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Anterograde intraflagellar transport (IFT) trains are essential for cilia
assembly and maintenance. These trains are formed of 22 IFT-Aand IFT-B
proteins thatlink structural and signaling cargos to microtubule motors for
importinto cilia. It remains unknown how the IFT-A/-B proteins are arranged
into complexes and how these complexes polymerize into functional trains.
Here we use insitu cryo-electron tomography of Chlamydomonas reinhardtii

ciliaand AlphaFold2 protein structure predictions to generate amolecular
model of the entire anterograde train. We show how the conformations of
both IFT-Aand IFT-B are dependent on lateral interactions with neighboring
repeats, suggesting that polymerization is required to cooperatively
stabilize the complexes. Following three-dimensional classification, we
reveal how IFT-B extends two flexible tethers to maintain a connection with
IFT-A that can withstand the mechanical stresses present in actively beating
cilia. Overall, our findings provide a framework for understanding the
fundamental processes that govern cilia assembly.

Ciliaare hair-like organelles that extend from eukaryotic cells and beat
to create motion (motile cilia) or act as a hub for signaling (primary
cilia). At their coreisaring of nineinterconnected microtubule doublets
inastructure known as the axoneme (Fig. 1a). A diffusion barrier exists
atthebase of the cilium, meaning that the vast quantities of structural
proteinsrequired to build the axoneme need to be delivered by micro-
tubule motorsinaprocess called intraflagellar transport (IFT).IFT also
transports membrane-associated proteins into and out of the cilium
to regulate key developmental signaling pathways'. Underlining the
importance of IFT, the absence of many IFT proteins is lethal and muta-
tionsleadingto variations of IFT-related proteins canresultinagroup
of congenital diseases called ciliopathies, with diverse phenotypes?.
IFT is organized by the IFT-A and IFT-B protein complexes.
Together, these assemble into ordered and repetitive IFT trains that
link the microtubule motors to IFT cargos. The IFT processisinitiated
at the base of the cilium, where IFT-B complexes start to polymerize
on their own’. This nascent train acts as a platform for IFT-A polym-
erization and recruits kinesin-2 motors (Fig. 1a). The structural and
signaling cargos then dock to the train, as well as autoinhibited cyto-
plasmic dynein-2 motors. Kinesin carries the train into the ciliumand
delivers the trainand its cargos to the tip*°. The IFT-A/-B components
thenremodelinto a conformationally distinct retrograde train, which

rebinds to the now active dynein-2 and transports a new selection of
cargos back to the cellbody®™®.

From our previous cryo-electron tomography (cryo-ET) study of
in situ Chlamydomonas reinhardetii cilia, we know the overall appear-
ance of anterograde trains to 33-37 A resolution®. IFT-B, which contains
16 proteins (IFT172, 88, 81,80, 74,70, 57,56, 54,52,46,38,27,25,22 and
20), forms a 6-nmrepeat with one autoinhibited dynein-2bound every
third repeat (Fig. 1b). IFT-A, which contains six proteins (IFT144, 140,
139,122,121 and 43), sits between IFT-B and the membrane. It has an
11.5-nmrepeat, creating a mismatch in periodicity between IFT-A and
IFT-B. However, due to the limited resolution, the molecular archi-
tectures of IFT-A and IFT-B remain unknown. Crystal structures of
someIFT-B proteins have been solved'* ™, but they are mostly of small
fractions of the overall proteins. Much of our knowledge therefore
comes frombiochemically mappedinteractions betweenisolated IFT-B
proteins'®'®, None of the six IFT-A components have been structur-
ally characterized and there are fewer verified interactions for this
complex'®,

Asaresult, we have alimited understanding of many fundamental
mechanisms underlying IFT. To address this, we generated substan-
tially improved (10-18 A) subtomogram averages of Chlamydomonas
IFT trains, allowing us to build a complete molecular model of the
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Fig.1| Anoverview of the anterograde IFT train structure. a, Cartoon model
of IFT within a cilium. Anterograde trains form at the base of the cilium (basal
body) and carry cargo through the diffusion barrier (transition zone) and to the
tip. Here, they remodel into retrograde trains that carry their cargos back to the
basal body for recycling. b, The new subtomogram averages lowpass filtered and
colored by complex (yellow, IFT-A; blue, IFT-B1; green, IFT-B2; purple, dynein),
docked onto acryo-ET average of the microtubule doublets found in motile

cilia. One repeating unit is highlighted in each complex with darker shading.

¢, The new subtomogram averages for IFT-B1 (blue) and IFT-B2 (green), displayed
together as acomposite. One repeating unit is highlighted in color, with the
adjacent repeatsin gray. d, Equivalent to ¢, but with the highlighted repeat now

shown partially transparent and our molecular model of IFT-B docked in. e, The
new subtomogram average of IFT-A, with one repeating unit shown in yellow and
adjacent repeats in gray. f, Equivalent to e, but with the highlighted repeat now
shown partially transparent and our molecular model of IFT-A docked in.

g, Our molecular model of one repeating unit of IFT-Aand IFT-B in the
anterograde train, shown in cross-section asif looking down the microtubule.
The partially transparent density for four mapsis shown: IFT-B2and IFT-A,

with the main IFT-Bl average combined with a masked refinement of the region
containing IFT56 (IFT-B1tail; Extended Data Fig. 2a), since this region is more
flexible relative to the core.

anterograde train. Here, we present a tour of the IFT-A and IFT-B com-
plexes within the context of polymerized trains. Together, our results
provideinsightsinto the organization and assembly of IFT trains, how
cargos areboundto the train and the conversion of anterograde trains
intoretrograde trains.

Creating amodel of anterograde IFT trains
To generate a molecular model of the anterograde IFT train, we col-
lected 600 cryo-electron tomograms of Chlamydomonas cilia. We
picked and refined IFT-B and IFT-Arepeatsindependently due to their
periodicity mismatch® and performed subtomogram averaging with
the STOPGAP-Warp/M-Relion 3 processing pipeline (Extended Data
Figs.1-3).In IFT-B, we identified two rigid bodies that flex around a
central hinge that correspond to the biochemically characterized
IFT-Bland IFT-B2 subcomplexes (Extended Data Fig. 2a). After masked
refinements, we obtained structures at 9.9 A resolution for IFT-B1,
11.5 A resolution for IFT-B2 and 18.6 A resolution for IFT-A (Fig. 1c,e,
Extended Data Figs. 2e,fand 3g,h and Table 1).

To understand how the IFT proteins are organized in their com-
plexes, we built a molecular model into our maps. As de novo model
building is not possible at this resolution, we used a hybrid approach

by flexibly fitting high-confidence AlphaFold2 models of IFT proteins
(Table 1). This allowed us to build a molecular model of the complete
anterograde train (Fig. 1d,f,g, Extended Data Figs. 4a,b and 5a-c and
Supplementary Videos1and 2).

IFT-Bis organized around IFT52

IFT-Bis central to the assembly of anterograde trains. It recruits active
kinesinmotorsand carriesboth the IFT-A complex and the retrograde
motor dynein-2 to the tip® (Fig. 1b). IFT-B is also responsible for the
recruitment of all characterized structural cargos to anterograde trains.
It is an elongated complex with two distinct lobes corresponding to
IFT-B1and IFT-B2 (Fig. 2a—d). Our structure reveals the crucial role
that the IFT-B1 component IFT52 plays in the structural integrity of
the entire IFT-B complex.

IFT52 consists of an amino (N)-terminal GIFT (GIdG, intraflagel-
lar transport) domain, a central disordered region and a carboxy
(C)-terminal domain (CTD) that forms a heterodimer with IFT46 (ref.11)
(Fig. 2e and Extended Data Fig. 4a). It spans the length of IFT-B1, with
the GIFT domain on the microtubule doublet-proximal surface at the
center ofthe train and the IFT52-CTD:IFT46 heterodimer at the periph-
ery (Fig. 2a,b). IFT88 and IFT70—two supercoiled tetratricopeptide
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Table 1| Cryo-EM data collection, refinement and validation
statistics

IFT-A average IFT-B1 IFT-B2
average average
Data collection and processing
Magnification 33,000x 33,000x 33,000x
Voltage (kV) 300 300 300
Tilt range/increments (°) +60/3 +60/3 +60/3
Electron exposure (e'A?) 100 100 100
Defocus range (um) -3to-4.5 -3to-4.5 -3to-4.5
Pixel size (A) 3.03 3.03 3.03
Symmetry imposed C1 C1 C1
Final particle images 3,897 18,216 18,216
(number)
Map resoolution/FSC 20.5/0.143 9.9/0.143 11.4/0.143
threshold (A)
Refinement
. Map sharpening B factor -2,700 -450 -700
(A%
Validation
MolProbity score 2.4 218 218
Clashscore 23.9 16.7 16.7
Poor rotamers (%) 0.12 0.07 0.07
Ramachandran plot
Favored (%) 90.3 927 927
Disallowed (%) 013 01 01
FSC (model to map; 0.5 21.4 10.2 121

threshold)

The Electron Microscopy Data Bank accession codes for IFT-A, IFT-B1 and IFT-B2 are EMD-
15980, EMD-15978 and EMD-15979, respectively. The Protein Data Bank codes are 8BDA, 8BD7
and 8BD7, respectively. FSC, Fourier shell coefficient.

repeat (TPR) proteins—wrap around the central disordered domain of
IFT52 by stackingend to end to create a continuous central pore (Fig. 2e
and Extended Data Fig. 6a,b,f). IFT70 is known to make a tight spiral
with a hydrophobic core and IFT52 is thought to be an integral part
of its internal structure. However, we see that IFT88 forms a more
open spiral with charged internal surfaces, suggesting that its inter-
action with IFT52 is reversible. The remainder of IFT-B1 is assembled
around the IFT88/70/52 trimer, which binds to the coiled-coil IFT81/74
subcomplex and IFT56, a third TPR spiral protein (Extended Data
Fig.6d,e). Therefore, the IFT-Bl1subcomplexis assembled around IFT52.

