contamination by IgG subunits,
complex A was eluted from the anti-IFT139 resin for 2 min
using 100 mM glycine, pH 2.0, followed by neutralization with
equimolar Tris, pH 8.5. Fractionation and Coomassie Blue
staining of the resulting IFTA eluate on a 10% acrylamide SDS-
PAGE gel revealed a visible IFT43 protein band. IFT43 was
excised and digested with trypsin followed by peptide identifi-
cation using MALDI mass spectrometry as described previ-
ously (34).
Cloning of IFT A Subunits—The coding regions of the six

Chlamydomonas IFT A subunits were isolated and cloned into
the pBS KS� vector. DNA was amplified by PCR using as the
template either specific cDNA plasmid clones obtained from
the Kazusa DNA Research Institute (Kisarazu, Chiba, Japan;
(60, 61) or from a pool of cDNA harvested from a � cDNA
library generously provided by George Witman (62). Mamma-
lian IFT43 and IFT121 cDNA clones were obtained fromOpen
Biosystems (Thermo Scientific): human IFT121, Hs121, clone
ID 5266940, accession BI460483; human IFT43, Hs43, clone ID
3608220, accession BE515088; murine IFT43, Mm43, clone ID
5148723, accession BI248497. Plasmid DNA was isolated from
bacterial hosts and purified using a standard alkaline lysis pro-
tocol (63) followed by treatment withMiniprep ExpressMatrix
(MP Biochemicals); � template DNA was isolated by two
sequential phenol:chloroform:isoamyl alcohol (25:24:1) extrac-
tions, followed by chloroform extraction and ethanol precipi-
tation. PhusionHFDNApolymerase (Finnzymes;NewEngland
Biolabs) was utilized to amplify specific cDNA fragments by
PCR, following the directions supplied by the manufacturer;

primers for PCR incorporated the proper restriction endonu-
clease sites to facilitate subsequent cloning into a variety of
vectors, and were of sufficiently high Tm to allow for two-cycle
PCR. In some cases, amplification of the 5� end of the full-
length cDNA was accomplished by utilizing the RT-PCR
reagents in the BD Matchmaker Kit (Clontech) and total RNA
template isolated from re-flagellating C. reinhardtii as
described previously (34). DNA encoding selected portions of
specific IFT A proteins were amplified and cloned as described
above. Putative conserved protein domains were identified by
multispecies sequence analysis utilizing themultiple alignment
program MACAW (NCBI) (64). Primers were designed to
amplify these regions using Gene Runner (Hastings Software),
and Phusion HF DNA polymerase was employed as described
for the above PCR. The resulting DNA fragments were cloned,
sequenced, and analyzed as previously detailed. Following
standard ligation into prepared pBS KS� vectors and transfor-
mation into TOP-10 E. coli cells (Invitrogen Corp. (63)), plas-
mid DNAwas purified as above, and the DNAwas exhaustively
sequenced (Washington State University Center for Reproduc-
tive Biology Molecular Biology Core). PCR primer sequences
and amplification conditions are available upon request. Anal-
ysis of sequence data were facilitated by use of the software
programs Chromas Lite (Technelysium Pty Ltd.) and Gene
Runner.
Complementation of C. reinhardtii Motility Mutants—To

confirm the identity of the ift121 and ift122 mutant lesions,
these strains were transformed with Chlamydomonas genomic
BAC clones 14N19 and 3B16, respectively (ClemsonUniversity
Genomics Institute, Clemson, SC), as described previously (52).
To verify that the observed phenotypes were due to the disrup-
tion of a single gene, DNA fragments encoding only IFT121 or
IFT122 genes were PCR amplified and used for transformation.
In brief, PCR primers were designed to specifically amplify the
coding region of each gene, along with 1–1.5 kb of genomic
DNA beyond the 5� and 3� ends of the coding region (to allow
for promoter and terminator sequences). The amplified regions
did not contain parts of any other genes, as determined by
examination of the C. reinhardtii genomic sequence data base
at the DOE Joint Genome Institute. The PCR utilized Phusion
HF DNA polymerase and BAC genomic DNA fragments (65)
containing the appropriate genes as template. PCR product was
used directly from the reaction tube asDNA for transformation
of the ift121 and ift122 strains, using the protocols detailed
above. Complemented cells were chosen based on their recov-
ery of flagellar assembly and ability to swim; subsequent
genomic DNA analysis verified the incorporation of the exoge-
nous IFT121 or IFT122 genes.
Yeast-based Two-hybrid Analysis—Potential interactions

between IFT A subunits were surveyed with yeast-based two-
hybrid analysis. DNA fragments encoding full-length and par-
tial proteinswere cloned into vectors pAD-MCS (a derivative of
pAD-GAL4; Stratagene) and pGBKT7 (Clontech); these vec-
tors express fusion proteins incorporating the GAL4 activation
domain (AD) and theDNAbinding domain (BD) asN-terminal
fusions to the cloned exogenous proteins. The integrity of each
plasmid construct was verified by restriction analysis and DNA
sequencing. Yeast strain AH109 (Clontech) was co-trans-
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formed with both AD and BD plasmids, utilizing a standard
lithium acetate/PEG-8000/sheared salmon sperm DNA proto-
col as described previously (34). Following co-transformation,
yeast cells containing plasmids expressing both AD and BD
fusion proteins were plated on selective media to screen for
potential interacting proteins; the presence of both plasmids
was verified by growth onminimalmedium lacking leucine and
tryptophan (SD, -Leu, -Trp), whereas interacting AD and BD
fusion proteins produced a yeast clone capable of growing on
minimal medium lacking leucine, tryptophan, histidine, and
adenine (SD, -Leu, -Trp, -His, -Ade).
A pooled library approach was designed to quickly screen for

