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Intraflagellar transport proteins 172, 80, 57, 54,
38, and 20 form a stable tubulin-binding
IFT-B2 complex
Michael Taschner†, Kristina Weber†, André Mourão, Melanie Vetter, Mayanka Awasthi, Marc Stiegler,

Sagar Bhogaraju & Esben Lorentzen*

Abstract

Intraflagellar transport (IFT) relies on the IFT complex and is
required for ciliogenesis. The IFT-B complex consists of 9–10 stably
associated core subunits and six “peripheral” subunits that were
shown to dissociate from the core structure at moderate salt
concentration. We purified the six “peripheral” IFT-B subunits of
Chlamydomonas reinhardtii as recombinant proteins and show that
they form a stable complex independently of the IFT-B core. We
suggest a nomenclature of IFT-B1 (core) and IFT-B2 (peripheral) for
the two IFT-B subcomplexes. We demonstrate that IFT88, together
with the N-terminal domain of IFT52, is necessary to bridge the
interaction between IFT-B1 and B2. The crystal structure of IFT52N
reveals highly conserved residues critical for IFT-B1/IFT-B2 complex
formation. Furthermore, we show that of the three IFT-B2 subunits
containing a calponin homology (CH) domain (IFT38, 54, and 57),
only IFT54 binds ab-tubulin as a potential IFT cargo, whereas the
CH domains of IFT38 and IFT57 mediate the interaction with IFT80
and IFT172, respectively. Crystal structures of IFT54 CH domains
reveal that tubulin binding is mediated by basic surface-exposed
residues.
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Introduction

Cilia are microtubule (MT)-based appendages protruding from the

surface of many different cell types (Fliegauf et al, 2007). To build

and maintain a functional cilium, cells rely on intraflagellar trans-

port (IFT; for general reviews, see Ishikawa & Marshall, 2011;

Pedersen & Rosenbaum, 2008; Nachury et al, 2010), a bidirectional

motility along the MTs of the ciliary axoneme (Kozminski

et al, 1993). IFT in Chlamydomonas reinhardtii is dependent on

the heterotrimeric kinesin II motor to transport ciliary cargo from

the cell body to the tip of the cilium (anterograde IFT) (Kozminski

et al, 1995; Cole et al, 1998; Qin et al, 2004; Hao et al, 2011; Craft

et al, 2015), but in C. elegans and most likely also vertebrate cilia

the heterotrimeric kinesin II cooperates with a homodimeric

kinesin II motor for anterograde transport (Snow et al, 2004;

Williams et al, 2014; Prevo et al, 2015). At the ciliary tip,

exchange of the cargo and remodeling of the IFT complex take

place and dynein 2 transports the IFT complex and recycling prod-

ucts back to the cell body (retrograde IFT) (Pazour et al, 1999;

Porter et al, 1999; Signor et al, 1999; Qin et al, 2004). IFT is medi-

ated by the IFT complex containing at least 22 protein subunits

(organized into IFT-A and IFT-B subcomplexes), which likely

mediates the interactions between IFT motors and ciliary cargo

(Bhogaraju et al, 2013b). Despite the fact that > 600 different

proteins function inside the cilium and in the ciliary membrane

(Pazour et al, 2005), only little is known about cargo interaction

sites within the IFT complex. However, several ciliary proteins

have been shown to move inside cilia with the velocity of IFT and

thus likely associate with IFT complexes. These include tubulin,

the main axonemal building block, which is a cargo for IFT in

both Chlamydomonas reinhardtii (Cr) (Craft et al, 2015) and

C. elegans (Hao et al, 2011). In vitro studies suggested that tubulin

cargo directly binds to the IFT complex via a dedicated module

consisting of a calponin homology (CH) domain of IFT81 and a

highly basic domain of IFT74 (Bhogaraju et al, 2013a). However,

given that tubulin is the most abundant ciliary protein, it has been

suggested that additional tubulin-binding sites may exist within

the IFT complex (Bhogaraju et al, 2014). Other axonemal compo-

nents known to travel by IFT in Chlamydomonas are the nexin–

dynein regulatory complex proteins DRC2 and DRC4 and the

central pair protein PF16 (Wren et al, 2013). Outer dynein arms

(ODAs) are also likely cargoes for IFT via interaction with IFT46

through the adaptor protein ODA16 (Hou et al, 2007; Ahmed et al,

2008). Several subunits of the BBSome, a cargo adapter for

membrane proteins, have also been demonstrated to move by IFT
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(Blacque et al, 2004; Lechtreck et al, 2009a) as have several inte-

gral and associated membrane proteins (Qin et al, 2005; Huang

et al, 2007).

The IFT complex organizes into a 6 subunit IFT-A and a 16

subunit IFT-B subcomplex that separate in sucrose gradients even

at low salt concentrations (Piperno & Mead, 1997; Cole et al,

1998; Lucker et al, 2005; Omori et al, 2008; Follit et al, 2009;

Lechtreck et al, 2009b; Fan et al, 2010; Taschner et al, 2011;

Ishikawa et al, 2014). Nine of the IFT-B subunits (IFT88/81/74/

70/52/46/27/25/22) were shown to assemble into a stable IFT-B

core (Lucker et al, 2005; Taschner et al, 2014). IFT56 was recently

characterized as an IFT-B complex protein involved in the trans-

port of axonemal motility factors (Ishikawa et al, 2014), and

yeast-2-hybrid and pull-down analyses suggest that it may associ-

ate with the IFT-B core complex (Swiderski et al, 2014). The six

remaining IFT-B proteins (IFT172, IFT80, IFT57, IFT54, IFT38,

and IFT20) are referred to as “peripheral” subunits as they were

shown to dissociate from the core at 300 mM NaCl concentration

(Lucker et al, 2005). Despite the label as peripheral, several lines

of evidence in the literature suggest that these IFT-B subunits are

as important for IFT and ciliogenesis as the IFT-B core factors.

Mutations in the C. elegans homologs of IFT172 (OSM-1), IFT80

(CHE-2), IFT57 (CHE-13), IFT54 (DYF-11), and IFT38 (DYF-3) lead

to severe defects in the formation of sensory cilia and associated

phenotypes such as deficiencies in dye-filling, chemosensation, or

osmotic avoidance (Perkins et al, 1986; Fujiwara et al, 1999;

Haycraft et al, 2003; Murayama et al, 2005; Bacaj et al, 2008;

Kunitomo & Iino, 2008; Li et al, 2008). In the ciliate Tetrahymena

thermophila, knockout of IFT172 or depletion of IFT80 leads to

strong ciliary assembly defects (Beales et al, 2007; Tsao &

Gorovsky, 2008), and mutations or depletions of IFT80, IFT172,

IFT57, IFT54 (elipsa), and IFT38 (qilin) disrupt ciliogenesis and

lead to cystic kidneys and curled body axis in zebrafish (Sun

et al, 2004; Beales et al, 2007; Omori et al, 2008; Lunt et al,

2009). Most importantly, knockout mice for IFT172 (wimple),

IFT57 (Hippi), IFT54 (Traf3IP/MIP-T3), IFT38 (Cluap1), IFT20,

and IFT80 display embryonic lethality highlighting their essential

roles in ciliogenesis in mammals (Huangfu et al, 2003; Houde

et al, 2006; Jonassen et al, 2008; Berbari et al, 2011; Rix et al,

2011; Pasek et al, 2012). How the peripheral IFT-B components

associate with the core to form a functional IFT-B complex is

currently unknown.

Here, we purified the six peripheral IFT-B complex proteins of

Chlamydomonas to show that they interact to form a stable

subcomplex (IFT-B2). We map the contacts within IFT-B2 using

direct protein–protein interaction methodology and show that the

CH domains of IFT38 and IFT57 are responsible for the associa-

tion of IFT80 and IFT172, respectively. In contrast, the CH

domain of IFT54, of which we present high-resolution crystal

structures, associates with tubulin/MT via conserved basic resi-

dues and may constitute a second tubulin-binding site within the

IFT complex. Finally, we demonstrate that IFT57/38 within the

IFT-B2 complex mediates the contacts to the IFT-B core (IFT-B1)

through association with IFT88 and the N-terminal domain of

IFT52. Crystal structures of the IFT52 N-terminal domain allow us

to pinpoint critical residues required for IFT-B subcomplex associ-

ation. The data allow us to present an architectural map of IFT-B

complex assembly.

