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Abstract 23 

Microtubule organization in cells relies on targeting mechanisms 1–4. CLASP proteins are key 24 

regulators of microtubule organization 5,6, yet the underlying mechanisms remain elusive. Here, we 25 

revealed that the C-terminal domain of CLASP2 interacts with a common motif found in several 26 

CLASP2-binding proteins. This interaction drives the dynamic localization of CLASP2 to distinct 27 

cellular compartments, where CLASP2 accumulates in protein condensates at the cell cortex or the 28 

microtubule plus end. These condensates physically contact with each other via CLASP2-mediated 29 

competitive binding, determining cortical microtubule targeting. The phosphorylation of CLASP2 30 

modulates the dynamics of the condensate-condensate interaction and spatiotemporally navigates 31 

microtubule growth. Moreover, we identified additional CLASP-interacting proteins that are 32 

involved in condensate contacts in a CLASP2-dependent manner, uncovering a general mechanism 33 

governing microtubule targeting. Our findings not only unveil a tunable multiphase system 34 

regulating microtubule organization, but also offers general mechanistic insights into intricate 35 

protein-protein interactions at the mesoscale level. 36 

  37 



Main 38 

Microtubules (MTs) grow in a highly organized pattern, with oscillation between growth and 39 

shrinkage at their plus ends, allowing rapid reconfiguration in response to cellular cues 1–4,7. The 40 

dynamic growth of MTs requires the accumulation of specialized proteins at the MT plus end, 41 

known as plus end tracking proteins (+TIPs) 5,8. As crucial +TIPs, cytoplasmic linker proteins 42 

(CLIPs), CLIP-associated proteins (CLASPs), and ending-binding proteins (EBs), act as molecular 43 

liaisons, orchestrating interactions between MTs and various cellular compartments, including the 44 

cell cortex 6. However, given the intricate interactions among MTs, +TIPs, and compartmentalized 45 

protein assemblies, the molecular mechanisms governing the spatial organization of MTs in 46 

different cellular regions remain largely elusive. 47 

 48 

CLASPs play an essential role in MT organization within various cellular compartments 9–11. The 49 

CLASP gene has been found in a wide range of organisms, from yeast and plants to mammals 12–14. 50 

Mammalian CLASPs contain two paralogs, CLASP1 and CLASP2, each consisting of three tumor-51 

overexpressed-gene (TOG) domains for MT binding, a C-terminal CLIP-interacting domain, and 52 

two Ser-X-Ile-Pro (SxIP) motifs binding to EBs (Fig. 1a) 15. The binding of CLASPs to different 53 

proteins regulates the localization of CLASPs in various cellular compartments. For instance, 54 

CLIP170, a member of the CLIP family, guides CLASPs to the MT plus end and regulates their 55 

activity in preventing MT catastrophe 9,14. GCC185, a Golgi coiled-coil protein, recruits CLASPs 56 

to the Golgi apparatus and promotes Golgi-directed microtubule growth 16,17. Centromere-57 

associated protein E (CENP-E), a kinesin motor, associates with CLASPs, facilitating the targeting 58 

of MTs to the kinetochore during cell division 18. Additionally, CLASPs and membrane-associated 59 

scaffold protein LL5β are involved in the formation of the cortical MT stabilization complex 60 

(CMSC), anchoring MTs to focal adhesions (FAs) at the cell cortex and regulate FA dynamics 19,20. 61 

Despite the crucial role of the CLASP-mediated interactions in targeting MTs to the diverse cellular 62 

compartments, the underlying molecular mechanisms remain elusive.  63 

 64 

Identification of a consensus sequence for CLASP2 binding 65 

To elucidate the molecular basis of the CLASP-mediated interaction, we mapped the regions critical 66 

for binding to the TOG4 domain of CLASP2 in both CLIP170 and LL5β, using analytical size 67 

exclusion chromatography (aSEC) and isothermal titration calorimetry (ITC)-based measurements. 68 

The binding region in CLIP170 was narrowed down to a N-terminal coiled coil (CLIP170_CC) 69 

(Extended Data Fig. 1a-c), while the minimal TOG4-binding motif in LL5β (LL5β_TBM) was 70 

identified to contain only 19 residues within a predicted coiled coil (LL5β_CC) (Extended Data Fig. 71 

1d-f). With the mapped interacting regions, we determined the TOG4 structures of CLASP2 in 72 

complex with the identified fragments of CLIP170 and LL5β, respectively, by using crystallography 73 

(Extended Data Table 1). 74 

 75 

In these crystal structures, the TOG4 domain adopts a typical α-solenoid fold, comprising 11 α‐76 

helices (Fig. 1b), closely resembling the structures of other TOG domains in CLASP2 (Fig. 1c). Our 77 

local structural alignments further delineated the TOG domains in CLASP2 into two lobes, the N-78 

lobe and the C-lobe (Extended Data Fig. 2a and 2b). CLIP170_CC forms a dimeric coiled coil, 79 



interacting with the C-lobes from two TOG4 fragments (Fig. 1d). Notably, a short, yet highly 80 

conserved sequence in CLIP170_CC is involved in TOG4 binding (Extended Data Fig. 2c and 2d). 81 

This interaction is characterized by the insertion of F443 in CLIP170_CC into a pocket formed by 82 

the last two a-helices in the C-lobe (Fig. 1e). In addition, several negatively charged residues (e.g., 83 

E446) in CLIP170_CC form salt bridges with positively charged residues at the groove (Fig. 1e).  84 

 85 

Similar to CLIP170, LL5β employs an a-helix to interact with the CLIP170-binding groove in 86 

CLASP2_TOG4 (Fig. 1f and 1g). The similar TOG4-binding mode of CLIP170 and LL5β indicates 87 

the TOG4 domain may be used for recognizing other CLASP-binding proteins. Remarkably, a 88 

similar sequence pattern, termed TOG4-binding motif or TBM, was also found in the conserved 89 

coiled-coil regions of CENP-E and GCC185 (Extended Data Fig. 2c and 2d). ITC-based analyses 90 

confirmed the interactions between CLASP2_TOG4 and potential TBM-containing fragments of 91 

CENP-E and GCC185 (Fig. 1j and Extended Data Fig. 3). By solving the CLASP2_TOG4 structure 92 

in complex with the CENP-E fragment (Fig. 1h and 1i), we validated the binding of CENP-E TBM 93 

to the TOG4 domain.  94 

 95 

Crucially, all four identified TBMs exhibit a common sequence feature with two strictly conserved 96 

residues, a phenylalanine (F) and a glutamic acid (E), in the middle of their sequences (Fig. 1k). In 97 

our complex structures, these two residues adopt essentially identical conformations to tightly pack 98 

with the TOG4 domain (Fig. 1e, 1g, and 1i). The critical role of these two residues in the 99 

