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SUMMARY
Cilia formation is essential for human life. One of the earliest events in the ciliogenesis program is the recruit-
ment of tau-tubulin kinase 2 (TTBK2) by the centriole distal appendage component CEP164. Due to the lack of
high-resolution structural information on this complex, it is unclear how it is affected in human ciliopathies
such as nephronophthisis. Furthermore, it is poorly understood if binding to CEP164 influences TTBK2 ac-
tivities. Here, we present a detailed biochemical, structural, and functional analysis of the CEP164-TTBK2
complex and demonstrate how it is compromised by two ciliopathic mutations in CEP164. Moreover, we
also provide insights into how binding to CEP164 is coordinated with TTBK2 activities. Together, our data
deepen our understanding of a crucial step in cilia formation and will inform future studies aimed at restoring
CEP164 functionality in a debilitating human ciliopathy.
INTRODUCTION

Cilia are hair-like cell projections that extendoutward from the cell

surface. They are found onmost human cell types and are strictly

required for human life (Bettencourt-Dias et al., 2011; Ishikawa

and Marshall, 2011; Werner et al., 2017). Cilia are involved in cell

motility and fluid flow generation. They also act as sensors that

respond to physical and chemical stimulation and thereby play

crucial roles in critical signaling pathways during development

and in tissuehomeostasis (Bettencourt-Dias et al., 2011; Ishikawa

andMarshall, 2011; Singla and Reiter, 2006; Werner et al., 2017).

Centrioles are cylindrical cell organelles that are typically found

as a pair in the center of centrosomes in interphase cells (Joukov

andDeNicolo, 2019;Werner et al., 2017). The twocentrioles differ

in age, with the older (mother) centriole distinguished from the

younger (daughter) centriole by thepresence of distal and subdis-

tal appendages (Bowler et al., 2019; Chong et al., 2020; Tanos

et al., 2013; Yang et al., 2018). During cilia formation, mother cen-

trioles become basal bodies that template cilia through the elon-

gation of the plus ends of the doubletmicrotubules that constitute

parts of their wall structure (Ishikawa and Marshall, 2011; Peder-

sen et al., 2008; Werner et al., 2017). The distal appendages play

crucial roles during ciliogenesis bymediating membrane docking

andprovidingaplatformonwhichessential steps incilia formation

take place (Kumar and Reiter, 2021).

The initiation of ciliogenesis is tightly regulated both temporally

and spatially (Werner et al., 2017; Kumar and Reiter, 2021). One

of the earliest steps in cilia formation is the recruitment of tau-
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tubulin kinase 2 (TTBK2) to the distal appendages of centrioles

through CEP164 that is located at their tip structure (Bowler

et al., 2019; Cajanek and Nigg, 2014; Oda et al., 2014; Goetz

et al., 2012; Yang et al., 2018). TTBK2 recruitment requires a

conserved WW domain in the N-terminal region of CEP164 and

a proline-rich region in TTBK2 (Cajanek and Nigg, 2014; Oda

et al., 2014; Schmidt et al., 2012). CEP164-TTBK2 complex for-

mation facilitates TTBK2-mediated phosphorylation of both

CEP83 at the base of distal appendages (Bernatik et al., 2020;

Lo et al., 2019) and MPHOSP9 (MPP9) at the distal end of the

mother centriole (Huang et al., 2018). As a consequence,

MPP9 and the associated CP110-CEP97 complex that caps

the distal ends of mother centrioles are removed, promoting

ciliary axoneme growth (Huang et al., 2018).

In agreement with this model, lack of CEP164 or TTBK2 im-

pairs ciliogenesis in mammalian tissue culture cells and mouse

models without otherwise affecting centriole structure (Bowie

and Goetz, 2020; Cajanek and Nigg, 2014; Goetz et al., 2012;

Graser et al., 2007; Humbert et al., 2012; Kobayashi et al.,

2020; Lo et al., 2019; Oda et al., 2014; Schmidt et al., 2012;

Slaats et al., 2014). Furthermore, CEP164 or TTBK2 truncations

that lack their respective TTBK2- or CEP164-interacting region

do not support ciliogenesis in vivo (Bowie et al., 2018; Cajanek

and Nigg, 2014; Goetz et al., 2012; Kobayashi et al., 2020; Oda

et al., 2014). Consistently, overexpression of the WW domain-

containing N-terminal region of CEP164 in tissue culture cells re-

sults in a dominant-negative effect on cilia formation, probably

by competing with TTBK2 association with CEP164 at distal
blished by Elsevier Ltd.
commons.org/licenses/by/4.0/).
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appendages (Cajanek and Nigg, 2014; Chaki et al., 2012; Slaats

et al., 2014; Schmidt et al., 2012). Importantly, a chimera be-

tween CEP164, lacking its TTBK2-interacting N-terminal region,

and a kinase domain containing part of TTBK2 is sufficient to

rescue the ciliogenesis defect in CEP164-depleted cells (Caja-

nek and Nigg, 2014). Together, these data argue that recruitment

of TTBK2 to the distal appendages by CEP164 is the main func-

tion of CEP164’s N-terminal region and that this step is critical for

the initiation of ciliogenesis.

Despite the strong evidence that functionally links CEP164

and TTBK2, many questions remain open concerning this com-

plex. Most of the functional insights rest on the use of truncation

constructs, and biochemical analyses on this complex, including

its binding affinity, are largely missing. Importantly, despite the

crucial importance for ciliogenesis of TTBK2 recruitment to

CEP164, the mechanisms by which this step is regulated are

currently largely unknown. Phosphatidylinositol-4-phosphate

binding to TTBK2 and CEP164 has been suggested to compro-

mise TTBK2-CEP164 complex formation (Xu et al., 2016), but the

structural basis of this proposedmechanism is unclear and other

regulatory mechanisms might act in parallel. Directly in the vicin-

ity of the proposed CEP164-binding motif in TTBK2 is located an

EB1/3 binding motif important for TTBK2 recruitment to microtu-

bules (Oda et al., 2014; Watanabe et al., 2015; Jiang et al., 2012).

Thus, EB1/3 and CEP164 binding to TTBK2 might be sterically

mutually exclusive, a mechanism that could contribute to the

regulation of TTBK2 recruitment. Other cellular factors might

directly compete with TTBK2 binding to CEP164 by mimicking

its WW domain-binding motif. The identification of TTBK2’s crit-

ical CEP164-binding motif might therefore facilitate the identifi-

cation of putative TTBK2 regulating factors.

There are currently no high-resolution structural data available

that could shed light on the molecular basis of CEP164-TTBK2

complex formation. The lack of structural information hampers

our ability to derive the binding motif for the interaction with

the WW domain of CEP164 and prevents insight into the struc-

tural constraints and plausibility of the proposed regulatory

mechanism of TTBK2 recruitment. Importantly, high-resolution

structural information on the CEP164-TTBK2 complex is also

crucial to understand its involvement in human disease. Muta-

tions in centriole components such as CEP164 that impair cilia

formation or function are either incompatible with human life or

result in disorders referred to as ciliopathies (Fliegauf et al.,

2008; Mitchison and Valente, 2017; Braun and Hildebrandt,

2017). Nephronophthisis is an autosomal recessive ciliopathy

that constitutes themost frequent genetic cause of kidney failure

in children (Hildebrandt et al., 2009). Probably due to compro-

mised signaling pathways that affect planar cell polarity, cysts

and fibrosis progressively arise in the kidney, leading to kidney

failure (Braun and Hildebrandt, 2017; Fischer et al., 2006; Hilde-

brandt et al., 2009; Stokman et al., 2021). To date, there is no

treatment available to slow the progressive loss of kidney func-

tion, and patients ultimately require dialysis or kidney transplan-

tation to survive (Hildebrandt et al., 2009; Stokman et al., 2021).

A structural understanding of how ciliopathy mutations affect

CEP164 function might therefore inform translational research

approaches aimed at alleviating disease progression in patients.

The two missense mutations Q11P (homozygous) and R93W

(compound heterozygous with a Q525X truncation mutation) in
CEP164 are associated with nephronophthisis, while a homozy-

gous CEP164 R93W mutation also has been identified in a pa-

tient with BBS (Bardet-Biedl syndrome)-like syndrome (Chaki

et al., 2012; Maria et al., 2016). It is currently not known whether

and how these mutations affect the interaction between CEP164

and TTBK2 to give rise to the underlying ciliopathy. Furthermore,

it is unclear what potential strategies could be used to address

CEP164 dysfunction in these ciliopathies. While both mutations

fall within the N-terminal region of CEP164, its WW domain is

located between residues 56 and 89 (Cajanek and Nigg, 2014)

and therefore is not directly targeted by the Q11P and the

R93W mutations.

In this paper, we present a detailed biochemical, functional,

and high-resolution structural analysis of the complex between

the N-terminal domain (NTD) of CEP164 and its TTBK2-binding

motif. Our data unambiguously demonstrate that the Q11P and

R93W ciliopathic mutations compromise complex formation,

reveal the structural basis of the underlying processes, and sug-

gest possible approaches to mitigate their deleterious effects.

Furthermore, our data and analyses provide insight into how

TTBK2 recruitment to CEP164 affects TTBK2 activities and

also allow us to propose a model of how TTBK2 is able to reach

its substrates while bound at the distal appendages. Together,

our data provide high-resolution structural information on a distal

appendage complex and deepen our understanding of a critical

step in cilia formation in human health and disease.

RESULTS

Unraveling the TTBK2-CEP164 interaction
TTBK2 interacts through a proline-rich C-terminal region

(TTBK21074�1085) with a predicted WW domain (CEP16462�84) in

the N-terminal part of CEP164 (Cajanek and Nigg, 2014; Oda

et al., 2014). Consistent with these findings, we established that

the ability of FLAG-tagged CEP164 to pull down hemagglutinin

(HA)-tagged TTBK2 depended on both elements (Figures 1A and

1B). Furthermore, pull-down experiments with recombinantly pro-

duced GST-CEP1641�109 and cell extracts from tissue culture

cells expressing TTBK21074�1087-GFP also established that

CEP1641�109 and TTBK21074�1087 are sufficient to bind to each

other (Figures S1A and S1F). Similar experiments, but with

TTBK21074�1087 constructs carryingalaninemutations in consecu-

tive blocks of four amino acids, suggested that the residueswithin

TTBK21074�1083 (the first threemutated blocks) contribute strongly

to CEP164 binding, while the effect of those residues within

TTBK21084�1087 (the last mutated block) is limited (Figure S1A).

To determine the corresponding binding affinity of the TTBK2-

CEP164 complex, we performed isothermal titration calorimetry

(ITC) with purified recombinant CEP1641�109 (Figure S1H) and

synthetically produced TTBK21074�1087 (Figure 1C; Table 1).

Analysis of the ITC data suggested a binding affinity of

�60 mM, which is in agreement with the binding affinities

observed for other WW domain-proline-rich binding motif

(PRBM) interactions (Iglesias-Bexiga et al., 2015; McDonald

et al., 2011; Verma et al., 2018).

Structure and dynamics of the NTD of CEP164
To gain insight into the structural basis of TTBK2 binding by

CEP164, we first determined the high-resolution structure of
Structure 30, 114–128, January 6, 2022 115



Figure 1. High-resolution structure of CEP1641–109 that interacts with TTBK21074–1087 with low micromolar affinity

(A) Domain organization of human CEP164 and TTBK2. cc, coiled coil. Amino acid residue numbers are indicated.

(B) The WW domain of CEP164 and the proline-rich region 1,074–1,087 in TTBK2 are necessary for the CEP164-TTBK2 interaction. Western blots showing pull-

down experiments with lysates from cells expressing 3xFLAG-tagged CEP164 and 3xHA-tagged TTBK2 constructs. Left: pull-down with 3xFLAG-CEP164 and

(legend continued on next page)
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the NTD of CEP164 (CEP1641�109) from two different crystal

forms by X-ray crystallography to a resolution of 1.6 and 1.7 Å

(Table 2; Figures 1D and S2). These crystal forms were obtained

by co-crystallization with two different camelid nanobodies (10Z

and 36Z) that were raised against CEP1641�109.

The CEP1641�109 (CEP164-NTD) structure from the first crys-

tal form (Figure 1D, co-crystallized with nanobody 36Z) revealed

a globular shape composed of a head, neck, and body delin-

eating the WW domain, connecting linkers and an a-helical

domain. The WW domain has a canonical three-stranded topol-

ogy (b2–4 in Figure 1D) and is inserted into the helical domain.

The N-terminal region of CEP164-NTD preceding the helical

domain is partly unstructured with the exception of residues

12–14 that form a short fourth strand (b1 in Figure 1D) stabilized

by mainchain-mainchain hydrogen bonds to b2 of the WW

domain. The b1-strand is also held in place by additional con-

tacts, including a sidechain-mainchain hydrogen bond between

R7 and D67, and a sidechain-sidechain hydrogen bond between

Y73 and Q11 (Figure 1D; magnified view, panel 2, Figure S2B).