Results

IFT38/Cluap1 interacts directly with IFT57 to form a heterodimer

IFT38 is an IFT complex protein also known as FAP22 (C. rein-

hardtii), DYF-3 (C. elegans), Cluap1 (mammals), Qilin (D. rerio),

and PIFTA1 (T. brucei) (Subota et al, 2014). Although IFT38 was

not identified in the pioneering characterizations of the IFT-B

complex (Piperno & Mead, 1997; Cole et al, 1998), several lines of

evidence suggest that IFT38 is a bona fide IFT-B complex protein.

IFT38 localizes to the cilium and is required for ciliogenesis in a

wide range of organisms, and mutations in IFT38 cause cystic

kidneys in zebrafish and result in a loss of hedgehog signaling and

embryonic lethality in mice (Sun et al, 2004; Stolc et al, 2005;

Absalon et al, 2008). Furthermore, IFT38 was shown to undergo

IFT in C. elegans (Ou et al, 2005) and co-precipitated along with

other IFT-B proteins from zebrafish cell lysates using TAP-IFT54 as

a bait (Omori et al, 2008). To investigate how this protein associ-

ates with the IFT complex, we co-expressed CrIFT38 with different

IFT-B components resulting in soluble co-expression only with the

IFT57 subunit (Fig 1A and data not shown). Although IFT38 is

insoluble when over-expressed alone and IFT57 alone partially

aggregates, the co-expressed IFT57/38 complex is highly soluble;

co-purified during affinity, ion-exchange chromatography, and size-

exclusion chromatography (SEC); and sedimented as a hetero-

dimeric complex in analytical ultracentrifugation (MW of 81 kDa

vs. a theoretical MW of 93 kDa, see Appendix Fig S1A). Further-

more, pull-downs from C. reinhardtii lysates using GST-tagged

IFT20 as bait identified IFT38/FAP22 along with several other IFT-B

proteins, demonstrating that IFT38 is a component of the IFT-B

complex in the green alga (Appendix Fig S1B). We conclude that

IFT38 associates with the IFT-B complex through a direct interac-

tion with IFT57.

Six of the peripheral IFT-B subunits form a stable IFT-B2 complex

In an attempt to map the binding sites for the six “peripheral”

IFT-B components IFT172, 80, 57, 54, 38, and 20 within the IFT-B

complex, we over-expressed IFT172 and IFT80 as individual

subunits and IFT57/38 as a heterodimer in insect cells, and a

heterodimer of IFT54/20 in E. coli (Chlamydomonas proteins,

Fig 1A). Whereas IFT80, IFT54/20, and IFT57/38 can be purified

as full-length (FL) proteins, FL IFT172 was difficult to purify due

to lower expression and a tendency to degrade (Fig 1A).

However, an N-terminal construct of IFT172 lacking 787 residues

of the predicted C-terminal a-solenoid structure (IFT172DC, resi-

dues 1–968) expressed well and could be purified (Fig 1A).

Surprisingly, incubation of IFT172DC, IFT80, and IFT57/38 with

GST-tagged IFT54/20 resulted in the pull-down of all six compo-

nents using GSH beads (Fig 1B). Additionally, when IFT172DC,
IFT80, IFT54/20, and IFT57/38 were mixed, incubated, and

subjected to SEC, all six proteins co-eluted in a peak significantly

shifted from the peaks of the individual components, demonstrat-

ing the formation of a larger complex (Fig 1C). A similar result

was obtained with FL IFT172 although the elution profile was

somewhat broader, which is likely a result of partial proteolysis

of IFT172 (Appendix Fig S1C). Based on the SEC elution volume,

we estimate the molecular weight (MW) of the hexameric
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complex containing IFT172DC to be ~1.4 MDa (calculated

MW = 353 kDa). This could suggest a multimer but given the fact

that MW determination by SEC is highly shape dependent and the

hexameric complex contains four coiled-coil proteins (IFT57, 54,

38, and 20), and the high estimated MW from SEC could simply

be a result of a highly elongated shape of the complex. These

data demonstrate that IFT172, 80, 57, 54, 38, and 20 are not

subunits peripheral to the IFT-B core but form a separate stable

high-molecular weight subcomplex. We thus suggest a nomencla-

ture where the IFT-B core complex is referred to as IFT-B1 and

the complex identified here consisting of previously characterized

peripheral subunits as IFT-B2.

Architecture of the IFT-B2 complex

To determine the architecture of the IFT-B2 complex, we carried out

pull-downs and SEC experiments with purified Chlamydomonas

proteins. IFT38, IFT54, and IFT57 all share a similar predicted

domain organization consisting of an N-terminal calponin homology

(CH) domain followed by C-terminal coiled-coil structure (Fig 1A)

(Taschner et al, 2012; Schou et al, 2013). IFT172 and IFT80 are both

predicted to contain two N-terminal WD40 b-propeller domains

followed by a-solenoid structure akin to the domain architecture

observed for coatomer subunits (van Dam et al, 2013). Mutations in

IFT172 and IFT80 were reported to result in skeletal pattering
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Figure 1. IFT172, 80, 57, 54, 38, and 20 form an IFT-B2 subcomplex.

A SDS–PAGE gels stained with Coomassie showing the purity of the Chlamydomonas IFT-B2 components, over-expressed in E. coli or insect cells, after the last
purification step by SEC. IFT54/20 and IFT57/38 were purified as hetero-dimeric complexes, whereas IFT80, IFT172, and an N-terminal IFT172(1-968) (IFT172DC)
constructs were purified as single components. A cartoon representation of the predicted domain architecture of IFT-B2 components using HHPRED (Söding et al,
2005) is shown at the center.

B Pull-down analysis for the hexameric IFT-B2 complex. A mixture of IFT172DC, IFT80, and the IFT57/38 complex (“input”) shows only weak non-specific binding to GSH
resin (“empty”), but all proteins are pulled down by IFT54/20-GST complex. Note that the IFT20-GST and IFT38 proteins co-migrate on the gel and cannot be properly
resolved. However, the presence of the IFT57 protein in the pull-down sample implies that its binding partner IFT38 is also there.

C (left) SEC elution profiles of individual IFT-B2 components and of the assembled hexameric IFT-B2 complex. The elution peak of IFT-B2 is shifted compared
to all of the individual components. Note that the peak heights were adjusted for better visualization of the result. (right) Coomassie-stained SDS–PAGE
gel of the six main fractions of the IFT-B2 SEC elution peak demonstrating the presence of all six IFT-B2 subunits. Weak contaminating bands are marked
with asterisks.
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defects (Beales et al, 2007; Halbritter et al, 2013), and the two

components interact genetically (Halbritter et al, 2013) albeit not

physically in sucrose gradients (Lucker et al, 2005). We observed

no direct interaction between IFT172 and IFT80 in SEC

(Appendix Fig S2A and B). However, both IFT172DC and IFT80

interacted strongly with IFT57/38 and co-purified as hetero-trimeric

subcomplexes in SEC experiments (Fig 2A and B). The interactions

are not mutually exclusive as the formation of a tetrameric

IFT172DC/80/57/38 complex was observed in SEC (Fig 2C). To

evaluate which domains of the IFT57/38 complex recognize IFT172

and IFT80, a mixture of purified IFT172DC and IFT80 was pulled

down by GST-tagged N-terminal CH domains (IFT38CH or IFT57CH)

or C-terminal coiled-coil domains (IFT57CC/IFT38CC) (Fig 2D). The

results demonstrated that IFT80 interacts with the CH domain of

IFT38 and IFT172DC with the CH domain of IFT57 (Fig 2D lanes

3–4). No detectable interaction was observed between the coiled-coil

regions of IFT57/38 and IFT80 or IFT172DC (Fig 2D, lane 5).

Next, we dissected the interaction within the IFT54/20 and

IFT57/38 complexes. Consistent with previously published data

(Omori et al, 2008; Follit et al, 2009), we found that purified IFT54

associates with IFT20 via the coiled-coil domain and not via the CH

domain (Appendix Fig S2C and D). Similarly, the coiled-coil regions

of IFT38 and IFT57 were sufficient for IFT57/38 complex formation

(Fig 2D, lane 5 and Appendix Fig S2E). Further pull-down experi-

ments showed that the IFT54/20 complex interacts directly with

both the IFT57/38 complex (Fig 2E) and the IFT80 protein (Fig 2F),

but individually, these interactions are not strong enough to be

detected by SEC (data not shown). We conclude that IFT54/20 is

stably incorporated into the IFT-B2 complex through simultaneous

interactions with both IFT57/38 and IFT80. The architecture of the

IFT-B2 complex is summarized in Fig 2G.