TOG4/TBM interaction were strongly supported by our ITC data (Fig. 1j and Extended Data Fig. 100 

3), showing the profound disruption on the TOG4/TBM interaction by mutating these two positions. 101 

Taken together, the above biochemical, structural, and sequence analyses demonstrate that despite 102 

having distinct overall sequence, the four CLASP-binding proteins share a characteristic TBM 103 

sequence essential for their specific interaction with CLASPs via the TOG4 domain (Fig. 1l).  104 

 105 

The TOG4/TBM interaction is essential for CLASP2 targeting in cells 106 

The TBM-binding groove in the TOG4 domain is highly conserved in CLASPs across different 107 

plant and animal species (Extended Data Fig. 2b and 4a), suggesting a fundamental role for the 108 

TOG4/TBM interaction in the function of CLASP family members. Our structural analysis revealed 109 

that two critical residues, L1467CLASP2 and R1435CLASP2, located at the center of the TBM-binding 110 

groove (Extended Data Fig. 4a), directly interact with the two key residues, F and E, in the TBMs, 111 

respectively (Fig. 1e, 1g, 1i, and Extended Data Fig. 4b). Consistent with the structural finding, two 112 

disruptive mutations, L1467E and R1435E, within the groove blocked the binding of the TOG4 113 

domain to the four TBMs (Extended Data Fig. 4c).  114 

 115 

To analyze the role of the TOG4/TBM interaction in the cellular distribution of CLASP2, we 116 

overexpressed CLASP2α, the longest isoform of CLASP2, and its variants in HeLa cells. As 117 

reported previously 14,19–22, CLASP2α accumulated at the MT plus end (Extended Data Fig. 4d) and 118 

depolymerizing MTs via nocodazole treatment promoted CLASP2α targeting to the vicinity of FAs 119 

(Extended Data Fig. 4e). However, either the TOG4 deletion mutant or the TBM-binding deficient 120 

mutations (L1467E and R1435E) resulted in a diminished enrichment of CLASP2α in these cellular 121 



locations (Extended Data Fig. 4d-g). Considering the crucial role of CLIP170 and LL5β in recruiting 122 

CLASP2 to the MT plus end and the FA vicinity, respectively 14,19, these observations indicate the 123 

requirement of the specific TOG4/TBM interaction in the cellular localization of CLASP2.  124 

 125 

Given that these TBM-containing proteins share the same binding site in the TOG4 domain, these 126 

proteins likely compete for the binding to CLASPs. Indeed, our aSEC analyses showed that 127 

CLIP170 can outcompete other TBM-containing proteins for binding to CLASP2_TOG4 in solution 128 

(Extended Data Fig. 5). Given the TOG4-mediated enrichment of CLASP2α in the MT plus end 129 

and several specific cellular compartments, this binding competition likely occurs between CLIP170 130 

and the compartmentalized TBM-containing proteins in the place where the MT plus end is 131 

anchored, such as the plus end-tethered CMSCs in the vicinity of FAs 19,23,24. It raises an intriguing 132 

question regarding how CLASP proteins orchestrate MT dynamics and organization in different 133 

cellular compartments amid such competing interactions. 134 

 135 

ELKS co-phase separates with LL5β in the recruitment of CLASP2 to the FA vicinity  136 

To explore the mechanism governing the FA vicinity localization of CLASP2 and MTs, we focused 137 

on two key components of the CMSC, LL5β and ELKS, which associate with each other and play 138 

important roles in regulating the cortical localization of CLASPs and MTs 19,25 (Fig. 2a). The ELKS 139 

protein family in mammals contains two closely related members, ELKS1 and ELKS2 26. We 140 

identified the minimal regions in both LL5β (ELKS-binding motif or EBM) and ELKS2 (CC3), 141 

which are essential and sufficient for mediating the ELKS/LL5β interaction (Extended Data Fig. 142 

6a-c). As the EBM sequence does not overlap with the TBM in LL5β, LL5β may simultaneously 143 

bind to CLASPs and ELKSs. Indeed, a LL5β fragment containing both binding motifs (LL5β_2BM) 144 

formed a tripartite complex with CLASP2_TOG4 and the CC3 fragment of ELKS2 (Extended Data 145 

Fig. 6d). 146 

 147 

By determining the crystal structure of the ELKS2_CC3/LL5β_EBM complex (Extended Data 148 

Table 1), we found that the dimeric ELKS2_CC3 interacts with two LL5β_EBM fragments, each 149 

consisting of an α-helical hairpin (Fig. 2b). The extensive interactions observed in the structure 150 

contribute to the stable association of LL5β with ELKSs (Extended Data Fig. 6e). Among these 151 

interactions, R290ELKS2 (corresponding to R294 in ELKS1) plays a critical role by forming several 152 

salt bridges and hydrogen bonds with LL5β_EBM (Fig. 2c). Charge-reverse mutations (R290E in 153 

ELKS2 and R294E in ELKS1) abolished the binding of LL5β to the ELKS proteins in solution 154 

(Extended Data Fig. 6f and 6g). Consistently, LL5β lost its colocalization with ELKS1R294E puncta 155 

in HeLa cells (Fig. 2d).  156 

 157 

In line with the previous finding that ELKS1 promotes the clustering of CLASP2 at the cell cortex 158 

19, the overexpression of ELKS1 significantly enhanced the accumulation of CLASP2α around FAs 159 

in nocodazole-treated cells (Fig. 2e). However, the ELKS1R294E mutant failed to enrich CLASP2α 160 

in the vicinity of FAs (Fig. 2e and 2f), indicating that the cortical accumulation of CLASP2 depends 161 

on the formation of the LL5β/ELKS1 complex. Interestingly, the removal of the N-terminal intrinsic 162 

disorder region (IDR) from ELKS1 resulted in the diffused distribution of ELKS1 and a reduction 163 



in the accumulation of CLASP2α around FAs (Fig. 2e and 2f). It is noteworthy that ELKS proteins 164 

undergo IDR-dependent liquid-liquid phase separation (LLPS) and form co-condensates with 165 

interacting proteins 27–30. Hence, we speculated that ELKS1 may accumulate LL5β and CLASP2 166 

via LLPS. 167 

 168 

Indeed, the purified full-length protein of ELKS1 co-phase separated with LL5β_2BM in solution 169 