Additionally, IFT52and IFT88 formthe maininterface betweenIFT-Bl
andIFT-B2. Thisis mediated throughinteractions with IFT57/38 of IFT-B2,
consistent with biochemical data'. IFT57/38 is asegmented coiled coil,
withboth proteinsalso containingan N-terminal calponin homology (CH)
domain. IFT38-CH was previously shown to forma high-affinity interac-
tion with the N-terminal WD40 repeat domain (WD) of IFT80 (ref. 15).In
ourstructure, thisinteraction anchorsIFT57/38in IFT-B2 (Extended Data
Fig. 6g). The coiled coils extend across the central regionto contact IFT88
fromthe neighboring repeat (Fig. 2b). Here, conserved proline residues
inlFT57 and IFT38 create aright-angled kink (Extended Data Fig. 6h) that
points the subsequent coiled-coil segment toward the IFT88 in the same
repeat. Theloose spiral of IFT88 creates anopen cleft, which IFT57/38 and
theIFT52 disordered regionslotinto, creating multiple contacts between
theIFT-Bland IFT-B2 components (Fig. 2f).

Taken together, we find that IFT52 is the cornerstone of the IFT-B
complex. Thisis consistent with results from the Chlamydomonas bld1
mutant, which lacks functional IFT52 and cannot grow cilia or form

IFT-B complexes®*. Furthermore, in humans, a mutation leading to
altered IFT52 at the interface with IFT57/38 (causing substitution of
asparticacid with histidine at residue 259 of IFT52 and corresponding
to the substitution of aspartic acid at residue 268 of IFT52 in Chla-
mydomonas (Extended DataFig. 6i)) is associated with a developmental
kidney ciliopathy®?, which could be caused by destabilization in the
association of IFT-Bland B2.

IFT81/74 is stabilized by neighboring repeats

Next, we wanted to understand how the individual IFT-B1 complexes
associate as polymers. Part of the interaction is mediated by simple
wall-to-wall contacts between adjacent IFT88/70/52 trimers (Fig. 2b).
These contacts are supplemented by a more intricate network of lat-
eralinteractionsin the IFT81/74 dimer thatsits on top of IFT88/70/52.
IFT81/74 forms eight coiled-coil segments (CC1-8)""*. The loop between
IFT81/74-CCland -CC2 forms the main attachment to the IFT-B1 core
bybindingtothesamecleftinIFT88 asinIFT57/38 (Fig. 2f,g). The first
four coiled-coil segments then form two interactions with adjacent
IFT-Blrepeats, forcing theminto afolded/compressed conformation
(Fig. 2h). First, the N-terminal IFT81-CH domainis raised above the
IFT88/70/52 trimer through aninteraction between IFT81/74-CCland
IFT70 of the neighboring repeat. Then, IFT81-CH acts as a strut against
which CC2/3 fromthe neighboring repeat leansinan upright position.
Since the coiled-coil segments are linked by flexible loops, this suggests
thatafeature of IFT-B polymerizationis the cooperative stabilization of
IFT81/74 in a compressed conformation. Furthermore, this conforma-
tion positionsthe flexible C-terminal half of IFT81/74, whichrecruits the
IFT27,IFT25 and IFT22 subunits', toward the membrane (Fig. 2a,g).
This allows IFT27/25/22 to fulfill proposed roles in the recruitment of
membrane cargos™?* and provides sufficient flexibility to maintainan
interaction with proteins in the crowded ciliary membrane.

IFT80 forms the core of IFT-B2

ThelFT-B2 subcomplex forms the second lobe of IFT-B (Extended Data
Fig. 7a-d and Supplementary Video 1). It is made up of two pairs of
coiled-coil proteins (IFT57/38 and IFT54/20) and two large proteins
(IFT172and IFT80), which each contain a pair of tandem WD domains
followed by C-terminal TPR motifs (Extended Data Fig. 4a,b). The
second WD domain of both of these proteins forms an uncommon
incomplete circle (Fig. 3a-c and Extended Data Fig. 7f), particularly
dramatically in the case of IFT172.

Fromour structure, we see that IFT80 is at the center of the IFT-B2
subcomplex, withmuch of its surface covered by proteininteractions
(Fig.3a,b). The IFT80 WD domains are sandwiched between the WD and
TPRdomains of two neighboring copies of IFT172 (Fig. 3a,c). Previous
work suggested that IFT80 homodimerizes in the initial TPR region®,
butitis monomericin our average. Instead, IFT8O-TPR wraps around
the N-terminal TPR motifs of IFT172 from the neighboring repeat.
IFT172 contains an extended TPR domain that is not reinforced through
the formation of a superhelical twist like IFT88/70, meaning that it is
likely tobe more conformationally flexible. The remaining IFT172-TPR
region wraps around the edge of IFT-B2 and runs toward the center
of the train, forming the roof of the complex (Fig. 2a). In summary,
IFT80 organizes the core architecture of the IFT-B2 complex, as well
asforming an extended lateral interface capable of stabilizing flexible
domains upon polymerization.

IFT57-CH prevents IFT172-WD1 from interacting
with membranes

ThelFT172-WD domains were previously shown to bind to and remodel
membranesin vitro, suggesting that IFT172 may play arolein membrane
trafficking”. However, membrane binding was mutually exclusive with
aninteraction between IFT57-CH and IFT172-WD. We wanted to see
whether thisinteractionis presentin active anterograde trains. Inour
structure, IFT172-WD1 protrudes from the periphery of IFT-B2 and is
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Fig.2|IFT52is central to the overall IFT-B complex. a, One repeat of the IFT-B
complex viewed in profile, looking down the train. MT, microtubule doublet.

b, Top view of the IFT-B polymer, as if looking down from the membrane/IFT-A.
Asingle repeatis shownin color, with adjacent repeats shown in silhouette. The
coloringisasina.c, Cartoon representation of a, showing the viewing positions
of other panelsin the figure. d, Cartoon representation of b. e, IFT52 (dark blue),
shown as amolecular surface, forms the core of the IFT-B1 complex, with the
central unstructured domain threading through the TPR superhelices of IFT88

(cyan) and IFT70 (steel blue). f, IFT57/38 (dark and light green, respectively) from
IFT-B2interact with IFT-B1 by fitting into a cleft in the TPR superhelix of IFT88
(cyan) along with the unstructured IFT52 central domain (dark blue). g, IFT81/74
(navy blue and gray, respectively) sit on top of IFT88 and form a compressed
segmented coiled coil repeating along the IFT train. h, Top view of g. Lateral
interactions with IFT81/74 in adjacent repeats are highlighted with stars (red star,
IFT81-CH on N - 1repeat; orange stars, IFT81/74-CC and IFT70 of N + 1repeat).

more flexible. However, masked refinement of this region shows a
clear bulge in the density that can be explained by IFT57-CH binding
toIFT172-WD1 (Extended Data Fig. 7e). This interaction is possible due
to the long unstructured linker between IFT57-CH and the C-terminal
coiled-coil region thatinteracts withIFT38 (Extended Data Fig. 4a). This
therefore suggests that IFT57-CH helpsremove IFT172 fromits putative
membrane trafficking phase and makes it available for incorporation
into assembling trains.