IFT-B2 binds ab-tubulin via the CH domain of IFT54

What is the function of IFT-B2 in cilium formation? We recently

showed that the CH domain of IFT81 together with a basic domain

of IFT74 (both subunits of the IFT-B1 complex) forms a tubulin-

binding module that likely functions in the IFT of ab-tubulin to the

tips of cilia (Bhogaraju et al, 2013a). However, calculations using

the kinetics of Chlamydomonas ciliogenesis suggest that each IFT

complex likely carries at least two ab-tubulin heterodimers to

sustain the observed fast initial rate of cilium growth (Bhogaraju

et al, 2014). Prime candidates for additional tubulin cargo-binding

sites within the IFT complex are the CH domains of the IFT38,

IFT54, and IFT57 subunits of the newly identified IFT-B2 complex

(Taschner et al, 2012; Schou et al, 2013). To test this hypothesis

experimentally, we carried out binding experiments where soluble

ab-tubulin was pulled down with affinity tagged IFT54/20 or IFT57/

38 subcomplexes. The results show that IFT54/20 but not IFT57/38

binds tubulin (Fig 3A, lanes 1–2). We determined the affinity of

IFT54/20 for soluble ab-tubulin to be in the low lM range

(Kd = 3 � 1 lM, Appendix Fig S3A), which is similar to the ~1 lM
affinity of IFT81/74 for ab-tubulin (Bhogaraju et al, 2013a). To

assess tubulin binding by IFT54 in context of the IFT-B2 complex,

we reconstituted IFT-B2 and IFT-B2D54CH lacking the CH domain

of IFT54 (Fig 3A, lanes 3–4). Pull-down experiments showed that

IFT-B2 efficiently co-precipitated soluble ab-tubulin, whereas the

IFT-B2D54CH did not (Fig 3A). These data demonstrated that

IFT54CH is the only tubulin-binding domain within the IFT-B2

complex and suggest that the complete IFT-B complex likely has

two tubulin-binding sites. The finding that IFT57/38 does not bind

tubulin is consistent with a function of the CH domains of IFT38

and IFT57 in mediating the interactions with IFT80 and IFT172,

respectively (Fig 2G).

Mammalian IFT54 (known as TRAF3IP1 or MIPT3) and IFT81/74

were previously shown to associate with both soluble ab-tubulin
and polymerized MTs (Ling & Goeddel, 2000; Bhogaraju et al,

2013a). We find that this is also the case for Chlamydomonas IFT54

as the IFT54/20 subcomplex co-pelleted with MTs in a sedimenta-

tion assay (Appendix Fig S3E). IFT54 was recently implicated in the

regulation of the dynamics of cytoplasmic MT stability (Bizet et al,

2015), which is consistent with the MT-binding activity of IFT54. It

remains to be shown whether the in vitro ability of IFT54 to bind

ab-tubulin (Fig 3) allows it to function in IFT of tubulin to the tips

of cilia.

The IFT54 CH domain binds ab-tubulin via a conserved
basic patch

Tubulin binding by IFT54 was recapitulated using GST-tagged CH

domains of Chlamydomonas (Cr) or mouse (Mm) IFT54

(Appendix Fig S3B). Taken together with the observation that IFT-

B2D54CH does not interact with tubulin (Fig 3A), we conclude that

the N-terminal CH domain is responsible for tubulin binding by

IFT54. To elucidate the molecular mechanism of tubulin binding by

IFT54CH, we determined crystal structures of CrIFT54CH and

MmIFT54CH at 1.6 Å resolution (Fig 3B and C and Table 1). The

structures of Cr- and MmIFT54CH are very similar (root-mean-

square deviation (rmsd) of 0.8 Å) and display a highly basic and

well-conserved surface patch (Fig 3B and C). The overall structure

of the IFT54 CH domain is also similar to that of the IFT81 CH

domain, although the rmsd of 3.3 Å is somewhat higher (Fig 3D).

Significant structural differences between IFT81CH and IFT54CH are

found in the two most C-terminal alpha helices (a4I and a4II)
(Figs 3D and 4). Particularly, a4II adopts a different conformation in

IFT81CH (where it packs against helix a2) compared to IFT54CH

(where it packs against helix a3) (Fig 4B). This difference is signifi-

cant as helix a4ΙΙ was found to harbor 3 basic residues responsible

for tubulin binding in HsIFT81 (Fig 4A) (Bhogaraju et al, 2013a).

Although the IFT54 CH domain does not contain the basic residues

found to mediate tubulin binding in IFT81, it does display a different

Arg/Lys-rich basic patch, which is highly conserved among IFT54

orthologs (Figs 3B and 4). To experimentally test whether this basic

patch is responsible for tubulin binding in IFT54, we mutagenized

and purified GST-tagged MmIFT54CH domains and carried out tubu-

lin pull-downs (Fig 3E and F, and Appendix Fig S3C). The results

show that none of the five tested charge-reverse single-point muta-

tions (R18, K25, K29, R33, or R94 to glutamate) was sufficient to

disrupt tubulin binding (Fig 3F and Appendix Fig S3C). However, a

triple KKK64/66/69EEE-point mutant located at the edge of the basic

surface patch (Fig 3E and F) did abolish tubulin binding suggesting

that IFT54CH binds tubulin via these basic residues. Consistent with

the observation that IFT57/38 does not associate with tubulin,

sequence alignments suggest that the basic residues responsible for

tubulin binding in IFT81CH or IFT54CH are not well conserved in

IFT57CH or IFT38CH (Fig 4A).
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To test whether IFT54CH binds the globular part of tubulin or

the glutamate-rich C-terminal E-hooks, we prepared subtilisin-

treated ab-tubulin lacking either the b-tubulin E-hook or both a-
and b-tubulin E-hooks (Appendix Fig S3D). The results of tubulin

pull-downs demonstrated that MmIFT54CH binds tubulin regard-

less of the presence of E-hooks, indicating that IFT54CH, like

IFT81CH (Bhogaraju et al, 2013a), recognizes the globular domain

of tubulin. It is currently not known whether IFT81CH and

IFT54CH recognize the same or different binding sites on ab-
tubulin.

IFT-B1/IFT-B2 association is mediated by IFT88/52 and IFT57/38

How do the IFT-B1 and B2 subcomplexes interact to form the

complete IFT-B complex? Interaction studies with IFT-B2 and dif-

ferent IFT-B1 subcomplexes revealed that IFT88/521–335 is sufficient
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Figure 2. Architecture of IFT-B2.

A–C SEC elution profiles and corresponding SDS–PAGE gels of IFT172DC, IFT57/38, IFT80, IFT54/20 as well as mixtures of IFT172DC/57/38, IFT80/57/38, and IFT172DC/80/
57/38 demonstrating that IFT57/38 associates with both IFT80 and IFT172DC. Only the central peak fraction from each SEC experiment is shown on the SDS–PAGE
gel. Note that the presence of both IFT172DC and IFT80 in a single peak in (C) (peak 3) is due to the fact that these two proteins elute in the same position, and
not because they physically interact (see also Appendix Fig S2B).

D GSH resin pull-down of a mixture of IFT80 and IFT172DC (input, lane 1) with GST-tagged CH domains of IFT57 or IFT38 (IFT57CH or IFT38CH) or with the GST-
tagged coiled-coil (CC) region of IFT57 mixed with His-tagged coiled-coil region of IFT38. The SDS–PAGE gel shows interaction between IFT57CH-IFT172DC,
IFT38CH-IFT80, and IFT57CC-IFT38CC.

E Ni-NTA resin pull-down of untagged IFT54/20 with His-tagged IFT57/38 (both subunits His-tagged). The two bands for IFT38 on the SDS–PAGE gel correspond to
His-tagged (upper band) and proteolytically cleaved untagged IFT38 (lower band).

F Ni-NTA resin pull-down of untagged IFT54/20 with His-tagged IFT80.
G Schematics of the interactions between IFT-B2 components supported by the data in (A–F) as well as in Appendix Fig S2. Note that it is currently not known

whether the coiled-coil interactions between IFT54, 20, 57, and 38 are parallel or anti-parallel.
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to pull down IFT-B2 (Fig 5A, lane 3). No interaction was observed

between IFT-B2 and IFT-B1 subcomplexes IFT81/74/27/25/22 or

IFT70/52/46 (data not shown). Neither the IFT88/52281–335 complex

lacking IFT52N (IFT52N equals residues 1–275 of CrIFT52) nor

IFT52N alone was sufficient to pull down IFT-B2 (Fig 5A, lanes 4

and 5). This result suggests that IFT-B2 recognizes IFT-B1 via a

composite surface area on the IFT88/521–335 subcomplex. To assess

the stability of the interaction between IFT88/521–335 and IFT-B2,
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Figure 3. Structure and tubulin binding of IFT54CH.