(Fig. 2g). Conversely, LL5β_2BM promotes ELKS1 LLPS by reducing the concentration threshold 170 

to 0.5 µM (Extended Data Fig. 7a), a level comparable with the cellular concentration of ELKS 171 

proteins 31. In contrast, the E439K mutation in LL5β and the L1467E mutation in CLASP2, which 172 

disrupt the LL5β/ELKS (Fig. 2c) and CLASP2/LL5β (Fig. 1g) interactions, respectively, blocked 173 

the accumulation of LL5β_2BM and CLASP2_TOG4 in the ELKS1 condensate (Fig. 2g and 2h). 174 

In line with the observed condensate formation in solution, both endogenous and transfected ELKS1 175 

in HeLa cells formed small condensates in an IDR-dependent manner (Extended Data Fig. 7b). 176 

ELKS1, but not its R294E mutant, is capable of accumulating CLASP2α in cellular condensates 177 

(Extended Data Fig. 7c and 7d). These results collectively suggest that LL5β accumulates in the 178 

ELKS1 condensate by binding to ELKS1 and consequently recruits CLASP2 into condensates.  179 

 180 

To verify this scenario in cells, we designed a chimeric protein by replacing the IDR of ELKS1 with 181 

the N-terminal domain of Par3 (P3N), which have a distinct sequence from ELKS1_IDR and is 182 

known to form cellular condensates through LLPS 32. Interestingly, the ΔIDR/+P3N chimaera 183 

regained the ability to form condensates that can specifically recruit LL5β (Extended Data Fig. 7b 184 

and 7e). Importantly, this chimeric protein also restored the accumulation of CLASP2α in the FA 185 

vicinity (Fig. 2e and 2f). Thus, the LLPS propensity of ELKS1 may drive condensate formation 186 

beneath the plasma membrane, in coordinating with LL5β, which can bind to the phospholipid 187 

through its PH domain 19 and recruits CLASP2 via the TOG4/TBM interaction (Fig. 2i).  188 

 189 

CLASP2 accumulation in ELKS1 and CLIP170 condensates is required for cortical MT 190 

targeting  191 

Given the critical role of CLASPs in stabilizing MTs, ELKS1 may regulate cortical MT organization 192 

by recruiting CLASP proteins. To explore this possibility, we analyzed the distribution of MTs in 193 

nocodazole-treated cells overexpressing ELKS1 or its variants. After nocodazole washout, MTs in 194 

cells overexpressing wild-type ELKS1 massively reached the cell edge, in stark contrast to the 195 

perinuclear distribution of MTs in control cells (Fig. 2j and 2k). Consistent with the impaired ability 196 

to accumulate CLASP2, neither the LL5β binding-deficient mutant (R294E) nor LLPS-deficient 197 

mutant (ΔIDR) of ELKS1 promoted MT growth towards the cell edge, whereas the ΔIDR/+P3N 198 

chimaera showed a promotion on cortical MT growth like wild-type ELKS1 (Fig. 2j and 2k). Given 199 

that CLASP2 is assembled with ELKS1 and LL5β to form CMSCs around FAs 23 (Fig. 2a and 200 

Extended Data Fig. 8a), we speculated that the ELKS1 condensate facilitates MT attachment to FAs. 201 

Supporting this hypothesis, the ELKS1 condensates in the FA vicinity closely contact with the MT 202 

plus end (Fig. 2l). Together, these results suggest that the ELKS1 condensate plays a crucial role in 203 

targeting MTs to the cell cortex through creating a CLASP2-enriched environment that stabilizes 204 

the attached MT plus end. 205 



 206 

In addition to its enrichment in the ELKS1 condensate, CLASP2 also accumulates at the MT plus 207 

end in a TOG4-dependent manner (Fig. 2a and Extended Data Fig. 4d). Disrupting the TOG4/TBM 208 

interaction eliminated the enrichment of CLASP2 in the CLIP170 puncta at the MT plus end 209 

(Extended Data Fig. 8b). Interestingly, CLIP170 also forms condensates wrapping around the MT 210 

ends in HeLa cells 33 (Extended Data Fig. 8c) and undergoes phase separation 34 (Extended Data 211 

Fig. 8d), which are capable of accumulating CLASP2 through the TOG4/TBM interaction (Fig. 2m). 212 

Intriguingly, the CLIP170 condensate at the MT plus end closely contact with the cortical ELKS1 213 

condensate (Extended Data Fig. 8e), suggesting a role of the CLIP170 condensate in targeting MTs 214 

to the cell cortex. Consistently, deleting the C-terminal zinc finger (ZnF) domain from CLIP170 215 

disrupt its ability for condensate formation (Extended Data Fig. 8d) and cortical MT organization 216 

(Extended Data Fig. 8f and 8g).  217 

 218 

However, given the competition between the TBMs of CLIP170 and LL5β for binding to CLASP2 219 

(Extended Data Fig. 5a), it remains puzzling how the MT plus-end enriched with CLIP170 can 220 

tether to the ELKS1 condensate enriched with LL5β and how CLASP2-mediated interactions 221 

function in this tethering (Fig. 2n). 222 

 223 

Competitive binding to accumulated CLASP2 mediates the stable contact between 224 

condensates  225 

To explore these questions, we analyzed the LLPS of ELKS1 and CLIP170 in cells co-transfected 226 

with these proteins. The two proteins formed droplets separately in the cytosol, occasionally 227 

touching each other in an immiscible manner (Fig. 3a1 and Extended Data Movie 1). Strikingly, 228 

upon the additional overexpression of LL5β and CLASP2α in this multiphase system, the ELKS1 229 

droplet became trapped onto the surface of the CLIP170 droplet (Fig. 3a2 and Extended Data Movie 230 

1), with the average contact duration extended from ~2 minutes to more than 12 minutes (Fig. 3b). 231 

Remarkably, in about half measurements, the two types of droplets remained in contact throughout 232 

the 20-minute observation (Fig. 3b), indicating that the presence of CLASP2 dramatically prolongs 233 

droplet adhesion. Interestingly, this stable contact could still occur in the absence of LL5β 234 

overexpression (Fig. 3a3, 3b, and Extended Data Movie 1), presumably due to the presence of 235 

endogenous LL5β in the ELKS1 condensate (Fig. 2d). This unexpected finding suggests a role of 236 

the interaction between the ELSK1 and CLIP170 condensates in the regulation of MT tethering to 237 

the vicinity of FAs. 238 

 239 

In agreement with the CLASP2-dependent condensate interaction, in cells transfected with LL5β 240 

but not CLASP2α, the prolonged contact duration was diminished (Fig. 3a4, 3b, and Extended Data 241 

