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® CEP164 forms dynamic, liquid-like condensates with TTBK2

@ Electrostatic interaction drives the phase separation of
CEP164 and TTBK2

® Phase separation of TTBK2 and CEP164 enhances TTBK2
recruitment to centrioles

® Phase separation of TTBK2 and CEP164 is essential for
efficient ciliogenesis
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In brief

Chou et al. demonstrate that CEP164
recruits TTBK2 to centriole distal
appendages through phase separation
driven by electrostatic interactions
between their intrinsically disordered
regions. This multivalent interaction
forms dynamic condensates, facilitating
efficient TTBK2 recruitment and initiating
ciliogenesis, highlighting the critical role
of phase separation in cilia formation.
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SUMMARY

The primary cilium plays a crucial function in sensing and transmitting extracellular signals into cells. The initi-
ation of ciliogenesis hinges on the recruitment of Tau tubulin kinase 2 (TTBK2) to the distal appendages (DAs)
of centrioles through CEP164. However, the detailed mechanism underlying the CEP164/TTBK2 interaction
at DAs during ciliogenesis remains incompletely understood. In this study, we unveil that CEP164 features a
long intrinsically disordered region and forms dynamic condensates with TTBK2 through phase separation.
Our investigation demonstrates that CEP164 undergoes phase separation with TTBK2 through multivalent
electrostatic interactions. These interactions facilitate the efficient recruitment of TTBK2 to DAs, thereby
kickstarting the process of cilia formation. Therefore, our findings provide insights into the molecular regu-
lation of CEP164/TTBK2 interactions at DAs and highlight the pivotal role of phase separation in promoting

cilia formation.

INTRODUCTION

Primary cilia are vital organelles responsible for cells detecting
and reacting to signals from the extracellular environment."? De-
fects in primary cilia function result in genetic disorders known as
“ciliopathies.”® The assembly of primary cilia follows tightly
regulated steps.* The cilia initiation step requires the presence
of a specialized pinwheel-like structure called centriole distal
appendages (DAs) that are located at the distal end of the mother
centrioles.”'® Various proteins, including CEP83, CEPS89,
SCLT1, CEP164, LRRC45, ANKRD26, and FBF1, have been
identified as constituents of DAs."®'® CEP83 is the initial DA pro-
tein recruited to the centrioles'®'® and is necessary for recruiting
SCLT1 and CEP89. SCLT1, in turn, plays a role in recruiting
CEP164 and LRRC45.'° Finally, LRRC45 takes on the responsi-
bility of recruiting FBF1."* By utilizing direct stochastic optical
reconstruction microscopy (dSTORM), the detailed localization
of those proteins within the DAs has been elucidated. CEP83,
SCLT1, and CEP164 are located in the structure backbone of
the DAs, with CEP83 positioned at the core and CEP164 situated
at the periphery of the pinwheel-like DA structure.’”'®

After DA formation, Tau tubulin kinase 2 (TTBK2), a pivotal
enzyme for initiating ciliogenesis, '**" is recruited throughiits inter-
action with the CEP164.""2122 TTBK2 binds to CEP164 through
its proline-rich C-terminal region, interacting with the WW domain
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in the N-terminal region of CEP164. Once recruited, TTBK2 phos-
phorylates several proteins at the centrioles,”** facilitating ciliary
vesicle docking and initiating ciliogenesis. The interaction of
CEP164 and TTBK2 is critical for ciliogenesis. However, the re-
ported interaction between CEP164’s WW domain and TTBK2’s
proline-rich region is weak (at a micromolar range), and the
reported structure was only based on the fused small fragments
of the two.?" This weak interaction may not sufficiently stabilize
TTBK2’s stays on the centrioles, and thus, the force that recruits
TTBK2 and enriches it around the DAs during ciliogenesis remains
unclear.

PONDR analysis®® predicts that CEP164 and TTBK2 both
possess extensive intrinsically disordered regions (IDRs), and
recently, many studies have highlighted the importance of
IDRs in assisting with the assembly of membraneless organ-
elles through a phase separation mechanism.?®?” This mecha-
nism explains the spatiotemporal controls of many biological
reactions, such as gene regulation,’®=*" signal transduction,*
cell quality control,®*-** autophagy,®* " DNA repair,*® cell junc-
tion,**“? and skin barrier formation.*" In particular, some are
also related to centriole functions. For example, the protein
SPD-5 undergoes phase separation for scaffolding pericentrio-
lar materials assembly and centrosome duplication.*? Polo-like
kinase 4, a key regulator of centriole duplication, undergoes
phase separation to drive centriole biogenesis.**** TTBK2
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and CEP164 share structural disorder and sequence features
similar to those phase-separated proteins, suggesting possible
interaction through this mechanism.

Here, we demonstrate that CEP164 forms dynamic conden-
sates with TTBK2. Our biochemical analysis reveals that CEP164
and TTBK2 undergo phase separation, primarily driven by multiva-
lent electrostatic interactions. Importantly, we find that the phase
separation of CEP164 and TTBK2, in conjunction with previously
characterized binding between the WW domain of CEP164 and
the TTBK2 proline-rich region,'"*"** plays a crucial role in regu-
lating TTBK2 recruitment to the centrioles, thereby initiating cilia
formation.

RESULTS

Cep164 dynamically condenses at the centriole during
ciliogenesis

Although CEP164 is known to be an essential component of DAs
for primary cilia formation, the precise spatial distribution of
CEP164 at DAs during ciliogenesis remains obscure. To eluci-
date this, we used expansion dSTORM (Ex-dSTORM) to docu-
ment the single-molecular localization pattern of CEP164 during
ciliogenesis. In unsynchronized RPE1 cells, poly-glutamylated
tubulin (pGlu-Tu) staining was used to distinguish between cili-
ated and non-ciliated cells. Axial-view Ex-dSTORM images of
endogenous CEP164 showed that the localization of CEP164
at the DAs exhibited a greater proximity to the axoneme in cili-
ated cells than in non-ciliated cells. This observation suggests
a dynamic localization of CEP164 at DAs during ciliogenesis
(Figures 1A-1D).

Except for a WW domain positioned at its extreme N terminus,
CEP164 lacks well-defined structure domains, as indicated by
IDR prediction (Figure 1E). Nevertheless, several coiled-coil seg-
ments were also predicted in this region (Figure 1E). This is note-
worthy because both coiled-coil segments and IDRs are often
associated with driving protein phase separation. The FuzDrop
server™ further supports this notion, indicating a high probability
of phase separation occurrence within CEP164 (Figure 1E). To
assess whether CEP164 undergoes phase separation, we ex-
pressed the FLAG- and hemagglutinin (HA)-tagged CEP164 (FH-
CEP164) in U20S cells. Using centrin as a centriole maker, FH-
CEP164 was detected at one of the centrioles (Figure 1F), agreeing
with the reported works.'? Interestingly, we observed that overex-
pression of FH-CEP164 led to condensate formation at both the
mother centrioles and in the cytoplasm (Figure 1F). This phenom-
enon was not limited to specific epitope tags, as various epitope-
tagged CEP164 also induced condensate formation (Figure S1A).
We further generated GFP-CEP164 truncation mutants and ex-
pressed them in CEP164 knockout U20S cells to assess their abil-
ity to form condensates (Figures S1B-S1E). The C-terminal frag-
ment of CEP164 (residue number 589-1460; CEP164°%%F), but
not the N-terminal fragment of CEP164 (residue number 1-588;
CEP164'%%) induced condensate formation (Figures S1F
and S1G).