The coiled coilsinIFT-B are in acompressed
conformation

Like IFT81/74 of IFT-B1, a segmented coiled coil in IFT-B2 formed by
IFT57/38 is folded into a compressed conformation through lateral
interactions with neighboring repeats. IFT57/38 isanchored to IFT-B2
through the IFT38-CH/IFT80 interaction (Extended Data Fig. 6g). This
is supplemented by the formation of a short four-helix bundle with
IFT54/20, whichis asingle continuous coiled coil that bridges the gap
in IFT80-WD2 and runs down to the center of the train (Fig. 3a and
Extended Data Fig. 7f). The helical bundle forms lateral interactions
with IFT57/38 in the neighboring repeat, stabilizing a kink between
segments to point it toward the IFT-B1 subcomplex (Fig. 3d). Thisis a
second right-angle corner between IFT57/38 segments stabilized by the
neighboring repeat, after the contact with IFT88 in IFT-B1 (Extended

DataFig. 6h). We previously showed that retrograde trains haveamuch
longer repeat than anterograde trains (-45 nm versus 11.5 or 6 nm for
IFT-Aand IFT-B, respectively), despite being made of the same constitu-
ents’. We hypothesize that the compressed coiled coils in anterograde
trains can be utilized during remodeling by extending into elongated
conformations while maintaining intracomplex interactions.

IFT-B cargo-binding regions face the exterior of
the complex

The main role of anterograde IFT is to deliver structural and signal-
ing cargos from the cell body to the cilium. Biochemical studies have
identified several interactions between these cargos and individual IFT
proteins, which we can now pinpoint to specific locations of the train.
The axonemal outer and inner dynein arms are linked through their
specific adapters to IFT46 and IFT56, respectively** >, These large
structural cargos will therefore be docked on the peripheral surface of
IFT-B1 (Extended DataFig. 8a). Furthermore, the N terminus of [FT70 is
located on the same patch of IFT-B1and is thought to recruit a variety
of membrane proteins in humans and Chlamydomonas®**' This region
ofthetrainpresents the largest open surface of IFT-B and was observed
to contain heterogeneous extra densities in raw electron tomograms’.
Therefore, we would anticipate that other large structural cargos would
be engaged in similar interactions with the same IFT proteins.
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Fig.3|Interaction between IFT-B2 and dynein-2. a, IFT80 (dark green) forms
the core of the IFT-B2 complex. It is surrounded by IFT172 (olive green) and

the IFT54/20 (lime green and pale green, respectively) coiled coil. Adjacent
repeats are shown in silhouette. b, Cartoon representation of IFT-B depicting the
positions of the views in the other panels. ¢, The second WD domain of IFT172
(olive green) does not close into aring, and bridges two IFT80 subunits (dark
green from the same complex and white in the neighbor). d, In the center of the
complex, IFT54/20 (lime and pale green, respectively) and IFT57/38 (turquoise

and mint green, respectively) coiled coils stack on top of each other, stabilizing a
kinkinIFT57/38 to point the subsequent coiled coils toward IFT-B1. e, The flexibly
refined dynein models (purple and pink) docked into the 16 A dynein density,
along with the IFT-B2 model. f, Cartoon representation of cytoplasmic dynein-2
refined into our density, with the points that contact IFT-B2 and the protein they
interact with highlighted with stars. g, Top view of the train, showing the first
three contact points between dynein and IFT-B2. h, The two remaining contact
points between dynein and the edge of IFT-B2, at the C terminus of IFT80.

Soluble tubulin is an IFT cargo thought to be recruited by a
tubulin-binding module composed of IFT81-CH and the basic N termi-
nus of IFT74 (refs.14,32).In our structure, the residues in IFT81-CH that
areimportant for tubulinbinding liein a narrow gap between coils that
preventsaninteraction (Extended DataFig. 8b). Alternatively, IFT81-CH
couldbind to tubulininthe same way as the structurally conserved CH
domain of kinetochore protein Ndc80 (ref. 33) (Extended Data Fig. 8c).
However, this would lead to strong steric clashes with IFT81/74 in neigh-
boring repeats (Extended DataFig. 8d). This leaves the possibility that
the IFT81/74 module binds to the acidic and unstructured C termini
of tubulin, although this would be an unusual way for a CH domain to
bind tubulin.

Cytoplasmic dynein-2 interfaces require IFT-B
polymerization

Theretrograde IFT motor dynein-2is transported as a cargo of antero-
grade trains to the tip of cilia, where it is used to transport retrograde
trains back to the cell body. Previously, we showed that autoinhibited
dynein-2complexes dock onto IFT-Bin aregular repeat, on the edge of

whatwe now determine tobe IFT-B2 (ref. 9). We wanted to understand
the molecular basis for this recruitment; however, the dynein density
was averaged out of our overall structure since its repeat is three times
that of IFT-B. To address this, we used three-dimensional (3D) classi-
ficationto find dyneinsin the same register. We then performed local
refinements on this subclass to obtain animproved 16.6 A final map of
dynein-2, and flexibly fit the single-particle structure of human dynein-2
(ref. 34) into it (Fig. 3e and Extended Data Fig. 7g-i).

The dynein dimer consists of two dynein heavy chains (DHC-A/-B)
that are splitinto an N-terminal tail domain and a C-terminal AAA+
motor domain®*, The tail is used for dimerization and recruitment of
accessory chains, and the motor domain generates force and binds to
microtubules through a microtubule-binding domain (MTBD).

Dynein-2 binds to IFT-B2 at five contact points (Fig. 3f~h). The
firstisacomposite surface between two IFT-B2 complexes thatis only
formed upon polymerization. Here, the MTBD of DHC-Asitsinatrench
formed between two neighboring IFT172-TPRs, with IFT80-WD2 and
IFT54/20 forming the base. This interaction could be mediated by a
negatively charged patch on IFT80-WD2, mimicking the interaction
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between the MTBD and the negatively charged microtubule surface
(Extended Data Fig. 7I,m). Two more contacts are made by the motor
domain of DHC-B bridging the same two IFT172 subunits through
the AAA5/6 domains. The DHC-B AAA6 domain makes an additional
contact with IFT80-TPR (Fig. 3f-h). Finally, the tail of DHC-B from the
adjacent dynein repeat contacts the same region of the IFT8O-TPR.
These contacts could be supplemented by additional, unstructured
contacts like the reported interaction between the disordered N ter-
minus of IFT54 and dynein®.

Therefore, we find that dynein-2 is only able to bind to IFT-B2 in
the context of an assembled anterograde train. Its binding site includes
the TPR domain of IFT172, which is stabilized in trains but is likely to
be flexible in solution based on the AlphaFold2 ensemble confidence
predictions (Extended Data Fig. 4b). This, combined with the MTBD
binding site that sits on the boundary between IFT-B repeats, means
that dynein will only be able to form weak interactions with unpolym-
erized IFT-B. This provides a level of regulation to prevent dynein-2
frombindingto individual IFT-B components before train assembly.

The IFT-A polymer is continuously
interconnected

TheIFT-A complexsits between the IFT-B complex and the membrane
(Fig.1b).In anterograde trains, it is responsible for transport of some
membrane cargos. IFT-Ais made up of five structural proteins (IFT144,
140, 139, 122 and 121) and one disordered protein (IFT43). IFT144,
IFT140, IFT122 and IFT121 all have tandem N-terminal WD domains
followed by extended TPR domains (Extended Data Fig. 4a). IFT139
consists solely of TPR repeats, which were predicted by AlphaFold2 to
formasuperhelical spiral. However, how these proteins are organized
intothe IFT-A complex, and how the complexes assemble into polymers,
could not be resolved in previous studies.

The resolution of our IFT-A reconstructions was limited to
18.6 A (Extended Data Fig. 3g,h), potentially making subunit place-
ment difficult. However, the AlphaFold2 models of each of the four
WD-containing IFT-A proteins showed unique combinations of angles
between the two WD domains and the position of the first TPR repeat
(Extended DataFig. 9a,b). This allowed us to unambiguously place the
WD domains in our map and fit the C-terminal TPR domains into the
connected continuous tubular densities (Extended Data Fig. 9c,d).
Finally, we identified a spiral density corresponding to IFT139 to com-
plete our model (Supplementary Video 2).

We also see an extra density at lower thresholds bridging the gap
between IFT144-WD and IFT140-WD (Extended Data Fig. 9e). We do
not locate the disordered IFT43 in our overall model. However, since
IFT43 is thought to interact with two proteins (IFT121 and IFT139;
refs.16,18) that we show are at the other end of the complex, it is unlikely
that this density corresponds to IFT43. Therefore, the density belongs
to another, unidentified protein.

Our modelshows thatIFT-Aisanintricately interconnected com-
plex. IFT144-WD defines one end of the IFT-A complex (Fig. 4a-c)
and projects out toward the membrane. The IFT140-WD domains
are nearby and the N-terminal TPR motifs of IFT144 and IFT140 have
along interface running along the edge of the complex (Fig. 4b).
Surprisingly, IFT144-TPR and IFT140-TPR run into the neighboring
repeat, where IFT140 (IFT140") interacts with the C-terminal TPRs
of IFT144 from the adjacent complex (IFT144V") (Extended Data
Fig. 9f,g). This interaction supports the end of IFT144"Y-TPR, which
acts as the base on which IFT140"-WD and IFT121"-WD sit. This unu-
sual arrangement means that IFT144 and IFT140 are responsible for
bothlateralinteractions and the fundamental structural organization
of the neighboring repeat.