A Ni2+-NTA affinity pull-down of unpolymerized bovine ab-tubulin with His-tagged IFT-B2 (sub)-complexes. A Coomassie-stained SDS–PAGE gel shows the IFT-B2
complexes used for pull-downs (top), and a Western blot for anti-a-tubulin shows co-precipitated ab-tubulin (bottom).

B Cartoon representation of the crystal structure of CrIFT54CH (left), the electrostatic surface potential (middle), and the amino acid conservation mapped onto the
surface of the structure (right).

C Cartoon representation of the crystal structure of MmIFT54CH (left) and the electrostatic surface potential (middle).
D Superimposition of the CH domains of CrIFT54CH, MmIFT54CH, and CrIFT81 (pdb: 4VLP).
E Cartoon representation of the crystal structure of MmIFT54CH domain with the residues of the positively charged patch shown as sticks. Three residues whose

mutation to glutamate abolished tubulin binding are indicated with a red circle.
F Ni2+-NTA affinity pull-down of unpolymerized bovine ab-tubulin with WT and mutant MmIFT54CH. (top) Coomassie-stained SDS–PAGE gel of input (I) and pulled

down (PD) proteins and the corresponding Western blot to visualize ab-tubulin.
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GST-tagged IFT-B2-IFT88/521–335 complex was immobilized on GSH

beads and washed with increasing NaCl concentrations. Interest-

ingly, only IFT172 was salt-labile and dissociated from the complex

at NaCl concentrations around 150–200 mM, whereas the other

subunits remained associated even at 1 M NaCl concentration

suggesting significant hydrophobic contacts within the complex

(Fig 5B). To validate whether IFT172 is attached to the IFT complex

via a salt-labile link to the N-terminal part of IFT57 as suggested by

the results shown in Figs 2D and 5B, we incubated IFT571–234-GST

immobilized on GSH beads with Chlamydomonas whole-cell extract

and eluted interactors with 250 mM NaCl followed by elution with

reduced glutathione (Appendix Fig S4). LC-MS/MS analysis of

eluates demonstrated that IFT172 but not other IFT subunits are

significantly enriched vs. the negative control suggesting that

IFT571–234-GST specifically captures IFT172 via a salt-dependent

interaction (Appendix Fig S4). The finding that IFT172 is only

loosely attached to the IFT complex is in agreement with previously

published results from sucrose gradient centrifugations of natively

Table 1. Data collection and refinement statistics.

CrIFT54CH SeMet CrIFT54CH native MmIFT54CH native CrIFT52N SeMet CrIFT52N native MmIFT52N native

PDB code 5fmt 5fmu 5fmr 5fms

Data collection
and scaling

Anomalous signal
from Se to ~2 Å

Anomalous signal
from Se to ~3.2 Å

Wavelength (Å) 0.97914 1.00000 1.00000 0.97955 1.03320 1.00000

Resolution
range (Å)

37–1.60
(1.66–1.60)

36–1.88
(1.99–1.88)

37–1.59
(1.69–1.59)

50–2.60
(2.75–2.60)

41–2.00
(2.19–2.00)

48–3.49
(3.60–3.49)

Space group F222 F222 P1 C2 C2 P432

Unit cell (Å) a = 57.83,
b = 145.90,
c = 148.80,
a = b = c = 90.0

a = 57.66,
b = 145.82,
c = 147.87,
a = b = c = 90.0

a = 38.00,
b = 59.80,
c = 61.50,
a = 108.50,
b = 105.40,
c = 90.30

a = 169.55,
b = 81.72,
c = 120.16,
a = 90,
b = 133.73,
c = 90.00

a = 169.76,
b = 81.72,
c = 120.48,
a = 90,
b = 133.97,
c = 90.00

a = 204.91,
b = 204.91,
c = 204.91,
a = b = c = 90.0

Total reflections 556,754 (86,179) 117,060 (14,884) 176,087 (26,494) 298,401 (45,427) 739,923 (113,495) 742,488 (116,316)

Unique
reflections

80,222 (12,779) 25,144 (3,712) 60,996 (9,267) 71,621 (11,325) 214,626 (33,965) 35,358 (5,592)

Multiplicity 6.9 (6.7) 4.7 (4.0) 2.9 (2.9) 4.1 (4.0) 3.4 (3.3) 21.0 (20.8)

Completeness (%) 99.7 (98.4) 98.2 (90.9) 93.9 (88.4) 98.8 (96.9) 98.6 (96.5) 99.6 (98.0)

Mean I/sigma (I) 15.1 (2.5) 11.2 (1.7) 10.5 (1.6) 11.5 (2.5) 11.3 (1.9) 11.3 (1.7)

R-merge 0.113 (0.563) 0.173 (0.937) 0.146 (0.969) 0.0737 (4.15) 0.382 (2.48)

CC½ N/D 0.997 (0.683) 0.998 (0.552) 1.000 (0.49) 0.997 (0.636)

Refinement

Number of
reflections

41,577 25,133 60,975 217,617 35,494

Protein residues 265 266 528 732 661

Number of
atoms

4,613 2,302 4,515 6,209 4,681

Protein
(non-solvent)

2,079 2,098 4,084 5,645 4,681

Water (solvent) 376 204 431 544 0

R-work 0.1844 (0.2334) 0.1971 (0.2726) 0.1829 (0.2914) 0.2009 (0.3242) 0.2288 (0.3288)

R-free 0.2137 (0.2578) 0.2447 (0.3134) 0.2144 (0.3126) 0.2314 (0.3622) 0.2885 (0.3931)

Ramachandran
favored (%)

99.27 98.88 98.05 91.34

Ramachandran
outliers (%)

0.0 0.0 0.00 0.46

RMS bonds (Å) 0.010 0.008 0.007 0.009 0.018

RMS angles (°) 1.2 1.1 1.0 1.1 1.6

Average
B-Factors (Å2)

15.3 23.5 19.5 45.4 84.1

Statistics for the highest resolution shell are shown in parentheses.
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Figure 4. Comparison of IFT54 and IFT81 CH domains.

A Multiple sequence alignment of the N-terminal CH domains of IFT81, IFT57, IFT54, and IFT38 from different species. Conserved residues are highlighted in yellow and
residues that bind tubulin are marked blue for IFT81 (Bhogaraju et al, 2013a) and green for IFT54 (this study). The secondary structures for IFT54 (magenta) and IFT81
(green) are displayed above the sequences. Mus musculus (Mm), Danio rerio (Dr), Chlamydomonas reinhardtii (Cr), Homo sapiens (Hs), Caenorhabditis elegans (Ce),
Drosophila melanogaster (Dm), and Trypanosoma brucei (Tb).

B Cartoon representations of the superimposed crystal structures of CrIFT81 and MmIFT54 CH domains in two orientations differing by 180 degrees. The residues
mediating tubulin binding are shown in stick representation and are located on different surface areas in IFT81 and IFT54.
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Figure 5. IFT-B1 and IFT-B2 form a salt-stable complex via an (IFT88/52N)-(IFT57/38) interaction.

A Coomassie-stained SDS–PAGE gel showing GST pull-down experiments between the IFT-B2 complex and an IFT88/52N subcomplex. The pre-assembled IFT-B2
complex (lane 1) shows no non-specific interaction with empty GSH beads (lane 2), but is efficiently pulled down by IFT88/52N-GST (with an IFT52(1-335) construct
comprising the N-terminal domain as well as the IFT88-binding region) (lane 3). Both IFT88 and IFT52N are required for the interaction with IFT-B2 because neither
the N-terminal IFT52 domain (residues 1–275; lane 4) alone, nor an IFT88/52 complex lacking the N-terminal IFT52 domain (with an IFT52(281-335) construct
containing only the IFT88-binding region) (lane 5) shows efficient pull-down of IFT-B2. Contaminants from the purification of the complex shown in lane 5 are
marked with asterisks.

B Coomassie-stained SDS–PAGE gel showing a salt-stability test of the (IFT88/52N)-(IFT-B2) interaction. Pre-assembled IFT-B2 complex was bound to IFT88/52N-GST
immobilized on GSH beads. The beads were then divided into five aliquots which were washed with buffers containing increasing concentrations of NaCl. After these
washes, the bound material was eluted and analyzed. IFT172DC is the only salt-labile component in this complex and is already washed off at a NaCl concentration
of 150–200 mM, whereas all the other IFT-B2 proteins remain associated even after washing with 1 M NaCl.