interacting IFT A subunits. Full-length copies of each of the six
A subunits were cloned into theAD andBDvectors. Aliquots of
competent AH109 yeast cells were transformed with each indi-
vidual AD plasmid construct; transformed yeast were selected
for on solid medium (SD, -Leu). In an analogous fashion, com-
petent Y187 yeast cells were transformed with each individual
BD plasmid construct, and transformed yeast were selected on
solid medium (SD, -Trp). Yeast cultures expressing each sub-
unit in the AD vector were grown and mixed. An analogous
library was prepared with BD vector yeast cultures, and the two
mixtures were combined and the yeast were allowed to mate,
following instructions in the BD Matchmaker Kit (BD Biosci-
ences, Clontech Laboratories). The resulting library mating
mixturewas plated on a selectivemedium (SD, -Leu, -Trp, -His,
-Ade) and screened for interacting proteins. Yeast colonies that
grew on this selective medium were analyzed by PCR to deter-
mine the identity of the interacting proteins. Individual colo-
nies were suspended in 20 �l of water and heated at 95 °C for 5
min. Insoluble material was removed by centrifugation at
13,000� g for 5min, and 1.0�l of the clarified yeast extract was
utilized as template in an 11-�l PCR. To expedite the screening
process, two PCR master mixtures were prepared: each con-
tained a specific vector primer, for either the AD or BD vector;
in addition, eachmixture contained six unique subunit-specific
primers, and all the other reagents necessary for amplification.
Each vector/subunit primer pair generated a differently sized
DNA fragment in the presence of its corresponding template
DNA. Electrophoretic analysis of the resulting DNA identified
two recombinant proteins in each yeast colony.
Bacterial Protein Expression and Purification—DNA frag-

ments encoding proteins of interest were cloned into two bac-
terial protein expression systems. Co-transformation of appro-
priate E. coli strains with two protein-expressing plasmids
allowed for the simultaneous expression of two target proteins
in a single host. Twodifferent expression plasmidswere utilized
in this study. The pMalC2Xplasmid (NewEnglandBiolabs)was
designed to produce an N-terminal fusion of the E. coli MBP
onto an exogenous protein; the resulting chimeric protein
bound specifically and reversibly to amylose resin. The Duet
family of vectors (Novagen) comprises a group of similar plas-
mids, all of which were designed to express one or two recom-
binant proteins. We created a novel dual chimeric expression
vector, pRXS, based on the pRSF Duet plasmid. In this con-
struct, the existingN-terminal epitope tag and themulticloning
site (MCS) ofMCS2 were replaced by the Strep-II tag sequence
(WSHPQFEK) and theMCS (MfeI-BglII-XhoI-STOP); in addi-

tion, MCS1, which is preceded by a His6 epitope tag, was
replaced by the following MCS (EcoRI-BamHI-SalI-STOP).
The restriction sites of EcoRI and MfeI, and SalI and XhoI,
generate compatible cohesive ends upon digestion, thereby
facilitating the cloning of the various subunits. The pMalC2X
plasmid contains an ampicillin resistance gene and the pBR322
(ColE1) origin of replication; pRXS contains a kanamycin
resistance gene and the RSF1030 origin of replication. PCR
primer sequences and amplification conditions are available
upon request.
DNA fragments encoding selected proteins were cloned into

expression plasmids using standard protocols. Initial transfor-
mations utilized chemically competent BL21(DE3) E. coli
(Novagen) followed by electroporation of the second plasmid
using standard protocols (63). One hundred-ml aliquots of LB
media, supplemented with the appropriate antibiotics, were
inoculated with 1ml of overnight culture. The cells were grown
to anA600 of 0.3–0.6 (typically 2–3h at 37 °C), and recombinant
protein production was induced with 1mM isopropyl �-D-thio-
galactopyranoside. Cultures were harvested after an additional
2–2.5 h of growth by centrifugation at 10,000� g and 4 °C in an
SL-1500 rotor (Sorvall). Cell pellets were resuspended in 7–10
ml of ice-cold MBP column buffer (MCB: 20 mM Tris-Cl, 0.2 M

NaCl, pH 7.4) supplemented with protease inhibitors (1 �g/ml
of leupeptin, 1�g/ml of pepstatinA, 2�g/ml of aprotinin, 2mM

PMSF). The resulting suspension was stored at �27 °C until
used.
ThawedE. coli cell suspensions containing recombinant pro-

teins were lysed by sonication, using a Branson microtip con-
nected to a Branson 450 power unit. Cells were subjected to a
total of 2.5 min of sonication, with a power level of 3 and a duty
cycle of 50%. The cell suspensions were kept in an ice-water
bath, and the temperature during sonication was monitored
carefully. Following sonication, the lysed cell suspension was
clarified by centrifugation for 10 min at 10,000 � g and 4 °C in
an SS-34 rotor (Sorvall). The supernatant was carefully
decanted and stored on ice; an additional aliquot of 2mMPMSF
was added at this point. The insoluble pellet was resuspended in
MCB, and an aliquot taken for subsequent SDS-PAGE analysis.
Typical protein chromatography utilized a 0.4-ml (packed)

column, either amylose resin (New England BioLabs) or Strep-
Tactin resin (GEHealthcare) prepared according to the suppli-
er’s instructions. The clarified cell lysate, containing recombi-
nant proteins, was loaded onto the column three times. For
amylose chromatography, nonbinding proteins were removed
by extensive washing (20 column volumes) with MCB. Specifi-
cally bound protein(s) were eluted from the amylose resin with
4 sequential bed volumes of MCB containing 10 mM maltose.
Nonbinding proteins were washed from the StrepTactin resin
with 5 bed volumes ofMCB. The Strep-II-tagged proteins were
eluted with 4 sequential bed volumes of 2.5 mM desthiobiotin
and 0.15 M NaCl in 0.1 M Tris-HCl, pH 8.0. In some instances,
tandemprotein purificationwas employed. The soluble protein
fraction was first loaded onto StrepTactin resin, washed, and
the specifically bound protein(s) were elutedwith desthiobiotin
as described above. A sample of the eluted protein(s) was then
applied to an amylose column, washed, and the bound pro-
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tein(s) eluted with maltose and analyzed by SDS-PAGE on
8-cm 10% acrylamide gels (Idea Scientific).
Total Protein Extraction from Whole Chlamydomonas Cells—

Wild-type and mutant strains of C. reinhardtii were grown on
solid TAP media (100 mm plates) for 2–3 days under constant
light (2300 lux average). Each plate was flooded with 15 ml of
liquid TAP medium, incubated under light (1200 lux average)
for 60–90 min prior to gentle cell trituration (10 ml pipette),
and transferred to a 15-ml conical tube. Cells were counted and
the suspension was centrifuged at 2300� g for 3 min in a Beck-
man Allegra 6R centrifuge with low brake. A final volume (Vf)
was calculated to achieve a final cell density of 2� 106 cells/5�l.
The cell pellet was resuspended in 0.7 Vf of TAP, 0.1 Vf of 20%
SDS, and 0.2 Vf of 5� SDS sample buffer. The cell suspension
was vortexed and incubated at 95 °C for 4min. The cell suspen-
sion was mixed gently and centrifuged for 8 min at 13,000 rpm
(16,000� g) in amicrocentrifuge. The top 3⁄4 of the supernatant
was transferred to another tube and stored at �27 °C. Protein
samples were analyzed using SDS-PAGE and immunoblots as
detailed below.
Soluble Protein Extraction from Chlamydomonas Cells—