To examine the dynamic properties of CEP164 condensates,
we expressed GFP-CEP164 in U20S cells and conducted fluo-
rescence recovery after photobleaching (FRAP) experiments.
Following photobleaching, both GFP-CEP164 condensates at
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the centrioles and those in the cytosol exhibited rapid fluores-
cence recovery, indicating that CEP164 formed dynamic,
liquid-like condensates (Figures 1G, 1H, S1H, and S1l). Time-
lapse images further revealed that those condensates under-
went fusion and fission events, reinforcing their liquid-like
behavior (Figure 11). To explore the potential differences in
CEP164 condensate characteristics between ciliated and
non-ciliated cells, we co-expressed GFP-CEP164 and 5HT6-
mCherry (a ciliary marker) in 3T3 cells. Cells were serum starved
to induce cilia formation. Our FRAP experiments revealed no
significant difference in the recovery rates of CEP164 conden-
sates between control and serum-starved cells (Figures 2A and
2B), indicating that the liquid-like properties of CEP164 are pre-
served at the centrioles regardless of the ciliation status.

To examine whether endogenous CEP164 formed similar dy-
namic condensates, we applied CRISPR-Cas9-mediated ho-
mologous recombination to insert GFP at the N terminus of
the CEP164 locus. Genotyping and western blot analysis
confirmed the successful GFP insertion in one CEP164 allele
(Figures 2C and 2D). Immunostaining confirmed that GFP-
CEP164 localizes at the DAs and is able to recruit TTBK2
(Figure 2E). FRAP analysis of these GFP-CEP164 condensates
demonstrated rapid fluorescence recovery, confirming that
endogenous CEP164 exhibits highly dynamic behavior within
these condensates (Figures 2F and 2G). Collectively, our find-
ings indicate that CEP164 undergoes phase separation, rather
than aggregation, at the centrioles, forming dynamic, liquid-like
condensates.

TTBK2 is recruited to CEP164 condensates in a kinase-
independent manner

CEP164 serves as the recruiter of TTBK2 to the mother centriole
for cilia initiation.'"?"*? Here, we stained CEP164 condensates
and observed that TTBK2 was detected in the CEP164 conden-
sates (Figure 3A). Although TTBK2 also features a long IDR, we
did not observe TTBK2 condensates in the cytoplasm when over-
expressing FH-TTBK2 in U20S cells (Figures S2A and S2B).
Because TTBK?2 is the critical kinase required for ciliogenesis,?®
we investigated whether its enzyme activity influenced the forma-
tion of CEP164 condensates. Here, we generated TTBK2
knockout U20S cells and confirmed TTBK2’s depletion by geno-
typing, immunostaining, and immunoblotting (Figures S2C-S2E).
Full-length TTKB2 (TTBK2™) and the kinase-dead TTBK2 mutant
(TTBK2XP) were re-introduced in TTBK2 knockout U20S cells
(Figure S2E). Since GFP-CEP164 still formed condensates in
both TTBK2™-- and TTBKKP-expressing cells, this indicates that
the recruitment of TTBK2 to CEP164 condensates is independent
of TTBK2’s activity (Figure S2F).

Next, we search the minimum segment for TTBK2’s location
at CEP164 condensates. We generated different HA-tagged
TTBK2 truncations and co-transfected them with Myc-CEP164
(Figure 3B). The construct from residue 1074 to the C-terminal
end (TTBK2'197E) retained the ability to localize to the CEP164
condensates, whereas the shorter one (TTBK2'%85E) ost its abil-
ity to target CEP164 condensates (Figures 3C, 3D, and S3A).
Interestingly, TTBK'97“E was also mapped as the minimal region
of TTBK2 responsible for its localization at the centrioles, sug-
gesting that the phase separation of CEP164 may regulate the
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Figure 1. CEP164 shows phase separation property

(A) Representative Ex-dSTORM images show endogenous CEP164 patterns in ciliated and non-ciliated RPE1 cells. The localization of CEP164 at DAs was
acquired from an axial view. Scale bar, 100 nm.

(B) Averaged images of CEP164 signals indicate its possible localization at ciliated (n = 14) and non-ciliated (n = 16) centrioles. Scale bar, 100 nm.

(C) Intensity profile of CEP164 distribution extracted along the dashed lines for each condition. CEP164 localization at the DAs demonstrated a closer proximity to
the axoneme in ciliated cells (blue line) compared to non-ciliated cells (orange line).

(D) The diameter of CEP164 ring at the mother centrioles was measured. The data are presented as mean + SD. **p < 0.0001 by Student’s t test.

(E) The primary sequence of CEP164 was analyzed using PONDR, COILS, and FuzDrop, with residues numbered accordingly. Coiled-coil propensity is indicated
by the gray line, while PONDR-predicted disordered regions are marked with the blue line. Ppp, residue-based droplet-promoting probability.

(F) FH-CEP164 was expressed in U20S cells followed by centrin and HA staining. DNA was stained with DAPI. Regions within the marked boxes are magnified
and shown on the right. Scale bars are as indicated.

(G) GFP-CEP164 was expressed in U20S cells and subjected to FRAP analysis. The bleached region is marked with the red square, and the magnification of the
marked area is presented on the right. The elapsed time after photobleaching and the scale bars are as indicated.

(H) FRAP measurements of GFP-CEP164 at various time points reveal changes in the dynamics of GFP-CEP164 condensates, with the corresponding intensity
curve presented as the mean + SD (n = 7).

() GFP-CEP164 condensates underwent fusion and fission events over time. Scale bar, 1 pm.
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Figure 2. Endogenous CEP164 shows phase separation property
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(A) NIH3T3 cells were transfected with 5SHT6-mCherry (a cilia marker, red) and GFP-CEP164 (green). Transfected cells were incubated with serum-free medium or
control medium for 24 h. GFP-CEP164 fluorescence was photobleached and then allowed to recover for the indicated times. Scale bar, 1 pm.
(B) Normalized fluorescence intensity of GFP-CEP164 in ciliated cells (red curve) and non-ciliated cells (green curve). Data represent the mean + SD. n = 12

(ciliated cells) and 9 (non-ciliated cells) from 3 independent experiments.

(C) GFP was inserted at the N terminus of CEP164 locus. Genotyping analysis of CEP164 alleles is shown.

(D) Western blot (WB) analysis was performed in wild-type and GFP-CEP164 knockin U20S cells using anti-CEP164 and anti-a-tubulin antibodies.
(E) Immunostaining was performed in wild-type and GFP-CEP164 knockin U20S cells using antibodies as indicated. Scale bars are as indicated.
(F) GFP-CEP164 signal was photobleached and then allowed to recover for the indicated times. Scale bar, 1 pm.

(G) Data represent the mean + SD n = 20 cells from 3 independent experiments..

docking or the enrichment of TTBK2 at the mother centrioles for
cilia formation (Figures S3B and S3C).