C Coomassie-stained SDS–PAGE gels showing GST pull-down experiments between IFT88/52N-GST complex immobilized on GSH beads and various combinations of
IFT-B2 proteins. The left gel shows the IFT-B2 input mixtures, and the right gel shows the bound material after washing and elution from the beads. A pentameric
IFT-B2 complex (IFT80/57/54/38/20) is efficiently pulled down by IFT88/52N-GST, but not by empty beads (compare lanes 1 and 2). Omission of IFT54/20 (lane 4) or
IFT80 (lane 5) does not influence the binding of any of the other components, but a lack of IFT57/38 in the mixture abolishes detectable pull-downs of IFT54/20 and
IFT80 (lane 4), indicating that IFT57/38 is the direct interaction partner of IFT88/52N. Indeed, IFT57/38 alone (lane 7), but not IFT54/20 (lane 6) or IFT80 (lane 8), is
sufficient to be pulled down in this assay. Contaminating bands from the IFT88/52N sample are marked with asterisks.
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purified Chlamydomonas IFT-B complexes (Lucker et al, 2005). On

the other hand, our observation that IFT88/52 remains associated

with an IFT-B2 complex consisting of IFT80/57/54/38/20 at even

1 M NaCl is somewhat surprising as the “peripheral” IFT-B2

subunits were previously reported to dissociate at 300 mM NaCl

concentration from the IFT-B1 complex (Lucker et al, 2005). This

difference may be attributed to the use of recombinant rather than

endogenous proteins, where post-translational modifications may

alter/regulate complex stability. However, a study using pull-downs

from mouse lysates showed that IFT-B2 components (IFT57 and

IFT20) interacted with endogenous IFT88 (IFT-B1) even after wash-

ing with 1 M NaCl (Baker et al, 2003). We previously reported that

the IFT-B1 complex is stable even at NaCl concentrations of 2 M

(Taschner et al, 2014), which when combined with our data on the

IFT-B1/B2 interaction suggests that the IFT-B complex with the

exception of the IFT172 subunit is salt-stable.

We next determined which of the IFT-B2 components is directly

contacted by the IFT88/52 module of IFT-B1, and carried out pull-

downs with immobilized IFT88/521–335-GST (IFT88/52N-GST) and

various combinations of five IFT-B2 proteins (IFT57/38, IFT54/20,

and IFT80). When all five IFT-B2 components were mixed, they

were efficiently pulled down by immobilized IFT88/52N-GST but

not by empty GSH resin (Fig 5C, compare lanes 1 and 2). Removal

of IFT54/20 or IFT80 from the pull-down reactions did not affect the

interaction of IFT88/52N-GST with the remaining components

(Fig 5C, lanes 3 and 5), but when IFT57/38 was omitted, we no

longer observed an interaction between IFT88/52N-GST and IFT80

or IFT54/20 (Fig 5C, lane 4). This result indicates that the IFT88/

52N module directly binds to IFT57/38 of the IFT-B2 complex and

that IFT80, IFT54/20, and IFT172 are kept in the complex via their

associations with IFT57/38 as shown in Fig 2. Indeed, only IFT57/

38 but not IFT80 or IFT54/20 was pulled down by IFT88/52N-GST

(Fig 5C, lanes 6–8). As we can only purify IFT57 and IFT38 in

context of the IFT57/38 complex, we are currently unable to dissect

whether individual IFT38 or IFT57 subunits are sufficient for the

interaction with IFT88/52N. We conclude that IFT-B complex

formation requires a composite interface on IFT88 and IFT52N that

mediates the contacts of IFT-B1 to IFT57/38 of IFT-B2.

Crystal structures of IFT52N reveal critical residues for IFT-B1/
IFT-B2 association

To obtain structural information on the interaction between the IFT-

B1 and IFT-B2 complex, we carried out crystallization trials with the

IFT88/521–335 complex, but did not obtain crystals. However, the

N-terminal domains of IFT52 from both Cr (residues 1–275) and

Mm (residues 1–268) crystallized and the structures were deter-

mined at resolutions of 2 Å (CrIFT52N) and 3.5 Å (MmIFT52N) (see

Table 1). IFT52N adopts an aminotransferase fold commonly found

in enzymes of purine, pyrimidine, tryptophan, arginine, and folic

acid biosynthetic pathways (Tesmer et al, 1996). The structures of

Cr- and MmIFT52 superpose with an rmsd of 1.0 Å and consist of

an extended central beta-sheet flanked on each side by several

helices and beta-hairpins (Fig 6A). As previously predicted based on

bioinformatics (Beatson & Ponting, 2004), IFT52N displays struc-

tural similarity to b-galactosidase and superposes onto the B domain

of b-galactosidase with an rmsd of 2.6 Å (Appendix Fig S5A).

However, the sugar-binding domain of b-galactosidase (Maksimainen

et al, 2012) is not present in IFT52 in agreement with the finding

that purified IFT52 does not appear to bind sugars (Appendix Fig

S5A) (Taschner et al, 2011). Interestingly, the IFT52N structures

also superpose well with the glutaminase subunit PDX2 of pyridoxal

50-phosphate synthase complex (Strohmeier et al, 2006) (rmsd

2.4 Å), which catalyses the hydrolysis of glutamine. However,

IFT52N lacks the catalytic residues of PDX2 and is thus unlikely to

be an enzyme (Appendix Fig S5B).

Analysis of conserved surface-exposed residues between 6

species (Appendix Fig S5C) revealed a number of highly conserved

patches on the IFT52N structure (Fig 6A). Given that residues

involved in the interaction between the IFT88/52N module and

the IFT-B2 complex (i.e., IFT57/38) are likely conserved across

ciliated species, we focussed on two residues (K130 and R204 in

the CrIFT52N domain), which are located in the largest conserved

and mainly hydrophilic surface patch. K130 and R204 were

mutated to glutamic acids either individually or in combination,

and the resulting complexes with IFT88 purified for pull-down

analysis with the IFT-B2 complex. The results showed that

whereas the wild-type IFT88/52N complex readily pulled down

IFT-B2 (Fig 6B, lane 3), the complexes with single-point mutations

were somewhat compromised in their ability to do so (Fig 6B,

lanes 4 and 5). This effect was much stronger in the double

mutant complex, which pulled down only background levels of

IFT-B2 complex (Fig 6B, lane 6). We conclude that a conserved

patch on the surface of IFT52N is required for the interaction

between IFT-B1 and B2.

Reconstitution of a 15-subunit IFT-B complex

Finally, we reconstituted the 15-subunit IFT-B complex (lacking

only IFT56) from previously purified nonameric IFT-B1 (Taschner

et al, 2014) and hexameric IFT-B2 (this study) subcomplexes.

IFT-B1 and B2 were incubated and subjected to SEC, which resulted

in a larger complex as demonstrated by a shifted elution profile

compared to IFT-B1 and B2 subcomplexes (Fig 7A). SDS–PAGE

analysis of the peak fraction showed the presence of all 15 compo-

nents (Fig 7A). Although some of the proteins such as IFT80/81 and

IFT70/57/54 run very close together in the gel, these subunits were

positively identified by mass-spec (data not shown). This result

showed that the IFT-B complex can be prepared recombinantly in

milligram amounts for structural and in vitro studies. The data

presented in this work allow us to propose an architectural model

for the IFT-B complex (Fig 7B) where IFT-B1 and IFT-B2 are linked

by (IFT88/52N)-(IFT57/38). In this model of IFT-B1, the two

tubulin/MT-binding sites of IFT54 and IFT81/74 could operate

independently or in cooperation.

Discussion

Architecture of the IFT-B complex

Here, we show that the six IFT-B subunits IFT172, 80, 57, 54, 38,

and 20 are not merely components loosely associated with IFT-B1

but interact with each other to form an IFT-B2 subcomplex. These

two IFT-B1 (core) and IFT-B2 (“peripheral”) subcomplexes can be

purified independently using recombinant proteins (Fig 1 and
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Taschner et al, 2014) and when incubated result in the reconstitu-

tion of a nearly complete 15-subunit IFT-B complex lacking

only IFT56 (Fig 7A). We uncovered that the IFT57/38 subcomplex

is central to IFT-B complex assembly. The N-terminal CH domains

of IFT57/38 mediate the contacts to IFT80 and IFT172, whereas

the C-terminal coiled-coils allow for IFT57/38 hetero-dimer forma-

tion and links to the IFT54/20 hetero-dimer (Fig 2 and

Appendix Fig S2). The interaction between IFT54 and IFT20 is in

agreement with previously published data (Omori et al, 2008;

Follit et al, 2009), whereas the interaction between IFT57 and

IFT38 was not previously reported. Additionally, IFT57/38 medi-

ates the contacts between the two IFT-B subcomplexes by binding

directly to IFT88/52N of IFT-B1. The importance of IFT57/38 in

IFT-B2 assembly is akin to that of IFT52 in IFT-B1 assembly.