Intriguingly, Q11 is mutated to proline in a CEP164 allele that is

associated with the human ciliopathy nephronophthisis (Chaki

et al., 2012).

As expected, the CEP1641�109 structure derived from the sec-

ond crystal form (obtained by co-crystallization with nanobody

10Z) is very similar to the first structure (root-mean-square devi-

ation [RMSD]: 0.86Å over 87 alignedCEP164 residues), including

the position of the bound nanobody (Figure S2). Surprisingly, the

very N terminus, including the short additional b1-strand of the

WW domain, is highly divergent in both structures. While such a

strand is observed at a comparable place in the second

CEP1641�109 structure, it is formed by residues 4–6 (not residues

12–14) and is held in place only through mainchain interactions

with b2 ofCEP164. The structural promiscuity of this regionmight

argue that the shortb1-strand is onlyweakly bound. In agreement

with this notion, NMR experiments with 15N-labeled purified, re-

combinant CEP1641�109 confirm the high flexibility of the very

N-terminal region of CEP164 in solution (residues 1–23) (Fig-

ure S3A, (Berjanskii and Wishart, 2005)). Residues 7–14 show

marginally higher {1H}15N heteronuclear Overhauser effect (het-

NOE) values (�0.5) than their flanking residues but a lower degree

of order than residues in the folded helical andWWdomains. het-

NOE data for the 15N-labeled ciliopathic Q11P mutant did not

reveal an increased flexibility of this N-terminal region. We

conclude that the first 23 residues of the CEP164-NTD appear

to associate only weakly with the WW domain.

The body of the CEP1641�109 structure comprises an a-helical

bundle whose three helices pack together to form a highly
3xHA-TTBK2 or 3xHA-TTBK2 carrying a deletion of its proline-rich region 1,07

carrying a deletion containing its WW domain (DWW) and 3xHA-TTBK2. TCL, to

(C) Recombinant CEP1641�109 and TTBK21074�1087 interact with low micromola

human CEP1641�109 constructs carrying the indicated mutations, at 25�C. The res

to five independent measurements.

(D) Top left: ribbon representation of the structure of CEP1641�109, rainbow-co

Rotation, as indicated. Consecutive alpha helices (a), beta sheets (b), and linkers

magnified in the three panels below (1 and 2) or to the right (3). Bottom: detailed v

These residues are mutated to W or P, respectively, in ciliopathies. Yellow dotted

labeled. bb, backbone. Top right, ribbon representation of the region indicated b

scores from variable (cyan) to conserved (burgundy). Key residues in the interface

are labeled.
conserved hydrophobic core (Figure S4). TheWWdomain packs

against the a-helical bundle and is held in place by the intercon-

necting linkers L3 and L4 (Figure 1D; magnified view, panel 3). In

both crystal structures, the bound nanobodies are partially sand-

wiched between theWWdomain and the helical bundle, allowing

the complementary determining region 3 (CDR3) loop of the

nanobodies to interact with residues at the interface between he-

lical bundle and WW domain (Figures S2 and 1D).

To gain insight into the dynamics of both parts of the CEP164-

NTD in the absence of nanobodies, we also determined the

CEP1641�109 structure by NMR (Figures 2A and 2B; Table 3).

The obtained NMR ensemble structures, superposed to the he-

lical bundle or WW domain, demonstrated that both parts of

CEP164-NTD were highly similar in the 20 NMR ensemble struc-

tures and were also highly similar to the crystal structure of the

nanobody-bound CEP164-NTD (Figures 2A and 2B). However,

the relative orientation between both parts showed some vari-

ability due to slight rotation movements in the interconnecting

linkers L3+4. As a result, the angle between a-helical bundle

and WW domain in the NMR ensemble structures (see Figure 2A

for definition) varied in the approximate range 97�–117�. The cor-
responding angle in the crystal structure of nanobody-bound

CEP1641�109 was �83� (Figure 2C). This decrease is due to

the CDR3 loop of the nanobody, which makes several bridging

interactions between helical bundle and WW domain that pull

both together (Figure 2A). We conclude that CEP1641�109 dis-

plays some inter-domain flexibility and that the overall

CEP1641�109 structure is largely unaffected by the bound

nanobodies.

Stability of the CEP164-NTD
Sequence analysis of the CEP164 homologs demonstrated that

sequence conservation of CEP164-NTD is mainly found in the

interior of the a-helical bundle and the solvent-exposed side of

the WW domain (Figure S4) as well as in linker L3+4, which con-

nects both domains (Figure 1D, magnified view - panel 3). Two

nearly invariant proline residues, P59 and P87, in this linker re-

gion make hydrophobic contacts with the highly conserved

W62. In addition, the invariant H86 in the vicinity forms a

hydrogen bond with the A56 mainchain. The high conservation

of this linker region suggests that inter-domain packing might

be functionally important (for example, in stabilizing the WW

domain fold).

To test this hypothesis, we deleted either WW domain or heli-

cal bundle from CEP1641�109 by recombinantly joining the loops

connecting them. Subsequently, we purified these constructs

and examined their fold and thermostability using circular
4–1,087 (DPro.). Right: pull-down with 3xFLAG-CEP164 or 3xFLAG-CEP164

tal cell lysate.

r affinity. Typical ITC of a synthetic TTBK21074�1087 peptide and recombinant

ulting dissociation constants (KD) are indicated as an average (±SD) from three

lored from N- to C-terminus, in complex with a camelid nanobody (in gray).

(L) are labeled. Dotted boxes labeled from 1 to 3 indicate the regions shown

iew of the CEP1641�109 regions containing residues R93 (box 1) or Q11 (box 2).

lines indicate hydrogen bonds. Selected residues are shown as sticks and are

y box 3, colored according to ConSurf (Ashkenazy et al., 2016) conservation

region between theWWdomain and the helical bundle are shown as sticks and
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Table 1. ITC analysis of the interaction between CEP1641–109

constructs and TTBK21074–1087

CEP1641�109

construct

N

(±SD)

KD

(mM, ±SD) DH (kcal/mol, ±SD) n

WT 0.7 ± 0.2 59 ± 14 �17 ± 7 5

Q11P 1 (fixed) 405 ± 145 �9 ± 4 3

S82A 0.7 ± <0.1 60 ± 1 �14 ± <1 3

DN1-18 1 (fixed) 271 ± 25 �10 ± 1 3
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dichroism (CD) spectroscopy (Figures 2D and S1I). Our results

showed that CEP1641�109 has a mixed a/b fold and unfolds

with a Tm of approximately 55�C. The helical domain alone

(CEP16419�62,80-109) had a CD spectrum consistent with a highly

a-helical structure, as expected, and displayed a thermostability

similar to CEP1641�109, while the spectrum and the lack of a

cooperative denaturation transition for the WW domain alone

(CEP1641�28,50-94) indicated that it had a largely unfolded

conformation. Furthermore, a deletion of the helical bundle

from full-length FLAG-tagged CEP164 largely abolished its abil-

ity to pull down HA-tagged TTBK2 from lysates of cells express-

ing these constructs (Figure 2E). Thus, our data suggest that the

CEP164WW domain requires the intramolecular interaction with

the helical bundle to fold stably and function in vivo.

Structural basis for TTBK2 binding by the CEP164-NTD
To understand in more detail how CEP164 and TTBK2 interact,

we determined the high-resolution structure of the CEP164-

NTD in complex with TTBK21074�1087 by X-ray crystallography

to a resolution of 2.4 Å (Table 2, Figures 3A and S1E). Due to

the low micromolar affinity of this complex (KD � 60 mM, Fig-

ure 1C), we fused TTBK21074�1087 recombinantly to the N termi-

nus of CEP1641�109 to obtain diffraction-quality protein crystals

of this complex. For crystallization, we again utilized nanobody

36Z as a crystallization chaperone. In the structure, neither the

WW domain nor the a-helical bundle of the CEP164-NTD re-

vealed significant conformational changes upon binding to

TTBK21074�1087 (apo- and TTBK2-bound structures superposed

with an RMSD of 1.03 Å over 99 structurally equivalent residues)

(Figure S3B). The main difference resided in the N-terminal re-

gion of CEP1641�109 where residues 6–8 form a second short

strand in addition to the b1-strand of residues 12–14.

WWdomains are categorized into four groups that differ in their

ligand-binding specificity. Class I and IV WW domains recognize

PPxY and phosphorylated (S/T)Pmotifs by accommodating their

Xaa-P residues into a single, so-called XP groove defined by two

highly conserved aromatic residues. In contrast, class II and III

WW domains utilize two XP grooves, XP and XP2, to bind to

PPLP and PxxGMxPP motifs, respectively (Kato et al., 2004;

Zarrinpar and Lim, 2000). The CEP1641�109-TTBK21074�1087

complex revealed a strong similarity to class II/III WW domains

(Figure S5). Like these, it contains two XP grooves with the aro-

matic residues CEP164 Y73 and W84 defining the XP, and F75

and F77 the XP2 groove. TTBK21074�1087 adopts a polyproline

helix II conformation and packs with core prolines against both

grooves: P1075, P1077, P1078, and P1082 stack against

CEP164 F75, F77, Y73, andW84, respectively, with P1075 occu-

pying the XP2 and P1077-P1078 the XP groove (Figures 3A and
118 Structure 30, 114–128, January 6, 2022
S5A). P1079 and G1080 allow the backbone between residues

P1078 and P1082 to bend like an arch over W84 to sandwich it.

An additional contact between TTBK2 and CEP164 is made by

R1076, which forms a salt bridge with residue D10 of CEP164,

probably facilitating P1075 docking into the XP2 groove. D10

positioning is enabled byQ11 (mutated to proline in nephronoph-

thisis), which hydrogenbondswith residuesY73 andD10. Finally,

CEP164 residue S82 hydrogen bonds to the mainchain of the

TTBK2 peptide. Residues TTBK21085�1087 were not visible

in our structure, arguing that they do notmake significant contact

withCEP164 (Figure S1A). NMR-based binding experimentswith

purified 15N-labeledCEP1641�109 and unlabeled TTBK21074�1087

revealed an excellent agreement with our crystallographic ana-

lyses of this complex (Figure S3C).

Determinants of TTBK2 recognition byCEP164-NTDand
the impact of nephronophthisis mutation Q11P
To dissect the importance of these interactions, we performed

pull-down assays with purified GST-CEP1641�109 and cell ex-

tracts from cells expressing TTBK21074�1087-GFP constructs

containing individual alanine mutations. The results shown in

Figure 3C suggest that residues F1074, R1076, P1077, P1078,

and G1080 are particularly important for CEP164 binding. We

confirmed the importance of the core residues in the context of

the full-length proteins by pull-down experiments with FLAG-

tagged CEP164 and HA-tagged TTBK2 (wild-type [WT] and

mutant) (Figure S1C). Our structural data (Figure 3A) rationalize

these biochemical findings with the exception of the strong

impact of the F1074A mutant. While F1074 is well placed to

make hydrophobic contacts with CEP164 residues F75 and

F77, its electron density was poorly defined, arguing against a

tight binding of this residue in crystallo.

To establish the importance of the interface residues Q11,

Y73, and S82 in the CEP164-NTD, we purified recombinant

CEP1641�109, the ciliopathy mutant Q11P, and the S82A and

Y73A mutants (Figure S1H). To ascertain the role of the N-termi-

nal, flexible (Figure S3A) region of CEP1641�109, we also purified

a corresponding deletion construct (CEP16419�109, D1–18). CD

spectra analyses of these constructs suggested that their fold

is not significantly perturbed compared with the WT protein

with only very minor changes evident in the Y73A mutant (Fig-

ure S1D). Next, we determined the binding affinity of these

mutants to synthetically produced TTBK21074�1087 by ITC (Fig-

ure 1C). Analysis of the ITC data suggested that the S82A muta-

tion does not affect TTBK2 binding affinity. In contrast, Q11P and

CEP164-NTD D1–18 both showed a strong drop in binding

strength to �400 mM and �270 mM, respectively, while the

Y73Amutant did not show any significant binding activity. These

results confirm the crucial role of Y73 and of the ciliopathic res-

idue Q11 for the TTBK2 interaction. In contrast, the contribution

of S82 to TTBK2 binding in solution appears negligible.