Wild-type and mutant Chlamydomonas strains were grown on
solid TAP media (5–10 100-mm plates) for 2–3 days under
constant light (2300 lux average). Following floodingwith 15ml
of TAP medium (1–2 h), cells were gently triturated and the
cells were shaken in a 125-ml flask at 100–150 rpm under con-
stant light (1200 lux average) for 90 min at room temperature.
Tween 20 (1:2000 volume of 10% Tween 20) was added to the
cell suspension to enhance cell centrifugation. After brief cool-
ing on ice, the cells were concentrated by centrifugation at
2300–2600 rpm (1300–1500 � g) in a Beckman Allegra 6R at
4 °C with no braking. Cell pellets were resuspended in 5–10 ml
of HMDEK � PI.

Two methods were used to lyse cells and release the soluble
proteins. Under one method, the cell suspension was sonicated
with a Branson Sonifier 450 set to 50% cycle, power level 3, for
2 min on ice with a microtip. The second method utilized an
ESGE Biohomogenizer for 2-min bursts at high speed. In either
case, the disrupted cell suspension was clarified in a Sorvall
SS-34 rotor for 15 min at 15,000 � g and 4 °C. The resulting
supernatant was further clarified by ultracentrifugation in
either a Beckman 50.2Ti rotor (45 min; 40,000 rpm; 146,000 �
g) or a Beckman SW55Ti rotor (24 min; 50,000 rpm; 237,000 �
g) in a Beckman Optima XL ultracentrifuge at 4 °C. The result-
ing supernatant served as the source of whole cell IFT complex
A for subsequent subunit composition, sizing, and immunopre-
cipitation experiments.
Hydrodynamic Analysis of IFT A Complexes—Soluble pro-

teinwas extracted fromChlamydomonaswhole cells as detailed
above using the Biohomogenizer, except the final ultracentrif-
ugation step was omitted. Aliquots (0.35 ml) of extract were
loaded onto 10–25% sucrose density gradients prepared in
HMDEK; for high-salt gradients, NaClwas added to a final con-
centration of 0.30 M. All gradients were prepared in tubes that
fit the Beckman SW55-Ti rotor. Samples were centrifuged at
4 °C for 17 h at 32,000 rpm (97,000 � g). Following centrifuga-
tion, the gradients were fractionated into 16 fractions. Protein
samples were analyzed on 8% SDS-PAGE gels; total proteins

were visualized with Coomassie Blue and imaged on a LICOR
Odyssey infrared scanner, and individual IFT subunits were
characterized by corresponding immunoblots as detailed
below. Approximate S values were derived using the sedimen-
tation behavior of the following standards: thyroglobulin (19.2
S), apoferritin (17.1 S), catalase (11.3 S), �-amylase (9.6 S), alco-
hol dehydrogenase (7.2 S), BSA (4.6 S), ovalbumin (3.5 S), and
cytochrome c (1.9 S).
Immunoprecipitation of Chlamydomonas IFT A Proteins—

Antibody resinswere prepared according to themanufacturer’s
protocols. Briefly, polyclonal sera were applied to a DEAE-Affi-
Gel Blue resin (Bio-Rad) to remove serum albumin; the remain-
ing serum proteins were cross-linked to cyanogen bromide-
activated Sepharose 4B (Sigma). Aliquots of clarified C.
reinhardtii cell extracts (0.2–0.5 ml) were mixed with subunit-
specific antibody resin (0.05–0.1 ml of packed resin); 5 M NaCl
was added to a final concentration of 0.15 M. This suspension
was incubated overnight at 4 °C on a slow rotatory shaker (�10
rpm). Following incubation, the resin was consolidated by a
brief centrifugation (16,000 � g, 15 s), and the nonbound pro-
teins were removed for analysis. The resin was washed with 0.5
ml of HMDEK containing 0.15 MNaCl four times at room tem-
perature. Antibody-bound proteins were released with the
incubation of 2 resin volumes of 1% SDS at room temperature
for 10min, followed by consolidation of the resin as above. The
supernatant was removed and saved for analysis. Any proteins
still bound to the resin were released by the addition of 0.2 resin
volumes of 5� SDS sample buffer and 1 resin volumeof 1� SDS
sample buffer, followed by heating at 95 °C for 5min. Following
centrifugation (2min at 16,000� g), the supernatant was saved
for SDS-PAGE analysis.
Immunoblot Analysis—Protein samples were resolved by

SDS-PAGE using 8 or 10% polyacrylamide gels. The proteins in
the gels were transferred electrophoretically to nitrocellulose
membranes with a Mini-Genie blotter (Idea Scientific), using
0.5� Towbin buffer (12.5 mM Tris base, 81 mM glycine) (66).
The membranes were incubated with blocking buffer (1.3%
coldwater fish gelatin in PBS) for 30–60 min at room temper-
ature. Primary antibodies were diluted into blocking buffer
containing 0.1% Tween 20, and incubated with the membranes
overnight at 4 °C on a rocking platform. The membranes were
washed four times for 5min eachwith PBS plus 0.1%Tween 20.
Fluorescently labeled secondary antibodies (LICOR,Molecular
Probes, and Rockland Immunochemicals) were diluted into
blocking buffer containing 0.1% Tween 20 and 0.01% SDS, and
incubatedwith themembranes for 60min at room temperature
on a shaker. The membranes were washed as above, and rinsed
in PBS before being visualized on a LICOR Odyssey infrared
scanner.