IFT122, IFT121 and IFT139 form three pillars at the other end
of IFT-A. The IFT122 and IFT121-WD domains are stacked together
directly below the membrane. IFT121-TPR runs through this region
to form a platform for IFT122-WD binding and slots into the IFT139

superhelix. (Fig. 4a). Finally, IFT122-TPR projects out of the column
toward IFT144/140, where it interacts with IFT144-WD (Fig. 4c).

IFT-A alterations are clustered around interfaces
The Human Gene Mutation Database contains over 100 point mutations
that lead to alterations in IFT-A proteins associated with ciliopathy
phenotypes®. Many of these alterations can be mapped to the outer
surfaces ofthe WD domains in our model (Fig. 4d,e and Supplementary
Datal).Since theseregionsall face the membrane directly, alterations
here could have adeleterious effect on membrane recognition or cargo
binding. InIFT144 and IFT140, many of the WD domain alterations cor-
respondtotheregionsthatinteract with the unidentified extra density
(Extended DataFig. 9g). This suggests that this extra density could be
an IFT-A cargo or cargo adapter.

In the TPR domains, almost all of the alterations are found at the
interfaces with other IFT-A proteins (Fig. 4d,e). This includes interac-
tions between IFT144 and IFT140 belonging to neighboring repeats
(Fig. 4e). These alterations are therefore likely to result in destabi-
lization of the complex, due to disruption of complex formation or
polymerization. IFT139is an exception because it contains alterations
throughoutits structure. It forms an external surface, thus alterations
are likely to disrupt interactions with cargo or IFT-B (as discussed
below) rather than complex formation.

IFT-A and IFT-B are flexibly tethered

A majorremaining questionis how IFT-Aand IFT-B stably bind to each
other, given their periodicity mismatch. In our IFT-A and IFT-B aver-
ages, the mismatch meant that one complex was blurred out in the
average of the other (Fig. 5a-c). By using masked 3D classification of
the region corresponding to IFT-A in our IFT-B averages, we obtained
classes where IFT-A is resolved in different registers relative to IFT-B
(Extended Data Fig. 10a). In these classes, we see two new densities
bridging IFT-A and IFT-B (Fig. 5d,e).

The first bridge is between IFT139 in IFT-A and IFT81/74 in IFT-B1
(Fig.5d).EachIFT-Blrepeat projects a tubular density corresponding
inlength and location to the unmodeled fifth coiled-coil segment of
IFT81/74. Two IFT81/74 copies bind to one IFT139, although there are
transition zones where the periodicity mismatch means that two adja-
centrepeats compete for the same IFT139 binding site (Fig. 5e). Here,
thereisaswitchinregisterin the subsequent repeats, made possible by
the conformational flexibility between IFT81/74 coiled-coil segments.
IFT139 has anegatively charged surface and IFT81/74-CC5is positively
charged, making afavorableionicinteraction possible (Extended Data
Fig.10b,c). The mutations inIFT139 that we find in thisregion (Fig. 4d)
could therefore affect IFT81/74 binding.

The second bridge comes from classes obtained from our IFT-B2
average. We see an extension of the IFT172 density running along the
roof of IFT-B2in alternate repeats (Fig. 5f,g). This density reaches up to
thelFT-A complex and docks between the C terminus of IFT144 and the
inner face of IFT139. This links IFT-A complexes two repeats away from
each other, suggesting that it could be important to help guide IFT-A
poylmerization by establishing longer-range lateral interactions. We
assign this density to be the C-terminal TPR domain of IFT172, whichis
alsounmodeledin our overall reconstruction. Like IFT81/74-CCS, this
domain is linked to the modeled region by a flexible linker, allowing
it to interact with IFT-A in different registers. The IFT172 C terminus
contains astrongly acidic patch capable of binding to abasic patch on
IFT144 (Fig. 5h,i).

Together, we show that anterograde trains overcome the perio-
dicity mismatch between IFT-A and IFT-B using flexible tethers from
IFT-B that are in a stoichiometric excess to IFT-A. This suggests that
IFT-Aisrecruited in a search-and-capture mechanism, where nascent
IFT-B polymers can sample a large space through these tentacle-like
tethers (Fig. 5j,k). This then aids IFT-A polymerization by creating a
higher local concentration of IFT-A and promotes long-range lateral
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IFT144

IFT122

)

Membrane

IFT139

Fig. 4 |IFT-A presentsits four WD domains to the membrane. a, The IFT-A
model viewed in profile, asif looking down the train. b, Cartoon representation
of IFT-Ashown from asside view asin a. ¢, Top view of the IFT-A model, with
neighboring repeats shown as silhouettes. [IFT140 and IFT144 both reachinto
the neighoring complex. d, We mapped alterations in human IFT-A proteins

caused by point mutations that are linked to ciliopathies to conserved residues
in C. reinhardtii. Here, IFT121, IFT122 and IFT139 are shown, with most alterations
(shown as sphere representation) mapping to the WD domains or to interfaces
between TPR domains. e, A second view, showing the alterations caused by point
mutations present in IFT144 and IFT140.

interaction into polymers (Fig. 5g). In principle, this could mean that
IFT-A could only polymerize with the help of IFT-B, thus preventing
IFT-A multimerization away from the basal body. Finally, a flexible
interaction allows IFT-A and IFT-B to maintain their connection while
withstanding the mechanical stresses present in actively beating cilia.

Discussion

Overall, we presentacomplete molecular model of the anterograde IFT
train. This was made possible by recentimprovements in subtomogram
averaging methods and protein structure prediction. The use of Alpha-
Fold2 modelsincombinationwithintermediate-resolutioncryo-ET den-
sities opens many new avenues for previously difficult-to-characterize
protein complexes, but is a technique that needs to be treated with
caution. Our modeling process was complemented by a wealth of previ-
ously published protein-proteininteractions that limited the combina-
tion of possible protein positions to a single solution (Extended Data
Fig.5). Subsequently released results from a single-particle structure
of isolated IFT-A complexes® and crosslinking mass spectrometry of
purified IFT-B*® are both consistent with our model.

Our new model finds interactions within anterograde IFT trains
that are not described in previous studies. We propose that since the
previously mapped interactions are based on purified complexes
outside of their native environment, these probably representisolated,
unpolymerized IFT complexes. Differences in interactions between
our structure and the previous data could therefore illustrate the

architectural changes that occur during polymerization into antero-
grade trains.

Forexample, IFT81/74 was conventionally thought to be recruited
to IFT-B1 through interaction with the IFT52/46 heterodimer™. In
our model, IFT81/74 instead docks onto IFT88 and IFT70. In a recent
crosslinking mass spectrometry study of purified IFT-B complexes, the
presence of the IFT88/70 interaction was detected and it was shown
thatitis mutually exclusive with the more dominant IFT52/46 interac-
tion’®. This suggests that during polymerizationinto anterograde trains
a conformational change occurs in IFT-B1 that stabilizes the second
IFT88/70 binding site.

InIFT-B2, IFT172and IFT80 were previously shown to only interact
inthe TPRregions'**’; however, our model shows that the WD domains
also form part of the interface. These interactions occur across the
interface between adjacent repeats, meaning that they are unlikely to
be detected after purification for coimmunoprecipitation assays. This
isconsistent with datashowing that purified IFT-A and IFT-B complexes
do not oligomerize, even at high concentrations™. This leads to a
conundrum of how the IFT-B polymer is assembled when the interac-
tions forming lateral repeats are too weak to be detected biochemically.
One possible answer could be that an exogenous factor is required to
nucleate or assist polymerization. Interestingly, in subtomogram aver-
ages of anterograde trains assembling at the basal body, an unknown
extra density is observed beneath IFT-B1 that is absent in the mature
train®. This unknown component could therefore be responsible for
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3D classification
inside mask :

Class A

Class B
Connection mismatch

Fig. 5|IFT-A and IFT-B are connected at two points. a, The 21 A IFT-A

average covering three repeats, unmasked to show that IFT-B (light blue)

is averaged out with respect to IFT-A (alternating yellow) due to peridocity
mismatch. b, The IFT-Bl average filtered to 12 A and unmasked, to show that
IFT-A (yellow) is averaged out with respect to IFT-B1 (alternating blue) due to
periodicity mismatch. The red box indicates the location of the mask used for
subclassification to generate the classesin d and e. ¢, Cartoon depicting the view
ina,b,dande.d, After classification of the IFT-A region in the IFT-Bl average,
we find classes where IFT-A (alternating yellow) and IFT-B (alternating blue)
areinsync. We see a new density (dark blue) linking IFT-B to IFT-A, which we
designate as CC5 of IFT81/74. Bottom, cartoon representation of the density.