TTBK2 and CEP164 interaction promotes condensate
formation in vitro

In addition to using the minimal segment of TTBK2 to join the
condensates, we also confirmed that CEP164'~°88 was respon-
sible for its interaction with TTBK2 (Figure 3E), agreeing with pre-

4 Cell Reports 44, 115810, June 24, 2025

vious publications.'"?"*?> We thus purified TTBK2'74E and
CEP164'-588 from bacteria to investigate their interaction mech-
anism (Figures S4A and S4B). CEP164'7%88 or TTBK2'°74E re
mained soluble at a concentration of 20 uM in phosphate
buffer (10 mM, pH 6.5) (Figures 3F and S4C). Notably, even at
a higher concentration of 100 pM or in the presence of a 10%
crowding agent, CEP164'°%8 remained soluble (Figure S4C).
However, when we mixed 20 pM CEP164'7%8 and TTBK2'074E
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at a ratio of 1:1, the solution became turbid, suggesting that the
interaction between CEP164 and TTBK2 promotes CEP164
condensate formation (Figure 3F). We labeled CEP164'-588
and TTBK2'%7#E with fluorescence dyes Cy5 or Cy3, respec-
tively. Under the fluorescence microscope, we confirmed that
the Cy3-TTBK2'°7*E and Cy5-CEP164'5% were localized
in the same condensates (Figure 3G). The number of conden-
sates increased when the protein concentration was raised
(Figures S4D and S4E). By monitoring the samples’ optical den-
sity at 600 nm, the turbidity of the samples increased with protein
concentration, agreeing that the interaction of CEP164 and
TTBK2 promotes condensate formation (Figure 3H).

The interaction between CEP164 and TTBK2 has been re-
ported to depend on the presence of the WW domain (residues
56-89) within CEP164 and the proline-rich region of
TTBK2."""22 To explore the involvement of the WW domain in
this interaction, we generated two CEP164 mutants. The first
mutant, CEP164 19588 had residues 1-109 (containing the entire
WW domain) deleted (Figures 3l and S5A). The second mutant,
CEP164'588-2Y/A " carried tyrosine-to-alanine substitution at
positions 73 and 74, which are known to disrupt CEP164/
TTBK2 interactions (Figures 31 and S5B).>” The in vitro assay
shows that CEP164'75%, CEP164'1588 and CEP164'588-2"/A
all exhibited similar condensation behavior, suggesting that the
WW domainis notinvolved in CEP164/TTBK2-mediated conden-
sate formation (Figures 3J and S5C-S5E).

Electrostatic force drives TTBK2 and CEP164 phase
separation

The sequence analysis shows that the regions of TTBK2 and
CEP164 we studied accumulate with positively or negatively
charged residues (Figure 4A). This trait of charge distribution is
evolutionarily conserved (Figure 4A shows representative spe-
cies; see Data S1 and S2 for all orthologs in the database). The
multiple sequence alignment approach has limitations in
capturing conserved residues among IDRs due to the lack of
structural constraints, but their important physiochemical prop-
erties are often preserved through evolution.*®*” Accordingly,

Cell Reports

the conserved physical properties in the amino acid composition
hint that the electrostatic force may contribute to their condensa-
tion. To test whether the electrostatic force drives CEP164/
TTBK2 condensation, we added different concentrations of
salt (NaCl) to the condensates. We observed a decrease in
condensation levels as the salt concentration increased, with
complete dissolution of condensates occurring at concentra-
tions above 700 mM (in a 1:1 ratio of 20 uM protein each), sug-
gesting a dominant charge interaction between CEP164 and
TTBK2 (Figures 4B and 4C). On the other hand, hydrophobicity
plays little role in their condensation because adding 1,6-hexa-
nediol, a common alcohol in disrupting hydrophobic-mediated
phase separation,*® to CEP164/TTBK2 condensates showed lit-
tle effect (Figures S6A and S6B).

To examine whether the highly positively charged property of
TTBK2 contributes to CEP164 and TTBK2 phase separation, we
purified the recombinant TTBK2'°7E protein with all 29 positively
charged residues (lysine and arginine) replaced by glycine
(TTBK21074E-29-KR/G) "oy cept those encompassed in the polypro-
line region (Figures 4D and S6C). We did not observe conden-
sates even when the concentration of TTKB2'1074E-29-KR/G a4
5-fold excess to CEP164'%%8 further confirming that the elec-
trostatic driving force contributes to the phase separation of
CEP164 and TTBK2 (Figures 4E and 4F).

The phase separation of CEP164 and TTBK2 is
necessary for primary ciliogenesis

To investigate the role of TTBK2 and CEP164 phase separation at
centrioles, we generated TTBK2 variants with altered charges in
their C-terminal regions by substituting lysine with alanine
(Figure 4D). These TTBK2 mutants were expressed in TTBK2
knockout U20S cells that expressed PACT-mCherry, a centro-
some marker (Figure 5A). Immunostaining revealed that reducing
the positive charges in TTBK2 led to decreased TTBK2
localization at the centrioles (Figures 5B and 5C), suggesting the
electrostatic force is required for the recruitment of TTBK2
to DAs. Given that substituting just five positively charged
residues within the TTBK2 C terminus (TTBK2FL-5KR/G)

Figure 3. CEP164 and TTBK2 form condensates

(A) GFP-CEP164 was expressed in U20S cells and immunostaining was performed using antibodies as indicated, with DAPI used to label the nuclei. The
magnified views on the right correspond to regions demarcated by boxes. Scale bars are as indicated.

(B) A schematic diagram shows different TTBK2 constructs tagged with FLAG and HA (FH). The percentage of positive signals for each TTBK2 mutant at the
centrioles is shown.

(C) Co-transfection of Myc-CEP164 was carried out with various FH-TTBK2 constructs in TTBK2 knockout U20S cells. Staining for Myc and HA was performed to
identify the minimal TTBK2 fragment detected in CEP164 condensates. Regions within the marked boxes are magnified and shown on the right. Scale bars are as
indicated.

(D) The proportion of positive TTBK2 signals present within CEP164 condensates was quantified. A minimum of 100 cells from a total of n = 3 independent
experiments were analyzed. Error bars represent the mean + SEM. n.s., not significant, and ***p < 0.001 by one-way ANOVA.

(E) FH-TTBK2"%7%E was co-expressed with Myc-CEP164"~°88 in 293T cells. Cell lysate was subjected to anti-FLAG immunoprecipitation followed by western blot
analysis.

(F) Bright-field images of 20 uM CEP164"~°88, 20 uM TTBK2'°7“E, or their combination in vitro in phosphate buffer. Experiments were performed at least three
times for each condition. The represented images are shown.

(G) Cy3-labeled TTBK2'°74E exhibited localization within the droplets along with Cy5-labeled CEP164'5%8, The magnified views on the right show the region
outlined by the box. Scale bars are as indicated.

(H) Different concentrations of CEP164'7%%8 and TTBK2'%7“E proteins were subjected to in vitro incubation in phosphate buffer and subsequently quantified using
ODggp measurements.

(I) A schematic diagram shows different CEP164 constructs.

(J) Bright-field images of 20 uM CEP164'7%-%88 20 uM TTBK2'°7“E, or their combination in vitro in phosphate buffer. Experiments were performed at least three
times for each condition. The represented images are shown. Scale bar, 10 pm.
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Figure 4. CEP164 and TTBK2 form condensates via electrostatic interaction
(A) Amino acid pie charts display the composition of CEP164"~%88 and TTBK2'°74E sequences from several species.
(B) 20 uM CEP164"~°88 and 20 uM TTBK2'%74E were incubated with varying concentrations of NaCl in phosphate buffer. Representative bright-field images are

shown. Scale bar, 10 pm.