IFT52 mediates contacts to IFT46, IFT70, IFT81/74, and IFT88

within the IFT-B1 subcomplex as well as contacts to IFT-B2 thus

serving as a central architectural component (Fig 7 and Taschner

et al, 2011, 2014).

The only IFT-B subunit that has so far evaded recombinant

purification is IFT56/TTC26/DYF13. Deletion of this subunit in

Chlamydomonas does not completely inhibit flagellar assembly but

instead leads to slightly shorter flagella with pronounced motility

defects, indicating that IFT56 carries out a more specialized role in

the transport of motility-related proteins. This notion was con-

firmed using proteomic analysis of IFT56 mutant flagella (Ishikawa

et al, 2014). A recent study suggested an interaction of mouse

TTC26 with IFT46 based on yeast-2-hybrid analysis and pull-downs

(Swiderski et al, 2014), making it the tenth member of the IFT-B1

complex. Although we currently have a good biochemical

understanding of how the 15-subunit IFT-B complex assembles and

have crystal structures of domains and heterodimeric subcomplexes

(Figs 3 and 6; Taschner et al, 2014; Bhogaraju et al, 2011),

information on how IFT proteins organize the IFT complex in

3-dimensions is still missing. The reconstitution of the 15-subunit

IFT-B complex (Fig 7) will pave the way for structural studies of

this assembly.
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panel. Conservation is mapped from 5 different species (see alignment in Appendix Fig S5), and conserved residues are labeled (Cr numbering). The two residues (K130
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IFT54CH constitutes an additional ab-tubulin/MT-binding domain
within the IFT-B complex

ab-tubulin assembles the backbone of the MT-based axoneme of

the cilium and is a known IFT cargo (Craft et al, 2015) that associ-

ates directly with IFT81/74 of the IFT-B1 subcomplex (Bhogaraju

et al, 2013a). The CH domain of IFT81 binds the globular part of

ab-tubulin (Kd = 16 lM), and mutations of tubulin-binding residues

significantly impair ciliogenesis in human cells (Bhogaraju et al,

2013a). Although the presence of the basic N-terminal domain of

IFT74 in the form of an IFT81/74 subcomplex increased the affinity

for tubulin by ~18-fold (Kd = 0.9 lM) (Bhogaraju et al, 2013a), this

domain is not required for tubulin entrance into Chlamydomonas

flagella (Brown et al, 2015). However, the deletion of the first 130

residues of IFT74 did result in moderately slower Chlamydomonas

flagellum regeneration kinetics and somewhat shorter flagellum

length consistent with a reduction in the amounts of tubulin

transported to the ciliary tip (Brown et al, 2015). We now show

that IFT-B2 also binds ab-tubulin via the CH domain of IFT54 but

not via the CH domains of IFT57 or IFT38 (Fig 3). The affinity of

IFT54/20 for ab-tubulin was measured to be 3 lM (Appendix Fig

S3A). The concentration of tubulin in the cell body of Chlamy-

domonas was estimated to be in the double-digit lM range (Craft

et al, 2015), and Kd’s of 1–3 lM should thus be sufficient to load

tubulin onto IFT complexes in cells. The mechanism by which

tubulin cargo loading onto IFT trains is regulated in vivo is

currently not known.

The functional relevance of the IFT54 tubulin-binding activity

remains to be determined. Since calculations show that at least two

tubulin-binding sites within the IFT complex are required to sustain

the fast initial flagellar assembly rate in Chlamydomonas (Bhogaraju

et al, 2014), we favor the possibility that the IFT81/74 module and

the IFT54 CH domains both function in IFT of tubulin. Additional

data using in vivo systems are required to challenge this hypothesis

and to determine whether the tubulin-binding sites of IFT-B1 and B2

operate independently to bind two ab-tubulin hetero-dimers, or

whether they function together to possibly form one higher-affinity

binding site. Information on the spatial location of IFT54 relative to

IFT81/74 within the IFT complex as well as tubulin-binding experi-

ments with reconstituted IFT-B complexes should provide further

insights into these issues.

Mammalian IFT81/74 and IFT54 were shown to associate with

polymerized MT in addition to soluble ab-tubulin (Ling & Goeddel,

2000; Bhogaraju et al, 2013a), and we show here that CrIFT54 also

associates with MTs (Appendix Fig S3E) raising the possibility of

MT-related functions of IFT54. In support of this notion, mouse

IFT54 mutant cell lines showed an accumulation of acetylated MTs

in the cytoplasm (Berbari et al, 2011). Additionally, IFT54 mutations
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in ciliopathy patients facilitated the characterization of an IFT54

function in the regulation of cytoplasmic MT dynamics (Bizet et al,

2015). Interestingly, several IFT proteins cluster at the spindle of

dividing cells and are required for proper formation of astral MTs

(Delaval et al, 2011). It thus appears likely that IFT54 in addition to

its essential function in ciliogenesis has extra-ciliary functions

related to the regulation of the cytoskeleton. Another hypothesis

that remains to be explored is that the MT-binding activities of

IFT54 and/or IFT81/74 might function in turnaround from antero-

grade to retrograde IFT through binding to the MTs at the ciliary tip.

A comprehensive functional investigation of the tubulin/MT-binding

activities within the IFT complex still awaits in vivo dissection.

The polycystic kidney disease protein IFT88 links IFT-B1
and IFT-B2

IFT88 is mutated in the Oak Ridge Polycystic Kidney (ORPK)

mouse model for autosomal recessive polycystic kidney disease

(Moyer et al, 1994; Lehman et al, 2008) and has since then be

used extensively to uncover ciliary involvement in a plethora of

processes such as skeletal patterning (Zhang et al, 2003), photore-

ceptor assembly and maintenance (Pazour et al, 2002), and more

(reviewed in Lehman et al, 2008). However, no clear molecular

function has so far been assigned to the IFT88 protein. We previ-

ously mapped the interaction of IFT88 to a short stretch in the

central region of IFT52, but IFT88 was not required for the stability

of the IFT-B1 complex (Richey & Qin, 2012; Taschner et al, 2014).

The results presented here do, however, indicate a central role of

IFT88 for the stability of the IFT-B complex by directly linking

IFT-B1 and IFT-B2. This notion leads to the prediction that IFT88

knockdown would allow for the formation of IFT-B1(-IFT88) and

IFT-B2 subcomplexes but not for the formation of a complete IFT-B

complex. Importantly, IFT88 knockout mice die early in embryo-

genesis due to severe defects in Sonic hedgehog signaling (Huangfu

et al, 2003), and the ORPK mouse can thus be considered a hypo-

morph due to lower IFT88 expression levels caused by an insertion

in an intron of the gene. It thus seems likely that the reduced

levels of IFT88 in the ORPK mouse are sufficient to maintain a

basal level of stable IFT-B complex and to assemble short cilia that

allow the mice to survive until birth, but they later die due to

severe kidney cysts. It remains to be shown whether IFT88 has

additional functions in IFT such as association with and transport

of ciliary cargo.

Materials and Methods

Expression and purification of recombinant proteins from E. coli

Full-length (FL) Chlamydomonas reinhardtii or Mus musculus IFT

cDNAs or smaller fragments were cloned into pEC vectors either only

with N-terminal cleavable tags (6xHis-TEV or 6xHis-GST-TEV) or

with an additional C-terminal non-cleavable GST-tag and expressed

in E. coli BL21(DE3) as reported previously (Taschner et al, 2011).

Cultures of bacteria transformed with the desired plasmid(s) were

grown at 37°C in TB medium to an OD600 of 2, the temperature

reduced to 18°C, and protein over-expression induced by addition of

0.5 mM IPTG and continued growth at 18°C overnight. Cells were

harvested, resuspended in 2 pellet volumes of lysis buffer

(50 mM Tris–HCl pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM

b-mercaptoethanol, 1 mM PMSF, 25 lg/ml DNase I), and lysed by

sonication. The extract was clarified by centrifugation (75,000 g,

30 min), loaded on a Ni2+-NTA column (5 ml, Roche), washed

extensively with lysis buffer supplemented with 1 M NaCl, and then

eluted with a gradient from 0 to 500 mM imidazole in lysis buffer.