We extended the mutational analysis of CEP164 interface res-

idues further by performing pull-down assays with recombi-

nantly produced GST-CEP1641�109 WT, Q11P, Y73A, F75A,

F77A, S82A, W84A, and D1–18mutants (Figure S1F) and cell ex-

tracts from cells expressing TTBK21074�1087-GFP. In agreement

with our previous data, S82A bound to TTBK21074�1087 similar to

the WT protein, while mutations Q11P, Y73A, F77A, W84A, and

D1–18 resulted in a strongly reduced and F75A in a moderately



Table 2. X-ray crystallography dataset analysis and refinement statistics

Protein complex

Nanobody

10Z-CEP1641�109

Nanobody

36Z-CEP1641�109

Nanobody

36Z-TTBK21074�1087-CEP1641�109

PDB accession code 7O06 7O0S 7O3B

Beamline I04 (Diamond) I04 (Diamond) I03 (Diamond)

Space group P1211 I121 C2221

Wavelength (Å) 0.97942 0.97942 0.97625

Monomers in the asymmetric unit 2 1 3

Unit cell dimensions (Å, �) a = 50.9, b = 70.7, c = 62.0,

a = 90.00, b = 90.09, g = 90.00

a = 38.3, b = 50.6, c = 119.9,

a = 90.0, b = 99.0, g = 90.00

a = 70.6, b = 127.7, c = 218.9,

a = 90.0, b = 90.0, g = 90.0

Resolution (Å) 62.0–1.6 59.2–1.7 61.8–2.4

Completeness

(overall/inner/outer shell) (%)

99.4/99.9/98.9 100.0/99.7/100.0 98.7/95.7/99.4

Rmerge (overall/inner/outer shell) 0.097/0.059/1.463 0.146/0.105/1.658 0.091/0.035/0.705

Rpim (overall/inner/outer shell) 0.040/0.025/0.627 0.061/0.047/0.700 0.052/0.018/0.436

Mean I/sI (overall/inner/outer shell) 9.9/27.0/1.7 6.1/18.2/1.0 8.6/17.0/2.1

Multiplicity (overall/inner/outer shell) 6.7/6.1/6.3 6.6/5.9/6.5 3.8/3.7/3.8

Wilson B-factor (Å2) 19.2 24.9 33.5

Number of reflections

(used in refinement)

57,658 (57,454) 25,042 (24,957) 38,541 (38,506)

Number of atoms 3,796 1,909 5,678

Waters 275 150 104

Rwork/Rfree (% data used) 0.1804/0.2108 (5%) 0.2019/0.2411 (5%) 0.1894/0.2395 (5%)

RMSD from ideal values:

bond length/angles (Å/�)
0.006/0.797 0.006/0.813 0.004/0.623

Mean B value (Å2) 28.06 31.80 55.0

Overall correlation coefficient

Fo-Fc/Fo-Fc free

0.963/0.956 0.959/0.936 0.933/0.911

Molprobity score 1.21 1.34 1.71

Clashscore, all atoms 2.73 3.48 4.50

Poor rotamers (%) 1.83 1.05 3.34

Ramachandran outliers (%) 0.00 0.00 0.00

Ramachandran favored (%) 98.34 97.22 97.54
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reduced TTBK2 binding (Figure 3B). We further confirmed these

findings in the context of full-length proteins in a pull-down

experiment with HA-tagged TTBK2 and FLAG-tagged CEP164,

WT, Y73A, S82A, W84, and Q11P mutants (Figure S1B) that

corroborated a strong (Y73A and W84A) or a significant reduc-

tion (ciliopathy mutation Q11P) of the TTBK2-CEP164 interac-

tion, while no binding defect was observed for the S82A mutant.

The apparently stronger binding of the Q11P mutant in the full-

length context is probably explained by the fact that both

CEP164 and TTBK2 are capable of self-interacting (Bowie

et al., 2018; Sivasubramaniam et al., 2008), thereby increasing

their binding affinity due to avidity effects. Together, our data

confirm the structural model of the CEP164-TTBK2 complex,

define its critical interactions, and establish the nephronophthi-

sis-associated mutation Q11P as directly compromising the

complex interface and binding affinity.

CEP164-NTD destabilization by nephronophthisis
mutant R93W
In contrast to Q11P, the other CEP164-NTD-linked nephronoph-

thisis-associated mutation R93W is not located near the TTBK2-
CEP164 interface. Instead, R93 is located in the helical bundle,

where it formsseveral hydrogenbondspredicted tostabilize it (Fig-

ure 1D; magnified view, panel 1). Thus, the R93Wmutation might

destabilize the helical bundle that is required for the TTBK2-inter-

acting WW domain to fold stably (Figures 2D and 2E). To test

whether this mutation indeed affects the CEP164-NTD stability,

we purified the CEP1641�109 R93W mutant and assessed its fold

and thermostability by CD spectroscopy (Figures 3D and 3E). As

a control, we also performed this experiment with the Q11P neph-

ronophthisis mutant that structurally is not predicted to affect

CEP1641�109 stability (Figure 1D). Our results (Figures 3D and

3E) showthat theR93Wbutnot theQ11Pmutation indeedstrongly

lowered the thermostability of the CEP164-NTD. Signs of destabi-

lization were already evident around room temperature, while the

mutant structure appeared largely unaffected at 7�C. Transverse
relaxation optimized spectroscopy (TROSY) NMR experiments

with 15N-labeled CEP1641�109 WT and R93Wmutant corroborate

the temperature-dependent structural instability of the R93W

mutant but also indicate that the mutant structure is already

compromisedat4�C(FigureS6A).Weconclude that theciliopathic

R93Wmutation destabilizes the CEP164-NTD fold.
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Figure 2. The isolated helical bundle but not the WW domain of CEP1641–109 folds stably in solution

(A) Left, NMR structure ensemble of CEP1641�109 superposed to its WW domain (CEP16462�83), rainbow-colored from N (blue) to C terminus (red). Right,

corresponding view of the superposed crystal structure of nanobody-bound CEP1641�109 (nanobody in gray). The corresponding RMSD values (±SD) were 0.7 ±

0.2 Å and 0.9 ± 0.1 Å, respectively. Consecutive alpha-helices (a), beta-sheets (b), and linkers (L) are labeled. The vectors used to calculate the helical bundle-WW

domain orientation angles (in C) are indicated. The dotted box designates the region shown magnified below. Bottom, detailed view of the CEP1641�109 region

contacted by the nanobody CDR3 loop.

(legend continued on next page)
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To establish the impact of the R93Wmutation on TTBK2 bind-

ing, we employed pull-down assays with recombinantly pro-

duced GST-CEP1641�109 WT, Q11P, and R93W (Figure S1G)

and cell extracts from cells expressing TTBK21074�1087-GFP

(Figure 3F). As seen before, the CEP164 Q11P mutation strongly

diminished TTBK2 binding (to 7% of the WT level). In contrast,

the impact of the R93W mutant was weaker but still significant,

with the amount of pulled down TTBK21074�1087-GFP reduced

to 60% of the WT level. This experiment had to be performed

at 4�C, a temperature at which the impact of the R93Wmutation

on the stability of the NTD of CEP164 is small (Figure 3D). We

also performed ITC experiments with the TTBK21074�1087 pep-

tide and the CEP1641�109 R93W mutant at 25�C, and these ex-

periments indicated a moderate reduction in binding affinity

comparedwith theWT. However, the ITC data were complicated

by the coupling of peptide binding and refolding of a fraction of

the CEP1641�109 R93W mutant, since the CEP164 construct is

destabilized and partially unfolded at 25�C (Figures 3D and

S6A), so we are unable to assign a more precise value to the ef-

fect on binding. Together, our data suggest that the ciliopathic

R93W mutation negatively affects the CEP164-TTBK2 interac-

tion through CEP164-NTD destabilization.

CEP164 Q11P and R93W mutants affect cilia formation
in RPE-1 cells
Since the ciliopathy-associated Q11P and R93W CEP164

mutants showed reduced binding to TTBK2 in our pull-down as-

says, we asked whether they would also have an impact on cilio-

genesis in rescue experiments with human, serum-starved

CEP164-null telomerase reverse transcriptase-immortalized

retina pigmentation epithelial (hTERT RPE-1) cells (Daly et al.,

2016). Both CEP164 mutations did not interfere with CEP164

localization to the mother centriole but showed a significant

reduction in ARL13b-positive cilia formation compared with the

WT construct (Figures 3G and 3H). Consistent with our biochem-

ical data, the CEP164 R93Wmutation resulted in a less strong ef-

fect than the Q11P mutation in this assay (Figure 3H). Thus, our

data confirm the genetic data in patients (Chaki et al., 2012; Ma-

ria et al., 2016) and suggest that two CEP164mutations that give

rise to ciliopathies with comparable strength in patients show dif-

ferential impacts on ciliogenesis in tissue culture cells.

CEP164-NTD binding inhibits EB1 engagement
by TTBK2
TTBK2 is not only recruited to centriole distal appendages but

also to microtubule ends through a SxIP motif-mediated interac-

tion with the end binding protein EB1/3 (Watanabe et al., 2015;
(B) Similar to (A), but CEP1641-109 NMR structures superposed to their helical bu

0.1 Å and 0.8 ± 0.1 Å, respectively.

(C) Measured angles between the helical bundle and the WW domain in the NMR

ensemble was 107� ± 7�. The individual angle values in each ensemble member ar

the minimum measured values, while the box ranges between the first and the th

(D) Top: ribbon representation of the CEP1641�109 structure (in green). TheDHelice

domain, respectively, by omitting the corresponding structural regions. Dotted bla

Alpha helices (a), beta sheets (b), and linkers (L) are labeled. Bottom: CD analyse

DWW constructs. Left: buffer-subtracted CD spectra at 25�C. Right: CD-based
(E) The helical bundle of CEP164 is necessary for the CEP164-TTBK2 interaction. W

3xHA-TTBK2 and 3xFLAG tagged CEP164 or 3xFLAG-CEP164 carrying a deletion

cell lysate.
Jiang et al., 2012). Of the two SxIP motifs present in TTBK2,

the second motif (TTBK21051�1054) contributes the most strongly

to EB1/3 binding (Watanabe et al., 2015) and is located in the

vicinity of the CEP164-interacting motif of TTBK2

(TTBK21074�1084). To check whether EB1 and CEP164-NTD

can engage this part of TTBK2 simultaneously, we performed

pull-down experiments with purified MBP-TTBK21033�1087 (WT,

TTBK21051�1054 SKIP to AAAA, or TTBK21076�1078 RPP to AAA) and

EB1 in the presence of an excess of CEP1641�109. The results

shown in Figure 4A demonstrate that the presence of CEP164-

NTD strongly decreased EB1 binding to TTBK21033�1087

compared with the TTBK21076�1078 RPP to AAA mutant that is un-

able to engage CEP164-NTD. In contrast, excess EB1-GFP

does not efficiently compete with CEP164-NTD binding to

MBP-TTBK21033�1087 (Figure S7B), probably due to its lower

binding affinity. Further pull-down experiments with 3xFLAG-

EB1 and full-length 3xHA-TTBK2 (WT or CEP164-binding-defi-

cient DPro-rich [D1,074–1,087] mutant) in the presence of

GST-CEP1641�109 (WT or TTBK-binding deficient Y73A mutant)

confirm our findings (Figure S7A). We conclude that CEP164-

NTD binding inhibits EB1 engagement of the major EB1 binding

site in TTBK2.

CEP164-NTD binding does not stimulate TTBK2
autophosphorylation
Many kinases exist in an auto-inhibited state that is relieved by

an activating event such as phosphorylation or protein binding.

Thus, we wanted to test whether CEP164-NTD binding to

TTBK2 activates its kinase activity. To this end, we recombi-

nantly produced dephosphorylated N-terminally 3xFLAG- and

C-terminally STREP-tagged TTBK2 kinase (WT and kinase

dead D163A mutant). The WT but not the D163A mutant

TTBK2 kinase efficiently phosphorylated itself, as judged by its

strong upward mobility in SDS-PAGE gels after incubation with

ATP. Incubation with an excess of purified CEP1641�109, WT,

or TTBK2-binding-deficient Y73A mutant did not stimulate

TTBK2 phosphorylation levels compared with the corresponding

buffer control (Figure S7C). Thus, TTBK2 binding to CEP164

does not strongly activate TTBK2 kinase activity.

CEP164 and TTBK2 contain long regions predicted to be
unstructured
Short binding motifs are often found in extended, open confor-

mation, such as regions of disorder. To evaluate TTBK2 for the

presence of such regions, we analyzed its sequence using

several different disorder prediction algorithms (MFDp2, Miz-

ianty et al., 2013; SPOT-Disorder, Hanson et al., 2017, 2019; or
ndle (CEP16426�55, 87-103). The corresponding RMSD values (±SD) were 0.5 ±

and crystal structures as indicated in (A). The average value across the NMR

e overlaid to a box-and-whisker plot. The whiskers represent themaximum and

ird quartiles; the median value is also indicated.

s andDWWpanels indicate the construct deletions of the helical bundle orWW

ck lines highlight the parts that were directly spliced together in the constructs.

s of recombinant CEP1641�109 WT as well as the corresponding DHelices and

thermal melting analysis recorded at 222 nm.

estern blot showing a pull-down experiment with lysates from cells expressing

of its helical bundle.DHel., construct as indicated byDHelices in (D). TCL, total
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Table 3. Structural statistics for the NMR solution structure of CEP1641–109

Structural restraints

NOE-derived distance restraints

intraresidue 668 very strong (0–2.5 Å) 27

sequential 483 strong (0–3.0 Å) 36

medium (2 % | i-j | % 4) 339 medium (0–4.0 Å) 118

long (| i-j | > 4) 365 weak (0–5.5 Å) 1674

total 1855 total 1855

Dihedral restraints

4 81

c 82

u 113

H-bond restraints

distances 72

H bonds 36

Statistics for accepted structures

Number of accepted structures 20

Mean AMBER energy

terms (kcal/mol ±SD)

E (total) �5,431.4 ± 21.2

E (van der Waals) �797.8 ± 12.9

E (distance restraints) 15.9 ± 3.6

Distance restraint violations >0.2 Å

(average number per structure)

4.7 ± 2.1

Angle restraint violations >5�

(average number per structure)

12.1 ± 3.6

RMSDs from the ideal geometry used within AMBER

bond lengths 0.0102 Å

bond angles 2.11�

Ramachandran statistics

most favored 94.2%

additionally allowed 5.4%

generously allowed 0.2%

disallowed 0.2%

Average atomic RMSDs from

average structure (±SD)

residues 26–36, 44–53, 90–103

N, Ca, C backbone atoms 0.27 ± 0.06 Å

all heavy atoms 0.91 ± 0.07 Å
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AUCpreD, Wang et al., 2016) that have ranked highly in a recent

experimental benchmarking (Nielsen and Mulder, 2019). The re-

sults shown in Figure 4B suggest that, outside its N-terminal ki-

nase domain, TTBK2 contains large regions of disorder. Thus,

TTBK2 probably has a high level of flexibility between its kinase

domain and its C-terminal CEP164-binding region. This flexibility

might facilitate its access to its known substrates (Bernatik et al.,

2020; Huang et al., 2018; Lo et al., 2019) at or around the

centriole wall.