Movie 1). Similarly, either depleting CLASP2α from the droplets by introducing the TBM-binding 242 

deficient mutation (L1467E) in CLASP2α or removing LL5β from the ELKS1 droplet by 243 

introducing the LL5β-binding deficient mutation (R294E) in ELKS1 abolished the prolonged 244 

droplet adhesion (Fig. 3a5, 3a6, 3b, and Extended Data Movie 1). Consistent with our live imaging 245 

analysis, the 3D reconstruction of cytosolic droplets further confirmed the requirement of CLASP2α 246 



in the droplet attachment (Extended Data Fig. 9a). These results demonstrate that CLASP2 is 247 

essential for the stable attachment between the ELKS1 and CLIP170 condensates.  248 

 249 

Since LL5β and CLIP170 compete for binding to CLASP2, we asked whether competitive binding 250 

contributes to the CLASP2-mediated condensate interaction. Thus, we designed the CLASP2α+PDZ 251 

chimaera by fusing the PDZ domain of RIM1 to the C-terminus of CLASP2α (Fig. 3c). As the RIM1 252 

PDZ domain can interact with the PDZ binding motif (PBM) at the C-terminus of ELKS1 35, 253 

CLASP2α+PDZ acquires the ability to directly bind to ELKS1 (Extended Data Fig. 9b). Upon 254 

overexpressing CLASP2α+PDZ and ELKS1R294E, competitive binding was replaced with 255 

uncompetitive binding in the new multiphase system (Fig. 3d1). Interestingly, CLIP170 and ELKS1 256 

co-phase separated in this new system (Fig. 3d1), likely because the binding of CLASP2α+PDZ to 257 

CLIP170 and ELKS1R294E are compatible, allowing mixed distribution of CLIP170 and ELKS1 in 258 

the condensed phase. As a control, deleting the PBM from ELKS1R294E blocked the accumulation 259 

of CLASP2α+PDZ in the ELKS1 condensate (Extended Data Fig. 9b), resulting in separated 260 

condensates of CLIP170 and ELKS1 (Fig. 3d2). Although competitive binding occurs, the wild-261 

type ELKS1 protein also co-condensed with CLIP170 in the presence of CLASP2α+PDZ (Fig. 3d3), 262 

indicating that the uncompetitive binding of CLASP2α+PDZ to ELKS1 surpasses the competitive 263 

binding for the co-condensate formation. As expected, ELKS1ΔPBM that lacks uncompetitive binding 264 

while remains competitive binding to CLASP2α+PDZ, reestablished the condensate attachment (Fig. 265 

3d4 and Extended Data Fig. 9b). Therefore, we concluded that the condensate attachment relies on 266 

the competitive binding of LL5β and CLIP170 to CLASP2, which likely mediates mesoscale 267 

protein-protein interactions between the attached droplets (Extended Data Fig. 9c). 268 

 269 

As shown by live imaging analysis, many CLASP2α clusters intermittently moved towards the 270 

growing leading edge (Extended Data Movie 2). This dynamic accumulation of CLASP2α results 271 

in the predominant distribution of CLASP2α clusters near the cell edge (Extended Data Fig. 9d-f). 272 

These observations suggest that CLASP2 may delocalize from the ELKS1 condensate and move 273 

with the CLIP170 condensate at the MT plus end. However, cellular localization analysis of 274 

CLASP2α+PDZ showed a different pattern. It forms co-puncta with ELKS1 and CLIP170 (Extended 275 

Data Fig. 9d), and more than half of CLASP2α+PDZ puncta were located away from the cell edge 276 

(Extended Data Fig. 9e). It is likely that the co-condensate formation prevents the detachment of 277 

the CLIP170 condensate from the ELKS1 condensate, thereby inhibiting the redistribution of 278 

CLASP2α from the co-condensate. Thus, the competitive rather than uncompetitive binding allows 279 

the condensate attachment and detachment, regulating the dynamic distribution of CLASP2 in 280 

cortical MT organization.  281 

 282 

Intriguingly, although LL5β and CLIP170 having comparable binding affinities to CLASP2 (Fig. 283 

1j), the accumulation level of CLASP2α in the ELKS1 droplet is significantly lower than that in the 284 

CLIP170 droplet (Fig. 3e). This difference may be attributed to the indirect recruitment of 285 

CLASP2α to the ELKS1 condensate. Surprisingly, the accumulation ratio of CLASP2α in the two 286 

condensates spatiotemporally determines the condensate interaction mode. With increasing 287 

CLASP2α levels in the ELKS1 droplet, the CLIP170 droplet tended to engulf the ELKS1 droplet, 288 



covering a larger surface area (Fig. 3e and 3f). Moreover, quantitative analysis revealed that 289 

elevating CLASP2α levels in the ELKS1 droplet to more than 25% of that in the CLIP170 droplet 290 

efficiently extends the droplet contact duration (Fig. 3g and Extended Data Fig. 9g), presumably 291 

due to the larger contact area between droplets. Thus, the strength of the condensate attachment is 292 

regulated by the accumulation level of CLASP2 in the two condensates, indicating a control 293 

mechanism for condensate interaction via the modulation of CLASP2 levels in these condensates. 294 

 295 

Phosphorylation of CLASP2 controls the detachment of the MT plus end from the ELKS1 296 

condensate for the directional growth of MTs 297 

The cellular distribution of the ELKS1 condensate is not restricted to the cell periphery. Many 298 

ELKS1 condensates were found to be formed away from both FAs and the cell edge (Extended Data 299 

Fig. 10a and 10b). While a large portion of the ELKS1 condensates disappeared as the leading edge 300 

of the cell expanded, some ELKS1 condensates persist and thereby can be observed away from the 301 

cell edge (highlighted by white circles in Extended Data Movie 2). Intriguingly, the path of MTs 302 

often overlapped with several ELKS1 condensates in a row (Fig. 4a). Superresolution microscopic 303 

analysis confirmed the spatial proximity of MTs to the ELKS1 condensates (Extended Data Fig. 304 

