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SUMMARY

Cilia are thin cell projections with essential roles in
cell motility, fluid movement, sensing, and signaling.
They are templated from centrioles that dock against
the plasma membrane and subsequently extend
their peripheral microtubule array. The molecular
mechanisms underpinning cilia assembly are incom-
pletely understood. Cep104 is a key factorinvolved in
cilia formation and length regulation that rides on the
ends of elongating and shrinking cilia. It is mutated
in Joubert syndrome, a genetically heterogeneous
ciliopathy. Here we provide structural and biochem-
ical data that Cep104 contains a tubulin-binding
TOG (tumor overexpressed gene) domain and a
novel C2HC zinc finger array. Furthermore, we iden-
tify the kinase Nek1, another ciliopathy-associated
protein, as a potential binding partner of this array.
Finally, we show that Nek1 competes for binding to
Cep104 with the distal centriole-capping protein
CP110. Our data suggest a model for Cep104 activity
during ciliogenesis and provide a novel link between
Cep104 and Nek1.

INTRODUCTION

Cilia are hair-like projections present on the cell’'s plasma mem-
brane. They are templated by centrioles, which, during ciliogen-
esis, dock against the cell membrane and subsequently extend
their peripheral microtubule array to form the ciliary axoneme.
The process of ciliogenesis is currently poorly understood due
to the complexities of the underlying molecular machinery (Avas-
thi and Marshall, 2012; Ishikawa and Marshall, 2011). The ciliary
proteome might comprise as many as 1,000 proteins (Boldt
et al., 2016; Gherman et al., 2006; Mick et al., 2015) and many
of these components likely play a role in the formation, exten-
sion, and regulation of cilia.

Cep104 is a highly relevant protein in this regard, and we at-
tempted to elucidate its function by focusing on its domain archi-
tecture as an approach to understand its role in ciliogenesis.
Cep104 has been shown to localize to the distal end of centrioles
(Jiang et al., 2012; Satish Tammana et al., 2013) where it interacts
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through its N- and C-terminal region, respectively, with the distal
end proteins Cep97 and CP110 (Jiang et al., 2012). Cep104 inter-
acts with the microtubule end-binding protein EB1 through a
C-terminal peptide motif (Jiang et al., 2012) and rides in vivo on
the ends of elongating and shrinking ciliary axonemes (Jiang
et al., 2012; Satish Tammana et al., 2013). Depletion of Cep104
leads either to the absence of cilia or the formation of cilia with
a reduced length (Jiang et al., 2012; Satish Tammana et al,,
2013). Furthermore, Cep104 mutations are linked to Joubert syn-
drome, a genetically heterogeneous ciliopathy (Srour et al., 2015).
Taken together, these in vivo data suggest that Cep104 has
an important role in regulating microtubule length in cilia. Howev-
er, the molecular details of its activity are currently not known and
it is unclear whether Cep104 exerts its function directly or indi-
rectly through recruiting or regulating other ciliary factors.

Several kinases such as Aurora A, Plk1, and NIMA-related ki-
nases such as Nek1 and Nek2 have been implicated in regulating
the stability of cilia (Liang et al., 2016). Nek1 localizes to the basal
body region (Shalom et al., 2008), and also to cilia when overex-
pressed as a kinase dead version (White and Quarmby, 2008).
A role of Nek1 in cilia function is further suggested by the fact
that mutations in Nek1 are linked to ciliopathies in vivo: polycy-
stic kidney disease in mice (Upadhya et al., 2000) and short-rib
thoracic dysplasia or oral-facial-digital syndrome type Il in hu-
mans (El Hokayem et al., 2012; Monroe et al., 2016; Thiel et al.,
2011). Mutations in Nek1 or its depletion lead to the formation
of dysfunctional cilia that display structural aberrations such as
branching (Shalom et al., 2008; Thiel et al., 2011; Wang et al.,
2014), arguing that Nek1 might be involved in the stabilization
of axonemal microtubules. In agreement with a role of Nek1 in
cilia microtubule stabilization is that its protein levels decrease
during the process of cilia resorption (Wang et al., 2014). The ac-
tivity, expression levels, and localization of Nek1 probably have
to be regulated tightly to enable efficient cilia formation, as
both Nek1 overexpression (Shalom et al., 2008; White and
Quarmby, 2008) and depletion (Wang et al., 2014) inhibit normal
cilia formation.

Here we show that the Cep104 protein exhibits a complex,
multi-domain organization. We have structurally characterized
two of these domains, a central tubulin-binding TOG (tumor
overexpressed gene) domain and a C-terminal domain consist-
ing of an array of four Zn fingers (ZNF domain). Furthermore,
we identify the kinase Nek1 as a novel binding partner of the
C-terminal ZNF domain. We show that Nek1 competes for bind-
ing to this domain with the centriolar end-binding factor CP110.
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Figure 1. Cep104 Contains a Canonical Tubulin-Binding TOG Domain

(A) Domain overview of human Cep104. Lines indicate constructs that were used in this work.

(B) Ribbon representation of the Cep104 TOG structure. Helices are displayed as cylinders. The six HEAT repeats that constitute the TOG domain are colored
individually. Note the partial distortion of HEAT repeat D and F and the slight curvature of the TOG domain.

(C) Middle: ribbon representation of TOG1 of yeast Stu2 (red) bound to a tubulin dimer (gray), PDB: 4ffb. Stu2 TOGH1 is overlaid with our Cep104 TOG structure
(green), showing the overall similarity of the TOG domain fold. Left and right: detailed views of the Stu2 TOG1-tubulin-binding interfaces with those residues
labeled that were previously found to be critical for tubulin binding by Stu2. Note that these residues are conserved in Cep104 TOG and found in similar positions.
(D) Cep104 TOG binds tubulin in solution. SEC-MALS chromatograms of human Cep104 TOG constructs, run alone or in the presence of tubulin. The horizontal
lines indicate the molar masses derived from the refractive index and light-scattering signals as described in Experimental Procedures. On the right side of the
chromatograms, Coomassie-stained SDS-PAGE gels show the corresponding peak fractions. The approximate elution volumes are indicated above the gels.
The tubulin-alone run is identical in all chromatograms and gels and is only shown repetitively to allow an easier comparison.

See also Figures S1 and S2.