DISCUSSION

Ciliopathies are genetic diseases that arise when mutations

impair cilia formation or function. Elucidation of the correspond-
122 Structure 30, 114–128, January 6, 2022
ing molecular mechanisms can lead to a deepened understand-

ing of the underlying biological processes and is an important

first step toward the development of targeted therapeutic strate-

gies. The recruitment of TTBK2 by the centriole distal appendage

component CEP164 is one of the crucial early events in cilia for-

mation (Cajanek and Nigg, 2014; Oda et al., 2014; Huang

et al., 2018).

The structures of CEP164-NTD revealed a two-domain organi-

zation in which a WW domain is inserted into an a-helical bundle

consisting of three a helices. Despite an element of inter-domain

flexibility, these two domains act as a single unit whose stability

critically depends on the core interactions within the helical

bundle. CEP164-NTD accommodates the TTBK2 proline-rich

peptide into two non-continuous hydrophobic grooves (XP and



Figure 3. High-resolution structure of the CEP1641–109-TTBK21074–1087 complex that is compromised by the ciliopathy-associated mutations

Q11P and R93W in CEP164

(A) Left: ribbon representation of the structure of CEP1641�109 (green) in complex with TTBK21074�1087 (red). The structure of the bound camelid nanobody used

for co-crystallization is omitted for optical clarity. Consecutive alpha-helices (a), beta-sheets (b), and linkers (L) are labeled. The dotted box is shownmagnified to

the right. Right: detailed view of the interface region between CEP1641�109 and TTBK21074�1087. Key interface residues are shown as sticks and are labeled.

Yellow dotted lines indicate hydrogen bonds.

(legend continued on next page)
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XP2). While both ligand-binding interface and ligand orientation

in the complex structure showed striking similarities to class II/

III WW domain complexes (Kato et al., 2004), there are also

features unique to the CEP164-NTD–TTBK2 interaction. In

CEP164-NTD, the XP2 groove is formed by two phenylalanines

(F75, F77) and a tyrosine (Y73) instead of a tryptophan and tyro-

sine or two tyrosines as observed in FE65 and FBP11 WW do-

mains, respectively. Furthermore, the CEP164-NTD contains a

flexible N-terminal region that complements the WW domain in

the complex structure with an additional two-stranded b-hairpin

that directly contributes to ligand binding. The side-chains of I8

and V13 in this region contribute to the shape of the XP2 groove.

As a result, this groove is considerably smaller and deeper than

the grooves of other class II/III WWdomains and accommodates

a single proline residue instead of a pair of prolines. This differ-

ence might also explain the importance of F1074 in providing

additional hydrophobic contacts that contribute to complex

stability.

Themutations Q11P and R93W in CEP164 are associatedwith

ciliopathies (Chaki et al., 2012; Maria et al., 2016; Slaats et al.,

2014). Q11P was identified as a homozygous mutation and

R93W as a compound heterozygous mutation with the Q525X

truncation in nephronophthisis patients that displayed early kid-

ney failure and retinal degeneration (Chaki et al., 2012). The

Q525X mutation probably results in a strongly dysfunctional

CEP164 truncation, as it is unable to localize to the mother

centriole. Consistent with this notion, patients with the similar

but homozygous truncation mutation R576X show more severe

phenotypes with additional features typical for motile ciliopa-

thies, such as primary ciliary dyskinesia (Chaki et al., 2012). A ho-

mozygous R93W CEP164 mutation was also found in a patient

with BBS (Bardet-Biedl syndrome)-like syndrome with hypogo-

nadism, retinal phenotypes, and obesity but without renal anom-

alies (Maria et al., 2016).

Our data show that the CEP164 Q11P and R93W mutants

localize normally to the mother centriole but are defective in

rescuing cilia formation in human, CEP164-null hTERT RPE-1

cells, confirming the genetic data in human patients (Chaki

et al., 2012; Maria et al., 2016). Although both mutations are

located away from the WW domain of CEP164 (residues 62–

84), they affect its ability to engage TTBK2 in pull-down assays.

Structurally, the R93W mutation reduces the thermostability of
(B) Several interfacial residues of the CEP164 WW domain are critical for its int

combinant GST or GST-CEP1641�109, WT or the indicated mutants, and lysates fr

the band intensities of the eluates (as percentage of the WT level) are shown.

(C) Several residues within the CEP164-binding region of TTBK2 are essential for

showing a pull-down experiment with recombinant GST or GST-CEP1641�109

constructs. TTBK2 constructs carried single alaninemutations as indicated above

WT level) are shown (±SD, n = 3).

(D and E) The R93W, but not the Q11P mutation decrease the thermostabilit

CEP1641�109 WT as well as its Q11P and R93W mutants at 7�C and 25�C. (E
at 222 nm.

(F) Both Q11P and R93W nephronophthisis mutations in CEP1641�109 compromis

experiment with recombinant GST or GST-CEP1641�109,WT, Q11P, or R93W and

the blot, the band intensities of the eluates (as percentage of the WT level) are s

(G and H) The CEP164 Q11P and R93W ciliopathy mutants localize to mother c

Immunofluorescence staining of hTERT RPE-1 CEP164-null cells rescued with th

cilia were detected by ARL13b staining (red). CETN1 was used to visualize centro

cells (mean percentage of ciliated cells ±SEM). Statistical significance betwee

comparison post hoc test; number of cells, NWT = 66, NQ11P = 58, NR93W = 55, a
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the CEP164-NTD by impairing the folding of the WW domain-

stabilizing helical bundle. In contrast, residue Q11 is part of a

short b-strand that associates with the WW domain and contrib-

utes to the placement of several side chains that directly contact

TTBK2. The Q11P mutation compromises these interactions.

Intriguingly, the removal of the first 18 residues of CEP164-

NTD has a less strong effect on TTBK2 binding than Q11P.

Thus, we speculate that the Q11P proline partly occupies the

XP grooves of CEP164-NTD and thereby also acts to compete

with TTBK2 binding. Our data suggest that the corresponding

CEP164-NTD region is flexible enough to allow these move-

ments. In terms of therapeutic potential, our data suggest that re-

agents that stabilize the CEP164-NTD fold in the R93W mutant,

or prevent the WW domain association of the Q11P region,

would hold promise in alleviating disease manifestation in the

corresponding patients.

Our in vitro and in vivo data suggest that the R93W mutation

affects TTBK2 binding and cilia formation less strongly than

the Q11P mutation. Nevertheless, in patients, no corresponding

clear-cut genotype-phenotype relationship is obvious (Chaki

et al., 2012; Maria et al., 2016). CEP164 might have functions

outside ciliogenesis that contribute to disease manifestations

to account for this observation. Thus, CEP164 was suggested

to function in cell cycle progression and its dysfunction, for

example in the R93W mutant, to contribute to the pathogenesis

of nephronophthisis through DNA damage-induced replicative

stress, although this mutant was also found to have some nega-

tive effect on cilia formation (Slaats et al., 2014). However, in

another study, CEP164 was not found to influence cell prolifera-

tion or the DNA damage response (Daly et al., 2016). Thus, as

suggested for two closely related ciliopathy mutations in

CEP120 (Joseph et al., 2018), the genetic backgrounds of the

affected patients might modify the exact clinical manifestation

of these ciliopathy mutations instead.

Our data also give insights into how TTBK2 binding to CEP164

might influence other TTBK2 activities. Located close to the

CEP164-NTD binding region of TTBK2 is one of two EB1-binding

SxIP motifs. This motif is responsible for the majority of the EB1-

binding affinity of TTBK2 (Watanabe et al., 2015, Figure S7A).

EB1-dependent TTBK2 recruitment to microtubules is important

for microtubule regulation (Watanabe et al., 2015), and we show

here that CEP164-NTD binding inhibits EB1 engagement by
eraction with TTBK2. Western blot showing a pull-down experiment with re-

om cells expressing C-terminally GFP-tagged TTBK21074�1087. Below the blot,

its interaction with CEP164 and define a CEP164-binding motif. Western blot

and lysates from cells expressing C-terminally GFP-tagged TTBK21074�1087

the blot. Below the blot, the band intensities of the eluates (as percentage of the

y of the NTD of CEP164. (D) Buffer-subtracted CD spectra of recombinant

) CD-based thermal melting analysis of CEP1641�109 WT, Q11P, and R93W

e the interaction with TTBK21074�1087 at 4�C.Western blot showing a pull-down

lysates from cells expressing C-terminally GFP-tagged TTBK21074�1087. Below

hown (±SD, n = 3).

entrioles but do not efficiently rescue cilia formation in CEP164-null cells. (G)

e indicated, transfected 3xFLAG-tagged CEP164 constructs (green). Primary

somes (blue). Scale bar: 5 mm. (H) Quantification of the percentage of ciliated

n the groups was analyzed by one-way ANOVA with a Holm-Sidac multiple

nd Nuntransfected = 57; *p = 0.02, ***p % 0.0005.



Figure 4. CEP164-NTD binding to TTBK2 inhibits the TTBK2-EB1 interaction

(A) CEP1641�109 and EB1 compete for binding to MBP-TTBK21033�1087. Coomassie-stained SDS-PAGE gel showing pull-down experiments with purified MBP-

TTBK21033�1087 (WT, EB1-binding-deficient TTBK21051�1054 SKIP to AAAA or CEP164-NTD-binding-deficient TTBK21076�1078 RPP to AAA) with EB1 in the presence of

an excess of CEP1641�109.

(B) Per-residue disorder probabilities of TTBK2 as calculated by different disorder prediction algorithms. Values above 0.5 (dashed line) indicate disorder. The

location of the kinase domain and selected sequence features of TTBK2 are indicated above the plot.

(C) Model of the TTBK2-CEP164 architecture at the distal appendages. Left: scheme of the mother centriole with distal appendages based on electron mi-

croscopy tomography segmentation analysis (Bowler et al., 2019). Subdistal appendages are omitted for clarity. Right: close-up view of a single distal appendage

region. CEP164 is indicated in cyan, the bound TTBK2 is shown in green. The connecting linkers between CEP164-NTD and the CEP164 coiled-coil domain and

between the CEP164-bound TTBK21074�1084 region and the N-terminal TTBK2 kinase domain (PDB: 6vrf) (Bao et al., 2021) are drawn in an extended and open

conformation. Based on disorder predictions and the paucity of predicted secondary structure elements, we propose that these linkers are largely flexible

(Figures 4B and S6B). This flexibility would allow the TTBK2-CEP164-NTD complex to sample larger areas of the distal appendage region and would enable

TTBK2 to reach its phosphorylation substrates at (MPP9) or close to (CEP83) the distal centriole end. A circled ‘‘P’’ indicates a phosphorylation event by TTBK2.
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TTBK2 in vitro. This argues that microtubule end association and

CEP164 binding of TTBK2 might be mutually exclusive in vivo

such that distal appendage-associated TTBK2 interacts with

CEP164, while the non-centriolar TTBK2 fraction can interact

with EB1/3 in the same cell. Preventing EB1/3 engagement and

microtubule regulation by distal appendage-bound TTBK2 might
be important for efficient cilia formation, but the functional impor-

tance of this putative mechanism in cells remains to be estab-

lished. Intriguingly, the structural footprint of CEP164-NTD and

EB1 on their TTBK2-binding regions (this study; PDB: 3gjo; Hon-

nappa et al., 2009) is not large enough to directly account for the

observed competition. Thus, CEP164-NTD and EB1 probably
Structure 30, 114–128, January 6, 2022 125
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engage larger regions of TTBK2 than their core binding mo-

tifs alone.