10c). Importantly, through monitoring the growing MT plus end, indicated by CLIP170 signals, we 305 

found that cortical MTs passed through multiple ELKS1 condensates behind the leading edge and 306 

showed transient contacts with these condensates (Fig. 4b and Extended Data Movie 3). It suggests 307 

that the ELKS1 condensates distal to the cell edge may play a role in navigating MT growth towards 308 

the cell edge. 309 

 310 

To verify the role of ELKS1 in directing cortical MT organization, we prepared cells with ELKS1 311 

knockdown (Extended Data Fig. 11a). To quantitatively assess the organization of cortical MTs, 312 

two-dimensional Fourier transform was applied to the pattern of MT distribution at the cell 313 

periphery (Fig. 4c). Unlike the typical radial organization of MTs at the cell periphery with an 314 

anisotropic distribution, depletion of ELKS1 led to disorganized cortical MTs with a tendency 315 

towards isotropic distribution (Extended Data Fig. 11b and 11c). Resembling the effect of ELKS1 316 

knockdown, disorganized cortical MTs was also observed in cells with LL5β knockdown (Extended 317 

Data Fig. 11a-c), further supporting the function of ELKS1 and LL5β in accumulating CLASP2 and 318 

organizing MT growth at the cell cortex. Consistently, knocking down both CLASP1 and CLASP2 319 

resulted in impaired cortical MT organization 22 (Fig. 4d, 4e and Extended Data Fig. 11d). Together, 320 

these results indicate that the ELKS1 condensates contribute to directional MT growth by 321 

orchestrating the CMSC components, including LL5β and CLASP2. 322 

 323 

When the MT plus end attaches to an ELKS1 condensate, how does it detach rapidly from the 324 

condensate to continue the MT growth? As a high level of CLASP2 is required for the stable contact 325 

between the CLIP170 and ELKS1 condensates (Fig. 3e), the detachment may be achieved by 326 

lowering the CLASP2 level in the ELKS1 condensate. CLASPs have been reported to be 327 

phosphorylated by GSK3β 24,36, and overexpression of either GSK3β or a phosphomimetic mutant 328 

of CLASP2 (8S/D), which replaces eight serine phosphorylation sites with aspartic acids, led to 329 

directionless MT growth (Fig. 4f) 24. Thus, it is tempting to speculate that the phosphorylation of 330 



CLASP2 by GSK3β may inhibit its accumulation in the ELKS1 condensate, considering the 331 

importance of electrostatic interactions in regulating protein recruitment to condensates 37,38.  332 

 333 

In line with this hypothesis, the accumulation level of the CLASP2α 8S/D mutant in the ELKS1 334 

condensate was significantly decreased in either low or high expression levels (Fig. 4g, 4h, and 335 

Extended Data Fig. 12a and 12b). Furthermore, the direct addition of eight aspartic acids (+8D) to 336 

the C-terminus of CLASP2α attenuated its accumulation in the ELKS1 condensate (Fig. 4g, 4h, and 337 

Extended Data Fig. 12a and 12b), confirming the charge-mediated prevention of CLASP2 entry into 338 

the condensed phase of ELKS1. Remarkably, CLASP28S/D still accumulated in the CLIP170 339 

condensate in the cytosol or MT ends, with the level comparable to that of the wild-type protein 340 

(Extended Data Fig. 12c-e). This indicates that the phosphorylation-dependent inhibition of 341 

CLASP2 accumulation in the condensed phase is selective. Consistent with the decreased CLASP2α 342 

level of the 8S/D and +8D mutants in the ELKS1 condensate, the droplet attachment between the 343 

ELKS1 and CLIP170 condensates became significantly less stable (Fig. 4i and 4j). Thus, GSK3β-344 

phosphorylation of CLASP2 likely modulates the condensate attachment. Importantly, similar to 345 

the observation that CLASP2αL1467E, the TBM-binding deficient mutant, failed to restore the cortical 346 

MT organization in CLASP1/2 double knockdown cells, CLASP2α8S/D was also unable to rescue 347 

the phenotype (Fig. 4d and 4e), indicating that the regular arrangement of cortical MTs requires 348 

tunable CLASP2 levels in the ELKS1 condensates.  349 

 350 

Consistent with the previous observation that the GSK3β activity is inhibited in the cell edge 24,39, 351 

the ELKS1 condensates in the cell periphery accumulate more CLASP2 than those in the cell 352 

interior (Extended Data Fig. 12f). Therefore, in the region distal to the cell edge, the GSK3β-353 

dependent phosphorylation of CLASP2 to enable dynamic contact between the ELKS1 and 354 

CLIP170 condensates for MT navigation by specifically decreasing CLASP2 levels in the ELKS1 355 

condensate (Fig. 4k). On the other hand, in the FA vicinity proximal to the cell edge, high CLASP2 356 

levels in the ELKS1 condensate may promote stable contact between the two condensates for MT 357 

anchoring (Fig. 4k).  358 

 359 

The CLASP-mediated condensate attachment is a general paradigm for TBM-containing 360 

proteins 361 

As MTs are recruited to various cytoplasmic compartments, it is appealing to explore additional 362 

proteins involved in the cellular targeting of CLASPs via the TOG4-mediated interaction. To 363 

identify potential TBM-containing proteins in the human genome, we employed the consensus 364 

sequence pattern for TBMs (Fig. 1k), taking into account additional criteria such as intracellular 365 

localization and the helical conformation of TBMs. After careful selection, we identified seven 366 

candidate proteins (Fig. 5a), most of which have been reported to associate with MTs 40–44.  367 

 368 

Among these proteins, we focused on Janus kinase and MT interacting protein 1 (JAKMIP1) and 369 

CENP-J were selected for further validation, as previous studies had suggested them as being part 370 

of complexes with CLASPs 18,45. Co-immunoprecipitation assay demonstrated that CLASP2, but 371 

not its L1467E mutant, binds to both JAKMIP1 and CENP-J (Fig. 5b and 5c). Notably, the addition 372 



of CENP-E_CC in the assay reduced the binding of CLASP2 to JAKMIP1 and CENP-J (Fig. 5b 373 

and 5c). Furthermore, ITC-based analyses confirmed that the TBM fragments of JAKMIP1 and 374 

CENP-J interact with CLASP2_TOG4 (Fig. 5d and 5e). Thus, we concluded that both JAKMIP1 375 

and CENP-J directly bind to CLASP2 through the specific TOG4/TBM interaction. Our findings 376 

are consistent with a recent study that also identified CENP-J as a potential binding partner for the 377 

TOG4 domain in CLASP1 46. 378 

 379 

Interestingly, both JAKMIP1 and CENP-J form protein condensates in transfected cells (Extended 380 