Taken together, our data suggest that Cep104 regulates cilia RESULTS
length by facilitating tubulin addition to ciliary microtubules and
might also be involved in regulating other factors, possibly by in- Cep104 Has a Complex Multi-Domain Organization

teracting with Nek1. Our findings reveal a novel link between cili-  To identify regions in Cep104 that might be involved in its in vivo
opathy-associated proteins and suggest a model of how Cep104  activities, we first analyzed the human Cep104 protein sequence
activity at microtubule ends is tied to ciliogenesis. using a set of bioinformatics methods (Figure 1A). Secondary
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Table 1. SEC-MALS Analysis of Molecular Weights of Tubulin and
Human Cep104 TOG Constructs, Run Alone or in Combination

Derived Theoretical Mw Polydispersity
Run Mw (kDa) (kDa) (Mw/Mn)
Tubulin alone 103 100 1.000
Tubulin + WT TOG 124 136 (1:1 complex) 1.000
(tubulin peak)
WT TOG 46 36 1.010
Tubulin + R626A 104 100 (tubulin alone) 1.000
TOG (tubulin peak)
R626A TOG 40 36 1.005
Tubulin + V493D 103 100 (tubulin alone) 1.000
TOG (tubulin peak)
V493D TOG 41 36 1.008
Tubulin + W448A 116 136 (1:1 complex) 1.000
TOG (tubulin peak)
W448A TOG 41 36 1.009

Mw, weight-average molecular weight; Mn, number-average molecular
weight.

structure prediction using Jpred (Cole et al., 2008; Cuff and Bar-
ton, 2000) suggested the presence of an N-terminal all- domain
and a central all-a-helical domain. In addition, the multiple
sequence alignment of Cep104 homologs revealed a number
of invariant Cys and His residues in their C-terminal regions
with a pattern reminiscent of classical C2H2 Zn fingers. These
putative Zn fingers precede the previously identified SxIP motif
that mediates binding to EB1 (Jiang et al., 2012). The N-terminal,
central, and C-terminal domains are separated by two predicted
coiled-coil regions as computed with COILS (Lupas et al., 1991).
Each of these domains is well conserved in Metazoa with the
exception of the SxIP motif that is absent in flies.

A PSI-BLAST search with the Cep104 N-terminal region, pre-
viously implicated in Cep97 binding (Jiang et al., 2012), retrieved
hits to a number of structurally characterized domains of intrafla-
gellar transport protein 25 (IFT25) (Bhogaraju et al., 2011),
DNA repair protein XRCC1 (Cuneo and London, 2010), and
anaphase-promoting complex APC subunit 10 (Au et al., 2002).
These protein domains fold into a nine-stranded B sandwich
with a jelly-roll topology and belong to a large superfamily, the
founding member of which was a galactose-binding domain of
fungal galactose oxidase. The homology to these domains was
also confirmed with HHpred (Hildebrand et al., 2009; Soding,
2005), which gave hits to several members of this superfamily.

Our attempts to crystallize this region were unsuccessful.
However, we have built a homology model using the structures
of IFT25, APC10, and the N-terminal domain of XRCC1 as
templates. Mapping of the sequence conservation onto our
N-Cep104 model revealed a highly conserved region that could
represent its binding site for Cep97 or other, undiscovered
binding partners. Intriguingly, this region also colocates with
the known protein-protein interaction sites of the structurally
related IFT25 and APC10 and might therefore constitute a hot
spot for protein-protein interactions in APC10-like domains
(Figure S1).

A PSI-BLAST search with the central a-helical region gave
matches to several TOG domains from CLASP (CLIP-associated
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protein) proteins, some of which with previously determined
three-dimensional structures. TOG domains are typically impli-
cated in tubulin binding, and we found residues critical for this
binding to be conserved in Cep104 (Figures S2A and S2B).
Thus, we decided to check whether the Cep104 TOG domain
would also be capable of interacting with tubulin. To this end,
we purified recombinant human Cep104 TOG and subjected it
to size-exclusion chromatography coupled with multi-angle light
scattering (SEC-MALS) in the presence or absence of tubulin.
The results shown in Figure 1D and Table 1 demonstrate that
Cep104 TOG is indeed a tubulin-binding domain and suggest a
probable 1:1 complex between both proteins.

High-Resolution Structure of the Human Cep104 TOG
Domain and Biochemical Characterization of Its Tubulin
Binding

To gain a structural insight into the Cep104-tubulin interaction,
we determined the high-resolution structure of the TOG domain
to a resolution of 2.3 A by X-ray crystallography (Figure 1B;
Tables 2 and S1). Characteristic for TOG domains, the Cep104
TOG structure consists of six HEAT-like repeats A-F and globally
superposes well with other known TOG structures (root-mean-
square deviation [rmsd] 3-3.5 A, Figure S2C). The individual re-
peats pack nearly parallel to each other creating an elongated
domain with a slight left-handed curvature due to a left shift
and twist of repeat D relative to repeat C. Canonical HEAT
repeats consist of two antiparallel helices in which the polypep-
tide chain undergoes a near 90° bend following the C-terminal
helix cap. Repeats A-C and E of the Cep104 TOG domain are
canonical, whereas repeats D and F are partly distorted. A
structure comparison of Cep104 TOG with the TOG domains
from XMAP215 and CLASP proteins shows that the conforma-
tion of the loops that define their tubulin-binding interface is
more conserved than those of the loops found on the opposite
side. Furthermore, the residues on that side of the Cep104
TOG domain are highly conserved across different species
(Figure S2D).

Structure superposition of the human Cep104 TOG domain
with the Stu2 TOG1 domain in complex with tubulin suggest
that key residues implicated in the Stu2-tubulin interaction
(Ayaz et al., 2012) are conserved, such as the W448, V493, and
R626 residues (Figure 1C). To test whether these residues are
indeed crucial for tubulin binding, we introduced point mutations
in Cep104 TOG, produced the corresponding recombinant pro-
teins, and subjected them to SEC-MALS in the presence or
absence of tubulin. The results shown in Figure 1D and Table 1
demonstrate that these mutants are indeed severely (V493D
and R626A) or mildly (W448A) impaired in their ability to interact
with tubulin. Thus, the Cep104 TOG domain engages tubulinin a
similar way to the Stu2 TOG1 domain.

Identification of Nek1 as a Potential Binding Partner of
the Cep104 ZNF Domain

Tubulin binding by Cep104 could explain its role in cilia elonga-
tion through regulating tubulin addition to microtubule ends,
similar to the proposed mechanism for TOG domain containing
microtubule-associated proteins (MAPs) (Akhmanova and Stein-
metz, 2015). However, with a complex domain architecture,
Cep104 might have additional roles at centriole and cilia ends.