There are currently conflicting data concerning whether

TTBK2 binding to CEP164 activates its kinase domain (Oda

et al., 2014). To address this question, we performed TTBK2

phosphorylation assays with recombinantly produced TTBK2

(WT or kinase deadD163Amutant) in the presence of either bind-

ing-competent (WT) or -incompetent (Y73A mutant) CEP164-

NTD. Our data did not reveal a stimulation of TTBK2 activity by

CEP164-NTD binding. Thus, CEP164 might not be involved in

activating an otherwise inactive TTBK2 but possibly recruits

TTBK2 in an already activated form.

One of the puzzles concerning TTBK2 function after CEP164

binding is that its effector substrates CEP83 and MPP9 are

located close to or at the centriole microtubule wall at a signifi-

cant distance away from CEP164. While the N-terminal region

of CEP164 in vivo is found at a radius of 121–284 nm from the

centriole center (Bowler et al., 2019), CEP83 andMPP9 are found

at a radius of 106–194 nm and �113 nm, respectively (Bowler

et al., 2019; Huang et al., 2018). Thus, TTBK2 would need to

span a significant distance to reach these substrates.

While it has been suggested that TTBK2might redistribute to a

site closer to the centriole center (Lo et al., 2019), we favor an

alternative explanation. Our bioinformatics analyses suggest

that the TTBK2 region downstream of its N-terminal kinase

domain (residues 21–284) and upstream of its CEP164-binding

region (residues 1,074–1,084) contains large stretches of

unfolded regions (Figure 4B). CEP164 also contains a region of

�500 residues downstream of its TTBK2-binding NTD and up-

stream of its first coiled-coil region, which appears largely un-

structured (Figure S6B). Such regions, even with interspersed

folded islands, can behavewith random coil characteristics (Fitz-

kee and Rose, 2004). Our theoretical calculations suggest that a

region of this combined length would display an average (root

mean square) end-to-end distance of �30 nm but could span

much larger distances when extended. Thus, the kinase domain

of (CEP164-bound) TTBK2 would probably be able to reach its

substrates without relocation and CEP164-NTD, and its bound

TTBK2 might be highly mobile around the distal appendages.

In agreement with this notion, Bowler et al. (2019) recently

showed that the N-terminal part of CEP164 displays a wider dis-

tribution at distal appendages that extends beyond their electron

dense head structure. These findings accord well with our pro-

posal that the CEP164 NTD is separated by a flexible linker

from the appendage-anchored part of CEP164. We propose

that the ability of distal appendage components to sample the

wider area around them might be important for many different

aspects of distal appendage function (Figure 4C).
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Wizard Cryo 2 screen Rigaku/ Molecular Dimensions Cat# MD15-C2-T

Deposited Data

Crystal structure of Homo sapiens

CEP1641-109 in complex with camelid

nanobody 10Z

This paper PDB accession code 7O06
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This paper PDB accession code 7O0S

Crystal structure of Homo sapiens

TTBK21074-1087-CEP1641-109 in complex

with camelid nanobody 36Z

This paper PDB accession code 7O3B

NMR structure ensemble of Homo sapiens

CEP1641-109
This paper PDB accession code 7NWJ

NMR data This paper BMRB accession code 50793
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Crystal structure of the camelid nanobody

VHH T9
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Crystal structure of human EB1 in complex

with microtubule Tip localization signal
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Honnappa et al. (2009) PDB accession code 3GJO

Crystal structure of ADP bound TTBK2

kinase domain

Bao et al. (2021) PDB accession code 6VRF

NMR structure of Smurf1 WW domain in
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Aragón et al. (2011) PDB accession code 2LAZ

NMR structure of YAP WW domain in

complex with a Smad1 derived peptide

Aragón et al. (2011) PDB accession code 2LAW

NMR structure of FBP11WW1 domain in
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Crystal structure of FE65 WW domain in
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(Daly et al., 2016)
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This paper N/A
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This paper N/A

pGEX6P1-camelid nanobody 36Z (BamH1

and EcoR1 sites)

This paper N/A
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This paper N/A
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This paper N/A
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This paper N/A

pcDNA 3.1 derivative – 3xHA-TTBK2 (or

mutant) (BamH1 and EcoR1 sites)

This paper N/A

Software and Algorithms

DIALS (Winter et al., 2018) https://dials.github.io/

AIMLESS (Evans and Murshudov, 2013) http://www.ccp4.ac.uk/download

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

PHASER (McCoy et al., 2007) http://www.ccp4.ac.uk/download

REFMAC (Murshudov et al., 2011) http://www.ccp4.ac.uk/download

COOT (Emsley and Cowtan, 2004) http://www.ccp4.ac.uk/download

PHENIX.REFINE (Afonine et al., 2012) http://www.phenix-online.org/download/

MolProbity (Chen et al., 2010) http://molprobity.manchester.ac.uk/

The PyMOL Molecular Graphics System Schrödinger, LLC Version 2.0 / https://pymol.org/2/

#download

GraphPad Prism Software GraphPad Software Version 6.0 / https://www.graphpad.com/

AUCpreD (Wang et al., 2016) http://raptorx.uchicago.edu/

StructurePropertyPred/predict/

Multilayered Fusion-based Disorder

predictor (MFDp2)

(Mizianty et al., 2013) http://biomine.cs.vcu.edu/servers/MFDp2/

SPOT-Disorder2 (Hanson et al., 2019) https://sparks-lab.org/server/spot-

disorder2/

Malvern Panalytical PEAQ software Malvern N/A

TopSpin Bruker Version 3

NMRFAM-SPARKY (Lee et al., 2015) https://nmrfam.wisc.edu/nmrfam-sparky-

distribution/

XPLOR-NIH (Schwieters et al., 2003) https://nmr.cit.nih.gov/xplor-nih/

TALOS+ (Shen et al., 2009) https://spin.niddk.nih.gov/bax/

nmrserver/talos/

AMBER 11 (Case et al., 2005) https://ambermd.org/GetAmber.php

CLUSTERPOSE (Diamond, 1995) https://www.ccpn.ac.uk/v2-software/

software/extras/contributions

PROCHECK-NMR (Laskowski et al., 1993; Laskowski

et al., 1996)

https://www.ebi.ac.uk/thornton-srv/

software/PROCHECK/

DeltaVision softWoRx GE Healthcare Life Sciences N/A

Other

Sephacryl S-300 column GE Healthcare Life Sciences Cat# GE17-0599-01

Hi-Trap Q-FF column GE Healthcare Life Sciences Cat# 17515601

Hi-Trap Q-HP column GE Healthcare Life Sciences Cat# 17115401

Superdex S75 HR 10/30 column GE Healthcare Life Sciences Cat# 17-1047-01

Hi-Trap SP-FF column GE Healthcare Life Sciences Cat# 17-5157-01

Ni-NTA Qiagen Cat# 30210

Complete Protease Inhibitor cocktail

(EDTA free)

Roche/Merck Cat# 11873580001

Malvern Panalytical autoITC Malvern MRC-LMB

Jasco 815 Spectropolarimeter JASCO MRC-LMB

Bruker Avance-III spectrometers operating

at 1H frequencies of 600, 700 or 800 MHz

Bruker MRC-LMB

DeltaVision Elite microscope GE Healthcare Life Sciences National Centre for Biomolecular Research,

Faculty of Science, Masaryk University
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by M. van Breugel (m.

vanbreugel@qmul.ac.uk).

Materials availability
All unique reagents generated in this study are available from the Lead Contact.
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Data and code availability
Coordinates and structure factors of crystal structures that are presented in this paper are available in the Protein Data Bank (PDB,

accession codes: Nanobody 10Z-CEP1641-109 - 7O06, Nanobody 36Z-CEP1641-109 - 7O0S, Nanobody 36Z-TTBK21074-1087-

CEP1641-109 - 7O3B). NMR data are deposited in the Biological Magnetic Resonance Bank (BMRB, accession code 50793). NMR

structure ensemble of CEP1641-109 coordinates are deposited in PDB (accession code 7NWJ). This paper does not report original

code. Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Human cell culture

Flp-In T-REx 293 cells (gift from R. Hegde, MRC-LMB, Cambridge, UK) were grown in D-MEM, GlutaMAX (Thermo Fisher Scientific)

supplied with 10% FBS. CEP164-null hTERT RPE-1 (gift from C. Morrison, NUI Galway, Ireland) cells were grown in D-MEM/F-12

(Thermo Fisher Scientific), GlutaMAX, sodium carbonate (ThermoFisher Scientific) supplied with 0, 0.5 or 10% FBS. Expi293 cells

(gift from O. Perisic from R. Williams lab, MRC-LMB, Cambridge, UK) were grown in Expi293 medium (ThermoFisher). All cell lines

were grown at 37�C with 5% CO2.

Bacterial cell culture

Escherichia coli Rosetta (DE3) (gift from J. Kilmartin, MRC-LMB, Cambridge, UK) were grown in LB or 2xTY media and used for pro-

tein expression and purification.

METHOD DETAILS

Recombinant protein purification
DNA encoding human CEP1641-109 (Uniprot Q9UPV0) was cloned into vector pGEX6P1 cut by BamH1-EcoR1 restriction enzyme

digestion, giving rise to an ORF with an N-terminal GST-tag that can be removed by cleavage with PreScission protease. Mutations

or deletions were introduced into this construct by site-directed mutagenesis. Constructs (or empty pGEX6P1) were expressed in

E. coli Rosetta (DE3) cells at 18�C by IPTG induction overnight. Subsequently, the proteins were purified from cell lysates (prepared

by sonication and centrifugational clearing) by chromatography with Glutathione-Sepharose 4B (GE Healthcare) and eluted with

reduced Glutathione using standard methods. Unlike for the preparation of the GST-tagged versions, for the preparation of the un-

tagged CEP164 constructs, purified GST-PreScission protease was added and the eluates dialysed against 10 mM Tris-Cl pH 8.0,

50 mMNaCl, 2 mMDTT. Subsequently, the eluates were subjected to gel-filtration on a Sephacryl S-300 column (GE Healthcare) run

in 10 mM Tris-Cl pH 8.0, 50 mM NaCl, 2 mM DTT. Peak fractions were pooled and subjected to ion-exchange chromatography on a

Hi-Trap Q-FF or -HP column (GE Healthcare) run using a linear salt gradient from 10mMTris-Cl, pH 8.0, 2mMDTT (buffer A) to buffer

A, 1M NaCl over 25 column volumes. Peak fractions were concentrated, snap frozen in small aliquots and stored at -80�C. For the
untagged CEP164 constructs that were used in ITC or thermostability experiments or for crystallisations, a final gel-filtration step was

performed on a Superdex S75 column (Pharmacia) either run in ITC buffer (PBS, 2 mMDTT, ITC or thermostability assay) or in 10mM

Na-Hepes pH 7.2, 50 mM NaCl, 2 mM DTT (crystallisation). The proteins were concentrated, snap frozen in aliquots and stored

at -80�C.
15N- or 15N13C-labelled CEP1641-109 proteins were expressed as above, but in supplementedM9medium (van Breugel et al., 2014)

containing 15NH4Cl and optionally 13C Glucose. Proteins were purified by Glutathione-Sepharose 4B (GE Healthcare) chromatog-

raphy, followed by GST-PreScission protease addition, an optional gel-filtration step on a Sephacryl S-300 column (GE Healthcare)

run in 10 mM Tris-Cl pH 8.0, 50 mMNaCl, 2 mMDTT, followed by ion-exchange chromatography on a Hi-Trap Q-FF or Q-HP column

(GE Healthcare) run using a linear salt gradient from 10 mM Tris-Cl, pH 8.0, 4 mMDTT (buffer A) to buffer A, 1M NaCl over 25 column

volumes. Peak fractions were concentrated and a final gel-filtration step performed on a Superdex S75 column (Pharmacia) run in

NMR buffer (PBS, 4 mM DTT, supplemented with Complete Protease Inhibitor cocktail (EDTA free, Roche)). The proteins were

concentrated, snap frozen in aliquots and stored at -80�C.
The fusion construct TTBK21074-1087-CEP1641-109 (Uniprot Q6IQ55 / Q9UPV0 respectively) was cloned into vector pGEX6P1 cut by

BamH1-EcoR1 restriction enzyme digestion, giving rise to an ORF with an N-terminal GST-tag that can be removed by cleavage with

PreScission protease. This construct had the linker AGSGAGS placed between TTBK21074-1087 and CEP1641-109. Expression and

Glutathione-Sepharose purification were as described above, but instead of elution with Glutathione, the protein was eluted by

on-beads cleavage with GST-PreScission protease in 50 mM Tris-Cl, pH 7.4, 2 mM DTT. This was followed by ion-exchange chro-

matography on a Hi-Trap Q-FF column (GE Healthcare) run using a linear salt gradient from 10 mM Tris-Cl, pH 8.0, 2 mM DTT