e, Asecond class shows how the IFT81/74 connections (dark blue) adapt to the
periodicity mismatch between IFT-A (alternating yellow) and IFT-B (alternating
blue), by switching register with respect to IFT-A at the red arrow. Bottom,
cartoon representation of the density. f, A top view of class A from classification

+3 more
| classes

IFT-B2 class A
Matched connections

:IFT144/IFT139
IFT81/

:IFT139

ofthe IFT-Aregionin the IFT-B2 average. Inset, cartoon view. IFT-B1 (alternating
light/dark blue) and IFT-B2 (alternating light/dark green) are joined by a new,
unmodeled density corresponding to the C terminus of IFT172 (lime green).

g, Thesame class as f, rotated 180° to view the same IFT172 density (lime green and
transparent, with the AlphaFold2 model docked) interacting with IFT-A. The IFT-A
complex is colored to highlight that the connecting density connects nonadjacent
neighbors. Inset, cartoon view. h, The same view as in g, showing the AlphaFold2
IFT172 C terminus model (lime green) docked into the density along with our
IFT-Amodel. IFT172 bridges the gap between IFT144 and IFT139. i, The same view
asinh, withIFT172, IFT144 and IFT139 shown with surface charge depiction. The
negatively charged IFT172 C terminus can make favorable ionic interactions

with the positively charged IFT144 C terminus.j, Cartoon representation of the
overall anterograde train structure, showing the two points of connection (dotted
outlines). k, Cartoon representation depicting the proposed role of the flexible
tethersin recruiting IFT-A complexes to nascent IF T trains.

starting the process of fixing mobile domains into a single conforma-
tion during polymerization.

Finally, the connection between IFT-A and IFT-B had recently been
shown to be mediated by an interaction between the C terminus of
IFT88 in IFT-B1 and the C terminus of IFT144 in IFT-A*"*°, These two
elements are close enough in our model to interact, although we do
not have the resolution in this region to detect the contact. However,
since the IFT88 C terminusislongand disordered, itlacks the structural
rigidity to tether IFT-A to IFT-Bin the tight interaction seen in antero-
gradetrains. The IFT88-1FT144 interaction could therefore represent
the first contact in a multistep recruitment process, in which a loose
initial attachment is followed by the tighter tethering we observe to
achieve the mature anterograde structure.

A key outstanding question is how the structure we show here
remodels into the conformationally distinct retrograde train. We
recently showed that anterograde-to-retrograde train conversion

in Chlamydomonas can be induced by mechanical blockage of IFT
at arbitrary positions along the length of the cilium*. This indicates
that anterograde-to-retrograde remodeling does not require special-
ized machineries of the ciliary tip. This supports a model in which
conversion occurs through conformational changes prebuiltinto the
anterograde train. This could be through the compressed or spring-like
coiled coilssuch asIFT81/74 or IFT57/38. Alternatively, TPR and other
a-solenoid domain proteins have previously been shown to behave
as molecular springs****. Many of the TPR domains in our structure
underwent curved-to-straight conformation changes tofit the relaxed
AlphaFold2 predictionsinto our density (Extended Data Fig. 4b), indi-
catingthat they could be asource of molecular strain. This strain could
then be released at the tip, potentially triggered by the loss of tether-
ing to the microtubule, resulting in a relaxation into the retrograde
conformation. However, to fully understand how train conversion
occurs, more structural information of the retrograde trainis required.

Nature Structural & Molecular Biology | Volume 30 | May 2023 | 584-593

591


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-022-00905-5

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-

ability are available at https://doi.org/10.1038/s41594-022-00905-5.

References

1.

10.

n

12.

13.

14.

15.

16.

17.

18.

Anvarian, Z., Mykytyn, K., Mukhopadhyay, S., Pedersen, L.

B. & Christensen, S. T. Cellular signalling by primary cilia in
development, organ function and disease. Nat. Rev. Nephrol. 15,
199-219 (2019).

Reiter, J. F. & Leroux, M. R. Genes and molecular pathways
underpinning ciliopathies. Nat. Rev. Mol. Cell Biol. 18, 533-547
(2017).

Van den Hoek, H. et al. In situ architecture of the ciliary base
reveals the stepwise assembly of intraflagellar transport trains.
Science 377, 543-548 (2022).

Dai, J., Barbieri, F., Mitchell, D. R. & Lechtreck, K. F. In vivo analysis
of outer arm dynein transport reveals cargo-specific intraflagellar
transport properties. Mol. Biol. Cell 29, 2553-2565 (2018).

Liu, P. & Lechtreck, K. F. The Bardet-Biedl syndrome protein
complex is an adapter expanding the cargo range of intraflagellar
transport trains for ciliary export. Proc. Natl Acad. Sci. USA 115,
E934-E943 (2018).

Pigino, G. et al. Electron-tomographic analysis of intraflagellar
transport particle trains in situ. J. Cell Biol. 187, 135-148 (2009).
Qin, H., Diener, D. R., Geimer, S., Cole, D. G. & Rosenbaum, J.

L. Intraflagellar transport (IFT) cargo: IFT transports flagellar
precursors to the tip and turnover products to the cell body.

J. Cell Biol. 164, 255-266 (2004).

Lechtreck, K.-F. et al. The Chlamydomonas reinhardtii BBSome

is an IFT cargo required for export of specific signaling proteins
from flagella. J. Cell Biol. 187, 1117-1132 (2009).

Jordan, M. A, Diener, D. R., Stepanek, L. & Pigino, GThe cryo-EM
structure of intraflagellar transport trains reveals how dynein is
inactivated to ensure unidirectional anterograde movement in
cilia. Nat. Cell Biol. 20, 1250-1255 (2018).

Taschner, M. et al. Intraflagellar transport proteins 172, 80, 57, 54,
38, and 20 form a stable tubulin-binding IFT-B2 complex. EMBO J.
35, 773-790 (2016).

Taschner, M., Kotsis, F., Braeuer, P., Kuehn, E. W. & Lorentzen, E.
Crystal structures of IFT70/52 and IFT52/46 provide insight into
intraflagellar transport B core complex assembly. J. Cell Biol. 207,
269-282 (2014).

Bhogaraju, S., Taschner, M., Morawetz, M., Basquin, C. &
Lorentzen, E. Crystal structure of the intraflagellar transport
complex 25/27. EMBO J. 30, 1907-1918 (2011).

Wachter, S. et al. Binding of IFT22 to the intraflagellar transport
complex is essential for flagellum assembly. EMBO J. 38, 101251
(2019).

Bhogaraju, S. et al. Molecular basis of tubulin transport within the
cilium by IFT74 and IFT81. Science 341, 1009-1012 (2013).
Taschner, M. et al. Crystal structure of intraflagellar transport
protein 80 reveals a homo-dimer required for ciliogenesis. eLife 7,
33067 (2018).

Taschner, M. & Lorentzen, E. The intraflagellar transport
machinery. Cold Spring Harb. Perspect. Biol. 8, a028092

(2016).

MccCafferty, C. L. et al. Integrative modeling reveals the molecular
architecture of the intraflagellar transport A (IFT-A) complex. eLife
11, 81977 (2022).

Behal, R. H. et al. Subunit interactions and organization of the
Chlamydomonas reinhardtii intraflagellar transport complex A
proteins. J. Biol. Chem. 287, 11689-11703 (2012).

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Jordan, M. A. & Pigino, G. The structural basis of intraflagellar
transport at a glance. J. Cell Sci. 134, jcs247163 (2021).

Brazelton, W. J., Amundsen, C. D., Silflow, C. D. & Lefebvre, P. A.
The bld1 mutation identifies the Chlamydomonas osm-6 homolog
as a gene required for flagellar assembly. Curr. Biol. 11,1591-1594
(2001).

Richey, E. A. & Qin, H. Dissecting the sequential assembly and
localization of intraflagellar transport particle complex B in
Chlamydomonas. PLoS ONE 7, e43118 (2012).

Dupont, M. A. et al. Human IFT52 mutations uncover a

novel role for the protein in microtubule dynamics and
centrosome cohesion. Hum. Mol. Genet. 28, 2720-2737

(2019).

Zhou, Z. et al. Impaired cooperation between IFT74/BBS22-IFT81
and IFT25-IFT27/BBS19 causes Bardet-Biedl syndrome. Hum. Mol.
Genet. 31,1681-1693 (2022).

Dong, B. et al. Chlamydomonas IFT25 is dispensable for flagellar
assembly but required to export the BBSome from flagella. Biol.
Open 6, 1680-1691(2017).

Wang, Q. et al. Membrane association and remodeling by
intraflagellar transport protein IFT172. Nat. Commun. 9, 4684
(2018).

Hou, Y. & Witman, G. B. The N-terminus of IFT46 mediates
intraflagellar transport of outer arm dynein and its cargo-adaptor
ODA16. Mol. Biol. Cell 28, 2420-2433 (2017).