The eluted protein was dialyzed overnight against buffer Qa

(20 mM Tris–HCl pH 7.5, 50 mM NaCl, 10% glycerol, and 5 mM

b-mercaptoethanol) in the presence of 6xHis-tagged TEV protease to

remove the N-terminal tag (unless the N-terminal tag was required

for pull-down experiments), and the resulting solution was again

passed over a Ni2+-NTA column to remove impurities, cleaved tags,

and His-tagged TEV protease. The flowthrough containing the protein

of interest was then loaded onto an ion-exchange column (anion

exchanger, 5 ml HiTrapQ-Sepharose, GE Healthcare) followed by

elution with a gradient from buffer Qa to buffer Qb (as buffer Qa, but

with 1 M NaCl). In cases where N-terminal tags were not removed,

the Ni2+-NTA step was omitted and the dialyzed material was directly

used for ion-exchange chromatography. Fractions containing the

protein of interest were then concentrated and loaded onto a suitable

column for size-exclusion chromatography (HiLoad Superdex2000 or

HiLoad Superdex75) with SEC buffer (10 mM HEPES pH 7.5, 150 mM

NaCl, 1 mM DTT). For expression of seleno-methionine-derivatized

proteins, cultures were grown in minimal medium containing 50 mg/l

seleno-methionine, shifted to 18°C at an OD600 of 0.6, and then

induced overnight with 0.25 mM IPTG. The purification procedure

was the same as described for the native proteins.

Expression and purification of recombinant proteins from
insect cells

Coding sequences for Chlamydomonas reinhardtii FL cDNAs or

smaller fragments were cloned into multiple cloning site(s) of the

pFL vector (Fitzgerald et al, 2006; Bieniossek et al, 2008) either with

or without tags (for IFT80-6xHis: cloning into MCS2 via EcoRI/XbaI;

for IFT172 fl: cloning into MCS2 via EcoRI/XbaI; for IFT172(1-968):

cloning into MCS1 via SmaI/SphI; for a plasmid containing both

IFT57 and IFT38: 6xHis-TEV-IFT57 in MCS1 via NcoI/SphI, and

6xHis-TEV-IFT38 into MCS2 via EcoRI/XbaI). The resulting plasmids

were used to produce recombinant baculoviruses as described previ-

ously (Taschner et al, 2014). For protein expression cultures, 3 l of

HighFive cells (Invitrogen) was infected with a pre-determined

amount of recombinant virus, harvested after 72 h by centrifugation

(1,000 g, 15 min), and resuspended in 5× pellet volume of

fractionation buffer (20 mM HEPES pH 7.5, 10 mM KCl, 1.5 mM

MgCl2, 250 mM sucrose) freshly supplemented with a protease

inhibitor tablet (complete tablet, EDTA-free; Roche) and 5 mM

b-mercaptoethanol. Cells were lysed with 20 strokes of a dounce

homogenizer on ice, followed by incubation on ice for 20 min.

Nuclei were pelleted by centrifugation (750 g, 10 min, 4°C) in 50-ml

Falcon tubes, and the supernatant was further clarified by centrifu-

gation (75,000 g, 1 h, 10°C) after addition of NaCl to a final

concentration of 150 mM. Ni2+-NTA chromatography, dialysis and

tag removal, ion-exchange chromatography, and SEC were

performed as described for proteins produced in E. coli. For

IFT80-6xHis (uncleavable tag) as well as for IFT172 FL and IFT172

(1–968) (which do not have a tag at all and are purified based on
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their non-specific interaction with Ni2+-NTA resin), we routinely

skipped the dialysis step and loaded the Ni-eluate directly on an

ion-exchange column after dilution (3×) in the low-salt buffer Qa.

Crystallization

All crystals were obtained using the sitting drop vapor diffusion

method after mixing protein at a ratio of 1:1 with various precipi-

tants. The CH domain of CrIFT54 (residues 1–134) crystallized at

28 mg/ml after mixing with a precipitant containing 50 mM Tris–

HCl pH 8.3, 2% MPD, 80 mM ammonium sulfate, 30% PEG5000,

and 5% glycerol followed by incubation at 18°C for 3 days. The

seleno-methionine-derivatized protein crystallized at 24 mg/ml in a

slightly modified precipitant containing 50 mM Tris–HCl pH 8.3,

2% MPD, 80 mM ammonium sulfate, 26% PEG5000, and 7% glyc-

erol followed by incubation at 18°C for 3 days. The CH domain of

MmIFT54 (residues 1–133) crystallized at 36 mg/ml after mixing

with 50 mM MES pH 5.8, 200 mM ammonium acetate, 4% MPD,

and 32% PEG3350 followed by incubation for 2 days at 4°C.

CrIFT52N (both native- and selenomethionine-derivatized proteins)

were concentrated to 10 mg/ml and crystallized after mixing with a

precipitant containing 100 mM Bis-Tris pH 6.5 and 2 M ammonium

sulfate at 18°C. MmIFT52 was also concentrated to 10 mg/ml and

crystallized at 18°C after mixing with a precipitant containing

100 mM Bis-Tris pH 5.5 and 1.8 M ammonium sulfate.

X-ray diffraction data collection and crystal
structure determination

X-ray diffraction data were acquired at the Swiss Light Source (SLS,

Villigen, Switzerland) at PXII and PXIII beam lines, and indexed

with the XDS package (Kabsch, 2010) before scaling with Aimless as

part of the CCP4 package (Winn et al, 2011). The structures of

CrIFT52N and CrIFT54CH were determined from selenomethionine

substituted protein crystals. Single anomalous dispersion data were

recorded at the Se peak wavelength, and AUTOSOL as part of the

PHENIX package (Adams et al, 2010) was used to locate Se sites

and calculate experimental phases and electron density. The first

round of automatic building was performed with AutoBuild in

PHENIX and resulted in 75–90% complete models. These partial

models were subsequently used for molecular replacement with the

native datasets and the structures finished by iterative cycles of

model building in Coot (Emsley et al, 2010) and refinement in

PHENIX. The structures of MmIFT52N and MmIFT54CH were

determined by molecular replacement using the previously

determined structures of CrIFT52N and CrIFT54CH. For data and

refinement statistics, see Table 1.

Reconstitution of the hexameric IFT-B2 complex

IFT57/38 complex (around 5 mg) was diluted into 30 ml of buffer Qa,

and excess amounts (roughly 1.5×) of IFT54/20 complex and IFT80

protein were added. After incubation at 4°C for 1 h, the mixture was

subjected to ion-exchange chromatography (Q-Sepharose column)

and the bound material was eluted with a gradient from buffer Qa

to buffer Qb (gradient length 20 column volumes). This removed

excess amounts of individual components and led to a stoichiometric

IFT-B2 pentamer. After concentration of the pentamer containing

fractions, they were diluted 10× with B2-SEC buffer (10 mM HEPES

pH 7.5, 100 mM NaCl, 5% glycerol, 1 mM DTT) and concentrated

again after addition of an equimolar amount of IFT172DC. The

resulting concentrated sample was subjected to SEC in B2-SEC buffer.

Reconstitution of a 15-subunit IFT-B complex

Nonameric IFT-B1 (IFT-B core) complex was purified as described

previously (Taschner et al, 2014). Equimolar amounts of IFT-B1

and IFT-B2 complex were diluted into 2 ml of B2-SEC buffer, incu-

bated for 1 h at 4°C, and then concentrated to a volume of 400 ll
before being subjected to SEC in B2-SEC buffer.

Interaction experiments using affinity pull-downs

Tagged protein(s) or protein complex(es) was/were immobilized on

affinity beads (Ni2+-NTA for His-tagged proteins; GSH resin for

GST-tagged proteins) by incubating 200 ll of 10 lM tagged complex

with 15 ll bed volume of affinity resin (volumes correspond to 1

pull-down reaction). An empty resin control was always included to

control for non-specific interaction with the untagged protein/

complex. After incubation for 1 h, the beads were collected and

washed once with B2-SEC buffer. The untagged protein or complex

was diluted to 10 lM in B2-SEC buffer and centrifuged for 5 min

(12,000 g, 4°C) to remove any precipitate. An “input” sample was

removed, and 200 ll aliquots of the remaining solution was added

to each tube with prepared resin (either empty or pre-loaded with

tagged protein). The reactions were incubated for 4–5 h at 4°C

before the beads were collected and washed twice with B2-SEC

buffer, and finally, the bound material was eluted with B2-SEC

buffer containing either 500 mM imidazole (for Ni2+-NTA resin) or

30 mM reduced glutathione (for GSH resin). The input sample and

the various elution samples were examined by SDS–PAGE.