RESULTS

Proteomic Identification of the Six Chlamydomonas IFT A
Subunits—As isolated from flagella, the 16 S IFT complex A
contains six protein subunits that have been identified as
IFT144, IFT140, IFT139, IFT122, IFT121, and IFT43 (20, 24,
25, 29). To identify the genes that encode the IFT A proteins,
each of the subunits was separated from the others using either
one- or two-dimensional gel electrophoresis of sucrose density
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gradient-purified IFT protein. In the case of IFT43, an anti-
IFT139 resin was used to pull down and, thus, concentrate
complex A from a 16 S fraction of a sucrose density gradient;
subsequent low pH elution of IFT A from the immune resin
resulted in pure IFT protein with minimal IgG protein present
(supplemental Fig. S1). Each of the excised complex A proteins
was trypsinized with the resulting peptides analyzed by mass
spectrometry and, with the exception of IFT43, subjected to
N-terminal Edman sequencing; precise masses for select IFT43
peptides were generated using MALDI-TOF mass spectrome-
try. The resulting IFTApeptides corresponded to the predicted
Chlamydomonas proteins as summarized in Fig. 1. After exten-
sive sequencing of corresponding Chlamydomonas cDNA
clones that were amplified from total cDNA or obtained from
the Kazusa DNA Research Institute, the cDNA, and protein
sequences were submitted to GenBankTM; accession numbers
for the encoded proteins are identified in Fig. 1.
Five of the six IFT A proteins were present in the Chlamy-

domonas flagellar proteome and, with the exception of IFT140,
were given FAP designations; IFT43 was not identified in the
extensive proteomic analysis (67). With the exception of IFT43
and IFT139, the IFT A proteins are well conserved in ciliated
model organisms (Fig. 1, inset). And with the exception of
IFT43, each of the complex A proteins has previously been
experimentally linked to IFT (28, 46, 68–73). In the present

study, biochemical evidence demonstrates that all six of these
proteins belong to a common complex.
PredictedDomainOrganization of IFTAProteins—Sequence

analysis of the IFT A proteins reveals that four share a very
similar domain organization (Fig. 1). Like IFT172 of IFT B (35),
four of theChlamydomonas IFTAproteins containN-terminal
WD domains followed by an undefined intervening region and
a domain containing irregularly spaced TPR-like degenerate
repeats that were originally termedWAA repeats due to a con-
served WXXAXXXA motif found in most of the IFT172
repeats. Although many of the degenerate repeats in the IFT A
subunits showvariation in theWXXAXXXAmotif, we still refer
to the motifs as WAA repeats as noted previously for the nem-
atode IFT122 orthologue, DAF-10 (74). Within the C-terminal
200 amino acids of three of the WD-WAA subunits can be
found multiple CXXC motifs. Like the �-subunit of heterotri-
meric G-proteins, the IFT WD domains are expected to form
�-propeller structures that are likely to mediate protein-pro-
tein interactions. The structures and functions of the interven-
ing region, WAA, and CXXC domains are unknown. IFT139
contains tetratricopeptide repeats but only one domain (amino
acids 767–1035) appears to contain enough sequential repeats
(at least 5) to form a minimum of one TPR binding pocket
similar to that characterized for other TPR proteins including
protein phosphatase 5 (75). A putative central TPR domain

FIGURE 1. Chlamydomonas IFT A protein analysis. Sucrose density gradient-purified IFT A proteins were separated by electrophoresis with isolated tryptic
peptides analyzed by Edman degradation as described under “Experimental Procedures.” IFT43 was excised from an SDS-PAGE gel of immunopurified IFT A
(see supplemental Fig. S1) prior to trypsinization and MALDI-TOF mass spectroscopy. Three peptide masses resulting from the IFT43 analysis, 2122.9794,
1874.9612, and 2003.0562 Da, matched predicted masses of three peptide sequences, HVASTNFAPSGDDEPAPAPSR86, GGAPPSRPPPAEILGEDSK118, and
GGAPPSRPPPAEILGEDSKK119, respectively, that came from a single ORF in the Chlamydomonas genome. The third IFT43 peptide resulted from an incomplete
cleavage at Lys119. WD, WD repeat domain; IR, intervening region; WAA, degenerate TPR-like repeats; CXXC, Cys-Xaa-Xaa-Cys repeat domain; TPR, tetratrico-
peptide repeats; TPRV, TPR domain present in vertebrate THM1/IFT139; HT, half of a tetratricopeptide repeat; P, proline-rich domain.
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(TPRV) containing three repeats is predicted for the human and
fish (Danio rerio) IFT139 but the degeneratemotif is not appar-
ent in the Chlamydomonas sequence at this position (amino
acids 531–635). Although IFT43 does not appear to contain
any putative structural domains, the N-terminal half is rich in
proline and is predicted by the PONDR-FIT algorithm (76) to
likely be disordered if not bound to another protein (supple-
mental Fig. S2).
To generate IFT A-specific probes, polyclonal antisera were

generated against each of the IFTA subunits with the exception
of IFT139 for which a monoclonal antibody (139.1) had been
previously generated (20). Using these anti-IFT A antibodies,
we analyzed flagellar membrane plus matrix that was fraction-
ated over a sucrose density gradient. As described previously
(34) and shown in Fig. 2, centrifugation of membrane plus
matrix in the presence ofmoderately strong ionic strength (300
mM NaCl in HMDEK buffer) results in a 16 S peak of proteins
known as the IFT particle-derived complex A. Corresponding
immunoblots probed with the anti-IFT A antibodies showed
that all six of the complex A subunits sediment together, which
verified their strong association with the A complex. As
described previously, the algal A and B complexes do not asso-
ciate with one another under these conditions and the B com-
plex partially dissociates (34) as evidenced by the differential

sedimentation of the IFT B core (IFT81) and the monomeric
IFT172 at �11 and 6.5 S, respectively (Fig. 2).
Exhaustive Yeast-based Two-hybrid Analysis Reveals an

IFT121-IFT43 Interaction—To rapidly screen for interactions
between IFT A subunits, we employed a pooled approach that
involved mating an AD-vector based “library” of all six IFT A
proteins with a BD-vector based “bait” pool that also repre-
sented all six IFT A proteins. This batch approach allowed for
the simultaneous screening of all possible pairwise interactions,
including homodimeric associations, within complex A. Only
one strong interaction, that between IFT121 and IFT43,
allowed the host yeast to survive multiple replatings on selec-
tive medium (Fig. 3A). To confirm the interaction, yeast were
co-transformed with all combinations of IFT121 and IFT43
within the AD and BD vectors with and without appropriate
control vectors. The combination of BD-IFT43with the control
vector that expresses only the AD protein (pADMCS) did allow
some growth on selectivemedia (data not shown); thus, all sub-
sequent yeast-based analysis of IFT43 utilized only the AD-
IFT43 vector.
In silico analysis of the deduced amino acid sequences of