Table 2. Dataset Analysis and Refinement Statistics

Construct SeMet Human TOG Cep104392-76 (Remote) Human ZNF Cep104746-87% 5763E
Beamline ID29 (ESRF) MarDTB (in-house source)

Space group P21 P212121

Wavelength (&) 0.94 1.54

Monomers in the asymmetric unit 2 4

°

Unit cell dimensions (A)

a=>523,b=53.4,c=155.4; a=90.0,
B=291.9, y=90.0

a=742,b=80.3,¢c=118.1; & = 90.0,

B =90.0, y =90.0

Resolution (A) 49.5-2.3 30.31-1.8
Completeness (overall/inner/outer shell) 99.7/98.2/99.6 100.0/98.8/100.0
Rmerge (0Vverall/inner/outer shell) 0.130/0.041/1.066 0.075/0.031/1.395
Rpim (overall/inner/outer shell) 0.059/0.023/0.458 0.030/0.012/0.569
Mean |/l (overall/inner/outer shell) 10.2/32.2/1.8 13.6/45.2/1.3
Multiplicity (overall/inner/outer shell) 6.9/6.5/7.1 7.1/6.8/7.0

Wilson B factor 33.5 33.1

No. of reflections (used in refinement) 40,229 (40,221) 66,109 (66,016)
No. of atoms 4,250 4,691

Waters 115 387

Rwork/Riree (% data used) 28.4/25.3 (5.0%) 19.2/22.9 (4.8%)
Rmsd from ideal values: bond length/angles 0.008/1.282 0.007/0.809

Mean B value 51.4 45.2

Correlation coefficient Fo-F./Fo-F free 0.932/0.924 0.965/0.948
MolProbity score 0.85 (100" percentile) 1.08 (100™ percentile)
MolProbity clashscore, all atoms 1.3 1.32

Poor rotamers (%) 0.2 0

Ramachandran outliers (%) 0 0

Ramachandran favored (%) 98.9 96.6

PDB entry code 5LPH 5LPI

See also Tables S1 and S2.

We therefore attempted to identify novel binding partners of
Cep104. We first used BiolD (Roux et al., 2012) to identify
proteins in the vicinity of Cep104 in vivo. Thus, we expressed
a BirA* (the R118G mutant of the biotin ligase BirA)-Cep104
fusion protein in tissue culture cells, purified the biotinylated pro-
teins from cell lysates, and determined their identity by mass
spectrometry. In agreement with a recent large-scale BiolD
profiling of components of the centrosome-cilium interface
(Gupta et al.,, 2015), we found a number of centriolar and
centrosomal proteins as proximity partners of Cep104 (Figures
2A and S3).

To establish which of these are candidates for a direct Cep104
interaction, we then used crosslinking of Cep104 in vivo and
compared the two datasets. We tagged Cep104 N-terminally
with wild-type BirA together with its site-specific biotinylation
target sequence (AviTag) (Beckett et al., 1999) and expressed
this construct in tissue culture cells. Subsequently, we prepared
lysates from these cells, chemically crosslinked them, and
isolated biotinylated Cep104 for mass-spectrometric analysis.
To limit the background, we only considered those hits with
a 10-fold enrichment of exclusive unique peptide counts
compared with the control (Figure S3).

Under these conditions, only four hits were identified that were
shared between the BiolD and the crosslinking experiment, one

of which was Nek1 kinase (Figure 2A). Nek1 locates to the basal
body region and (when overexpressed as a kinase dead version)
cilia (Shalom et al., 2008; White and Quarmby, 2008), is found in
proximity to Cep104 (Gupta et al., 2015) and was recently also
detected in Cep104 affinity-capture experiments in a high-
throughput interactome study (Hein et al., 2015). Intriguingly,
mutations in both Cep104 and Nek1 cause ciliopathies in hu-
mans: in the case of Cep104 Joubert syndrome (Srour et al.,
2015) and in the case of Nek1 short-rib thoracic dystrophy or
oral-facial-digital syndrome type Il (El Hokayem et al., 2012;
Monroe et al., 2016; Thiel et al., 2011). Both proteins play a
role in cilia formation and/or length regulation (Jiang et al.,
2012; Satish Tammana et al., 2013; Shalom et al., 2008; Thiel
et al., 2011; Wang et al., 2014).

Nek1 and CP110 Binding to the Cep104 ZNF Domain Is
Mutually Exclusive

To gain indications as to whether the Nek1-Cep104 interaction is
direct, we first used a yeast two-hybrid assay. The results
displayed in Figure 2B show that both proteins interacted
within this assay. Further truncation experiments mapped this
interaction to a region in the C-terminal half of Cep104 that com-
prises its array of Zn fingers. Supporting our yeast two-hybrid
data, we also detected a ZNF-array-dependent Cep104-Nek1
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interaction in a rerouting and capture assay in tissue culture cells
(Figure S4).

To fine-map this putative interaction further, we then used a
pull-down assay with a glutathione S-transferase (GST)-tagged,
recombinant version of the Cep104 ZNF array and different
3xFLAG-tagged Nek1 constructs that were transiently overex-
pressed in mammalian tissue culture cells. The results from our
pull-down experiments shown in Figures 2C-2F confirm that
Nek1 can interact with the Cep104 ZNF domain, and allowed
us to define the coiled-coil but not the kinase domain of Nek1
as its main Cep104 ZNF-binding region. We found a correspond-
ing part of Nek1 (residues 451-677) to also bind as a recombi-
nant protein to the Cep104 ZNF array in vitro (Figure 3B).

Recently CP110 has been shown to interact with a section
of Cep104 that contains its putative ZNF array, and the interact-
ing region in CP110 has subsequently been mapped to
CP110%°7-936 (Jiang et al., 2012; Rezabkova et al., 2016). Given
that both CP110 and Nek1 bind to the Cep104 ZNF array, we
asked whether they share the same binding site or could engage
their target sites on the Cep104 ZNF array simultaneously. To
test this, we used a competition assay in which we assayed
the ability of recombinant GST-Cep104 ZNF to pull down
3xFLAG-tagged Nek1 (transiently overexpressed in mammalian
tissue culture cells) in the presence of increasing amounts of
CP110%%-9%6_ Our data shown in Figure 3A suggest that Nek
and CP110 indeed compete for binding to the Cep104 ZNF
array. Competition was specific to CP110°%6-9%6 a5 it was not
observed when we used a recombinantly produced peptide
from the centriolar protein STIL (STIL*?*~448, Figure S5).

To corroborate our findings, we also performed this assay with
the recombinant Cep104-binding region of Nek1 (residues 451—
677) and the binding peptide from CP110. We found that
Nek1451-877 but not STIL*?*~*8 competed with CP110%06-9%6
for binding to the Cep104 ZNF array (Figure 3B). Thus, we
conclude that CP110 and Nek1 probably bind to either the
same or spatially overlapping regions in Cep104.