(C) The turbidity of the incubation solution was assessed using ODgoo measurements. The error bars represent the mean + SD. **p < 0.001 by one-way ANOVA

from 3 independent experiments.

schematic diagram shows the assortment KR-to-G mutations in ragment. The magenta box indicates the proline-rich region o , en-
D) A schematic di h h KR-to-G ions in TTBK21074F f Th box indi h line-rich region of TTBK2

compassing resides 1074-1089.

(E) 20 uM CEP164'-588 was incubated with either 20 uM TTBK2'974E or 20 uM TTBK21074E-29KR/G Representative bright-field images are shown. Scale bar,

10 pm.

(F) The turbidity assay was conducted by measuring 20 uM CEP164'~58 incubated with either 20 uM TTBK2'974E or 20 uM TTBK2074E-29-KR/G jn phosphate
buffer. The error bars represent the mean + SD. ***p < 0.001 by one-way ANOVA from 3 independent experiments.

significantly reduced its localization at the centrioles, we purified
recombinant TTBK2'974E-5 KRG gnd mixed it with CEP164'~°%8,
While the mixture of CEP164158 and TTBK2'°7“E readily formed
condensates, the mixture with TTBK2074E-5KR/G ghowed a reduc-
tion in condensate formation (Figures 5D and 5E), confirming that
electrostatic force promotes CEP164/TTBK2 condensates. To
further examine the role of CEP164/TTBK2 phase separation in cil-
iogenesis, we stably expressed TTBK2™ and TTBK2M-5KR/G
in TTBK2 knockout RPE1 cells (Figure 5F). Clonal isolation fol-

lowed by western blot analysis confirmed the equal expression
levels of TTBK2™ and TTBK2F--5KRG Compared to TTBK2™,
TTBK2--5KRG showed reduced intensity at the centrioles, further
confirming that the positively charged residues located at TTBK2 C
terminus play a critical role in its recruitment to DAs (Figures 5G and
5H). To assess the impact of this reduced recruitment on ciliogen-
esis, cells were serum starved for 2 days to induce cilia formation.
CP110, aknown suppressor for ciliogenesis, *® is typically removed
from the mother centrioles to enable axoneme extension. In
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Figure 5. The electrostatic interaction between CEP164 and TTBK2 is crucial for cilia formation

(A) Different FH-TTBK2 KR-to-G mutants were expressed in TTBK2 knockout U20S cells. WB analyses were performed to assess TTBK2, with a-tubulin as the
internal control.

(B) Immunostaining was carried out with using antibodies as indicated. Scale bar, 1 pm.

(legend continued on next page)
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TTBK2 M -expressing cells, serum starvation caused CP110
removal from the mother centrioles (Figures 51 and 5J). However,
in cells expressing TTBK2F--5¥FG CP110 removal was impaired,
with most cells displaying two distinct CP110 dots (Figures 51 and
5J), suggesting that the disruption of CEP164/TTBK2 phase
separation inhibited primary cilia promotion. Using Arl13b as a
ciliary marker further supported this, highlighting a notably dimin-
ished proportion of ciliated cells in TTBK2M--5K*C_gxpressing
cells compared to TTBK2™-expressing cells (Figures 51 and 5K).
Together, our findings demonstrate that CEP164/TTBK2 phase
separation is essential for TTBK2 recruitment to DAs, thereby initi-
ating primary ciliogenesis.

DISCUSSION

The initiation of ciliogenesis requires the recruitment of TTBK2
to DAs via CEP164.""?1:22 |n this study, we uncover an addi-
tional layer of interaction between CEP164 and TTBK2, where
CEP164’s IDR drives the formation of dynamic condensates
with TTBK2 through the phase separation mechanism medi-
ated by electrostatic interactions. We also demonstrate that
this phase-separation-driven interaction, together with the
previously characterized binding between the WW domain of
CEP164 and TTBK2 residues 1074-1089,""?"?? plays a coop-
erative role in facilitating the successful docking of TTBK2 to
DAs, regulating the crucial initiation step of ciliogenesis
(Figure S7). Our findings raise an intriguing question: what trig-
gers the phase separation of CEP164 and TTBK2 at DAs?
Given that electrostatic interactions are key to this process,
one plausible mechanism involves post-translational modifica-
tions (PTMs), such as phosphorylation or dephosphorylation,
which can alter the net charges of CEP164 or TTBK2, altering
phase transition. Notably, CEP164 has been identified as a
substrate of TTBK2 at the centrioles,’’** suggesting that
PTMs during ciliogenesis could modify the electrostatic prop-
erties of their IDRs, promoting phase separation. Moreover,
the microenvironment at the DAs could be significantly influ-
enced by the presence of TTBK2, which serves as a phosphor-
ylating agent for various downstream proteins associated with
DAs, including CEP83 and MPP9.?>** This hypothesis does
not exclude the possibility that other unknown enzymes are
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also recruited to the condensation to modify the microenviron-
ment of DAs. The recruitment of these enzymes to the centri-
oles might, in turn, alter the charges on CEP164 or TTBK2.
Identifying the potential modifiers is a promising avenue for
future research.

Our study uncovers a two-step mechanism for the recruitment
of TTBK2 to DAs, involving two distinct yet cooperative interac-
tions with CEP164. The first step is the initial docking of TTBK2,
mediated by the well-characterized interaction between the WW
domain of CEP164 and the proline-rich region of TTBK2.""+?"22
The second step, revealed in our current study, involves phase
separation between CEP164 and TTBK2, which enhances the
retention of TTBK2 at DAs. The requirement of phase separation
is supported by our in vitro condensation assays using purified
CEP164'19588 or CEP164"7%88-2Y/A incubated with TTBK2'074E,
independent of the interaction between the WW domain and
TTBK2 (Figures 3J and S5C-S5E). However, the protein concen-
trations are lower in the cellular environment, and the initial dock-
ing between the WW and proline-rich domains is also required to
ensure spatial specificity for the subsequent phase separation
for the stable accumulation of TTBK2 at DAs.

Given the necessary roles played by both CEP164 and TTBK2
in ciliogenesis, it will be interesting to explore the potential
involvement of CEP164/TTBK2 phase separation in diseases.
For example, spinocerebellar ataxia type 11 (SCA11) is a neuro-
degenerative disorder characterized by gradual ataxia progres-
sion and cerebellar atrophy, and the mutations in the TTBK2
gene are associated with SCA11.°° These TTBK2 pathogenic
variants generate either truncations or missense mutations.®"
Interestingly, a majority of missense variants in TTBK2 are re-
ported to concentrate at its C terminus.®' Since our findings indi-
cate that the C terminus of TTBK2 is enriched with positive
charges and is necessary for CEP164/TTBK2 phase separation,
our results promote us to raise an interesting hypothesis that the
disruption of CEP164/TTBK2 phase separation could potentially
contribute to the development of SCA11. Further investigation of
this hypothesis could illuminate the molecular underpinnings of
SCA11 and potentially offer insights into therapeutic avenues
for addressing ciliopathy-related disorders.