Data Fig. 13a), suggesting the potential for CLASP2-mediated mesoscale association between the 381 

CLIP170 condensate and these condensates. Indeed, by co-expressing either JAKMIP1 or CENP-J 382 

with CLIP170 and CLASP2α in cells, we observed the stable attachment of the CLIP170 condensate 383 

to the JAKMIP1 and CENP-J condensates in a CLASP2-dependent manner, relying on the TOG4-384 

mediated interaction (Fig. 5f-i). Given that these TBM-containing proteins form cellular 385 

condensates (Extended Data Fig. 13a), it is likely that such condensate attachments mediated by 386 

CLASP2_TOG4 represent a common feature for TBM-containing proteins to regulate MT 387 

organization in various cellular compartments. Notably, the 8S/D mutation of CLASP2 had minimal 388 

impact on the adhesive contact between these condensates (Extended Data Fig. 13b-d), as 389 

CLASP8S/D remained highly enriched in the JAKMIP1 and CENP-J condensates (Extended Data 390 

Fig. 13e-h). This finding indicates that the JAKMIP1 and CENP-J condensates are insensitive to 391 

phosphorylated CLASP2, and GSK3β may not be a critical regulator of the mesoscale association 392 

between CLIP170 and JAKMIP1 or CENP-J via CLAPS2.  393 

 394 

Remarkably, our sequence analysis of the CLASP family proteins across a spectrum of organisms, 395 

ranging from yeast to human, showed that the TBM-binding site in the TOG4 domain is conserved 396 

in plants and animals (Extended Data Fig. 14). In addition to the TOG4 domain, the SxIP motifs 397 

have been found to promote the localization of CLASPs at the MT plus-end by binding to EBs and 398 

facilitate cortical MT organization 22,24,47 (Fig. 1a). However, the SxIP motifs appear in vertebrates 399 

but absent in most invertebrates. This observation suggests a fundamental role for the TOG4/TBM 400 

interaction in organizing MTs (Fig. 5j), which remains to be explored in different cellular 401 

compartments and different organisms (e.g., dynamic MT network in growth cone 48,49 and cortical 402 

MT organization in plants 50,51). 403 

 404 

Discussion 405 

By employing an integrative approach involving structural, biochemical, and cellular techniques, 406 

our study here revealed a multiphase system governing the regular organization of MTs at the cell 407 

cortex. This intricate system relies on CLASP2, which serves as a molecular glue, mediating the 408 

interactions between the CLIP170 and ELKS1 condensates through two different modes: the 409 

transient interaction navigating MT growth towards the cell edge and the stable association 410 

anchoring MTs to FAs (Fig. 4k). Given the highly dynamic nature of MT growth, the protein 411 

assemblies in this system demands rapid regulation, which is efficiently achieved through LLPS. 412 

Importantly, our findings highlight the significance of competitive binding in drives protein-413 



protein interaction at the mesoscale level, offering a plausible mechanism to dynamically manage 414 

the intricate interplay of different protein condensates in cells.  415 

 416 

Biomolecular condensates have been widely characterized in diverse cellular processes 52–54. 417 

Emerging evidence has suggested the co-existence of multiple condensates in certain cellular milieu 418 

55–58, yet the condensate organization in a multiphase system has remained largely a mystery. Our 419 

study unveiled the dynamic interaction between immiscible condensates in the multiphase system 420 

mediated by competitive binding. In the dilute phase, proteins are excluded from binding sites by 421 

competing molecules and then quickly diffuse away. However, in the condensed phase, the 422 

concentrated environment limits protein diffusion 59, allowing previously disassociated molecules 423 

to reassociate. Crucially, unlike the single TBM-binding site in a CLASP2 molecule, the condensed 424 

CLASP2 assembly can provide multiple TBM-binding sites for interacting with different TBM-425 

containing proteins simultaneously (Extended Data Fig. 9c). Consequently, rather than exclusive 426 

interactions in the dilute phase, competitive binding likely mediates condensate-condensate 427 

interaction through mesoscale protein-protein interactions at the contact interface between 428 

condensates. On the other hand, competitive binding prevents the mixing of two closely attached 429 

condensates, as competing molecules in these two condensates are mutually excluded. The 430 

substitution of competitive binding with uncompetitive binding leads to co-condensate formation 431 

(Fig. 3d), which mixes all interacting proteins and thereby limits the dynamic distribution of proteins. 432 

Thus, competitive binding is favorable for the reversible association and dissociation of the MT plus 433 

end with the ELKS1 condensate. Considering the prevalence of binding competitions, our discovery 434 

provides a potential organization mode for multiphase systems in cellular processes, which require 435 

dynamic associations between immiscible condensates. Interestingly, in addition to CLIP170, EB1 436 

was reported to undergo LLPS as well 60, suggesting a multiphase organization at the MT plus end. 437 

As EB1 has similar affinities for binding to the SxIP motifs of CLASPs and CLIP170 61, it raises 438 

the intriguing possibility that the SxIP-mediated competitive binding of CLASPs and CLIP170 to 439 

EB1 play a role in organizing these protein condensates at the MT plus ends.  440 

 441 

An important feature of the CLASP2-mediated condensate interaction is its tunability, which allows 442 

for precise control of directional MT growth (Fig. 4k). This tunability is achieved through the 443 

GSK3β-mediated phosphorylation of CLASP2. When MTs are growing towards the leading edge, 444 

active GSK3β phosphorylates CLASP2 and consequently reduces the CLASP2 level in the ELKS1 445 

condensate, which shortens the duration of the condensate contact and allows MTs to continue 446 

growing. Notably, GSK3β can substantially inhibits the accumulation of CLASP2 at the MT plus-447 

end, partly by the disrupted binding of phospho-CLASP2 to EBs 14,21,24,36, which may also contribute 448 

to the shortened contact duration. Once MTs reach the leading edge, decreased GSK3β activity 449 

promotes the accumulation of CLASP2 in the ELKS1 condensate, leading to a stable anchoring of 450 

the MT plus-ends to cortical FAs. The dynamic concentration changes in the condensed phase 451 

indicates the role of CLASP2 as a “client” in the multiphase system. The “client” role of CLASP2 452 

allows cells to regulate the CLASP2 level rapidly and selectively in the condensates without 453 

affecting condensate formation. As CLASPs are recruited to various cellular compartments by 454 

different TBM-containing proteins, the CLASP-mediated condensate interaction likely plays a role 455 



in MT organization in cellular compartments other than the cell cortex, such as the Golgi apparatus 456 