High-Resolution Structure of the Zn Finger Tandem
Repeats of Cep104

Our attempts to crystallize the Cep104 ZNF-Nek1 complex did
not yield any crystals. However, we obtained crystals for the hu-
man apo-Cep104 ZNF domain (S763E mutant) and solved its
structure by X-ray crystallography to a resolution of 1.8 A (Fig-
ure 4; Tables 2 and S2). The S763E mutation was used since
we found it to improve the solubility of the protein. The residue
S763 is located at the loop connecting the B hairpin to the o helix
of the first ZNF. This residue is exposed to the solvent and is

poorly conserved (Figure 4A left, inset; Figure S6A). The
Cep104 ZNF structure consists of four tandem C2HC Zn fingers
that pack together to form a single globular domain that, to our
knowledge, represents a novel, previously unobserved arrange-
ment of Zn fingers.

The individual Zn fingers are variants of the classical C2H2
ZNFs in which the last Zn-coordinating residue is Cys instead
of His. They consist of a B hairpin followed by an o helix that
packs on it. The Zn ion is coordinated by two Cys residues
located on the hairpin and by His and Cys residues from the helix
with the exception of ZNF3 and ZNF4, in which the last Zn-coor-
dinating Cys is located at a loop region downstream of the C-ter-
minal helix cap (Figure 4A, left). The classical C2H2 Zn fingers
and their variants are frequently found in tandem where the indi-
vidual ZNFs can be separated by linkers of different length.
A similar array of C2HC Zn fingers is seen in the structure of
TRAF6 (PDB: 3HCS) (Yin et al., 2009) but, in contrast to the
Cep104 ZNFs, the TRAF6 ZNFs are arranged in a linear
fashion along the axis of the molecule with a degree of rotation
between successive ZNFs that is probably determined by the
fixed sequence separation between them (Figure S6B). In the
Cep104 domain, the sequence separation between the individ-
ual ZNFs is variable and increases from two residues between
ZNF1 and ZNF2 to eight residues between ZNF3 and ZNF4.

The Cys and His residues that coordinate the Zn are invariant
across Cep104 homologs (Figure S6A). Apart from these, several
hydrophobic residues are highly conserved and define the hy-
drophobic core of the domain by making extensive hydrophobic
contacts with each other (Figure 4A, right; Figure S6A). These hy-
drophobic residues group into three hydrophobic clusters that
together contribute to the integrity of the unit. The contacts in
the first cluster are constituted by the side chains of Phe756,
Tyr773, Leu780, and Val789 that are located in ZNF1 and
ZNF2. In addition, Trp774 and the guanido group of Arg782
form a cation-7t interaction. Residues Pro846, Leu847, Trp859,
Leu863, 1e792, and Leu795 in ZNF2 and ZNF4 are part of the
second hydrophobic cluster, whereas the third is formed by res-
idues Leu799, Leu800, Phe809, and Ala818 from ZNF2 and
ZNF3. The strict conservation of these residues suggests that
the compact globular shape of this domain is not due to crystal
packing but that the four C2HC Cep104 ZNFs probably function
as an integral, single unit. Consistent with this notion is that this
domain shows a continuous patch of surface conservation that
probably constitutes a protein-protein interaction interface for
its binding partners (Figure 4B). The in vacuo electrostatic sur-
face potential of this patch reveals extensive charges, suggest-
ing that charge interactions might contribute to its binding mode.

Figure 2. Nek1 Is a Potential Binding Partner of Cep104

(A) Summary of the (proximity) interactome of Cep104. Green circle, number of Cep104 proximity interactors obtained from mass-spectrometric identification of
biotinylated proteins in Hek293 cells expressing BirA*-Cep104-GFP (BiolD). Orange circle, number of hits from mass-spectrometric analysis of a pull-down
experiment from Hek293 cell lysates expressing Avitag-BirA(WT)-Cep104-GFP, crosslinked with DTSSP. In both cases only hits with an enrichment of at least 10-
fold compared with the corresponding negative control were considered. The overlap between the two circles shows the hits shared between both experiments.
(B) Nek1 interacts with Cep104 in a yeast two-hybrid assay. Yeast plates showing growth of yeast expressing the indicated Bait and Prey proteins. SC -Leu/-Trp
plates select for the presence of Bait and Prey plasmid only, while SC -Ura plates select for positive yeast two-hybrid interactions.

(C) Domain overview of human Nek1, isoform 4. Lines indicate constructs that were used in the pull-down experiments probing the Nek1-Cep104 interaction

shown in (D) to (F).

(D-F) The Nek1 interaction with Cep104 maps to its coiled-coil domain. Western blots showing pull-down experiments with GST or GST-Cep104 ZNF and lysates
from Hek293 cells transiently overexpressing the 3xXFLAG-tagged human Nek1 constructs indicated above the blot.

See also Figures S3 and S4.
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Figure 3. CP110°°4°3¢ and Nek1 Binding to the Cep104 ZNF Array Is
Mutually Exclusive

(A) Western blot showing a pull-down experiment with GST-Cep104 ZNF
beads and lysates from Hek293 cells transiently overexpressing 3xFLAG-
tagged human Nek1 in the presence of increasing concentrations of recom-
binant CP110906-9%,

(B) Coomassie-stained SDS-PAGE gel showing the results of an in vitro pull-
down assay with recombinantly produced GST-Cep104-ZNF and Nek14%"-677
in the presence of CP110%%6-936 or Danio rerio STIL#04-448,

See also Figure S5.

DISCUSSION

The process of ciliogenesis is currently poorly understood. Since
Cep104 is a key protein involved in cilia formation and elonga-
tion, we subjected it to a bioinformatics, biochemical, and struc-
tural analysis. Our results show that human Cep104 contains a
TOG domain that is structurally similar to other tubulin-binding
TOG domains and engages tubulin through residues that are
conserved between these. While our manuscript was in prepara-
tion, the TOG domain of chicken Cep104 was reported by
another group (Rezabkova et al., 2016). Their TOG structure
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and analysis of the tubulin-interacting interface are in good
agreement with our results.

Tubulin-binding TOG domains, e.g., in the XMAP215 family of
MAPSs, act to stabilize microtubules through facilitating tubulin
addition to microtubule ends (Akhmanova and Steinmetz,
2015), and we speculate that the TOG domain in Cep104 has
an analogous role. In support of this notion, Cep104 is found at
the distal end of centrioles and cilia (Jiang et al., 2012; Satish
Tammana et al., 2013) and its depletion results in absent or
shortened cilia (Jiang et al., 2012; Satish Tammana et al.,
2013). It is currently thought that the XMAP215 family of MAPs
requires at least two TOG domains to function (Ayaz et al,,
2014; Widlund et al., 2011), but our analysis revealed only a sin-
gle TOG domain in Cep104. However, Cep104 contains two
coiled-coil regions (Figure 1A), one of which forms dimers
(Rezabkova et al., 2016). Thus, Cep104 might have two TOG
domains that could function in vivo. However, tubulin binding
by Cep104 could also have a different function during ciliogene-
sis. Cep104-bound tubulin could, for example, be transferred to
other proteins or act as a signal during cilia formation.