IFT121 and IFT122 revealed similar domain organization for
both proteins. Like IFT172, each protein possesses an �345
amino acid N-terminal WD40 domain followed by a poorly

FIGURE 2. The IFT A complex is stable to increased ionic strength. The
membrane plus matrix proteins were extracted from the flagella isolated
from 16 liters of fla2 cells and fractionated through a 13-ml 10 –25% sucrose
density gradient (SW41Ti) in HMDEK buffer containing 300 mM NaCl. A, frac-
tions 7–21 (21.5–13% sucrose) were resolved on a 7.5–15% acrylamide SDS-
PAGE gel and stained with Coomassie Blue; the protein streaking visible in the
upper half of the gel was due to the high salt present in the gradient fractions.
The asterisks (*) denote the higher molecular mass IFT A subunits found at
�16 S. Sucrose concentrations are shown at the top, whereas the positions of
protein mass standards are indicated on the left. B, immunoblot analysis of
fractions 7–21. Antibodies to specific IFT subunits are labeled on the left. All
six of the IFT A subunits co-sediment at �16 S under these conditions. The
anti-IFT81 (81.1) indicates the �11 S location of the IFT complex B core; the 6.5
S peak of IFT172 (172.1) serves as an example of a peripheral B component
that dissociates from the B core in the presence of 300 mM NaCl.

FIGURE 3. Directed yeast-based two-hybrid analysis reveals an IFT121-
IFT43 interaction. IFT A proteins were fused with either the AD or BD of the
GAL4 transcriptional activator and assayed for interaction in yeast. A, exhaus-
tive two-hybrid analysis was carried out using all six of the Chlamydomonas
IFT A proteins. All possible combinations were tested by mating a library of
AH109 yeast cells with a library of Y187 cells. The AH109 library represented a
mixture of cells that contained all six AD-IFT A fusions, whereas the Y187
library represented a mixture of cells that contained all six of the BD-IFT A
fusions. Using this approach, only IFT43 and IFT121 showed an interaction. B,
testing for interactions between the Chlamydomonas IFT43 and portions of
IFT121 revealed that the N-terminal WD40 domain of IFT121 was neither suf-
ficient nor required for the interaction with IFT43. C, the human and murine
IFT43 interacted with the C-terminal half but not the N-terminal half of human
IFT121. D, the Chlamydomonas IFT43 failed to interact with the C-terminal half
of human IFT121 but human IFT43 did interact with both the human and algal
IFT121. Interactions are denoted by �; no interaction is denoted by �; not
tested is denoted by nt.
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defined spacer region of several hundred amino acids and a
“WAA” domain containing TPR-like degenerate repeats and a
C-terminal domain with CXXC motifs (35). The deduced
amino acid sequences of IFT121 and IFT122 from a range of
organisms display a high level of sequence identity; compari-
sons of the algal and the orthologous mammalian proteins,
WDR35 andWDR19/IFT122, revealed�50% amino acid iden-
tity for the full-length proteins. In contrast, IFT43 is poorly
conserved and may not be present in all ciliated organisms.
Because WD domains often serve to mediate protein-protein
binding, we tested for a potential interaction between IFT43
and the WD domain of IFT121 (IFT121WD) but saw no inter-
action in the yeast-based assay (Fig. 3B). An interaction
between IFT43 and the C-terminal half of IFT121 (Cr121CT),
however, was observed. Thus, the WD domain of IFT121 was
neither sufficient nor necessary to mediate the interaction with
IFT43.
To test for a similar interaction between the orthologous

mammalian IFTAproteins, the human andmurine IFT43were
assayed against the human IFT121. As with the Chlamydomo-
nas proteins, both the human IFT43 (Hs43) and the murine
IFT43 (Mm43) showed interaction with the C-terminal half of
the human IFT121 (Hs121CT) but neither interacted with the
WD-containingN-terminal half of IFT121 (Fig. 3C). The poorly
conserved nature of IFT43 raised speculation against the pos-
sible interaction of the algal and mammalian IFT A subunits.
Although the algal AD-CrIFT43 did not interact with the
humanBD-HsIFT121CT, the humanAD-HsIFT43 did interact
with the algal BD-CrIFT121, suggesting at least a partial con-
servation of the interaction surfaces of these two IFTAproteins
(Fig. 3D).

Heterologous Expression in Bacteria Confirms an IFT121-
IFT43 Interaction—To verify the interactions observed with
the yeast two-hybrid analyses, we utilized multiple expression
plasmids in E. coli to co-express IFT A proteins. The larger IFT
subunits were cloned into the expression vector, pMalC2X;
proteins expressed from this plasmid incorporated anN-termi-
nal fusion of the MBP, which served to increase solubility and
subsequent yield of the large IFTAproteins. Constructs encod-
ing the full-length IFT43 protein were cloned into MCS2 of
pRXS, which incorporated an N-terminal Strep�TagII peptide.
The MBP and Strep�TagII fusions allowed for parallel or tan-
dem affinity chromatography using amylose and StrepTactin
resins, respectively. As shown in Fig. 4A, MBP-tagged IFT121
(MBP-121) was co-expressed with Strep�TagII-tagged IFT43
(SIIT-43) with the resulting soluble proteins subjected to par-
allel affinity chromatography. The solubleMBP-tagged IFT121
bound to and was specifically eluted from the amylose resin in
the presence (co-expression) or absence (control expression; no
SIIT fusion) of IFT43. When co-expressed, a fraction of the
total soluble IFT43 co-eluted with theMBP-121 from the amy-
lose resin. In parallel, StrepTactin chromatography was used to
selectively purify the soluble SIIT-43; a fraction of the soluble
MBP-121 co-eluted with the IFT43. Because the MBP-121 did
not bind the StrepTactin resin in the absence of SIIT-43, this
verified the interaction between IFT121 and IFT43.
To test for possible interactions between IFT43 and the

remaining IFT A subunits, the SIIT-43 was co-expressed with
MBP fusions of IFT144, IFT140, IFT139, and IFT122. The only
additional interaction observedwas between IFT122 and IFT43
as shown in Fig. 4B. As with IFT121, a fraction of the SIIT-43
co-purified with MBP-122 using amylose chromatography and