CEP164 is not the only DA protein characterized by the prev-
alence of IDRs and coiled-coil segments. In fact, all DA proteins

(C) The localization of different TTBK2 KR-to-G mutants at the centrioles was quantified. A minimum of 100 cells from a total of n = 3 independent experiments
were analyzed. Error bars represent the mean + SEM. *p < 0.05 and ***p < 0.001 by one-way ANOVA.
(D) 20 yM CEP164'75% was incubated with either 20 uM TTBK2'°7#E or 20 pM TTBK2'074E-5-KR/G in phosphate buffer. Representative bright-field images are

shown.

(E) The turbidity of the incubation solution was assessed using ODgoo measurements. The error bars represent the mean + SD. **p < 0.001 by one-way ANOVA.
(F) TTBK2F- and TTBK2-5-KR/G ere stably expressed in TTBK2 knockout RPE1 cells. WB analysis was performed to evaluate TTBK2 levels, with a-tubulin as

the internal control.

(G) Immunostaining was conducted using anti-CEP164, anti-TTBK2, and anti-y-tubulin antibodies. Scale bar, 1 um.
(H) The intensity of TTBK2 at the centriole was quantified. At least 100 cells were analyzed for each independent experiment. Error bars represent mean + SEM.

n=23.

(I) RPE1 cells were serum starved for 2 days to induce cilia formation. Immunostaining was performed using anti-Arl13b, anti-CP110, and anti-y-tubulin anti-

bodies. Representative images are shown. Scale bar, 1 pm.

(J) The positive CP100 signal at the centrioles was quantified in 2 day serum-starved RPE1 cells. At least 100 cells were analyzed for each independent

experiment. Error bars represent mean + SEM. n = 3.

(K) Cells were serum starved to induce cilia formation. The proportion of ciliated cells was quantified. At least 100 cells were analyzed for each independent

experiment. Error bars represent mean + SEM. n = 3.

In (H), (J), and (K), n.s., not significant, *p < 0.05, *p < 0.01, and ***p < 0.001 by Student’s t test.
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reveal a consistent trend of structural disorder and pronounced
coiled-coil propensities (Figure S8). The coiled-coil interaction is
also a well-documented “sticker” for multivalently crosslinking
biomolecular condensation.*>® It would be intriguing to explore
whether the other DA proteins share the capacity for undergoing
phase separation within the cellular milieu. The dynamic proper-
ties of DA proteins would provide insights into how such a stable
appendage can be regulated efficiently in between the flexible
disordered structure and stable coiled-coil twisters upon the
response to the signals of ciliogenesis. Understanding the mech-
anistic properties also offers potential therapeutic strategies for
treating ciliopathies via targeting the phase separation mecha-
nism, as has been proposed for treating neurodegenerative dis-
eases® and RNA therapeutics.®® Our study shows the first
example of such a mechanism in the framework of ciliogenesis,
offering a promising guide for future investigations.

Limitations of the study

We generated two CEP164 mutants (CEP164'19%88 and
CEP164'588-2Y/A) to disrupt the previously known CEP164/
TTBK2 interaction. Neither mutant impaired phase separation
with TTBK2 (Figures 3J and S5). However, the reciprocal exper-
iment, i.e., removing the proline-rich region of TTBK2, was not
achievable because of technical challenges associated with ex-
pressing and purifying related constructs. Deleting the proline-
rich region (TTBK2'1°85E) causes a dramatic reduction in protein
expression, with only faint expression detectable by western
blot (Figure S9A). Substitution of the six prolines (within resi-
dues 1074-1084) with glycine residues (TTBK2'074E-6P/G)
further exacerbated this effect, resulting in undetectable
expression (Figure S9A). Additional constructs, including
TTBK2'984E and TTBK21°86E, also failed to yield detectable pro-
tein. Our findings indicate that this proline-rich region might be
critical for protein stability. To address this, we fused a SUMO
tag to TTBK2'%%E to improve expression levels (Figure S9A).
However, the fusion protein remained highly unstable and
prone to degradation (Figure S9B). Despite these technical lim-
itations, our findings support that the 1074-1085 proline-rich
region is not essential for CEP164-TTBK2 phase separation
in vitro, as CEP164 lacking its WW domain could still undergo
phase separation with TTBK2'°74E (Figures 3J and S5). This in-
dicates that phase separation between CEP164 and TTBK2
can occur independently of the WW domain/proline-rich region
interaction in vitro.
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Scripts used to analyze the phylogenetic relationships of CEP164 and
TTBK2 orthologs are available upon request from Jie-rong Huang (jierongh@
nycu.edu.tw).
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Antibodies
Mouse anti-centrin (20H5) Millipore Cat# 04-1624; RRID:AB_10563501

Rabbit anti-CEP164
Goat anti-CEP164
Mouse anti-CEP164
Mouse anti-HA
Mouse anti—y-tubulin (Tu30)
Mouse anti-Flag (M2)
Rabbit anti-TTBK2
Rabbit anti-Myc
Mouse anti-Myc
Mouse anti—p-actin
Rabbit anti-CP110
Mouse anti-Arl13b
Rat anti-SCLT1

Novus Biologicals

Santa Cruz Biotechnology
Santa Cruz Biotechnology
BioLegend

Santa Cruz Biotechnology
Sigma-Aldrich

Atlas Antibodies

Cell Signaling Technology
Cell Signaling Technology
Novus Biologicals
Proteintech

Abcam

Cat# 45330002; RRID:AB_10004904
Cat# sc-240226; RRID:AB_10841981
Cat# sc-515403

Cat# 901503; RRID:AB_2565005
Cat# sc-51715; RRID:AB_630410
Cat# F3165; RRID:AB_259529

Cat# HPA018113; RRID:AB_1858421
Cat# 2278; RRID:AB_490778

Cat# 2276; RRID:AB_331783

Cat# NB600-501; RRID:AB_343280
Cat# 12780-I-AP; RRID:AB_10638480
Cat# ab136648; RRID:AB_3073658
Tanos et al., 2013

Chemicals, peptides, and recombinant proteins

DMEM medium Thermo Fisher Scientific 12800017

DMEM medium/F12 Thermo Fisher Scientific 1240024

T-Pro NTR Il transfection reagents T-Pro Biotechnology JT97-N002M

Puromycin Sigma-Aldrich P8833

Neomycin (G418) Thermo Fisher Scientific 10131027

Cyanine3 NHS ester Lumiprobe 21020

Cyanine5 NHS ester Lumiprobe 23020

mPEG-Silane-5000 Laysan Bio 1626

Experimental model: Cell lines

HEK293T ATCC Cat# CRL-3216; RRID:CVCL_0063
293FT Thermo Fisher Scientific Cat# R70007; RRID:CVCL_6911
U20s ATCC Cat# HTB-96; RRID:CVCL_0042
RPE1 (nTERT-RPE1) ATCC Cat# CRL-4000; RRID:CVCL_4388
Recombinant DNA

pRK5-CEP164™- -Myc This study N/A

pRcCMV-Myc-CEP164™- This study N/A

pEGFP-CEP164- This study N/A

pCDNA3.1-CEP164 This study N/A

pCDNA3-FH-CEP164™ This study N/A

pET32a-His-CEP164'588 This study N/A

pET32a-His-CEP164110-588 This study N/A
pET32a-His-CEP1641-588-2YA This study N/A

pCDNA3-FH-TTBK2623E This study N/A

pCDNA3-FH-TTBK2%7E This study N/A

pCDNA3-FH-TTBK21074E This study N/A

pCDNA3-FH-TTBK21085E This study N/A

pET21-His-TTBK21074E This study N/A
PET21-His-TTBK21074E-29KR/G This study N/A

pLAS.3W-FH-TTBK2- This study N/A
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pLAS.3W-FH-TTBK2XP This study N/A

pLAS.3W-FH-TTBK2--5KR/G This study N/A

PLAS.3W-FH-TTBK2 FL-10KR/G This study N/A

pLAS.3W-FH-TTBK2 FL-20KR/G This study N/A

pLAS.3W-FH-TTBK2 F--29KR/G This study N/A

pBabe-puro-PACT-mCherry This study N/A

5HT-mCherry This study Hong et al., 2018°°

pgRNA_Cloning Vector Addgene RRID:Addgene_41824

phCas9 Addgene RRID:Addgene_41815

PgRNA-TTBK2 This study N/A

pgRNA-CEP164 This study N/A

Software and algorithms

PONDR Obradovic et al.”” https://pondr.com/

COILS Lupas et al.®’ https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_lupas.html