(Fig. 5j), regarding the LLPS propensity of GCC185 62.  457 

 458 

While FAs are critical players in MT guidance 63,64, the underlying mechanisms have remained 459 

poorly understood. CMSC proteins are known to regulate the interplay between MTs and FAs. As 460 

the core component of the CMSC, ELKS1 forms condensates with LL5β, generating a widespread 461 

network at the cell cortex (Fig. 2d and Extended Data Fig. 7b). These condensates act as hotspots 462 

that dynamically associate with the MT plus end for MT guidance. During cell migration, with the 463 

leading edge advances, while most ELKS1 condensates disassembled, a subset persists (Extended 464 

Data Movie 2). As these residual ELKS1 condensates marks the former edge, they likely serve as 465 

guidance cues, directing MTs to grow in alignment with the migrating leading edge. In addition, 466 

ELKS proteins are known to participate in vesicle docking and release at both the cell cortex and 467 

presynaptic terminals 19,65. Given the proximity of the ELKS1 condensate to MTs and the plasma 468 

membrane, these condensates may also serve as effective platforms for capturing and releasing 469 

vesicles transported by kinesin motors 27. Nevertheless, as the ELKS1 condensate are tethered to 470 

the plasma membrane through the association of LL5β with phospholipids 19, the effect of ELKS1 471 

on MT organization is likely confined to MTs close to the plasma membrane. MTs located away 472 

from the plasma membrane, particularly those in the cell interior, may be organized by other 473 

mechanisms. One such alternative mechanism involves actin filaments, which have been indicated 474 

in guiding MT growth through actin-MT crosstalk 66. How the different mechanisms coordinate MT 475 

growth requires further investigations to provide a comprehensive understanding of MT 476 

organization in cells.  477 

  478 
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Materials and Methods 664 

Plasmids 665 

For cellular assays, the genes of human CLASP2 (GeneBank, NM_001365634.1), rat ELKS1 666 

(NM_170788.2), rat ELKS2 (NM_001401498.1), human CLIP170 (NM_001247997.2), human 667 

LL5β (NM_001134439.2), human GCC185 (NM_181453.3), human CENP-J (NM_018451.4) and 668 

human JAKMIP1 (NM_001099433.1) were amplified from human or rat cDNA library and then 669 

cloned into a pEGFP-C1, pmCherry-C1, or modified pcDNA3.1 vector with an N-terminal 3×Flag 670 

tag. The chimeric proteins, ELKS1ΔIDR/+P3N and CLASP2α+PDZ, were designed by replacing the IDR 671 

(residues 1 – 137) of ELKS1 with the N-terminal domain (residues 2 – 82) of Par3 (NM_031235.1) 672 

and by fusing the PDZ domain (residues 575 – 684) of RIM1 (XM_017596673) to the C-terminus 673 

of CLASP2α, respectively. Human CENP-E (NM_001286734.2) fragments were synthetized by 674 

Tsingke Biological Technology. For protein production, ELKS1 and CLIP170 were cloned into a 675 

pCAG vector with an N-terminal Flag tag. CLASP2_TOG4 (residues 1251 – 1479) and fragments 676 

of ELKS1, ELKS2, LL5β, CLIP170, GCC185, CENP-E, JAKMIP1, and CENP-J were subcloned 677 

into a modified pET-32a vector with an N-terminal thioredoxin (Trx)-His6-tag. Mutagenesis was 678 

performed using the Mut Express II Fast Mutagenesis Kit V2 (Vazyme Biotech). All plasmids were 679 

extracted using the MiniPrep or MaxiPrep Kit (TransGen Biotech) and were subsequently 680 

sequenced for verification. 681 

 682 

Antibodies 683 

The primary antibodies used in this study included mouse anti-β-tubulin (Sangon Biotech, 684 

D1930693), 1:500 dilution for immunofluorescence (IF), rabbit anti-Paxillin (Abcam, ab32115), 685 

1:200 dilution for IF, rabbit anti-TGN46 (Proteintech, 13573-1-AP), 1:500 dilution for IF, rabbit 686 

anti-CLASP1 (Abcam, ab108620), 1:3000 dilution for western blot (WB), rat anti-CLASP2 (Absea, 687 

32006E03), 1:1000 dilution for WB, rabbit anti-ELKS1 (Proteintech, 22211-1-AP), 1:500 dilution 688 

for IF and 1:1000 dilution for WB, rabbit anti-LL5β (Proteintech, 22211-1-AP), 1:500 dilution for 689 

IF and 1:1000 dilution for WB, mouse anti-GAPDH (Transgene, HC301-02), 1:3000 dilution for 690 

WB, mouse anti-GFP (Transgene, HT801), 1:3000 dilution for WB, and mouse anti-Flag (Sigma, 691 

F1804), 1:3000 dilution for WB. The secondary antibodies used in this study included anti-mouse 692 

IgG HRP-linked antibody (Cell Signaling Technology, 7076S), anti-rabbit IgG HRP-linked 693 

antibody (Cell Signaling Technology, 7074S), and anti-rat IgG HRP-linked antibody (Cell 694 

Signaling Technology, 7077S), 1:3000 dilution for WB, and Alexa Fluor 488/594/647–conjugated 695 

anti-mouse/rabbit IgG antibody (Invitrogen), 1:3000 dilution for IF. 696 

 697 

Protein expression and purification 698 

The protein fragments were expressed in BL21(DE3) E. coli and induced with 0.2 mM IPTG in LB 699 

medium at 16 °C. Following induction, cells were harvested, resuspended in a binding buffer 700 

containing 50 mM Tris pH 7.5, 500 mM NaCl, 5 mM imidazole, and 1 mM phenylmethylsulfonyl 701 

fluoride, and lysed using an ultrahigh-pressure homogenizer (ATS, AH-BASICI). The lysate was 702 

centrifuged at 20,000 rpm for 30 min. The supernatant was directly applied to a Ni-NTA agarose 703 

column that had been pre-equilibrated with the binding buffer. The target protein was eluted with a 704 

buffer containing 50 mM Tris pH 7.5, 500 mM NaCl, and 300 mM imidazole and further purified 705 



using a size-exclusion column (HighLoad 26/60 Superdex-200, GE Healthcare) with a buffer 706 

containing 50 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol (DTT). The 707 