Taschner, M., Mourao, A., Awasthi, M., Basquin, J. & Lorentzen, E.
Structural basis of outer dynein arm intraflagellar transport

by the transport adaptor protein ODA16 and the intraflagellar
transport protein IFT46. J. Biol. Chem. 292, 7462-7473

(2017).

Hunter, E. L. et al. The IDA3 adapter, required for intraflagellar
transport of 11 dynein, is regulated by ciliary length. Mol. Biol. Cell
29, 886-896 (2018).

Ishikawa, H. et al. TTC26/DYF13 is an intraflagellar transport
protein required for transport of motility-related proteins into
flagella. eLife 3, e01566 (2014).

Boldt, K. et al. An organelle-specific protein landscape identifies
novel diseases and molecular mechanisms. Nat. Commun. 7,
11491 (2016).

Zhao, Q., Li, S., Shao, S., Wang, Z. & Pan, J. FLS2 is a CDK-like
kinase that directly binds IFT70 and is required for proper ciliary
disassembly in Chlamydomonas. PLoS Genet. 16, 1008561
(2020).

Kubo, T. et al. Together, the IFT81 and IFT74 N-termini form the
main module for intraflagellar transport of tubulin. J. Cell Sci. 129,
2106-2119 (2016).

Alushin, G. M. et al. The Ndc80 kinetochore complex forms
oligomeric arrays along microtubules. Nature 467, 805-810
(2010).

Toropova, K. et al. Structure of the dynein-2 complex and its
assembly with intraflagellar transport trains. Nat. Struct. Mol. Biol.
26, 823-829 (2019).

Zhu, X., Wang, J., Li, S., Lechtreck, K. & Pan, J. IFT54 directly
interacts with kinesin-Il and IFT dynein to regulate anterograde
intraflagellar transport. EMBO J. 40, €105781(2021).

Stenson, P. D. et al. The Human Gene Mutation Database (HGMD"):
optimizing its use in a clinical diagnostic or research setting.
Hum. Genet. 139, 1197-1207 (2020).

Hesketh, S. J., Mukhopadhyay, A. G., Nakamura, D., Toropova, K.
& Roberts, A. J. IFT-A structure reveals carriages for membrane
protein transport into cilia. Cell https://doi.org/10.1016/j.
cell.2022.11.010 (2022).

Petriman, N. A. et al. Biochemically validated structural model of
the 15-subunit intraflagellar transport complex IFT-B. EMBO J. 41,
e112440 (2022).

Nature Structural & Molecular Biology | Volume 30 | May 2023 | 584-593

592


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-022-00905-5
https://doi.org/10.1016/j.cell.2022.11.010
https://doi.org/10.1016/j.cell.2022.11.010

Article

https://doi.org/10.1038/s41594-022-00905-5

39. Katoh, Y. et al. Overall architecture of the intraflagellar transport
(IFT)-B complex containing Cluap1/IFT38 as an essential
component of the IFT-B peripheral subcomplex. J. Biol. Chem.
291, 10962-10975 (2016).

40. Kobayashi, T., Ishida, Y., Hirano, T., Katoh, Y. & Nakayama, K.
Cooperation of the IFT-A complex with the IFT-B complex is
required for ciliary retrograde protein trafficking and GPCR
import. Mol. Biol. Cell 32, 45-56 (2021).

41. Nievergelt, A. P. et al. Conversion of anterograde into retrograde

trains is an intrinsic property of intraflagellar transport. Curr. Biol.

32, 4071-4078.e4 (2022).

42. Kobe, B. & Kajava, A. V. When protein folding is simplified to
protein coiling: the continuum of solenoid protein structures.
Trends Biochem. Sci. 25, 509-515 (2000).

43. Han, L. et al. Cryo-EM structure of an active central apparatus.
Nat. Struct. Mol. Biol. 29, 472-482 (2022).

44, Llabrés, S., Tsenkov, M. I., MacGowan, S. A., Barton, G. J. &
Zachariae, U. Disease related single point mutations alter the
global dynamics of a tetratricopeptide (TPR) a-solenoid domain.
J. Struct. Biol. 209, 107405 (2020).

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other
third party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in a
credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

Nature Structural & Molecular Biology | Volume 30 | May 2023 | 584-593

593


http://www.nature.com/nsmb
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41594-022-00905-5

Methods

Cell culture

C. reinhardtii wild-type (CC625) cells and CC625 cells with glycocalyx
proteins FMGIA and FMGIB deleted by CRISPR (produced for and
described in a manuscript by Nievergelt and Pigino, in preparation)
were cultured in aerated Tris-acetate-phosphate (TAP) media at 24 °C
with a12 hnight/12 hdark cycle for at least 2 d before use.

Grid preparation

Quantifoil R3.5/1 Au200 grids were plasma cleaned for 10 s with an
80:20 oxygen:hydrogen mix (Solarus Il Model 955; Gatan). Then, 4 pl
cellswereaddedtothegrid, followed by 1 ul 10 nm colloidal gold fidu-
cial solution (in phosphate-buffered saline; BBl Solutions). Following
30 sincubation at 22 °C and 95% humidity, the grid was back-blotted
andimmediately plunge frozeninliquid ethane at-182 °C (Leica Auto-
matic Plunge Freezer EM GP2).

Cryo-ET data acquisition

Cryo-ET data were acquired on a Thermo Scientific Titan Krios G4
transmission electron microscope operated at 300 kV using SerialEM*.
Rawvideo frameswererecorded ona Thermo Scientific Falcon4 direct
electrondetector using the post-column Thermo Scientific Selectris X
energy filter. Videos were acquired in Electron Event Representation
format*® with a pixel size of 3.03 A per pixel, an exposure of 3 s and
adose rate of 2.6e” A2s™. Tilt series were collected in 3° increments
using a dose-symmetric scheme with two tilts per reversal up to 30°,
and then bidirectionally to 60°. For a full tilt series, this resulted inan
accumulated dose of 104e” A2, Tilt series were acquired between -2.5
and —4.5 pm defocus.

Tomogram reconstruction

Tiltseries reconstruction was performed using a developmental update
of the TOMOMAN pipeline*, which organizes tomographic data while
feedingitinto different preprocessing programs. Motion correctionwas
performed using the MotionCor2 implementationin Relion3.1(ref. 48),
with Electron Event Representation datasplitinto 40 fractions. Bad tilts
were thenremoved after manualinspection, followed by dose weighting
(Imod*) and contrast transfer function (CTF) estimation (CTFFIND4;
ref. 50). Manual fiducial alignment and CTF-corrected tomogramrecon-
struction at bin4 were then performed in Etomo*. The bin4 tomograms
were then deconvolved for visualization with the tom_deconv filter®.

Particle picking

Anterograde IFT trains were identified in deconvolved bin4 tomograms
according to features identified previously’. Picking was performed
using the 3DMOD slicer*’, with IFT-B and IFT-A picked separately. For
eachIFT-BandIFT-Afilament, an open contour model was picked along
the length. Points were picked along this contour at 4 and 2 nm dis-
tances for IFT-Aand IFT-B, respectively (representing an oversampling
of -3xin each case) using TOM Toolbox scripts (https://www.biochem.
mpg.de/6348566/tom_e).

Subtomogram averaging
We used STOPGAP* to find initial orientations before transferring data
to Relion for high-resolution refinements. However, we found that
because IFT-B looks similar with 180° rotation around the long axis
(the phiangle in STOPGAP) the initial angles were split roughly 50/50
with the right and wrong phi angle. We therefore analysed each train
individually and determined a rough phi angle manually. In STOPGAP,
we extracted particles from the unfiltered bin4 tomograms (70 and
50 pixel box sizes for IFT-B and IFT-A, respectively) and performed
alignments using a cone search witha32°phisearchin8°increments.
The particles and orientations from STOPGAP were converted
to Relion star format and subtomograms and 3D CTF particles were
extracted in Warp™.

For IFT-B, six different collection sessions were incrementally
added to the average (Extended Data Fig. 2). Each group was refined
separately in STOPGAP, with the STOPGAP average of the first group
used as the initial reference for 3D refinement in Relion 3.1 (ref. 48).
Initial refinements used a solvent mask consisting of the entire IFT-B
complex for four repeats. We performed alocal 3D refinement with 3.7°
initial angular sampling per step and 4 and 1 pixel initial translational
search and step sizes. The resulting refinement was used as the input
foraround ofimage warp grid refinement in M**. The refined subtomo-
grams werere-extracted and the 3D refinement was repeated, resulting
in a greatly improved average. This refinement was then used as the
inputfor 3D classification into two classes, using the same solvent mask
and keeping the alignments fixed. The particles from the good class
were then used for separate masked refinements of IFT-Bland IFT-B2,
which proceeded independently but with the same input particles. For
IFT-B1, we found that reducing the length of the mask to two repeats
resultedinthebest averages, but IFT-B2 was best at four repeats. Both
subcomplexesreached Nyquist resolution, so IFT-Bl1 was re-extracted
eventually tobin1(3.03 A per pixel) and IFT-B2 was re-extracted to bin
1.5(4.04 A per pixel). We obtained the highest-resolution reconstruc-
tions after performing image warp and CTF refinement on the IFT-B1
reconstruction in M. We used the resulting parameters to re-extract
bothIFT-Bland IFT-B2 particles for afinal round of 3D refinement (1.7°
initial angular sampling; 3/1 pixelinitial translational search/step). The
resolution was determined with the 0.143 threshold (Extended Data
Fig.3a,b). Masked refinement of the ends of IFT-Bland IFT-B2 resolved
these regions more clearly, although still at lower overall resolution
compared with the core masks (Extended Data Fig. 2c). To obtain an
average of dynein, we created a solvent mask based on our previous
low-resolution IFT-B/dynein average and rescaled it to 4.04 A per pixel
(Extended Data Fig. 2d). We performed 3D classification on our IFT-B2
average into six classes without refinement (Extended Data Fig. 2a),
finding three classes with dynein in three registers. We selected one
class and performed local refinement.