(buffer A) to buffer A, 1M NaCl over 25 column volumes. Peak fractions were concentrated and a final gel-filtration step performed

on a Superdex S75 column (Pharmacia) run in 10 mM Na-Hepes pH 7.2, 50 mM NaCl, 2 mM DTT. The proteins were concentrated,

snap frozen in aliquots and stored at -80�C.
Construct CEP1641-28,50-94 (=DHelices)-TEV-HIS6 was cloned into vector pGEX6P1 cut by BamH1-EcoR1 restriction enzyme

digestion, giving rise to an ORF with an N-terminal GST-tag that can be removed by cleavage with PreScission protease and a C-ter-

minal His-tag that can be removed by cleavage with TEV protease. The construct was expressed in E. coliRosetta (DE3) cells at 18�C
by IPTG induction overnight. Subsequently, the protein was purified from cell lysates (prepared by sonication and centrifugational
e4 Structure 30, 114–128.e1–e9, January 6, 2022
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clearing) by Ni-NTA (Qiagen) chromatography using standardmethods. After elution, the eluate was dialysed overnight against cleav-

age buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM imidazole, pH 7.5, 2 mM DTT) in the presence of TEV protease. Subse-

quently, the reactions were allowed to bind to Glutathione-Sepharose 4B (GE Healthcare) beads, the beads washed with cleavage

buffer, and the protein eluted by on-beads cleavage with GST-PreScission protease in PBS, 2mMDTT. After a gel-filtration step on a

Superdex S75 column (Pharmacia) in PBS, 2 mM DTT, the peak fractions were concentrated and the protein snap frozen and stored

at -80�C.
Camelid Nanobodies 10Z and 36Z were cloned into vector pGEX6P1 cut by BamH1-EcoR1 restriction enzyme digestion, giving

rise to an ORF with an N-terminal GST-tag that can be removed by cleavage with PreScission protease. Expression and Gluta-

thione-Sepharose purification were as described above. Purified GST-PreScission protease was added and the eluates dialysed

against 10 mM Tris-Cl pH 7.4. Na-Acetate pH 5.3 (10Z) or (optionally) Na-Bicine pH 9.0 (36Z) were added to 10 mM followed by

ion-exchange chromatography on a Hi-Trap S-FF (10Z) or Q-FF (36Z) column (GE Healthcare) run using a linear salt gradient from

10 mM Na-Hepes pH 7.2 (buffer A) (10Z) or 10 mM Tris-Cl, pH 8.0 or pH 8.5 (buffer A) (36Z) to buffer A, 1M NaCl over 25 column

volumes. Peak fractions were concentrated and a final gel-filtration step performed on a Superdex S75 column (Pharmacia) run in

10 mM Na-Hepes pH 7.2, 50 mM NaCl, (optionally) 2 mM DTT. The proteins were concentrated, snap frozen in aliquots and stored

at -80�C.
The peptide corresponding to TTBK21074-1087 was synthesised by Biomatik (Wilmington, Delaware, 19809 USA) to a purity of 98%

as judged by HPLC analysis and was reconstituted with Millipore dH2O. Amino acid analysis (New England Peptide, Gardner, MA

01440 USA) was used in duplicate to determine the accurate concentration of the peptide stock in solution (4.844 mM).

MBP-TTBK21033-1087 (wild-type, EB1-binding deficient TTBK21051-1054 SKIP to AAAA or CEP164-NTD-binding deficient

TTBK21076-1078 RPP to AAA) in vector pOPTM (R. Williams lab, MRC-LMB) were expressed in E. coli Rosetta (DE3) cells at

18�C by IPTG induction and purified from cell lysates by chromatography with Amylose resin (NEB, E8021) and eluted with

Maltose using standard methods. Eluates were subjected to ion-exchange chromatography on a Hi-Trap Q-HP column (GE

Healthcare) run using a linear salt gradient from 10 mM Tris-Cl, pH 8.0, 2 mM DTT (buffer A) to buffer A, 1M NaCl over 25 column

volumes. Finally, the eluates were run in PBS, 2 mM DTT on a Superdex 200 column (GE Healthcare). Peak fractions were

concentrated, snap frozen in small aliquots and stored at -80�C.
EB1 (in vector pGEX6P1) was expressed in E. coli Rosetta (DE3) cells at 18�C by IPTG induction, purified by chromatography with

Glutathione-Sepharose 4B (GE Healthcare) and eluted with reduced Glutathione using standard methods. EB1-GFP (in a modified

pET28 vector) was expressed similarly and purified by chromatography with NiNTA resin (Qiagen) and eluted with Imidazole using

standard methods. Purified GST-PreScission protease was added to the eluates and eluates dialysed against 10 mM Tris-Cl pH

8.0, 2 mM DTT. Subsequently, the eluates were subjected to ion-exchange chromatography on a Hi-Trap Q-HP column (GE Health-

care) run using a linear salt gradient from 10 mM Tris-Cl, pH 8.0, 2 mM DTT (buffer A) to buffer A, 1M NaCl over 25 column volumes.

Finally, the eluates were run in PBS, 2 mMDTT on a Superdex 200 column (GE Healthcare). Peak fractions were concentrated, snap

frozen in small aliquots and stored at -80�C. CEP164-NTD (CEP1641-109, optionally C-terminally tagged with GFP, both constructs in

vector pGEX6P1) that was used in the competition assay was purified as described above and equally subjected to a final gel-filtra-

tion step in PBS, 2 mM DTT on a Superdex 200 column (GE Healthcare).

Full-length 3xFLAG-TTBK2-2xStrep-tag II (Uniprot Q6IQ55, natural variant L8P) was expressed in Expi293 cells by transient

transfection for 48h, and purified from cells lysates (prepared by sonication and centrifugational clearing) by chromatography with

anti-FLAG M2 Affinity gel (Sigma, A2220) and eluted with 3xFLAG peptide (Sigma, F4799) in 50 mM HEPES pH 8.0, 100 mM

NaCl, 0.1% IGEPAL CA-630, 0.5 mM DTT. Eluates were incubated in the presence of Lambda-Protein-Phosphatase (Santa Cruz)

with Strep-Tactin Sepharose (IBA) beads, beads washed with 50 mM HEPES pH 8.0, 100 mM NaCl, 0.1% IGEPAL CA-630, 2 mM

DTT and then eluted with 6 mM D-Desthiobiotin (IBA) in 50 mM HEPES, 100 mM NaCl, 0.1% IGEPAL CA-630, 2 mM DTT, pH 7.8.

The eluted proteins were snap frozen in small aliquots and stored at -80�C.

Nanobody generation
Nanobodies against recombinant, purified human CEP1641-109 were supplied by VIB Nanobody Core (Vrije Universiteit Brussel

(VUB), 1050 Brussels). They were raised by injections of purified CEP1641-109 into a llama, followed by construction of a VHH library

from peripheral blood lymphocytes for phage display, phage display panning against CEP1641-109 and analysis of clones by anti-

CEP1641-109 ELISA and sequencing.

Protein crystallization
Nanobody 10Z/36Z and CEP1641-109 were mixed equimolar to a final concentration of 0.81 mM (Nanobody 10Z-CEP1641-109 com-

plex) or 1.16 mM (Nanobody 36Z-CEP1641-109 complex). Crystals of the corresponding protein-complexes were obtained in the

Wizard 2 screen (Emerald BioStructures, reservoir solution: 0.1 M Hepes, pH 7.5, 1.26 M ammonium sulfate) (10Z-CEP1641-109)

or in the JCSG+ suite (Qiagen, reservoir solution: 0.18 M tri-ammonium citrate, 20 % (w/v) PEG 3350) (36Z-CEP1641-109) by the

vapour diffusion method at 19�C using 100 nl protein solution and 100 nl of reservoir solution. Crystals were mounted after six

days in the mother liquor, to which PEG-400 was added to 30%, and frozen in liquid nitrogen.

Nanobody 36Z and the TTBK21074-1087-CEP1641-109 fusion protein were mixed equimolar to a final concentration of 1.38 mM.

Crystals of the corresponding protein-complex were obtained in the Emerald BioStructures Cryo 2 Screen (reservoir
Structure 30, 114–128.e1–e9, January 6, 2022 e5
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solution: 100mMAcetate, pH 4.5, 100mMNaCl, 30%PEG-200) by the vapour diffusionmethod at 19�Cusing 100 nl protein solution

and 100 nl of reservoir solution. Crystals were mounted after seven days in the mother liquor and frozen in liquid nitrogen.

X-ray crystallography data processing
Datasets were integrated using DIALS (Winter et al., 2018) and were scaled using AIMLESS (Evans andMurshudov, 2013). The struc-

ture of the Nanobody 10Z-CEP1641-109 complex was solved by molecular replacement with PHASER (McCoy et al., 2007) using the

nanobody of PDB 5VLV (with removed loops and as poly-alanine model, Tabares da Rosa et al., 2019) as a search model. Cycles of

refinement in REFMAC (Murshudov et al., 2011) and manual building in COOT (Emsley and Cowtan, 2004) allowed the complete

building of the nanobody 10Z structure. The electron density maps showed clear electron densities in regions not occupied by

the nanobody that tentatively could be assigned to CEP1641-109 residues. Placement of these residues and further refinement in

REFMAC (Murshudov et al., 2011) and PHENIX.REFINE (Afonine et al., 2012) andmanual building cycles in COOT (Emsley and Cow-

tan, 2004) allowed the successive building of a complete model of CEP1641-109 with high confidence.

The structure of theNanobody 36Z-CEP1641-109 complexwas solved bymolecular replacement with PHASER (McCoy et al., 2007)

using the nanobody of PDB 5VLV (with removed loops and as poly-alanine model, Tabares da Rosa et al., 2019) and the CEP1641-109

structure as searchmodels. Cycles of refinement in REFMAC (Murshudov et al., 2011) and PHENIX.REFINE (Afonine et al., 2012) and

manual building in COOT (Emsley and Cowtan, 2004) were used to build the structure of the Nanobody 36Z-CEP1641-109 complex.

The structure of the complex between Nanobody 36Z and the TTBK21074-1087-CEP1641-109 fusion protein was solved bymolecular

replacement with PHASER (McCoy et al., 2007) using the nanobody 36Z and the CEP1641-109 structure as search models. Cycles of

refinement in REFMAC (Murshudov et al., 2011) and PHENIX.REFINE (Afonine et al., 2012) andmanual building in COOT (Emsley and

Cowtan, 2004) were used to build the structures of nanobody 36Z and of CEP1641-109. The electron density maps showed clear elec-

tron densities close to the surface of theWWdomain of CEP1641-109 that were not occupied by the nanobody or CEP1641-109. Due to

a high connectivity and clear side-chain densities for TTBK2 R1076 and most of the TTBK21074-1087 proline residues, these electron

densities allowed the confident building of TTBK2 residues 1074-1084 in further refinement and building cycles.

Structure visualization and measurement of the angle between CEP1641-109 head and body structures were done in PyMOL

(The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). GraphPad Prism Software v. 6.0 (GraphPad Software;

www.graphpad.com) was used to plot the result.

Pull-down assays
Pull-downs with full-length 3xFLAG CEP164 constructs

Flp-In T-REx 293 cells were transfected with a pcDNA 3.1 derivative vector (gift from R. Hegde, MRC-LMB) expressing (from a CMV

promoter) 3xFLAG tagged human CEP164 (Uniprot Q9UPV0, natural variant T988S) or 3xHA tagged human TTBK2 (Uniprot

Q6IQ55, natural variant L8P) constructs using Polyethylenimine (PEI MAX, MW 40000, Polysciences). Cells were lysed by sonicat-

ion in lysis buffer (PBS, 0.1% (v/v) IGEPAL CA-630, supplemented with Complete Protease Inhibitor (EDTA free, Roche)) and

lysates were cleared by centrifugation. Cleared lysates containing the 3xFLAG-tagged CEP164 constructs were added to anti-

FLAG M2 magnetic beads (M8823, Sigma). After incubation on a rotator for 1h at 4�C, beads were washed with lysis buffer and

the cleared lysates containing the 3xHA-tagged human TTBK2 constructs were added to the beads. After another incubation

on a rotator for 1h at 4�C, beads were washed with lysis buffer, eluted with SDS and eluates subjected to Western blotting using

a mouse monoclonal anti-FLAG antibody (F1804, Sigma) or a polyclonal rabbit antibody against the HA-tag (gift from R. Hegde,

MRC-LMB, Cambridge, UK).

Pull-downs with GST-CEP1641-109

Flp-In T-REx 293 cells were transfected with vector pEGFP-N1 containing TTBK21074-1087 constructs (cloned into pEGFP-N1 utilising

the Xho1-BamH1 restriction sites) using Polyethylenimine (PEIMAX,MW40000, Polysciences). Cells were lysed by sonication in lysis

buffer (PBS, 0.1% (v/v) IGEPAL CA-630, 2 mMDTT, supplemented with Complete Protease Inhibitor (EDTA free, Roche)) and lysates

were cleared by centrifugation. Cleared lysates were added to Glutathione-Sepharose 4B beads (GE Healthcare) onto which 60 mg of

purified GST or GST-CEP1641-109 constructs had been bound beforehand (in lysis buffer). After incubation on a rotator for 1h at 4�C,
beads were washed with lysis buffer and eluted with Laemmli Buffer. Eluates were subjected to Western blotting using a polyclonal

GFP antibody (Invitrogen, A11122).