FuzDrop Hardenberg et al.*® https://fuzdrop.bio.unipd.it/predictor

PROTSITE Sigrist et al.*® https://prosite.expasy.org/

ETES3 Toolkit https://etetoolkit.org/

Clustral Omega https://www.ebi.ac.uk/jdispatcher/msa/clustalo

UniProt https://www.uniprot.org/

OMA database https://omabrowser.org/oma/home/

Photoshop Adobe

Prism 9 GraphPad

ZEN software Zeiss https://www.zeiss.com/microscopy/int/
products/microscopesoftware/zen.html

ImageJ National Institutes of Health https://imagej.nih.gov/ij/index.html

Other (primers for cloning)

Plasmid
pPCDNA3-FH-CEP164

pET21a-CEP164' 588
pET21a-CEP164110-588
pET21a-CEP164'588-2A
pCDNA3-FH_-|—|-BK21074E
pCDNA3_|:H_-|—|-BK21085E
pET21-6His-TTBK2'074E
pET21-6H is-TTBK21074E_2-KR/G
pLAS.3W-FH-TTBK2 FL_5-KR/G
pLAS.3W-FH-TTBK2 F--10KR/G

pLAS.3W-FH-TTBK2 FL_20'KR/G
pLAS.3W-FH-TTBK2 FL_29-KR/G

Cloning primers
5'CATGAATTCATGGCTGGACGACCCCTCCG-3

5 TCTAGGCGGCCGCCTAGAAGCGATACACCTTCACTC-3'
5'GCCATCATATGATGGCTGGACGACCCCTCC-3'
5'CTCAGCGGCCGCTGAGAGCTGCTCTGGGGG-3
5 CATGAATTC ATG AAGAAGAAGAAAAAAAAA 3

5" CTCAGCGGCCGC TGAGAGCTGCTCTGGGGG-3'
5" GCCATCATATGATGGCTGGACGACCCCTCCG-3’
5'GCCTGCTCGAGCAGGCCTTTGGACTGCTTGC-3’
5'GACTGCATATGCAGTCTAGAAAGAGCAAAA-3'
5'GATAGCTCGAGCTATCTGCTGAGTTTACTG-3'
5'AGGCCTCTCGAGAGGCCTGGAGTAGAAGCCAG-3'
5'GATAGCTCGAGCTATCTGCTGAGTTTACTG-3'
5'AGGAAACTCGAGTTTCCTCGGCCACCACCAGG-3
5'GATAGCTCGAGCTATCTGCTGAGTTTACTG-3'
5'AACATCATATGATGTTTCCTCGGCCACCACC-3'
5'GGTCTCGAGACCGCTGAGTCCACTGGCTG-3
5'CTGATGCTAGCGACTACAAGGACGACGAT-3'
5'GCAGAGTTTAAACTCTGCTGAGTTTACTGGC-3'
5'TCCATGCTAGCATGGACTACAAGGACGACGAT-3’
5'GCAGAGTTTAAACTCTGCTGAGTCCACTGGC-3'

5'TCCATGCTAGCATGGACTACAAGGACGACGAT-3’
5'GCGGAGTTTAAACACCGCTGAGTCCACTGGC-3'

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other (primers for genotyping)

TTBK2 knockout U20S cells 5-GATGCTGGCTGTTGACCAAA-3'
5-TATACCCGGCTGACACCAGT-3

CEP164 knockout U20S cells 5'-CTGGGTGATTGATAACCATTGGG-3
5-CGCAAATGA AGCTCCTGACTCAGT-3'

GFP-CEP164 U20S cells 5-GAGCCTGTGAGCCTTGAGTT-3

5'-ATGGCCGACAAGCAGAAGAA-3'
5'-CCACAGGCCTCTTCACAGAC-3'

Other (primers for mutagenesis)

CEP164%Y/A 5'ACAGGTGACATTGCCGCCTTCAACTTCGCCAACGGGCAGT-3
5'GGCGAAGTTGAAGGCGGCAATGTCACCTGTGATGTCCTGG-3

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and transfection

HEK293T, 293FT, and U20S were maintained in DMEM medium, while RPE1 were cultured in DMEM/F-12 (1:1) medium. All me-
diums were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were cultured at 37°C with
5% CO,. For transient transfection, 1.2 x 10° U20S cells were seeded in a 12-well plate and allowed to adhere for 6-8 h. Transfection
was performed using 1.5 pg of DNA and 3 pL T-Pro NTR |l transfection reagents (JT97-N002M, T-Pro Biotechnology). Transfected
cells were subsequently processed for western blotting or immunofluorescence analysis.

METHOD DETAILS

Cloning

Full-length CEP164 (CEP164) cDNA was amplified from pRcCMV CEP164'2 via PCR and inserted into pRK5M vector,*® which
contains a C-terminal Myc epitope tag. CEP164"™ was also cloned into the pCDNA3.1 vector and into a modified version of
pCDNAS3.1 containing N-terminal Flag and HA tags (referred to as pCDNAS3-FH). For the expression of TTBK2 truncations, spe-
cific fragments of the TTBK2 were PCR amplified and cloned into pCDNA3-FH vector. Charge variants of TTBK2 with were
generated by gene synthesis. Mutants of FH-TTBK2 were then cloned into pLAS-3W-puro lentiviral vector. To express recom-
binant proteins, DNA fragments encoding CEP164' %88, CEP164"''°7588 and TTBK2'°"“€ were PCR amplified and cloned into
bacterial expression vectors, either pET32a vector (+) (69015; Novagen) or pET21a (+). Site-directed mutagenesis was carried
out to generate the CEP164"~588-2Y/A mutant. To label the centrosome, we constructed a pbabe-puro-PACT-mCherry plasmid.
The PACT-mCherry fragment was PCR-amplified from pPACT-CFP-FRB plasmid®® and cloned into the pBabe-puro retrovial
vector.

Lentivirus production and infection

Approximately 3 x 10° 293FT cells were plated on a 60-well plate. The transfection was performed using T-Pro NTR Il transfection
reagents with the following plasmids: 1.5 pg pCMV-VSV-G, 2.5 pg pCMV-gag-pol, and 3 pg pLAS-3W-based constructs. The super-
natant containing viral particles was collected after 48 h. To ensure purity, the virus-containing medium was filtered through a 0.45-
um filter. For the infection of U20S and RPE1 cells, approximately 5 x 10° cells were seeded onto a 60-mm plate and allowed to grow
overnight before incubating with viral stock. Two days after infection, cells were selected and maintained in the culture medium with
2 pg/mL puromycin (P8833, Sigma-Aldrich).