ForIFT-A, thesix collection session groups were combined directly
after STOPGAP into alocal refinementin Relion using amask with three
repeats (Extended DataFig. 4). We did not perform image warp refine-
mentinMforIFT-Aasitresultedinaworse average compared withwhen
the refinements from IFT-B1 were used. However, we found that after
thefirstrefinementinRelion, we saw astrongimprovement by applying
the median Phi angle for each train to every particle in the same train
(coordinate smoothing). This pulls particles that have strayed back to
the consensus angle for the train. The smoothed coordinates were then
locally refined in Relion again and this refinement was used for masked
3D classification without alignments. The good class re-extracted at
bin2 (6.06 A per pixel) and locally refined with a selection of masks
(one repeat, three repeats, left side and right side; Extended Data
Fig.4b-e) to generate maps that best show individual features within
the complex and also connections between adjacent complexes.

Model building

Anumber of crystal structures were available for IFT-B components, but
we used AlphaFold2 structural predictions for all of the components
because the crystal structures were either from different species or
only contained fragments of the protein. Structure predictions were
runas monomers or multimers usingalocal install of AlphaFold version
2.1.1(ref. 55). AlphaFold2 predictions exhibited no major differences
compared with the solved crystal structures. All IFT-A proteins were
folded asmonomers.For IFT-B, IFT172and IFT56 were the only proteins
folded asmonomers. InIFT-B1, the complexes folded as multimers were
IFT88/52/70, IFT70/52/46 (ref.11) and IFT81/74 (ref. 13). For IFT70, the
best fit of the density was achieved by splitting the modelin two, with the
IFT88/52/70 prediction contributing the Cterminus and the IFT70/52/46
prediction contributing the C terminus. IFT52 was splitat the same place
asIFT70.InIFT-B2, we folded IFT80/57/38 and IFT54/20 as multimers'®®.,
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Once we had these starting models, the position of most of the
IFT-B proteins inthe density was straightforward. IFT172,IFT88/70/52,
IFT81/74 and IFT80 all contained strong structural motifs that let us
positionthe original AlphaFold2 models unambiguously. This left the
two coiled-coil densitiesin IFT-B2 tofill. Based on the known interaction
betweenIFT80 and IFT38-CH, we pinpointed the IFT38-CH domain to
the density bound to the face of IFT80-WD1. From here, the length of
thethreelFT57/38 coiled-coil segments exactly matched the coiled-coil
density that reaches across from IFT-B2 to IFT-B1. Finally, the length
of IFT54/20 matched the coiled-coil density running down the side of
IFT80, consistent with the unstructured IFT54 N terminus interacting
with cytoplasmic dynein-2.

ForIFT-A, the four proteins with WD domains each contain unique
conformationsregarding the angle between the tandem WD domains
and between the second WD domain and the start of the TPR. This
allowed us to place each of the four WD domains into the density unam-
biguously. We recognized that the proteins could not adopt reasonable
conformationstofitintoonerepeatas definedin our previous cryo-ET
structure. However, we could identify continuous density between
adjacent repeats in the average of three consecutive IFT-A repeats.
The IFT139 TPR superhelix was obviously identifiable at the edge of
the complex, but wassplitinto tworigid bodiesataloopinthe middle
of the protein to best fit the density.

Once we had positioned the models in the density, we manually
edited them to best fit the density. In IFT-B1, in regions where indi-
vidual a-helices were resolved (IFT88,IFT70, IFT81/74 and IFT57/38),
thisinvolved conventional secondary structural real-space refinement
in Coot™. In IFT-B2, the IFT54/20 coiled coil needed to be curved
slightly to fit into the density. The C-terminal TPR domains of IFT172
curved out of the density. To counter this, we split the region into
rigid bodies defined by loops where the AlphaFold2 prediction had
lower confidence. We then fit the rigid bodies up to the point where
the density became too weak, leaving roughly one-third of IFT172
unmodeled (Extended Data Fig. 4b). We used the same approach
for the TPR domains in IFT-A. For IFT140, IFT122 and IFT121, we did
not model the flexible TPR regions at the C termini. This is because
they were predicted to be only loosely tethered to the remaining TPR
regions, butineach case thereis empty density left in the average for
them to occupy.

Once we had manually assembled the models into the density,
we used NAMDinator*, an automated molecular dynamics flexible
fitting pipeline, to refine to models into our density. We used default
parameters and started withthe individual assemblies described above.
Different models were then combined to form the IFT-B1/2 and IFT-A
complexes and refined, and then combined again to create lateral
repeats to ensure lateral did not clash. Map and model visualization
were performed in ChimeraX®®, Human point mutations were obtained
from the Human Gene Mutation Database™.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The following maps have been deposited to the Electron Microscopy
Data Bank: the IFT-B consensus of focused refinements (EMD-15977),
the IFT-B1 focused refinement (EMD-15978, with the IFT-B1 periph-
eral focused refinement as an associated map), the IFT-B2 focused
refinement (EMD-15979, with the IFT-B2 peripheral focused refine-
ment as an associated map), the IFT-B low-resolution overall map
tovalidate consensus (EMD-16014) and the IFT-A three-repeat map
(EMD-15980, with one-repeat and masked refinements as associated
maps in this deposition). The IFT-B and IFT-A atomic models have
been deposited to the Protein Data Bank with the codes 8BD7 and
8BDA, respectively.
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electron tomograms. a, A slice through a representative tomogram from our
dataset of a 600 tomograms of C. reinhardtii cilium, showing abulge in the
membranein the middle corresponding to an anterograde IFT train (red box).
Scale bar =100 nm. b, Close up view of the trainin A, with IFT-A (yellow) and
IFT-B (blue) repeats annotated. Scale bar = 50 nm. ¢, After identification, we
manually picked trainsin IMOD as a contour running through the center of the

complex. IFT-B picking is shown here, and IFT-A, visible above the IFT-B contour,
was picked in aseparate model. Scale bar=50 nm. d, The contour was converted
into subtomogram coordinates with oversampling to ensure no particles were
missed. Scale bar=50 nm. e, Here, the final refined coordinates are shown on
the train. The particles have undergone proximity cleaning compared to the
oversampling in D, as well as 3D classification to remove bad particles. Scale

bar =50 nm.
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Extended DataFig. 2 | Processing diagram for IFT-B subtomogram averaging.  solvent masks used to refine the extremities of the IFT-B1and IFT-B2 complexes,

a, Workflow depicting the steps involved in averaging the IFT-Bl1 and IFT-B2 which are poorly resolved when using the masks in B. d,The solvent mask used to
complexes. Processing started in STOPGAP (areas in dotted black line) before classify and refine dynein from IFT-B2. e, Fourier Shell Coefficient (FSC)
proceeding to Relion. The level of binning at each stage isindicated by the outline  curve of the IFT-Bl average, as ameasure of map resolution. f, FSC curve of the
ofthe box (colour code top right). All scale bars=10 nm. b, The solvent masks IFT-B2 average.

used to refine IFT-B1 (blue) and IFT-B2 (green) separately from each other. ¢, The
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Extended Data Fig. 3| Processing diagram for IFT-A subtomogram averaging.