Pull-downs with 3xFLAG EB1 constructs

Flp-In T-REx 293 cells were transfected with a pcDNA 3.1 derivative vector expressing (from a CMV promoter) 3xFLAG only, 3xFLAG

tagged human EB1 or 3xHA tagged human TTBK2 (WT orDPro-rich (D1074-1087)) constructs, using Polyethylenimine (PEIMAX,MW

40000, Polysciences). Cells were lysed by sonication in lysis buffer (PBS, 0.1% (v/v) IGEPAL CA-630, 0.1 mM DTT, supplemented

with Complete Protease Inhibitor (EDTA free, Roche)) and lysates were cleared by centrifugation. Cleared lysates containing the

3xFLAG or the 3xFLAG tagged EB1 construct were added to anti-FLAG M2 affinity gel (A2220, Sigma). After incubation on a rotator

for 1h at 4�C, beads were washed with lysis buffer and the centrifugationally cleared cell lysates containing the 3xHA-tagged human

TTBK2 constructs, mixed with � 0.4 mg/ml recombinant GST-CEP1641-109 (WT or Y73A, expressed in E.coli Rosetta, purified by

glutathione affinity chromatography and dialysed against PBS, 1 mM DTT), were added to the beads. After incubation on a

rotator for 1h at 4�C, beads were washed with lysis buffer, eluted with SDS and eluates subjected to Western blotting using a mouse

monoclonal anti-FLAG antibody (F1804, Sigma) or a polyclonal rabbit antibody against theHA-tag (gift of R. Hegde,MRC-LMB, Cam-

bridge, UK).
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Pull-downs with MBP-TTBK2 constructs

A total of 100 mg of purified CEP164-NTD-GFP or 100 mg of purified EB1 (optionally in the presence of a 10X molar excess of purified

CEP164-NTD) was added in 300 ml lysis buffer (PBS, 0.1% IGEPAL CA-630, 2 mMDTT) to Amylose resin (New England Biolabs) onto

which 30 mg of purifiedMBP-TTBK2 constructs (MBP-TTBK21033-1087 wild-type, EB1-binding deficient TTBK21051-1054 SKIP to AAAA,

or CEP164-NTD-binding deficient TTBK21076-1078 RPP to AAA) had been bound beforehand. After incubation on a rotator for 1h at

4�C, beads were washed with lysis buffer and eluted with Laemmli Buffer. Eluates were subjected to electrophoresis in a NuPAGE

4-12% gel (Invitrogen) and stained with Coomassie brilliant blue. In a similar set-up, we tested whether the presence of purified EB1-

GFP (in 10X molar excess) would affect CEP164-NTD-GFP binding to these MBP-TTBK2 constructs .

Autophosphorylation assay
Purified dephosphorylated full-length 3xFLAG-TTBK2-2xStrep-tag II (wild-type or kinase dead (KD, D163A)) produced in Expi293

cells were submitted to an auto-phosphorylation assay. A total of 30 mg of recombinant kinase was incubated with 2.0 mM ATP

and 2.0mMMgCl2 in a buffer containing 50mMHEPESpH8.0, 100mMNaCl, 2mMDTT (total reaction volume of 35 ml) for 10minutes

on ice in the presence or in the absence of 120 mg of purifiedCEP164-NTDWT or Y73Amutant. The reactionwas quenched by adding

10 ml Laemmli buffer and the product was analysed in a 8% SDS-PAGE (Tris-Glycine) gel stained with Coomassie brilliant blue.

Bioinformatics
Intrinsically disordered regionswere predicted using the followingmethods: AUCpreD (Wang et al., 2016),Multilayered Fusion-based

Disorder predictor (MFDp2,(Mizianty et al., 2013)) and SPOT-Disorder v1.0 (Hanson et al., 2017, 2019). The theoretical mean end-to-

end distance of protein intrinsically disordered regions was calculated based on the method described in (Fitzkee and Rose, 2004).

Circular dichroism (CD)
Measurements were made using a Jasco 815 Spectropolarimeter with a 0.1 cm cuvette and in PBS buffer. Spectra were recorded at

0.2 mg/ml concentration using a scan rate of 50 nm/min, bandwidth 1nm and were the average of 8 scans. Mean residue ellipticity

was calculated using

Qmrw = 0:1 3 Q=ð½conc:� 3 N 3 PLÞ
where Q is the measured signal in millidegree, N is the number of residues and PL the pathlength in cm, thereby allowing direct

comparison of the constructs of differing sequence lengths.

Thermal denaturation was followed at 222 nm with a bandwidth of 4 nm between 4 and 95�C and using a scan rate of 1�C/min.

Sample concentration was 0.2 mg/ml and Qmrw was calculated as above.

Isothermal titration calorimetry (ITC)
Binding interactions were studied using a Malvern Panalytical autoITC instrument at 25�C and in PBS buffer. The ITC method is

particularly sensitive to errors in the concentration of the ligand titrated from the instrument syringe added in excess of the binding

partner in the cell. For this reason, we chose to perform ITC experiments with the CEP1641-109 protein in the syringe and with the

target binding peptide (which contains no aromatics that would allow its quantification using UV absorbance) in the cell. We were

able to concentrate the protein up to the 1-3 mM stock concentrations required for the syringe with no evidence of aggregation.

ITC experiments were performed with 19 injections of 2 mL preceded by a small 0.5 mL pre-injection that was not used during curve

fitting. Control measurements of injections of CEP1641-109 protein into buffer were performed (WT and mutants where stocks of ma-

terials permitted) and these control heats were close to the values seen for buffer into buffer blank runs. All ITC binding data were

corrected with the appropriate control heats of dilution of CEP1641-109 and fitted using the one set of binding sites’ model in Malvern

Panalytical PEAQ software.

In our ITC experiments, the binding stoichiometry of the TTBK2-CEP164 (wild-type) complex was 0.7 (± 0.2 SD, n=5) across

different batches of CEP1641-109 preparations. This stoichiometry is lower than 1, the value expected for the 1:1 complexes typically

formed betweenWW domains and proline-rich binding motifs (PRBMs) and seen in the crystal structure of the TTBK2-CEP164 com-

plex (Figure 3A). This discrepancy is not large and may simply result from the fact that the fitted stoichiometry is poorly constrained

where titrations are performed with material in the ITC cell at or below the KD concentration (ITC c-value �1). It was not possible to

perform experiments at higher concentrations due to sample limitation and concerns over aggregation. However, we also note the

preponderance of prolines in the TTBK2 peptide that will be present in various combinations of cis-trans isomerization states in this

unstructured peptide. Some fraction of these states may be unable to bind CEP164 and their re-isomerization may be slow on the

timescale of ITC measurement thereby resulting in the underestimated binding stoichiometry that then reflects binding competent

fraction of peptide.

Stock peptide solution in the ITC cell was prepared byweight of lyophilizedmaterial to a notional 100 mM. This stock used for all ITC

measurements was then quantified using a commercial amino acid analysis service provided by New England Peptide (Gardner, MA

01440 USA).
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NMR
NMR spectra were recorded using Bruker Avance-III spectrometers operating at 1H frequencies of 600, 700 or 800MHz, each equip-

ped with 5 mm inverse cryogenically cooled probes, and with a sample temperature of 293 K unless otherwise stated. All samples

were prepared in physiological ionic strength buffer (25 mM aqueous sodium phosphate, 125 mM sodium chloride, at pH 7.4,

supplemented with 4 mM DTT and 1 pill of Complete Protease Inhibitor cocktail (EDTA free, Roche) per 250 ml) and degassed by

repeated cycles of vacuum or argon in the head space. Backbone and Cb resonance assignments were obtained for a 120 mM sam-

ple of 13C- and 15N-labelled protein, using standard triple resonance techniques and unmodified Bruker pulse programs. Aliphatic

sidechain resonance assignments were recorded from a 2D 1H-13C-HSQC, aided by 3D (H)CCH- and H(C)CH-TOCSY spectra. Side-

chain resonances of Tyr and Phe residues were assigned using 2D 1H-13C-HSQC selective for the aromatic region, and (HB)

CB(CGCD)HD and (HB)CB(CGCC-TOCSY)H spectra, and Trp sidechain assignments from 2D NOESY and DQF-COSY. Chemical

shifts were referenced to the 1H frequency of internal 210 mM dimethylsilapentanesulfonate (DSS) added to a 250 mM 15N-labelled

sample, with X-nuclei referenced according to IUPAC recommendations (Markley et al., 1998).

For structure determination NOE intensities were recorded for 500 mM 15N-labelled protein using a 2D 1H-1H-NOESY with 120 ms

NOE mixing time (tm) and excitation sculpting water suppression, with 1.5 seconds repetition delay, 512 and 2048 data points in t1
and t2, respectively and spectral widths of 8.4 kHz in both dimensions. Assignment was supported by 3D 13C-edited and 15N-edited
1H-1H-NOESY-HSQC spectra recorded with 100 ms tm, 800 MHz 1H.

Steady state {1H}15N-NOE data were acquired in duplicate as pseudo-3D spectra at 600 MHz 1H, interleaving rows with or without

120�1H pulses applied at 5 ms intervals throughout the 7 seconds recycle delay. Samples were 15N-labelled, at concentrations of

500 mM for WT protein, 320 mM for the Q11P mutant.

All NMR datasets were processed using TopSpin version 3 (Bruker) and analysed using NMRFAM-SPARKY (Lee et al., 2015).

NMR structure calculations
Initial structures were calculated using XPLOR-NIH (Schwieters et al., 2003). Distance restraints were categorised as strong (0-2.2 Å),

medium (0-3.0 Å), weak (0-4.0 Å) or very weak (0-5.5 Å), based on NOE intensity. Since the XPLOR-NIH calculations employed r-6

summation for all groups of equivalent protons and non-stereospecifically assigned prochiral groups, and since no stereoassign-

ments were made (and the assignment-swapping protocol within XPLOR-NIH for deriving stereoassignments indirectly during the

structure calculation itself was not applied), all distance restraints involving protons within such groups were converted to group re-

straints (by using wildcards such as HB*). All lower bounds were set to zero (Hommel et al., 1992). Backbone 4 and j torsion angle

restraints were derived from chemical shift indices, using the program TALOS+ (Shen et al., 2009). H-bond restraints with distance

ranges 0-2.2 Å for H...O and 0-3.2 Å for N...O, were included in the secondary structural elements identified in the initial structures and

confirmed empirically from the TALOS+ analysis. Structures were calculated from polypeptide chains with randomized 4 and j

torsion angles using a two-stage simulated annealing protocol within the program XPLOR-NIH, essentially as described in (Argentaro

et al., 2007).

The structures calculated in XPLOR-NIH were then subjected to a further stage of refinement using a full force field and an implicit

water-solvent model as implemented in the program AMBER 11 (Case et al., 2005). Calculations comprised initial minimization (200

steps steepest descent then 1800 steps conjugate gradient), then two rounds of 20 ps of simulated annealing (each comprising

5000 x 1 fs-steps heating from 0 - 500 K; 13000 x 1 fs-steps cooling to 100 K; 2000 x 1fs-steps cooling to 0 K) and final minimization

(200 steps steepest descent then 1800 steps conjugate gradient). The experimental distance and torsion angle restraints were

applied throughout, and force constants for the distance restraints were increased during the simulated annealing to final values

of 20 kcal mol-1Å-2 for distance restraints, 20 kcal mol-1rad-2 for 4 and j torsion angle restraints and 50 kcal mol-1rad-2 for u torsion

angle restraints. Implicit solvent representation using the generalized Born method (Xia et al., 2002) was employed throughout

(igb=1), and Langvin temperature control was used (ntt=3; gamma_ln=5).

The program CLUSTERPOSE (Diamond, 1995) was used to calculate the mean rmsd of ensembles to their mean structures, Ram-

achandran statistics were evaluated using PROCHECK-NMR (Laskowski et al., 1993; Laskowski et al., 1996) and structures were

visualized using the program PyMOL (The PyMOL Molecular Graphics System, Version 1.8 (Schrödinger, LLC, 2015)).