Although inroads have been made, many questions concern-
ing the regulation of cilia formation are still open. Intriguingly,
we identified Nek1 as a novel interactor of Cep104. Several
lines of evidence suggest that the Cep104-Nek1 interaction is
physiologically relevant: Nek1 has been found in the proximity
of Cep104 (Gupta et al., 2015 and our study), and was also
detected in Cep104 affinity-capture experiments in a high-
throughput interactome study (Hein et al., 2015). Furthermore,
Nek1 and Cep104 are involved in the stabilization of the ciliary
axoneme or in cilia formation and elongation (Jiang et al.,
2012; Satish Tammana et al., 2013; Shalom et al., 2008; Thiel
et al., 2011; Wang et al., 2014), and mutations in both cause cil-
iopathies (El Hokayem et al., 2012; Monroe et al., 2016; Srour
et al., 2015; Thiel et al., 2011).

We found that Nek1 and CP110 compete for binding to the
Cep104 ZNF domain through regions that are both basic
(pl ~9.4/~10.4). Since our Cep104 ZNF structure revealed strik-
ingly conserved and charged surface patches, electrostatic
forces might contribute to their binding. However, in the absence
of further structural information, the molecular details of the
CP110/Nek1-Cep104 interaction are currently unclear.

The mutually exclusive binding of CP110 and Nek1 to Cep104
might play a role in cilia formation. Cep104 colocalizes with
CP110 at the distal end of centrioles (Jiang et al., 2012; Satish
Tammana et al., 2013). In the early stages of ciliogenesis
CP110 becomes removed (Goetz et al., 2012; Spektor et al.,
2007; Tanos et al., 2013), potentially liberating the Nek1-binding
site on Cep104 and allowing Nek1 recruitment. The recruitment
of critical kinases to centrioles/cilia has previously been
described, e.g., the binding of TTBK2 kinase to the distal
appendage protein Cep164 (Cajanek and Nigg, 2014; Oda
et al.,, 2014). Cep104 might act analogously as a recruitment
platform for Nek1 that could then, for example, promote sub-
strate phosphorylation. Intriguingly, Nek1’s Cep104 interacting
region mapped to its predicted coiled-coil region that has
previously been shown to interact with other proteins, such
as the ciliary motor protein Kif3a (Surpili et al., 2003). Thus, bind-
ing competition could constitute a general feature of Nek1
regulation.
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Together with the established role of Cep104 in cilia length
control and our description of a tubulin-interacting TOG domain
in Cep104, we speculate that Cep104 might act to elongate cilia
by facilitating tubulin addition. This activity of Cep104 might be
aided by its recruitment of Nek1 that could positively or nega-
tively influence other factors involved in this pathway. Further
in vivo studies, guided by our structural and biochemical data,
will be necessary to corroborate and distinguish between alter-
native models.

EXPERIMENTAL PROCEDURES

Clones

Cep104 constructs are based on the canonical human Cep104 sequence.
Nek1 constructs and numbering are based on isoform 4 of human Nek1
(lacking residues 398-422 and 477-520 compared to the canonical Nek1
sequence).

Recombinant Protein Purification

DNA encoding human Cep104 TOG domain (Cep104%%2-878: crystallization,
Cep104367-685; piochemistry) and Cep104746-875 (ZNF) were cloned into a
pET28-derived vector to create open reading frames with a PreScission prote-
ase-cleavable, N-terminal 6 xHis tag. Mutants were created by site-directed
mutagenesis. Cep1043%7-8% constructs were expressed in Escherichia coli
Rosetta at 18°C. Cell lysates were prepared by sonication, centrifugally
cleared, and subjected to Ni-nitrilotriacetic acid (NTA) (Qiagen) purification
using standard methods. The Ni-NTA eluate was dialyzed in 10 mM PIPES
(pH 6.9), 300 MM NaCl, and 1 mM DTT, the tag cut off with PreScission prote-
ase, the dialyzed protein diluted in buffer A (10 mM PIPES [pH 6.9], 20 mM
NaCl, 1 mM DTT) and subsequently applied to a HiTrap SP column (GE Health-

Figure 4. High-Resolution Structure of the Zn
Finger Array of Cep104

(A) The Cep104 ZNFs adopt an overall globular
domain. Left: ribbon presentation of the human
Cep104 ZNF array structure (Cep104746-875
S763E). The individual Zn fingers are colored
distinctly. The Zn-coordinating side chains in the
ZNFs are shown as sticks and labeled, the coordi-
nated Zn ions are displayed as black spheres. Inset:
close-up of ZNF1 with side chains displayed as
sticks. Note that the S763E mutation that was used
to improve solubility of the Cep104 ZNF domain is
located in a loop and does not make contact with
the rest of the domain. This residue is poorly
conserved (Figure S6A). Right: similar view of the
Cep104 ZNF domain. Labeled and shown as sticks
are the side chains of the three conserved hydro-
phobic clusters in the interfaces between the indi-
vidual ZNFs (Figure S6A). These clusters maintain
the overall globular packing of the ZNF array.

(B) Top: similar view as in (A) but as a molecular
surface colored according to CONSURF evolu-
tionary conservation score (left) from unconserved
(cyan) to highly conserved (burgundy), or colored
according to in vacuo electrostatic potential (right)
from positive (blue) to negative potential (red). Bot-
tom: rotated 180° as indicated.

See also Figure S6.
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care). The protein was eluted using a linear gradient
from buffer A to buffer Aand 1 M NaCl.

SeMet TOG Cep104%°2-676 was expressed in
supplemented M9 medium as described previously
(van Breugel et al., 2014) and purified by Ni-NTA
chromatography, PreScission protease cleavage, and size-exclusion chroma-
tography in 10 mM PIPES (pH 6.9), 300 mM NaCl, and 1 mM DTT.