a, Workflow depicting the steps involved in averaging the IFT-A complex.
Processing started in STOPGAP (areas in dotted black line) before proceeding
toRelion. The level of binning at each stage is indicated by the outline of the box
(colour code top right). All scale bars=10 nm. b, The solvent mask used to refine
IFT-A, containg one repeat. ¢, The solvent mask used to refine IFT-A, containing

threerepeats. d, The solvent mask used to refine IFT-A, consisting of the left side
of onerepeat of the complex. e, The solvent mask used to refine IFT-A, consisting
of theright side of one repeat of the complex. f, Angular distribution of particles
contributing to the IFT-A average (one repeat). g, FSC curve of the IFT-A average,
refined using a mask containing one repeat. h, FSC curve of the IFT-A average,
refined using a mask containing three repeats.
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Extended Data Fig. 5| Building amodel of IFT-B using Alphafold2
predictions. a, A step-by-step summary of the placement of each proteinin IFT-B
during molecular modelling, with accompanying illustrations shown in boxes on
theright. I: A single repeating unit of IFT-B cropped out of the overall composite
map for visualization. IFT-Blin blue and IFT-B2 in green. 2: We start by docking
inunmodified Alphafold2 models of IFT88, IFT80 and IFT70, which have strong
features and required few modifications to the Alphafold2 model 3: IFT52 was
separately folded as amultimer with IFT88, IFT70 and IFT46 based on previous
biochemical and structural data. The segments were joined back together and fit
into the matching density. 4: IFT172 wasinitially identified through the strong fit
between the density and the N-terminal WD-domains and TPRs in the Alphafold2
prediction (inset 4a), but the C-terminal TPR domains started to bend out of the
density (inset 4b). We therefore moved the TPR domains into the continuous
density emanating from the WD domains (arrow, inset 4b). 5: We concluded that
the segmented coiled coil density on the top of IFTB1 was IFT81/74 based on

previous studies. To fit the segments, we split them at the interconnecting loops
(red scissor, as well as one more not shown in this view), fit them independently
and thenreconnected them. 6:1IFT56 was docked in unchanged to the focused
refinement of the periphery of IFTBL. 7: To place IFT57/38, we used the prior
knowledge that IFT38-CH forms a high-affinity interaction with IFT80-WD1,

and that IFT57/38 forms the link between IFT-B1 and IFT-B2. The linking density
between the two lobes is a segmented coiled coil, matching the Alphafold2
prediction of IFT57/38. We therefore placed IFT38-CH in the small globular
density bound to the face of IFT80-WD1, and split and docked the coiled coil
segmentsinto the bridging density. 8:1FT54/20 was the remaining Alphafold2
model to fit,and was docked into the coiled coil density of corresponding length
inIFT-B2, the only region of the map left unmodelled. b,¢, Model-to-map FSC
curves for the IFT-Bl model into the IFT-B1 density and IFT-B2 model to IFT-B2
density respectively.
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Extended DataFig. 6 | Building amodel of IFT-B1. a, A view of the IFT-B1 model for the central unstructured domain of IFT52 (dark blue) is visible in the central
docked intoits density from the bottom (see E). b, A view of the IFT-B1 model pore of IFT88 (cyan), showing that the Alphafold2 prediction agrees with our
docked intoits density from the top (see E). ¢, Cartoon representation of IFT-B experimental data. g, The N-terminal CH domain of IFT37 (light green) docks to
showing the views in A-D.d, A side view of the ‘tail’ of IFT-B1 docked into the the exterior face of the first WD domain of IFT80 (dark green) in IFT-B2.
masked tail refinement (Extended data 2A) map lowpass filtered to 18 A.The h, Aproline residue (magenta) creates akink in each of the IFT57/38 (dark/
region containing IFT56 was more flexible in the high-resolution average shown light green) helices near the contact to the first IFT88.1, The position of D268 in
inA/B, butis more clearly resolved here. e, A close up view of IFT56 in the masked IFT52 highlighted inred, at the interface between IFT-Bland IFT-B2. D268 in C.
tail refinement map, showing that the twist in the TPR helix is visible. f, Density reinhardtii corresponds to the D259H mutation in humans®.
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Extended Data Fig. 7| Building amodel of the IFT-B2 complex and its
interaction partner dynein-2. a, A top view of the IFT-B2 subtomogram average
density with the IFT-B2 model docked in. b, A view of the end of the IFT-B2
subtomogram average density with the IFT-B2 model docked in. ¢, The same view
as B,butatalower threshold to demonstrate that IFT172-WD1is represented in
the density but at lower resolution than the rest of the complex due to flexibility.
d, Cartoon depicting the views of IFT-Bin the other panels. e, The IFT172-WD1
domain folded as a multimer with the CH domain of IFT57 forming a complex
thatis represented in the density of the IFT172 masked refinement map.f, The
IFT54/20 (lime/pale green) bridge the gap in the IFT80-WD2ring. g, Coloured

density of Fig. 3d, showing our newly refined dynein average. Dynein repeats are
alternating pink/purple, IFT-B2is green. h, Side view of F. i, Same view as G, with
density made translucent and the models docked in.j, The density in our new
dynein average cropped out around the original dynein model (white) shows
that the heavy chain undergoes a rearrangement in our newly refined model
(purple), leaving an unmodelled density (inset). k, The unmodelled density likely
corresponds to a Tctexldimer (green), linking the motor domains to the tail.

1, Aview of the top surface of IFT-B2, corresponding to the site where the dynein
MTBD binds. m, The same view with surface charge representations shown,
highlighting a positively charged patch where dynein binds.
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linked biochemically to cargo transport labelled coloured. The large structural
cargo interactions mostly occur at the edge of IFT-B1. IFT54 is thought to recruit
kinesin Il to anterograde trains, but this is not visible in our structure, probably
dueto flexibility. b, The CH domain of IFT81 (navy blue), with positive residues
thought to be important for tubulin binding shownin red. Only a narrow space

CH

CH

IFT81 Ndc80

IFT81 (CH Domain)
Tubulin

Membrane prOteins

IFT56
IDAs

Ndc80 Tubul'in

between IFT81 CH domain (navy blue) and the CH domain of Ndc80 (pink)
bound to microtubules (grey, PDB 31Z0), indicating strong structural homology
between the two CH domains. d, The Ndc80:MT complex structure docked with
the Ndc80-CH domain aligned to the IFT81-CH domain, simulating a potential
interaction with tubulin cargo. Strong steric clashes occur between tubulin and
IFT81/74 in the neighbouring repeat.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | The IFT-A polymer is built around four tandem WD
domain proteins. a, A comparison between the four tandem WD domains found
inIFT-A, aligned at WD1. WD2 adopts a unique conformation relative to WD in
each of the four proteins (with the TPR domain emerging at different places),
allowing us to dock the models into the density. b, Equivalent to A, but with 90°
rotation to provide a bottom view of the WD2 domains. ¢, A step-by-step guide
of the model placements in IFT-A. 1: One repeat of IFT-A highlighted in yellow. 2:
WD domains were docked into the density according to the angle between WD1
and WD2, and the exit of the TPR domain from WD2. Focused refinements were
used for this positioning (as shown in inset panels for 2). 3: TPR domains were fit
into the continuous tubular densities emanating from each of the WD domains,
withIFT139 identified as the remaining spiral density corresponding to the TPR
superhelix. d, Model-to-map FSC curve for the IFTA model (into the overall 20.7 A

3-repeat IFTA density). e, We lowpass filtered our IFT-A 3-repeat average, with
regions containing part of our model coloured in yellow (dark yellow highlighting
asingle repeat). We see an extra density (grey) forming a bridge between the WD
domains of IFT144 and IFT140 that is not formed by a protein in our model.

f, Long distance interconnectivity between IFT144 and IFT140 from neighbouring
complexes. The TPR domain of IFT140 (orange) reaches into the neighbouring
complex and stabilize its copy of IFT144-TPR (darkred). g, Side view of F, with
some extra subunits coloured and density shown. The TPR domain of IFT140
from the adjacent repeat stabilizes the conformation of IFT144. The WD domain
of IFT140 (dark orange) sits on top of IFT144-TPR (both complex-1), meaning
IFT140-TPR from complex 2 is determining the conformation of its neighbour.
This stabilizes the binding site for [FT121-WD (yellow, complex1).
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Extended Data Fig. 10 | Classification of synchronous IFT-A and IFT-B bindingsite is strongly negatively charged. c, Surface charge representation of
averages. a, Processing workflow of the classification of the IFT-B average IFT81/74 CC5shows that itis positively charged, facilitating its interaction with

to generate the classes in Fig. 5 that show synchronous IFT-A and IFT-B. Scale IFT139.
bars =10 nm. b, Surface charge representation of IFT139 shows that the IFT81/74
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map), IFT-B low-resolution overall map to validate consensus (EMD-16014) and IFTA (3-repeat map EMD-15980, 1 repeat and masked refinements as associated
maps in this deposition). The IFT-B and IFT-A atomic models have been deposited to the protein data bank with the codes PDB-8BD7 and PDB-8BDA respectively.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We kept acquiring tomograms and adding subtomograms to our average until the overall resolution, as assessed by the gold-standard Fourier
Shell Correlation (FSC) 0.143 criteria, stopped improving with the addition of more data.

Data exclusions 3D Classification was performed in Relion to remove subtomograms that did not contribute to the overall average.
Replication Cryo-EM grids used for data collection were frozen on 7 separate occasions (7 separate cultures = 7 biological replicates).
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Authentication PCR validation of cell lines.
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