Analytical ultracentrifugation (AUC)

Sedimentation velocity experiments were performed on an Optima

XL-I analytical ultracentrifuge (Beckman Inc., Palo Alto, Ca, USA)

using a 60 Ti rotor and double-sector epon centerpieces. The

CrIFT57/38 complex (0.56 mg/ml) was in a 10 mM HEPES (pH 7.5)

buffer containing 100 mM NaCl, 10% glycerol and 2 mM TCEP.

Buffer density and viscosity were measured using a DMA 5000

densitometer and an AMVn viscosimeter, respectively (both Anton

Paar, Graz, Austria). Protein concentration distribution was moni-

tored at 280 nm, at 235,000 g and 20°C. Time-derivative analysis

was computed using the SEDFIT software package, version 12.1b

(Schuck, 2000), resulting in a c(s) distribution and an estimate for

the molecular weight Mf (from the sedimentation coefficient and the

diffusion coefficient, as inferred from the broadening of the sedi-

mentation boundary, assuming all observed species share the same

frictional coefficient f/f0).

Microscale thermophoresis

The lysine side chains of bovine brain tubulin (Cytoskeleton

#TL238) were fluorescently labeled using the Cy3 protein labeling

kit from Jena Bioscience according to their protocol. 100 nM of fluo-

rescently labeled tubulin was titrated with purified CrIFT54/20
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(200 lM) in a total volume of 20 ll to measure 16 data points. The

measurements were recorded on a NanoTemper Monolith NT.115

device (NanoTemper Technologies GmbH) using the following

settings: LED power 65% (green), MST power 50%, Laser on 40 s,

Laser off 5 s. Raw data were analyzed using the software from

NanoTemper to visualize the binding curves and Prism (GraphPad

Prism Software) to calculate dissociation constants.

Subtilisin treatment of tubulin

Bovine brain tubulin (Cytoskeleton #TL238) was incubated at

30°C with 1.25 lM subtilisin. Incubation time was either 20 min

to remove the C-terminal tail of b-tubulin or 130 min to addition-

ally remove the C-terminal tail of a-tubulin. 1 mM PMSF was

added to stop the reactions. After ultracentrifugation in a

Beckmann TLA100 rotor (200,000 g, 30 min, 35°C), the pellet was

resuspended in 20 ll of 1× BRB80 buffer. Subtilisin-treated tubulin

was purified using size-exclusion chromatography (SEC)

(Superdex200, GE Healthcare) and subsequently used in pull-

down experiments.

Tubulin pull-down experiments

For the tubulin pull-downs shown in Fig 3A and Appendix Fig S3,

Ni2+-NTA beads were blocked overnight at 4°C in tubulin-binding

buffer (10 mM HEPES pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM

MgCl2, 1 mM EGTA, 1 mM DTT, 20 mM imidazole) containing

1 mg/ml BSA on a rotating wheel. Beads were collected by centrifu-

gation, and 15 ll aliquots was either incubated with 200 ll
tubulin-binding buffer (for the negative control) or with 200 ll
tubulin-binding buffer containing 10 lM of various complexes for

2 h at 4°C. For each complex, two separate tubes were prepared,

one was used for SDS–PAGE followed by Coomassie staining to con-

firm the presence of the desired complex on the beads, and the other

was used for tubulin pull-down followed by Western blot to investi-

gate the tubulin-binding capabilities of the respective complex.

Beads were collected by centrifugation and washed twice with tubu-

lin-binding buffer. For Coomassie staining, the bound protein was

eluted with 30 ll of tubulin-binding buffer containing 500 mM

imidazole, and 5 ll of this elution was analyzed by SDS–PAGE and

staining. For tubulin pull-downs, the collected beads were resus-

pended in 100 ll of tubulin-binding buffer containing 4 lM of

bovine tubulin (Cytoskeleton #TL238). The reactions were incu-

bated for 1 h at 4°C, and after two washes in tubulin-binding buffer,

the bound material was eluted with 50 ll of tubulin-binding buffer

containing 500 mM imidazole. The various elutions, along with an

“input” sample containing only tubulin as a positive control, were

separated by SDS–PAGE, blotted on a nitrocellulose membrane and

probed with a tubulin antibody (mouse monoclonal anti-alpha

tubulin, Sigma-Aldrich T9026), followed by a secondary HRP-linked

antibody.

MT co-sedimentation assay

According to the manufacturers protocol, 1× BRB80 buffer (80 mM

PIPES-KOH, 1 mM MgCl2, 1 mM EGTA, pH 6.8) supplemented with

3 mM GTP was used to solve lyophilized bovine tubulin (Cytoskele-

ton #TL238). After 45 min of incubation at 37°C, 50 lM Taxol was

added to stabilize the polymerization of tubulin, followed by a

second incubation for 40 min at 37°C. The MTs were pelleted by

ultracentrifugation in a Beckmann TLA100 rotor (200,000 g,

30 min, 37°C) and resuspended in 20 ll of 1× BRB80 supplemented

with 20 lM Taxol. 6 lM of CrIFT54/20 complex was mixed with

2 lM of polymerized MTs in a total volume of 50 ll 1× BRB80

buffer containing 5 mM DTT and 20 lM Taxol and incubated for

20 min at room temperature. The reaction mix was carefully pipet-

ted onto 100 ll of cushion buffer (1× BRB80, 50% glycerol, 20 lM
Taxol) and ultracentrifuged at 100,000 g for 20 min at 25°C using a

Beckmann TLA100 rotor. For SDS–PAGE analyses, a supernatant

sample was taken and the pellet was washed 3 × with 1× BRB80

supplemented with 20 lM Taxol and resuspended in 2× SDS loading

buffer for SDS–PAGE. Western Blot analysis was carried out as

described above. Novagen 70796-3 anti-HIS antibody and HRP

conjugated antibody (Enzo BML-SA204-0100) was used to detect the

HIS-tagged CrIFT54/20 complex.

Proteomics

For each pull-down reaction, SEC-purified GST-IFT20 or IFT571–234-

GST-tagged protein (baits) or GST protein (negative control)

was immobilized on glutathione Sepharose (GSH) beads by incu-

bating 200 ll of 10 lM protein with 20 ll bed volume of beads.

After incubation for 1 h, the beads were collected and washed

thrice with HMDEK buffer (30 mM HEPES, 5 mM MgSO4, 1 mM

DTT, 0.5 mM EGTA, 25 mM KCl). Total cell extract of Chlamy-

domonas (CrTCL) was prepared by lysing 1 g of freshly harvested

Chlamydomonas culture pellet resuspended in 20 ml of cold

HMDEK buffer supplemented with protease inhibitor cocktail.

C. reinhardtii cells were sonicated by giving 8 s on/off pulses for

2 min with intermittent cooling and subsequently clarified by

centrifugation at 20,000 g at 4°C for 15 min. Before pull-down,

1 ml of lysate (volume corresponding to each reaction) was pre-

cleared by incubating it with 15 ll bed volume of GSH beads for

30 min at 4°C in rotating wheel after which beads were separated

from the lysate by centrifugation at 20,000 g for 5 min. For pull-

down assay, 1 ml of pre-cleared lysate was incubated with GST or

GST-tagged baits (IFT571–234-GST or GST-IFT20) at 4°C on a rotat-

ing wheel for 3 h. GSH resin along with co-precipitated protein

complexes was separated by low speed centrifugation at 400 g for

2 min. Beads were washed once with cold 20 mM HEPES buffer.

Co-precipitated proteins were eluted from GSH beads with GST

elution buffer (10 mM Tris–HCl pH 8, 25 mM reduced

glutathione). To observe salt-dependent interaction between

IFT571–234-GST and its interactors, the co-precipitated proteins

were first eluted with 250 mM NaCl followed by elution with GST

elution buffer. Elution fractions corresponding to each of the reac-

tion in triplicates were loaded separately and stacked in a 10%

SDS–PAGE gel. Total protein from each lane was digested accord-

ing to the standard in-gel digestion protocol (Shevchenko et al,

2006). Digested peptides were purified and concentrated on a C18

StageTip (Rappsilber et al, 2007) and were analyzed using a Q Exac-

tive HF mass spectrometer (ThermoFisher Scientific). The peptides

were separated via Easy nLC 1000 system (Thermo Scientific) via

140-min gradient through a 15-cm column, 75 lm inner diameter

packed with 1.9 lm beads. The column was maintained at a constant

temperature of 45°C. Raw data were processed using MaxQuant
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computational platform (Cox & Mann, 2008), and statistical analysis

was done using the Perseus framework.

Accession codes

The coordinates and structure factors have been deposited in the

Protein Data Bank under the accession codes 5fmt, 5fmu, 5fmr, and

5fms.

Expanded View for this article is available online.
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