Cep104746-87% 3763E expression, cell lysis, and Ni-NTA purification were as
described above. The Ni-NTA eluate was dialyzed in 10 mM Tris-HCI (pH 8.0),
50 mM NaCl, and 1 mM DTT, the tag cut off with PreScission protease, the pro-
tein applied to a HiTrap Q HP column (GE Healthcare), and eluted using a linear
gradient to 10 mM Tris-HCI (pH 8.0), 1 mM DTT, and 1 M NaCl. Peak fractions
were subjected to size-exclusion chromatography in 10 mM Tris-HCI (pH 8.0),
50 mM NaCl, and 1 mM DTT.

DNA encoding human Nek1®'~677 and CP110°%9%¢ were cloned into a
modified pRSETa vector (Invitrogen) containing two His-tagged lipoyl domains
(Cottee et al., 2013). Constructs were expressed in E. coli C41(DE3) and
purified using Ni-NTA (Qiagen) chromatography using standard methods.
The Ni-NTA eluates were dialyzed against 50 mM Tris-HCI (pH 8.0), 300 mM
NaCl, and 5 mM imidazole (pH 7.5), the His-tagged lipoyl tags cut off with
tobacco etch virus protease (Sigma), and removed by rebinding to Ni-NTA
agarose (Qiagen). The flow-throughs were dialyzed and subjected to ion-
exchange chromatography using linear NaCl gradients.

DNA encoding Cep104746787% (including an N-terminal linker, KKEGGSNQ
TSLYKKAGSAAAPFTM) was cloned as a BamHI-EcoRlI fragment into pGEX-
6P1 (GE Healthcare). This construct or pGEX-6P1 alone were expressed in
E. coli Rosetta at 18°C and purified using Glutathione Sepharose 4B (GE
Healthcare). Eluates were applied to a HiTrap Q HP column (GE Healthcare)
as described above for Cep104746-875 S763E.

All proteins were concentrated, flash-frozen in liquid nitrogen, and stored
at —80°C.

Cep104°92-67¢ TOG and Cep104746-875 ZNF Crystallization

SeMet TOG Cep1043°2-67¢ crystals were obtained by the vapor-diffusion
method with a reservoir solution of 100 mM 2-(N-morpholino)ethanesulfonic
acid (MES) (pH 6.0), 11% (w/v) polyethylene glycol (PEG)-20K at 19°C and
using 100 nL of protein solution and 100 nL of reservoir solution. Crystals
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were mounted after 2 days in 100 mM MES (pH 6.0) and 30% (v/v) PEG-400,
and frozen in liquid nitrogen.

ZNF Cep104746-875 S763E was crystallized at 4°C by the vapor-diffusion
method with 100 nL of protein solution and 100 nL of the reservoir solution us-
ing the MORPHEUS screen (Gorrec, 2009) (MDL). Crystals were obtained in
well A3 of that screen (reservoir solution: 10% [w/v] PEG-4000, 20% [v/V] glyc-
erol, 0.1 M MES/imidazole [pH 6.5], 30 mM MgCl,, 30 mM CaCl,). Crystals
were mounted after 15 days in cryoprotectant (reservoir solution to which
1/10 volume of 100% glycerol had been added) and were frozen in liquid
nitrogen.

The protein concentrations of the crystallized constructs were determined
by the Bradford assay with BSA as a standard, and were 25 mg/mL (SeMet
TOG Cep104392-676) and 24 mg/mL (ZNF Cep104746-875 S763E).

Data Collection and Processing

Datasets were integrated using MOSFLM (Leslie and Powell, 2007) (ZNF
Cep104746-875 5763E) or XDS (Kabsch, 2010) (SeMet TOG Cep104392-676),
Datasets were scaled using SCALA (Evans, 2006). The TOG Cep104392-676
structure was solved by MAD from a 3-wavelength SeMet dataset using the
SHELX CDE pipeline (Sheldrick, 2008). BUCCANEER (Cowtan, 2006) and
manual building were employed to build an initial model. REFMAC (Murshudov
et al., 2011) was used to refine the model against the remote dataset with
manual building done in Coot (Emsley and Cowtan, 2004). The ZNF
Cep104746-87% 5763E structure was solved by Zn MAD from a synchrotron
(104, Diamond Light Source)-collected dataset using the SHELX CDE pipeline
(Sheldrick, 2008), resulting in a main-chain autotraced model. This model was
subsequently used as a search model for molecular replacement in PHASER
(McCoy et al., 2007) with a higher-resolution in-house collected dataset. After
autobuilding with BUCCANEER (Cowtan, 2006), the structure was refined in
PHENIX.REFINE (Afonine et al., 2012), with manual building done in Coot
(Emsley and Cowtan, 2004).

Cep104 BiolD and Crosslinking

Constructs containing BirA*(R118G)-Cep104-eGFP (for BiolD) or Avitag-WT
BirA-Cep104-eGFP (for crosslinking) were cloned into pcDNA5 FRT/TO
(Thermo Fisher Scientific) and integrated into Hek293 Trex Flpin cells by
site-specific recombination using cotransfection with plasmid pOG44 (Thermo
Fisher Scientific). Positive transformants were selected for with DMEM, 10%
tetracycline-free fetal bovine serum, 200 pg/mL hygromycin, and 15 ug/mL
blasticidin. For BiolD two 150-cm? dishes at ~70% confluency were induced
with 3 pg/mL tetracycline in selection medium containing 200 uM biotin for
24 hr, processed as previously described (Roux et al., 2012), and subjected
to SDS-PAGE and mass-spectrometric analysis. As a control for the BiolD
experiment we used Hek293 Trex Flpin cells with an integrated construct
that was not tagged with BirA.

In a similar setup, for the crosslinking experiment eight tetracycline-induced,
biotin-supplemented 150-cm? dishes at ~70% confluency were used. Cells
were washed with PBS, then lysed by sonication in 40 mL of 50 mM Na-phos-
phate (pH 7.5), 100 mM NaCl, one pill of Complete Protease Inhibitor (EDTA
free, Roche), and 50 mM Na-phosphate (pH 7.5), 100 mM NaCl added to
75 mL. To 37.5 mL of this lysate was added 50 mg of 3,3'-dithiobis(sulfosuc-
cinimidyl propionate) (DTSSP; Cambridge Bioscience) followed by incubation
for 2 hr at 4°C. Subsequently, NaCl, Tris-HCI (pH 7.4), SDS, and EDTA were
added to 0.5 M, 50 mM, 0.4%, and 5 mM, respectively. After a short incuba-
tion, Triton X-100 was added to 2% followed by one volume of 50 mM Tris-
HCI (pH 7.4). After centrifugation (4.6 krpm, 30 min, 4°C) the supernatants
were bound to streptavidin beads and the beads processed as described
for BiolD (Roux et al., 2012). Crosslinks were reversed by addition of 10 uL
of 1 M DTT to the beads and incubation for 10 min at 50°C, before addition
of biotin-saturated Laemmli buffer. Eluates were subjected to SDS-PAGE
and mass-spectrometric analysis.