FIGURE 4. Recombinant IFT43 co-purifies with recombinant IFT121 and IFT122. A, upper panel, parallel purification of co-expressed MBP-121 and SIIT-43
using amylose and StrepTactin chromatographies. A, lower panel, control expression of MBP-121 shows that MBP-121 did not bind to and elute from the
StrepTactin resin when expressed in the absence of SIIT-IFT43. B, upper panel, parallel purification of co-expressed MBP-122 and SIIT-43 using amylose and
StrepTactin chromatographies. B, lower panel, control expression of MBP-122 shows that MBP-122 did not bind to and elute from the StrepTactin resin when
expressed in the absence of SIIT-43. Insoluble, insoluble bacterial proteins; soluble, soluble extract (column load); Am. Flow., amylose resin flow-through; Am.
Wash, amylose resin final wash; ST Flow., StrepTactin resin flow-through; ST Wash, StrepTactin resin final wash.
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a fraction of the MBP-122 copurified with the SIIT-43 but not
the control expression when using StrepTactin chromatogra-
phy. Because these results suggested that IFT43 was capable of
interactingwith IFT122,we turned to analysis of IFTAmutants
to address how the loss of IFT121 or IFT122would affect in vivo
interactions of complex A.

Loss of IFT121 or IFT122 Disrupts Ciliogenesis—To identify
functional aspects of IFT A, an insertional motility mutant
library (52) was screened for disruptions in the IFT A genes.
Two mutant strains were identified, ift121 and ift122, that car-
ried significant interruptions in the IFT121 and IFT122 genes,
respectively (Fig. 5A). PCR-based analysis of genomic DNA

FIGURE 5. The loss of Chlamydomonas IFT121 or IFT122 results in distinctive disruptions to IFT complex A, both of which severely disrupt ciliogenesis.
A, genomic maps and PCR analysis of genomic DNA isolated from wild-type, mutant, and rescued strains. R122-BP1, R122-BP2, and R121-BP1 represent mutant
strains that were rescued with PCR-amplified genomic DNA, whereas R121-BAC represents an ift121 mutant strain that was rescued using intact BAC DNA. B,
taxonomic relatedness of the IFT122 and IFT121 gene products. Cr, C. reinhardtii; Vc, Volvox carteri; Hs, Homo sapiens; Mm, Mus musculus; Gg, Gallus gallus; Xt,
Xenopus tropicalis; Dr, Danio rerio; Bf, Branchiostoma floridae; Nv, Nematostella vectensis; Ph, Pediculus humanus corporis. C, phase-contrast images of ift121 and
ift122 strains reveal cells with short or no flagella; �95% of ift121 and ift122 rescued with isolated BAC DNA containing IFT121 or IFT122 or PCR-amplified
genomic fragments of the IFT121 and IFT122 genes, respectively, recovered assembly of full-length flagella. D, the levels of IFT A proteins extracted from 2 �
106 cells are measured using immunoblots. Soluble protein extracts from whole Chlamydomonas cells were resolved by SDS-PAGE on 10% polyacrylamide gels
and transferred to nitrocellulose membrane before probing with antibodies against each of the six IFT A proteins. R122-B represents an ift122 mutant strain in
which flagellar assembly was rescued using intact BAC DNA; R121-B represents an ift121 mutant strain rescued using PCR-amplified genomic IFT121.
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demonstrated that �1⁄3 of the 3� end of the IFT121 gene was
disrupted in the ift121mutant, whereas greater than half of the
IFT122 genewas disrupted in the ift122mutant.Morphological
examination of the parental (CC-503) and mutant strains
showed a severe effect on flagellar assembly; most mutant cells
were bald while a subset assembled short flagella (Fig. 5C).
Immunostaining of ift121 and ift122 cells with anti-IFT172
(172.1) and anti-FLA10N revealed cytoplasmic pooling of kine-
sin-2 and IFT B near the base of the organelle similar to previ-
ous studies of wild-type cells (20) (supplemental Fig. S3). In the
fraction of ift121 cells that generated short flagella, enrichment
of IFT172 and, to a lesser extent FLA10, was frequently
observed near the distal end of the organelle (supplemental Fig.
S3). Similar modest enrichments were also observed near the
tips of the ift122 flagella but for bothmutant strains, themajor-
ity of the FLA10 and IFT172 staining was found in the cytoplas-
mic pools near the flagellar base.
To assign the flagellar assembly phenotype to disruptions in

the IFT121 and IFT122 genes, the ift121 and ift122 mutant
strains were complemented with BAC clones that included
IFT121 or IFT122 genes, respectively. Because the BAC clones
tend to be large genomic fragments that containmultiple genes,
the specific IFT121 and IFT122 genes (plus 1–1.5 kb of 5� and 3�
noncoding DNA) were PCR-amplified and transformed into
the appropriate mutant strains and determined to be sufficient
to rescue the flagellar assembly phenotype (Fig. 5C, R121-B and
R122-B). PCR amplification of genomicDNA isolated from res-
cued strains verified that the IFT121 and IFT122 genes had
been reintroduced into ift121 and ift122mutant strains, respec-
tively (Fig. 5A, gel inset). In light of the report that a second copy
of the genomic IFT144 and IFT139 were capable of comple-
menting the temperature-sensitive IFT A mutants, fla15
(ift139) and fla17 (ift144), respectively (72), we tested the ability
of the IFT122-containing BAC to rescue the ift121mutant and
the ability of the IFT121-containing BAC to rescue the ift122
mutant; no complementation was achieved in this manner.
To determine how the loss of IFT121 and IFT122 affected

IFTAprotein levels, total protein from2� 106whole cells were
resolved by SDS-PAGE, transferred to nitrocellulose, and
probed with IFT A subunit-specific antibodies (Fig. 5D). As
expected, the parental strain (CC-503) contained all six com-
plex A components. The ift121 mutant strain was deficient in
IFT121 and IFT139 but contained normal levels of the remain-
ing four IFT A proteins. The polyclonal anti-IFT121 detected a
second band just above the IFT121 (Fig. 5D, arrow), which is
believed to be IFT122 as the cross-reactive band disappeared in
the ift122mutant. The ift122mutant, in contrast, was missing
IFT121 and IFT139 in addition to the IFT122.The full set of IFT
Aproteinswere restored in the complemented ift121 and ift122
mutant strains as shown for the BAC-rescued ift122 strain
(R122-B) in Fig. 5D. Together these results indicate that the
presence of IFT139 required IFT121, whereas the presence of
IFT121 was dependent on IFT122.
IFT122, IFT140, and IFT144 Form a 12 S Subcomplex—To

determine how the loss of IFT121 and IFT139 affected the rest
of the IFT A complex, soluble protein was isolated from the
ift121mutant and fractionated over a sucrose density gradient.
In the absence of IFT121 (and IFT139), IFT144, IFT140, and