Generation of gene-editing cells

Knockout cells were generated through co-expression of the Cas9 protein with indicated gRNAs, which are available from the
Addgene (http://www.addgene.org/crispr/church/).®" The targeted DNA sequences were cloned into the gRNA vector (Addgene,
41824) via the Gibson assembly method. The specific targeting sequence for TTBK2 and CEP164 genes are 5-GAAAATGTT
GCACTGAAGG-3’ (exon3 of TTBK2) and 5-GCTGTTGGCAAAGGGCGACA-3’ (exon9 of CEP164). For GFP insertion at the
N terminus of CEP164, the CEP164 gRNA were co-expressed with donor DNA that contained GFP cDNA in U20S cells. The tar-
geting DNA sequence for generating GFP-CEP164 is 5- GAGCCCAGATGAGTCATGGC- 3'. Gene-editing cells were obtained
by clonal propagation, starting from a single cell. Genotyping of these cells was carried out using primers listed in the key
resources table.
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Immunofluorescence and image quantification

Cells were grown on 0.1 mg/mL poly-L-lysine-coated coverslips and fixed with cold methanol at —20°C for 15 min. Cells were incu-
bated in the blocking buffer that contained 3% bovine serum albumin (wt/vol) and 0.1% Triton X-100 in PBS for 30 min at room tem-
perature (RT). Primary antibodies were all diluted in the blocking buffer and incubated for 2 h at RT. Alexa Fluor 488-, 594-, or
680-conjugated secondary antibodies were 500x dilution (Molecular Probes) and incubated for 1 h at RT. Coverslips were mounted
on the slides with mounting medium (ProLong Gold Antifade; Thermo Fisher Scientific). Fluorescent images were obtained using an
upright microscope (Axio Imager M2 ApoTome2 system; Carl Zeiss) with a Plan-NEOFLUAR 63 x oilimmersion objective (1.3 NA) and
an Axiocam 702 mono charge-coupled device camera. Images were acquired and processed by ZEN software (Carl Zeiss) or ImageJ
software (National Institutes of Health).

ZEN software was used to quantify staining signals at the centrioles. First, a consistent circular region (0.392 |.1m2) was drawn
around each centriole, with identical settings applied uniformly across all centrioles. Equivalent-sized circular regions were also delin-
eated in the cytosol to serve as control regions. Results were expressed as means + SEM. All the quantifications were conducted
across a minimum of three independent experiments.

Fluorescence recovery after photo bleaching (FRAP)

FRAP experiments in cells were carried out with a Nikon A1 confocal system (Nikon) and x 100 oil objective (Nikon). Before bleaching,
three sequential images were taken to obtain a baseline of fluorescence intensity of GFP-CEP164. Fluorescence recovery of GFP-
CEP164 was monitored for 10 min, and each image was taken for 10 s. The U20S cells expressing GFP-CEP164 condensates were
photobleached by 488 nm laser. The fluorescence intensity of GFP-CEP164 was measured with Nikon element AR software (Nikon).
For monitor GFP-CEP164 condensates at the centrosome, PACT-mCherry (centrosome marker) was co-expressed with GFP-
CEP164 to label the centrosomes.

Western blotting

Cells were lysed in 1x RIPA lysis buffer (1% NP40, 10% SDS, 0.5% SDOC, 150 mM NaCl, 50 mM Tris-HCI at pH 8) and mixed with
protease inhibitor (Roche, 4693132001). Cell debris were removed by centrifugation at 12,500x g for 15 min at 4°C. Equal amounts of
proteins was mixed with SDS sample buffer, boiled at 95°C for 5 min, and separated by SDS-PAGE. Proteins were subsequently
transferred from the gel to a polyvinylidene fluoride (PDVF) membrane (0.45 um Hybond P, GE Healthcare). Membranes were blocked
in 5% non-fat milk suspended in Tris-buffered saline supplemented with 0.1% Tween 20 (TBS-T) for 1 h, followed by incubation over-
night at 4°C with primary with primary antibodies in TBS-T. Membranes were washed three times with TBS-T and incubated with
HRP-conjugated anti-mouse or anti-rabbit secondary antibodies for 1 h at RT (Jackson ImmunoResearch). After washing three times
with TBS-T, proteins were visualized with ECL Western blotting substrate.

Antibodies

Antibodies used in this study include Rabbit anti-CEP164 (Immunofluorescence [IF] 1:200,000; 45330002; Novus Biologicals), Goat
anti-CEP164 (IF 1:250; sc-240226; Santa Cruz), Mouse anti-CEP164 (IF 1:1000; sc-515403; Santa Cruz), Mouse anti-HA (IF 1:1,000;
Western blot [WB] 1:1,000; 901503; BioLegend), Mouse anti-a-tubulin (WB 1:5,000; T6199; SigmaAldrich), Mouse anti—y-tubulin (IF
1:250; sc-51715; Santa Cruz), mouse anti-centrin (IF 1:1,000; 04-1624; Millipore), Rabbit anti-TTBK2 (IF 1:2,500; WB 1:1000;
HPA018113; Atlas Antibodies), Mouse anti-Myc (IF 1:1,000; 2278; Cell Signaling Technology), Mouse anti-p-actin (WB 1:5,000;
NB600-501; Novus Biologicals), Mouse anti-pGlu-Tu (IF 1:3,000; 901501; AdpoGen), Mouse anti-SCLT1 (IF 1:1,000; 14875-1-AP;
Proteintech), Rabbit anti-CP110 (IF 1:2,000; 12780-I-AP; Proteintech), and Mouse anti-Arl13b (IF 1:2,500; ab136648; Abcam).

Protein sequence analysis

Primary protein sequences were obtained from UniProt.” Structural disorder, coiled-coil propensity, LLPS tendency, and structural
motifs were predicted by PONDR,?° COILS,>” FuzDrop,*® and PROTSITE®® webservers, respectively. Orthologs of TTBK2 and
CEP164 were identified via the Orthologous Matrix database® using the UniProt ID of the human proteins as input. Sequences of
each ortholog were aligned using Clustral Omega.®* Based on these alignments, residues corresponding to human TTBK2’s
1074-1244 or human CEP164’s 1-588 were retrieved, and the frequency of each amino acid type was computed using an in-house
written Python script. Phylogenetic trees (Data S1 and S2) were generated using the ete3 toolkit based on the species retrieved from
the aligned FASTA files.®®

t62

Protein purification

For recombinant protein purification, constructs were transformed into E. coli BL21 (DE3) or Rosettas (DE3) (Novagen) cells. Trans-
formed cells were cultured in LB medium at 37°C until the O.Dgqp reached 0.6. Expression of the recombinant proteins was induced
with a final concentration of 1 mM isopropyl-p-D-1-thiogalactopyranoside (IPTG) at 25°C overnight (~16 h). The cells were harvested
and lysed in 20 mM Tris-HCI buffer with 300 mM NaCl and 10% glycerol at pH 8 (buffer A). After sonication and ultracentrifugation, the
supernatant was filtered (0.45 pm) and loaded onto a nickel-charged immobilized metal affinity chromatography column (Qiagen).
After being washed with 10x column volume (CV) of buffer A, the samples were washed with 1x CV of buffer A with extra 50 mM imid-
azole. The target samples were eluted with 5x CV of buffer B (buffer A with 500 mM imidazole).
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For CEP164"7%%8 CEP164'10-588 CEP1641-588-2Y/A TTBKQ1074E S KR/G gnq TTBK21074E-29 kR/G the gluted protein samples were
exchanged to the buffer C (20 mM Tris-HCI, pH 8.0) by a PD-10 column (GE Healthcare) and followed by an additional anion exchange
purification (Macro-Prep High-Q Resin, BioRad). The purified protein was buffer exchanged to 20 mM sodium phosphate at pH 6.8.
The concentrated sample (concentration was determined using the absorbance at 280 nm with a Nanodrop spectrometer) was
frozen by liquid nitrogen and stored at —80°C before usage.