GST-Cep104 ZNF Domain, 3xFLAG-Nek1 Pull-Down Assay

Thirty micrograms of purified GST or GST-Cep104746-87% were bound to
Glutathione Sepharose 4B (GE Healthcare) beads in lysis buffer (50 mM Na-
phosphate [pH 7.5], 100 mM NaCl, 1 mM DTT, and 0.1% [v/v] Nonidet P-40,
supplemented with Complete Protease Inhibitor [EDTA free, Roche]). Beads
were subsequently washed with lysis buffer and incubated at 4°C for 1 hr
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with 1 mL of centrifugally cleared cell lysates (prepared by sonication in lysis
buffer) from Hek293 Trex Flpin cells transfected for ~2 days by Fugene6
(Promega) with 3xFLAG human Nek1 constructs (cloned into a pcDNA3.1 de-
rivative, a kind gift of Manu Hegde). Beads were washed with lysis buffer,
eluted with lysis buffer and 100 mM glutathione (pH 7.5), and the eluates sub-
jected to SDS-PAGE and western blotting using anti-FLAG M2 mouse mono-
clonal antibody (Sigma).

For the competition assay with CP110%°6-93¢ 109 L of centrifugally cleared
cell lysates from Hek293 Trex Flpin cells transfected with 3xFLAG-tagged
human Nek1 were mixed with 16 pL of PBS, 1 mM DTT, and 0.1% IGEPAL
CA-630 (octylphenoxypolyethoxyethanol) containing increasing amounts
of CP110%%¢-9%6, After centrifugal clearing, the supernatants were added
to GST-Cep104746-875 peads and the binding experiments continued as
described above.

In Vitro Competition Assay

Thirty micrograms of purified GST-Cep104746-87% (ZNF) was bound to Gluta-
thione Sepharose 4B (GE Healthcare) beads in binding buffer (PBS, 0.1%
IGEPAL CA-630, 1 mM DTT). Beads were washed and incubated at 4°C for
1 hr with 100 uL of Nek14%'=677 (26 uM), CP110°°¢~9%¢ (66 uM), Danio rerio
STIL#%4-448 (127 M), or their binary combinations in binding buffer. Beads
were washed three times and eluted with Laemmli buffer, and the eluates sub-
sequently subjected to SDS-PAGE and Coomassie staining.

Yeast Two-Hybrid Assay

Constructs were cloned into vector pENTR/D-TOPO and subsequently trans-
ferred into vectors pDEST32 (Bait) or pDEST22 (Prey) using Gateway LR Clo-
nase Il (Thermo Fisher Scientific). Combinations of Bait and Prey plasmids
were cotransformed into yeast strain MaV203 (Thermo Fisher Scientific) using
standard methods and plated onto SC -Leu -Trp plates. Subsequently, col-
onies were inoculated into SC -Leu -Trp medium and grown overnight at
30°C before diluting and spotting them onto SC -Leu -Trp and SC -Ura plates.
Plates were incubated for 3 days at 30°C.

Size-Exclusion Chromatography Coupled with Multi-Angle Light
Scattering

WT and mutant TOG proteins were mixed with reconstituted tubulin (Cytoskel-
eton) in SEC running buffer (25 mM Tris-HCI [pH 7.5], 100 mM NaCl, 1 mM
MgCl,, 1 mM EGTA) to a final concentration of ~42 pM in a 1:1 stoichiometry.
Protein samples were subsequently resolved and analyzed by SEC-MALS (in
SEC running buffer) as described previously (van Breugel et al., 2014).

Bioinformatics

NCBI-NR was searched using PSI-BLAST (Altschul et al., 1997) to identify
sequence homologs of Cep104. Selected sequences were aligned, after which
the alignment was manually corrected and used as input for calculation of con-
servation scores. Multiple sequence alignments were produced with MAFFT
(Katoh and Standley, 2013), and visualized using JALVIEW (Waterhouse
et al., 2009). Secondary structure predictions were computed with Jpred
(Cole et al., 2008; Cuff and Barton, 2000) and coiled coils were predicted
with COILS (Lupas et al., 1991). Evolutionary conservation was computed us-
ing CONSURF (Ashkenazy et al., 2010). HHPRED (Hildebrand et al., 2009) was
used to search the PDB and Structural Classification of Proteins databases for
structural homologs. Homology models were generated with MODELLER (Sali
and Blundell, 1993) using the structures 1xna, 1xnt, 1gqgp, 1tvg, 2yc4, and 3k75
as templates and manually optimized alignments as inputs. Structure-based
multiple sequence alignments were produced manually using pairwise super-
positions computed with TOPMATCH (Sippl and Wiederstein, 2008).

Mass Spectrometry

The protein-containing polyacrylamide gel slices (1-2 mm) were prepared and
subjected to mass-spectrometric analysis as described previously (Staples
et al., 2014).
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Table S1, related to Table 2

Human TOG Cep104**%¢ SeMet MAD dataset analysis.

Beamline 1D29 (ESRF)

Space Group P21

Wavelength (A) 0.97916 (peak) 0.97923 (inflection)

Unit Cell dimensions (A) a=51.8 b=53.3 c=1544 0=90.0 p=91.8 | a=52.1 b=53.3 c=1554 a=90.0 p=92.0
vy=90.0 vy=90.0

Resolution (A) 495-23 4954 -23

Completeness
(overall / inner / outer shell)

99.6/99.1/99.5

99.5/98.7/99.5

Rmerge (overall / inner / outer shell)

0.145/0.045/1.050

0.127/0.034 /0.987

Rpim (overall / inner / outer shell)

0.069/0.031/0.456

0.060/0.025/0.426

Mean I/ol (overall / inner / outer
shell)

92/304/1.8

102/322/2.1

Multiplicity (overall / inner / outer
shell)

69/65/7.1

69/65/7.1

Se sites found / expected

15 /22 (16 SeMet residues are visible in the electron density map)

Table S2, related to Table 2

Human ZNF Cep1047***” S763E Zn MAD dataset analysis.