IFT122were found to co-sediment in a broad range that peaked
at �12 S, whereas all of the IFT43 peaked near the top of the
gradient at�2 S (Fig. 6). This is in contrast to the IFTAproteins
isolated from the parental strain (CC-503) that also exhibited a
fairly broad sedimentation, which clearly peaked at �16 S with
approximately half of the IFT43 present in the 16 S fractions
and the other half present near the top of the gradient. It is
interesting to note that the 2 S and 16 S IFT43 ran on the SDS-
PAGE as a doublet, which is consistent with a previous phos-
phoproteomic analysis that showed that a fraction of the flagel-
lar form ofChlamydomonas IFT43 is phosphorylated (77). The
presence of the IFT43 doublet in the ift121 mutant suggests
that this phosphorylation is not dependent on the association of
IFT43 with complex A. As expected, IFT121 (not shown) and
IFT139 were not detected in the ift121 gradient.
To determine whether the 12 S IFT A proteins observed in

the ift121 gradient were, indeed, associated in a complex, whole
cell extracts were immunoadsorbed using specific anti-IFT A
antibody resins. Following extensive washing of the antibody
resins, specifically bound protein was eluted with 1% SDS and
then analyzed by SDS-PAGE and immunoblot analysis (Fig. 7).
As expected, the parental strain, CC-503, contained the intact

FIGURE 6. Co-sedimentation of an IFT A subcomplex extracted from
ift121 cells. Whole cell extracts were fractionated on 5.0-ml 10 –25% sucrose
density gradients. Top, Coomassie-stained 8% polyacrylamide SDS-PAGE gel
of ift121 fractionation with sedimentation standard S values shown ranging
from 1.9 to 19.2 S. For reference, the prominent �55 kDa protein sedimenting
at �19 S is the large subunit of RuBisCo. Middle, Western blots corresponding
to the ift121 fractionation were probed with anti-IFT A antibodies. IFT144,
IFT140, and IFT122 co-sediment with a peak of �12 S, whereas IFT43 peaks at
�2 S; IFT121 (not shown) and IFT139 were absent from the extract. Bottom,
corresponding Western blots of a sucrose density gradient fractionated
whole cell extract from the parental strain, CC-503. Each of the IFT A subunits
(IFT121 is not shown) co-sediment at 16 –17 S; a fraction of IFT43, however,
sedimented at �2 S.
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IFT A complex so that all six A components were pulled down
using antibody resins specific for IFT43, IFT122, IFT139, and
IFT140. This confirmed that at least a fraction of each of the six
IFT A proteins participates in the formation of the IFT A com-
plex. The control resin containing the combined antibodies
made from a mixture of the anti-IFT A preimmune sera failed
to bring down any of the complexAproteins. In agreementwith
the ift121 sucrose density gradient analysis, the anti-IFT122
and anti-IFT140 were both able to pull down a set of three IFT
A proteins, IFT122, IFT140, and IFT144; no IFT139 or IFT121
was pulled down from these extracts. Although the IFT43 was
present, it was only present on the anti-IFT43 resin, confirming
the gradient observation that, in the absence of IFT121 (and
IFT139), IFT43 is no longer associated with complex A. In a
similar analysis of the ift122 mutant, the anti-IFT140 resin
pulled down a small amount of IFT140 and IFT144, suggesting
that in the absence of IFT122 (and IFT121 and IFT139), IFT140
and IFT144 are capable of forming a smaller, albeit apparently
less stable, subcomplex (not shown).

DISCUSSION

Specific Interactions of IFT A and Formation of IFT A Core—
We present here the first intensive analysis of the spatial orga-
nization and architecture of IFT complex A. With mass spec-
trometry, we verify the identity of all six IFT A gene products,
including IFT43 (Fig. 1). We find that when extracted from
either whole cells (Fig. 6) or cell bodies (data not shown), all six
IFT A proteins co-sediment as a 16 S complex but that a frac-
tion of IFT43 is unassociated with IFT A and is found to sedi-
ment at�2 S. This differs from flagellar isolations where essen-
tially all of the IFT43 appears to be associated with IFT A. The
cellular fraction of 2 S IFT43 also persists in the ift121 and
ift122mutants where complex A is severely compromised. The
existence of this non-A-associated fraction of IFT43 suggests
that this protein may play roles in IFT A-independent
functions.
Using yeast-based two-hybrid analysis (Fig. 3) and recombi-

nant bacterial co-expression (Fig. 4), we have established that
the C-terminal half of IFT121 directly interacts with the C-ter-

minal half of IFT43. Using the ift121mutant, we have identified
a stable, 12 S IFT A subcomplex containing IFT144, IFT140,
and IFT122 (Fig. 6). Because these three IFTA components can
associate without the remaining three subunits, we refer to this
subcomplex as the IFT A core. The composition of the Chla-
mydomonas IFTA core is consistent with a similar subcomplex
generated in mammalian cell cultures using selective RNAi
knockdowns of IFTA gene expression (73), which suggests that
the architecture of complex A is well conserved. The presence
of a minor component of IFT144 and IFT140 in the �8 S frac-
tion of ift121 extracts further suggests that IFT144 and IFT140
are capable of interacting directly in the absence of other IFT A
components. Last, because IFT139 is essentially absent in the
ift121 strains, we conclude that the presence of IFT121 is
required to assemble IFT139 as well as IFT43 onto the A com-
plex. Thus, IFT121 may interact directly with IFT139 as sug-
gested in the IFT A interaction model diagrammed in Fig. 8.
Included in this model is a complex interaction of IFT139 and
IFT144 uncovered by genetic analysis (72). In brief, double gene
dosage of IFT139 is capable of rescuing a temperature-sensitive
mutation in IFT144, whereas a double gene dosage of IFT144 is
capable of rescuing a temperature-sensitive mutation in the
IFT139 gene. The molecular mechanism underlying this com-
plementation is not understood but it should be noted that the
temperature-sensitive phenotypes in fla15 and fla17–1 result
from a single amino acid substitution and a minor in-frame
deletion, respectively, which still allow protein expression. It is
possible that null mutants in IFT144 and IFT139 would not be
susceptible to this sort of complementation by another IFT A
gene. In light of the Iomini et al. (72) result, we did attempt
rescue of the ift121 and ift122mutants with genomic fragments

FIGURE 7. Antibody pull-downs of IFT A reveal formation of a subcomplex
in ift121. Aliquots of soluble protein from whole cell extracts of CC-503 or
ift121 were incubated with preimmune (PI) or subunit-specific antibody res-
ins as indicated above each column. Immunoadsorbed proteins were
resolved by SDS-PAGE and transferred to nitrocellulose and probed with anti-
IFT A antibodies indicated to the left of each row.