For TTBK2'%74E_ the eluted sample was acidified using trifluoroacetic acid (down to pH ~3) and loaded onto a C4 reverse-phase
column (Thermo Scientific Inc.). The sample was eluted in a gradient of acetonitrile using an HPLC system and then lyophilized. The
lyophilized samples were stored in a dry cabinet until use. In the experiments, the sample powder was dissolved in 20 mM sodium
phosphate buffer at pH 6.8, and the concentration was determined using the absorbance at 280 nm with a Nanodrop spectrometer.

Microscopy for in vitro assay

To observe the condensates in vitro, protein samples were applied to mPEG-passivated slides following a standard protocol.® In
short, glass slides for light microscopy were soaked in 2 M NaOH for 30 min and then cleaned with 2% Hellmanex (Ossila) in dou-
ble-distilled H,O (dd H,0). The cleaned slides were subjected to a microwave oven with warm water until the soap dispersed, fol-
lowed by thorough rinsing with ddH,O. Finally, the slides were sonicated in 70% ethanol for 10 min and then dried. The cleaned slides
were soaked in a solution with 0.5% methoxy polyethylene glycol (mPEG) in ethanol containing 1% acetic acid at 70°C for 30 min.
Excess mPEG was removed by immersing the slides in ddH,O and subjecting them to sonication. Following this step, the slides were
rinsed with ddH20 and allowed to dry before being stored at a temperature of —20°C.

The bright-field micrographs were captured using an Olympus BX51 microscope equipped with a 40x long working distance
objective lens. In the case of fluorescent microscopy, an eight-time molar excess of fluorescent dyes (Cy3-NHS or Cy5-NHS, Lumip-
robe) was mixed with 2.5 mg lyophilized protein samples (TTBK2 or CEP164 fragments) in 0.1 M sodium phosphate at pH 8.3 for
overnight at RT. The unbounded dyes were removed using a PD-10 column (GE Healthcare). The labeling efficiency was determined
by the relative ratio between the extinction coefficients of the protein and the fluorescence dye (Cy5: 250,000 M~ cm~" at 650 nm;
Cy3: 150,000 M~ cm~" at 554). Typically, the labeling efficiency was approximately 20%. The Cy3-or Cy5-labeled sample was ali-
quoted, flash-frozen, and stored at —80°C before usage. The microscope used for fluorescence images follows the method of
immunofluorescence.

Turbidity assay

The turbidity of the protein samples was quantified by measuring the light transmittance at 600 nm using a TECAN-Spark Plate
Reader. Each protein sample (20 pL) was loaded into a 384-well plate. The turbidity values in all conditions were triplicated. The
data are reported as mean + SD.

Super-resolution expansion
For Ex-dSTORM imaging, we followed the methods outlined in our previous work.®” Initially, cells, fixed with cold methanol on cov-
erslips, were subjected to treatment with an infusion solution composed of 1.4% formaldehyde and 2% acrylamide in PBS for a
duration of 5 h at 37°C. Subsequently, the gelation solution, (19% (w/w) sodium acrylate, 10% (w/w) acrylamide, 0.1% (w/w) bis-
acrylamide, 0.5% (w/w) TEMED, and 0.5% (w/w) APS in PBS) was introduced to the infused cells in a chamber on ice for 1 min,
followed by a 1-h incubation at 37°C. For denaturation, hydrogels were boiled at 95°C in the denaturation buffer (200mM SDS,
200mM NacCl, 50mM Tris-HCI, pH 9) for a duration of 90 min. Subsequently, the hydrogels underwent the first expansion in
ddH,0, followed by a PBS wash. Samples were then incubated in primary and secondary antibody solutions for 3 h at 37°C
with gentle shaking. Additionally, a marker (ATP synthase, ab109867, Abcam) was labeled with Alexa Fluor 488 for drift correction.
To immobilize ExM samples for dSTORM imaging, the expanded hydrogels were immersed in a freshly prepared re-embedding gel
solution consisting of 10% (w/w) acrylamide (AA), 0.15% (w/w) BIS, 0.05% (w/w) TEMED, and 0.05% (w/w) APS in ddH,0. This re-
embedding gel solution was applied twice, with each incubation lasting for 25 min at room temperature and accompanied by
gentle shaking. The polymerization process was carried out in a nitrogen-filled humidified chamber at 37°C for 1.5 h, followed
by three washes in ddH,O. For dSTORM imaging, the samples were immersed in an imaging buffer containing TN buffer,
10 mM mercaptoethylamine (MEA), and an oxygen-scavenging system comprising 10% glucose (G5767, Sigma-Aldrich),
0.5 mg mL~" glucose oxidase, and 40 pg mL~" catalase.

dSTORM imaging was performed on a home-built setup based on an inverted microscope (Eclipse Ti2-E, Nikon) and a laser merge
module (ILE, Spectral Applied Research) with individual controllers for all light sources. For epi-illumination of samples, beams from a
637 nm laser (OBIS 637 LX 140 mW, Coherent), a 488 nm laser (OPSL 488 LX 150 mW, Coherent), and a 405 nm laser (OBIS 405 LX
100 mW, Coherent) were focused onto the back focal plane of an oil-immersing objective (100x 1.49, CFI Apo TIRF, Nikon). During
the acquisition, the 637 nm laser was operated at an intensity of 2-5 kW/cm? and a weak 405 nm laser beam was introduced to
convert fluorophores from a dark to a fluorescent state. The 488 nm laser was intermittently switched on every 800 frames for
measuring lateral position drift. The fluorescent signal was cleaned through a quad-band filter (ZET405/488/561/640 mv2, Chroma),
and then the signal was recorded on an electron-multiplying charge-coupled device (EMCCD) camera (iXon Life 888, Andor) with a
pixel size of 83.5 nm. Typically, stream movies of 15,000-30,000 frames were acquired at a rate of 50 fps. Post-processing drift
correction was conducted using a homemade code based on Labview, MATLAB, and Imaged. Subsequently, individual molecule
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was localized by MetaMorph Superresolution Module (Molecular Devices). The reconstructed Ex-dSTORM images were cleaned
with the Gaussian filter of 1 pixel.

QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism 9 was used for data plotting and statistical analysis. Western blot band and images intensities were quantified using
Imaged. Results are presented as mean + SEM or mean + SD, as specified in the figure legends. The number of replicates (n) and the

statistical tests used are also indicated in the figure legends. All quantifications are based on at least three independent experiments.
Statistical significance is indicated as follows: n.s., not significant, *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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