Ciliogenesis rescue experiments
hTERT RPE-1 CEP164 knockout cells (gift from C. Morrison, (Daly et al., 2016)) were cultured in DMEM/F12 supplemented with

10% FBS, 1% L-Glutamine (all from ThermoFisher), and 13 penicillin/streptomycin (Biosera). 24h after seeding cells on glass

coverslips, they were transfected with 0.5mg of indicated plasmid (3XFLAG-CEP164 WT, 3XFLAG-CEP164 Q11P or 3XFLAG-

CEP164 R93W) using Lipofectamine 3000 (ThermoFisher). The culture medium was exchanged 3h after transfection. To induce

ciliogenesis, the cells were starved in 0.1% FBS medium 48h after transfection for 24 h. Cells were then fixed by ice-cold MeOH,

2x washed in PBS, blocked in blocking buffer (1% BSA in PBS), and stained with following primary and secondary antibodies:

anti-FLAG (mouse, F1804, Sigma), anti-ARL-13B (rabbit, 17711-1-AP, Proteintech) directly labeled anti-CETN1-Alexa Fluor 647

(12794-1-AP, Proteintech labeled using Alexa Fluor� 647 Antibody Labeling Kit A20186, Invitrogen), anti-mouse Alexa Fluor 488

(R37114, Invitrogen), anti-rabbit Alexa Fluor 568 (A10042, Invitrogen). Prior to the incubation with anti-CETN1 Alexa Fluor 647,

blocking with normal rabbit IgG (sc-2027, Santa Cruz Biotechnology) was done. Coverslips were mounted using Glycergel

(Agilent).
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Microscopy analysis was done on DeltaVision Elite microscope (GEHealthcare) with a 1003/Zeiss Plan-ApoChromat 1.4 objective

andDeltaVision softWoRx acquisition software. Flag-positive cells as well as control untransfected cells were counted and inspected

for ARL-13B signal. The image stacks were deconvolved with three cycles of conservative ratio deconvolution algorithm using soft-

WoRx, and directly projected as maximal intensity images.

QUANTIFICATION AND STATISTICAL ANALYSIS

For ITC, dissociation constant (KD) data are presented asmean ±SD of n independent experiments, as indicated in Table 1. ForWest-

ern blot experiments, band intensity was quantified in ImageJ software (Schneider et al., 2012). Band intensity data are presented as

mean ±SD of n=3 independent replicates (Figures 3D, 3F, S1A, and S1B). Statistical significance between WT and mutants was

analysed by a paired, two-tailed t-test in Microsoft Excel (Figure 3F). For ciliogenesis rescue assays (Figure 3H), data are presented

asmean percentage of ciliated cells ±SEM. Statistical significance between the groups was analysed by one way ANOVAwith Holm-

Sidac post-hoc test using GraphPad Prism Software v. 6.0 (GraphPad Software; www.graphpad.com) from n=5 independent exper-

iments, with N=10-20 cells per condition (total number of cells: NWT=66, NQ11P=58, NR93W=55, and Nuntransfected=57).
Structure 30, 114–128.e1–e9, January 6, 2022 e9
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Supplementary Figure 1. Key residues in the CEP164-TTBK2 interface are essential 
for the CEP164-TTBK2 interaction. A) The N-terminal domain of CEP164 and 
TTBK21074-1087 are sufficient for the CEP164-TTBK2 interaction. Western blot showing a 
pull-down experiment with recombinant GST or GST-CEP1641-109 and lysates from cells 
expressing C-terminally GFP-tagged TTBK21074-1087 constructs. TTBK2 constructs carried 
alanine mutations of four consecutive residues in the 1074-1087 residue range, as 
indicated. Below the blot, the band intensities of the eluates (in percent of the WT level) 
are shown (±standard deviation, n=3). B) Interface residues of the CEP164 WW domain 
are critical for its interaction with TTBK2. Western blot showing a pull-down experiment 
with lysates from cells expressing 3xHA tagged TTBK2 and 3xFLAG tagged CEP164, WT 
or the indicated WW domain mutants. Below the blot, the band intensities of the eluates 
(in percent of the WT level) are shown (±standard deviation, n=3). C) TTBK2 residues 
1076-1078 are crucial for its interaction with CEP164. Western blot showing a pull-down 
experiment with lysates from cells expressing 3xFLAG tagged CEP164 and 3xHA tagged 
TTBK2, WT or R1076A+P1077A+P1078A (3-5A) mutant. TCL: Total cell lysate. D) The 
recombinant CEP1641-109 mutants assayed for TTBK21074-1087 binding in ITC experiments 
(Figure 1C) do not strongly compromise the CEP1641-109 secondary structure. Buffer-
subtracted circular dichroism (CD) spectra of recombinant CEP1641-109, WT and mutants 
at 25 ℃. E-H) Coomassie blue-stained 4-12% NuPAGE (Invitrogen) SDS-PAGE gels of E) 
purified, recombinant Nanobodies 10Z, 36Z and the TTBK21074-1087-CEP1641-109 fusion - 
Nanobody 36Z complex used for crystallization, F) purified, recombinant GST or GST-
CEP1641-109 (GST-CEP164-NTD), wild-type (WT) and mutants, as indicated above the gel, 
that were used in the pull-down experiments in Figure 3B, G) purified, recombinant GST 
or GST-CEP164-NTD, WT, Q11P or R93W that were used in the pull-down experiments 
in Figure 3F, H) purified, recombinant CEP1641-109 (CEP164-NTD), WT and mutants, used 
in ITC experiments (Figure 1C), I) SDS-PAGE (home-made, 15%) gel showing purified, 
recombinant CEP1641-109-ΔWW and CEP1641-109-ΔHelices that were used in the CD 
experiments in Figure 2D.  
 
Supplementary Figure 2. The high-resolution structures obtained from two 
different nanobody-CEP1641-109 complexes are highly similar. A) Top: Ribbon 
representation of the structure of CEP1641-109, rainbow-coloured from N- to C-terminus, 
in complex with the camelid nanobody 10Z (in grey). Rotation, as indicated. Consecutive 
alpha-helices (α), beta-sheets (β) and linkers (L) are labelled. Dotted boxes indicate the 
regions showed magnified in the panels below. Bottom left: Detailed view of the CEP1641-

109 WW domain region including the short β1 strand. Bottom right: Detailed view of the 
interface region between the CDR3 loop of the bound nanobody and CEP1641-109. Green 
or yellow dotted lines indicate hydrogen-bonds. Selected residues are shown as sticks 
and are labelled. B) Equivalent views to A) but with the structure of the CEP1641-109-
nanobody 36Z complex. Note that despite CDR3 loops of different length and sequence, 
the binding modes of nanobody 10Z and 36Z are similar to each other. Both nanobodies 
utilise an arginine in their CDR3 loops to engage CEP164 residue D89. CEP164 D89 is 
located in the interface region between the WW domain and the helical bundle of 
CEP164’s N-terminal domain.  
 
Supplementary Figure 3. NMR analyses of CEP1641-109 alone and in complex with 
TTBK21074-1087 in solution. A) Amino acid residues 1-25 of CEP1641-109 are flexible in 
solution. Top: {1H} 15N heteronuclear NOE (mean from duplicate datasets) plotted by 
residue number for CEP1641-109 wild-type (WT, blue circles) and Q11P mutant (red 



squares), depicting the flexibility in the CEP1641-109 backbone at 293 K. The observed WT 
- Q11P difference for each residue is shown in black bars. The dotted line across the plot 
indicates an (arbitrary) threshold with values above indicating conformationally more 
constrained and values below indicating more flexible backbones. Bottom: RCI-S2 
predicted order parameters obtained from NMR backbone chemical shifts of wild-type 
CEP1641-109 using the TALOS+ software package. RCI-S2 closely correlates with 
amplitudes of backbone motions in proteins (Berjanskii and Wishart, 2005). Right: 
Ribbon presentation of the crystal structure of CEP1641-109 (in grey. Residues 1 and 104-
109 were not visible in the electron density map, probably due to their high flexibility), 
consecutive alpha-helices (α), beta-sheets (β) and linkers (L) are labelled. Coloured from 
green through to red are residues with the specified ranges of 1H 15N heteronuclear NOE 
(I/I0) values indicating increased flexibility of the corresponding backbones. B) 
TTBK21074-1087 binding results in only small conformational changes in the N-terminal 
domain of CEP164.  Ribbon representation of the structure of CEP1641-109 (in red) 
overlayed with the structure of the CEP1641-109-TTBK21074-1087 complex (in green and 
blue). Consecutive alpha-helices (α), beta-sheets (β) and linkers (L) of CEP1641-109 are 
labelled. C) TTBK21074-1087 binding to CEP1641-109 involves the same CEP164 regions in 
crystallo and in solution.  Heatmap depicting the extent of exchange broadening in the 
HSQC of 90 µM 15N-CEP1641-109 upon addition of 60 µM unlabelled TTBK21074-1087 at 293 
K. The percentage attenuation of peak height for each residue, relative to wild-type, is 
colour-coded onto the crystal structure of CEP1641-109 using a colour gradient from 
yellow (no peak height attenuation upon TTBK21074-1087 addition), through orange, to red 
(100% reduction of peak height).  Proline residues, which do not produce 1H-15N HSQC 
peaks, are coloured in grey. The CEP1641-109 structure is shown in the same orientation 
as in B) but in a combined ribbon and semi-transparent surface presentation. Rotation, 
as indicated. Note the agreement between the CEP164 regions that show exchange 
broadening upon TTBK2 binding in solution and those in crystallo that either are directly 
involved in TTBK2 binding or undergo conformational changes upon binding (compare 
to B)).   
 
 
Supplementary Figure 4. Evolutionary conservation of the solvent exposed WW 
domain surface and the interior of the CEP1641-109 helical bundle. Top: Ribbon 
representation of the structure of CEP1641-109 coloured according to ConSurf (Ashkenazy 
et al., 2016) conservation scores from variable (cyan) to conserved (burgundy). 
Consecutive alpha-helices (α), beta-sheets (β) and linkers (L) are labelled. Rotation, as 
indicated. Dotted boxes indicate the regions showed magnified in the panels below. 
Bottom left: Detailed view of the solvent exposed CEP1641-109 WW domain surface 
comprising strands β1-β4. Bottom right: Detailed view of the helical bundle region of 
CEP1641-109. Selected residues are shown as sticks and are labelled.  
 
 
Supplementary Figure 5. Structural comparison of the CEP1641-109-TTBK21074-1087 

complex with the WW domain-proline-rich binding motif (PRBM) complexes of 
different WW domain classes. A) View onto the solvent exposed, PRBM-interacting 
surface of the WW domains of CEP1641-109 (green). Left: As ribbon representation and in 
complex with TTBK21074-1087 (grey). Right: as molecular surface representation. Circled 
are the XP and the XP2 grooves into which TTBK2 P1077-P1078 and P1075 insert, 
respectively. B) Similar view as in A) but with the WW domain-PRBM complexes of the 



indicated members of WW domain classes I, II, III and IV, in ribbon representation. 
Selected residues are labelled and shown as sticks. 
 
Supplementary Figure 6. The ciliopathic mutation R93W destabilises the CEP1641-

109 structure. CEP164 contains long regions of predicted disorder.  
A) BEST-TROSY NMR spectrum of 15N-labelled CEP1641-109 R93W (red) overlayed onto 
the corresponding wild-type (WT) spectrum (black). Spectra were acquired at a sample 
temperature of 277 K (left) or 298 K (right). Extensive loss of peaks due to exchange 
broadening for R93W but not WT at the higher temperature illustrates the structural 
instability of the mutant. Even at 4˚C, perturbations of the TROSY spectrum of the mutant 
are indicative of a structure that is already compromised. Exchange broadening and peak 
loss were reversible on re-cooling. B) The region between the N-terminal domain and the 
first coiled coil domain of CEP164 is predicted to be largely unstructured. Per-residue 
disorder probabilities of CEP164 as calculated by the disorder prediction algorithm 
AUCpreD (Wang et al., 2016). Values above 0.5 (dashed line) indicate disorder. The 
location of the N-terminal domain and the predicted coiled coil domains (cc) of CEP164 
are indicated above the plot. 
 
Supplementary Figure 7. CEP164 binding inhibits EB1 engagement by TTBK2 and 
does not stimulate TTBK2’s autophosphorylation activity. A) CEP164-NTD binding 
inhibits full-length TTBK2 association with EB1. Western blot showing a pull-down 
experiment with bead-bound 3xFLAG or 3xFLAG-EB1 and cell lysates containing 3xHA-
tagged full-length TTBK2 (WT or CEP164 binding-deficient ΔPro-rich (Δ1074-1087) 
mutant), in the presence of recombinant TTBK2-binding-competent WT or -incompetent 
Y73A GST-CEP1641-109, as indicated. TCL: Total cell lysate. B) Excess EB1-GFP does not 
efficiently compete with CEP1641-109 (CEP164-NTD) binding to MBP-TTBK21033-1087. 
Coomassie-stained SDS-PAGE gel showing pull-down experiments with purified MBP-
TTBK21033-1087 (wild-type, EB1-binding deficient TTBK21051-1054 SKIP to AAAA or CEP164-
NTD-binding deficient TTBK21076-1078 RPP to AAA) with CEP1641-109 (CEP164-NTD) in the 
presence of an excess of EB1-GFP. C) TTBK2 kinase activity is not increased in the 
presence of an excess of CEP1641-109. Coomassie stained SDS-PAGE gel showing a TTBK2 
autophosphorylation assay with recombinantly produced TTBK2 in the presence of 
CEP164-NTD WT or Y73A. Autophosphorylation of wild-type TTBK2, but not its kinase 
dead D163A mutant, is evident from the slowed TTBK2 migration in Coomassie-stained 
8%, low bis-acrylamide SDS-PAGE gels. CEP164-NTD runs with the dye front.   
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