Beamline

104 (Diamond Light Source)

Space Group

P212121

Wavelength (A)

1.28295 (peak)

1.28321 (inflection)

1.21984 (remote)

Unit Cell dimensions (A)

a=73.9b=805 c=1183
@=90.0 $=90.0 y=90.0

a=73.9 b=805 c=1183
@=90.0 $=90.0 y=90.0

a=73.9 b=805 c=1183
@=90.0 $=90.0 y=90.0

Resolution (A)

80.5-22

80.5-22

80.5-22

Completeness
(overall / inner / outer shell)

99.2/99.7/98.1

99.3/99.8/98.2

99.4/99.5/98.5

Rmerge (overall / inner /
outer shell)

0.139/0.069 /1.512

0.114/0.067/1.017

0.198/0.067 /1.976

Rpim (overall / inner / outer
shell)

0.046/0.024/0.510

0.038/0.025/0.342

0.065/0.024 /0.657

Mean I/ol (overall / inner / 113/305/1.9 12.0/28.3/2.5 96/284/1.8
outer shell)

Multiplicity (overall / inner / 99/85/94 10.1/8.7/9.6 10.1/8.7/9.8
outer shell)

Zn found / expected 6/16




Figure S1, related to Figure 1A

Homology model of the N-terminal APC10-like domain of Cep104.

A) Ribbon presentation of the N-terminal domain of Cep104 (rainbow-coloured from
N- to C-terminus) together with an equivalent representation as molecular surface,
coloured according to Consurf evolutionary conservation score from unconserved
(cyan) to highly conserved (burgundy). B) Equivalent view onto the IFT25-1FT27
(pdb 2yc2) and the APC10-HSL1 (pdb 5g04) complexes. Note that [FT27 and HSL1
engage their corresponding APC10(-like) domain at a region that is conserved in the
N-terminal, APC10-like domain in Cep104.

Figure S2, related to Figure 1B-D

Multiple sequence alignments and structural analyses of Cep104’s TOG domain.
A) A structure-based, multiple sequence alignment of Cep104 TOG and other TOG
domains with experimentally determined high-resolution structures (pdb 4ffb Stu2
TOGI, pdb 4g3a Mast/Orbit TOG1, pdb 2gk1 Stu2 TOG2, pdb 2qk2 Msps TOG2,
pdb 4gmj ch-TOG TOG4, pdb 20f3 Zyg9 TOG3, pdb 3woy CLASP2 TOG2.
Residues that were mutated in this study are marked with green circles. Structurally
equivalent residues are shown in upper case. B) Multiple sequence alignment of
Cepl104 TOG of closely related homologs. Residues that were mutated in this study
are marked with green circles. C) The tubulin-binding interface of Cep104 TOG is
conserved and conformationally similar to other tubulin binding TOG domains.
Globally fitted overlay of the ribbon representation of the Cep104 TOG structure with
other TOG domains with experimentally determined high-resolution structures.
Helices are displayed as cylinders. The top view onto the tubulin-binding interface
reveals similar positions of the a-helices and their connecting loops, while that is not
observed when the domain is viewed from the bottom. Used PDB codes were: 4{fb
(Stu2 TOG1), 20f3 (Zyg9 TOG3), 2gk1 (Stu2 TOG2), 2qk2 (Msps TOG2), 3woy
(CLASP2 TOG2), 4g3a (Mast/Orbit TOG1), 4qmj (ch-TOG TOG4). D) Cep104 TOG
structure displayed as molecular surface coloured according to Consurf evolutionary
conservation score from unconserved (cyan) to highly conserved (burgundy). View
onto the tubulin-binding interface (left) or onto the bottom of the TOG domain (right).

Figure S3, related to Figure 2A

Candidates identified as putative Cep104 (proximity) interactors in BioID and
cross-linking experiments.

A) Top, Coomassie stained SDS-PAGE gel showing the elutions from a Cep104 pull-
down (employing site-specific biotinylation of Avitag-WT BirA tagged Cep104 in
vivo) in the presence or absence of cross-linking. The gel corresponds to ~10% of the
material that was subjected to mass-spectrometric analysis. Bottom, Proteins
identified by mass-spectroscopy that showed a ten-fold or higher enrichment of
exclusive unique peptide counts compared to the control. B) Top, Coomassie stained
SDS-PAGE gel showing ~10% of the elution from a Cep104 BiolD experiment
(biotinylation of proteins in the vicinity of BirA* tagged Cep104 in vivo). The
remainder of the elution was subjected to mass-spectrometric analysis. Bottom,
proteins with a ten-fold or higher enrichment of exclusive unique peptide counts
compared to the control.

Figure S4, related to Figure 2B
The Cep104 ZNF domain is necessary for the Cep104-Nek1 interaction in vivo.
Representative fluorescence micrographs of a re-routing and capture assay (Wong and




Munro, 2014) in U20S cells with Nek1 and Cep104 constructs. N-terminally
mCherry-tagged Cep104 or Cepl04AZNF (Cepl104°7*%%) fused at their C-terminus
to the HA tag and the outer-mitochondrial membrane targeting transmembrane
domain of monoamine oxidase (MAO) were co-transfected with GFP-Nek1 into
U20S cells, fixed after 24 hours and visualized using a confocal microscope. A
mitochondrial stain (MitoTracker Deep-red, ThermoFisher Scientific) and DAPI were
used to mark mitochondria and DNA respectively. Please note that ectopically
expressed GFP-Nek1 reroutes only to the mitochondrially anchored Cep104 when
Cepl104’s ZNF domain is present. Scale bars, 5 pm.

Figure S5, related to Figure 3A

Binding of CP110°"***® and Nek1 to the Cep104 ZNF array is mutually exclusive.
Right: Western blot showing a pull-down experiment with GST-Cep104 ZNF beads
and lysates from Hek293 cells transiently overexpressing 3xFlag-tagged human Nek1
in the presence of an excess of recombinant CP110°°°*® or Danio rerio STIL*****,
Please note that Danio rerio STIL*****® did not transfer/Ponceau-stain well as

revealed by the Coomassie-stained SDS-PAGE gel of the input material shown on the
left.

Figure S6, related to Figure 4

Multiple sequence alignment and structural comparison of Cep104’s ZNF
domain.

A) Marked with coloured lines and circles are the zinc-coordinating residues and the
residues that constitute the three hydrophobic clusters that mediate the packing of the
individual ZNFs into a globular domain. Indicated in red is residue S763 that was
mutated (S763E) to increase solubility of the ZNF domain. B) The globular
arrangement of the Cep104 ZNF array is novel. Comparison of the Cep104 ZNF
domain with a similar ZNF array from TRAF6 (ribbon presentation, pdb 3hcs).
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Figure S1, related to Figure 1A
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Figure S2, related to Figure 1B-D
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Figure S2, related to Figure 1B-D
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Figure S2, related to Figure 1B-D
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Figure S2, related to Figure 1B-D
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Figure S3, related to Figure 2A
A B
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Figure S4, related to Figure 2B
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Figure S5, related to Figure 3A
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Figure S6, related to Figure 4
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Figure S6, related to Figure 4
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