FIGURE 8. Interaction model of interactions within the Chlamydomonas
IFT A complex. The model shown summarizes the IFT A subunit interactions
that have been directly visualized, such as IFT121-IFT43, or implied, such as
IFT139-IFT121. Based on biochemical analysis of the ift121 mutant, we pro-
pose that IFT122, IFT140, and IFT144 assemble to create a heterotrimeric sta-
ble core complex. The interactions of IFT121 with both IFT139 and IFT43 are
supported by the observation that loss of IFT121 completely removes IFT139
and IFT43 from complex A. Last, IFT139 and IFT144 demonstrate a complex
genetic interaction that suggests a functional association (72).
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containing the IFT122 and IFT121 genes, respectively, but were
unable to restore flagellar assembly. No attempts were made to
complement these mutant strains using any other IFT A genes.
IFT A Genes Are Ciliogenic but Functionally Distinct from

IFT B Genes—Functional analyses of IFT A genes in various
model organisms have shown that IFT A plays a role in cilio-
genesis but disruptions in IFT A genes often allow for the
assembly of flagella, albeit often shorter than wild-type organ-
elles, whereas disruptions in IFT B genes often result in a more
severe blocking of ciliogenesis that results in little or no assem-
bly of the organelle (25, 27, 30, 31, 43, 44, 48, 68, 72, 78). These
differences indicate that, although they both participate in
intraflagellar transport, IFT A and B have functional responsi-
bilities that do not completely overlap. One common feature of
many IFT A mutant phenotypes is the accumulation of IFT B
and other proteins at or near the distal ends of the cilia, which
are often shorter than in wild-type cells. Because this sort of
behavior suggests an unbalanced ratio of anterograde to retro-
grade transport, IFT A has been associated with retrograde
transport of materials out of the organelle (28, 47, 48, 70–72,
79). Although the molecular basis for these disruptions in ret-
rograde transport is not clear, elegant analysis ofChlamydomo-
nas mutants with defective IFT A components, IFT144, and
IFT139 revealed reduced rates of retrograde IFT, whereas
anterograde IFT remains essentially normal; the unbalanced
transport results in ciliary accumulations of IFT B components
(27, 72). One functional role for IFT A could be to efficiently
associate the IFT particles with the retrograde IFT dynein 1b/2.
Alternatively, IFT A could be responsible for efficient turn
around of materials at the ciliary tip. Another possibility, how-
ever, is that IFTAmay be responsible for the anterograde trans-
port of essential retrograde-associated components into the
organelle. A recent example of an IFT A-mediated anterograde
transport was demonstrated by Mukhopadhyay and colleagues
(73) who showed that knockdown of IFT A in mammalian cells
reduced the transport of TULP3 and associated G-protein
receptors into the organelle. The idea of IFT A-specific and/or
IFT B-specific entry into and exit out of the organelle is sug-
gested by a recent study of the Chlamydomonas CEP290 gene
(80, 81). In the absence of the transition zone protein, CEP290,
IFT B accumulates in the flagella, whereas IFT A levels are
reduced. The concomitant reduction of IFT A and other flagel-
lar proteins, such as adenylate kinase and FAP12, is consistent
with the idea that some of these proteins may be IFT A-specific
cargos.
IFT A and Human Ciliopathies—Genes encoding five of the

six IFT A proteins have recently been associated with human
ciliopathies where many of the disease-causing mutations
result in single amino acid substitutions or small deletions in
IFT43, IFT121, IFT122, IFT139, or IFT144 (82–86). A com-
plete loss of an IFT A subunit, such as that observed with a
murine IFT122 knock-out strain shows that the loss of the IFT
A complex is likely to be embryonic lethal in humans (49, 87).
Based on our results and the recent mammalian IFT A studies
(77), it is likely that complex A is severely disrupted in the
IFT122 knock-out strain; such a disruption would explain why
the cilia in these mice are considerably shorter than normal
(incomplete assembly) and engorged (defective in retrograde

transport). Thus, mutations resulting in more subtle pheno-
types are likely required to generate disease states that allow full
gestation and live birth. The mutations in the IFT A genes in
some patients suffering from Sensenbrenner syndrome, for
example, result in single amino acid substitutions in conserved
residues of IFT122 and IFT121 (79, 82). Although these muta-
tions appear to affect ciliary function, it seems unlikely that they
block assembly of complex A (88). A mutation in the initiation
codon of IFT43 in one family of Sensenbrenner patients results
in aberrant translation of two IFT43 isoforms that are missing
the N-terminal 21 amino acids and differ from one another due
to splice variation (84). According to our interaction results,
these changes in themutant IFT43 proteins should not prevent
it from interacting with IFT121. Last, it is interesting to note
that we show a close physical association of IFT121 with IFT43
and IFT122,which have all been associatedwith Sensenbrenner
syndrome.
Future Studies—There are very compelling reasons to pursue

structural and functional analyses of IFT A. First, functional
studies to date indicate that IFT A is responsible for tasks that
are separate from IFTB; a complete understanding of this com-
plex transport processwill require a thorough elucidation of the
functions attributable to bothA and B. Second,mutations in no
less than four of the six IFT A genes give rise to human disease
states but themolecularmechanism(s) underlying these disease
states remains a mystery. Last, as has been proven for so many
complex molecular machines, such as the ribosome or the
pyruvate dehydrogenase complex, understanding the architec-
tural structure of the machine and the molecular structure of
the individual components is essential to understanding the
mechanism(s) by which the machine works. Thus, it is now
critically important to solve high resolution structures and
determine specific functions of the IFT A components.
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