Se-Met derivative CLASP2-TOG4 was produced in M9 minimal medium supplemented with 100 708 

mg/L of lysine, phenylalanine, and threonine, and 50 mg/L of isoleucine, leucine, valine, and 709 

selenomethionine (Se-Met). The purification of Se-Met derivative protein was the same as described 710 

above.  711 

 712 

The full-length proteins of ELKS1, CLIP170, and their mutants were expressed in HEK 293F cells. 713 

After 3-day expression, the HEK cells were collected and rinsed with the PBS buffer. The cells were 714 

then lysed using ultrasonication in an ice-bath with a lysis buffer containing 50 mM Tris pH 7.5, 715 

300 mM NaCl, 2 mM MgCl2, 0.5% Triton X-100, 1 mM DTT, 1 mM EGTA, and protease inhibitor 716 

cocktail (TargetMol). The cell lysate was centrifuged at 20,000 rpm for 30 min, and the resulting 717 

supernatant was then loaded onto anti-Flag beads (GenScript) followed by a 1-hour incubation. 718 

After extensive washing, the target protein was eluted with the lysis buffer without Triton X-100, 719 

supplemented with Flag peptide (500 μg/ml). The eluted protein was further purified using a size 720 

exclusion column (Superdex increase-6, GE Healthcare) with a buffer containing 50 mM Tris pH 721 

7.5, 300 mM NaCl, and 1 mM DTT. It is worth noting that even in the presence of high salt 722 

conditions, ELKS1ΔIDR/+P3N and CLIP170 formed droplets during purification. The droplets were 723 

collected using centrifugation and was subsequently used for LLPS assays. 724 

 725 

Analytical size exclusion chromatography 726 

Protein samples with a volume of 100 μl were prepared at a final concentration of 40 μM and loaded 727 

onto an analytical size exclusion column (Superdex 200 Increase 10/300 GL, GE Healthcare) on an 728 

ÄKTA pure system (GE Healthcare). The column was pre-equilibrated with the same buffer that 729 

was used the protein purification. 730 

 731 

Crystallization and X-ray data collection 732 

For crystallization, the freshly purified CLASP2_TOG4 and ELKS2_CC3 proteins were 733 

concentrated to ~10 mg/ml and mixing with CENP_CC, CLIP-170_CC, or LL5β_CC and 734 

LL5β_EBM at a molar ratio of 1:1.2, respectively. In addition, to ensure the CLASP2_TOG4 forms 735 

a stable 1:1 complex with LL5β_TBM during crystallization, the LL5β_TBM sequence was fused 736 

to the C-terminus of CLASP2_TOG4 with a thrombin cleavage sequence in between them, resulting 737 

in a chimeric protein of CLASP2_TOG4+LL5β_TBM. Crystals were grown by the hanging drop vapor 738 

diffusion method at 16 °C in a reservoir solution containing 0.2 M ammonium acetate, 0.1 M Tris 739 

pH 8.5, 25% w/v polyethylene glycol (PEG) 3,350 for the Se-Met derivative CLASP2_TOG4 in 740 

complex with CLIP170_CC, containing 0.2 M NaCl, 0.1 M Tris pH 8.5, and 25% w/v PEG 3,350 741 

for the native CLASP2_TOG4 in complex with CLIP170_CC, containing 0.2 M NaCl, 0.1 M Bis-742 

Tris pH 5.5, and 25% w/v PEG 3,350 for CLASP2_TOG4+LL5β_TBM, containing 0.2 M (NH4)2SO4, 743 

0.1 M Bis-Tris pH 6.5, and 25% w/v PEG 3,350 for the CLASP2_TOG4/LL5β_CC complex, 744 

containing 0.1 M HEPES pH 6.5 and 1.4 M sodium citrate for the CLASP2_TOG4/CENP-E_CC 745 

complex, or containing 0.2 M ammonium formate pH 6.6 and 20% w/v PEG 3,350 for the 746 

ELKS2_CC3/LL5β_EBM complex. Before been stored in liquid nitrogen, the crystals were soaked 747 



in crystallization solution containing additional 25% glycerol for cryoprotection. The diffraction 748 

data of the crystals was collected at the beamline BL17U1, BL18U1, and BL19U1 at Shanghai 749 

Synchrotron Radiation Facility (SSRF). The data were processed and scaled using HKL2000 67.  750 

 751 

Structure determination and analysis 752 

The structure of CLASP2_TOG4 in complex with CLIP_CC was determined by using single 753 

wavelength anomalous diffraction (SAD) phasing in AutoSol 68. The other structures of 754 

CLASP2_TOG4 in complex with its targets were determined by molecular replacement in PHASER 755 

69 using the CLASP2_TOG4 structure as the search model. The coiled-coil structure of the ELKS2-756 

CC3/LL5-EBM complex was solved by combinatorial usage of ARCIMBOLDO_LITE 70 in CCP4 757 

71 and PHASER. All the structural models were refined in PHENIX 72 and adjusted in COOT 73. 758 

The model quality was check by MolProbity 73. The final refinement statistics are listed in Table 759 

S1. All structure figures were prepared by using PyMOL (https://www.pymol.org). 760 

 761 

Isothermal titration calorimetry (ITC) 762 

ITC measurements were performed on a PEAQ-ITC Microcal calorimeter (Malvern). The 763 

CLASP2_TOG4 or LL5β_EBM were prepared with a concentration of 200 μM in the syringe and 764 

the CLIP170_CC, LL5β_TBM, CENP-E_CC, GCC185_CC or ELKS2_CC3 with a concentration 765 

of 20 μM in the cell. All the protein samples were prepared in a buffer containing 50 mM Tris pH 766 

7.5 and 100 mM NaCl. The titration was processed by injecting 3 μl of sample in the syringe to the 767 

cell each time. An interval of 150 s between two injections was set to ensure the curve back to the 768 

baseline. The titration data were analyzed and fitted by a one-site binding model. 769 

 770 

Cell culture and transfection 771 

HeLa cells and HEK 293T were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 772 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin solution and 1% 773 

non-essential amino acids. The cells were cultured at 37 °C in an incubator with 5% CO2. 774 

Lipofectamine 3000 reagent (Thermo Fisher Scientific) was used for HeLa and HEK 293T cells 775 

transfection, and polyethylenimine linear (PEI) MW40000 (YEASEN) was used for HEK 293F 776 

cells transfection.  777 

 778 

Immunofluorescence and imaging 779 

Hela cells or HEK293T cells were transfected with constructs and transferred to glass coverslips 780 

(treat with 10 mg/ml fibronectin for 1 hour) after 24 hours. Cells grew on glass coverslips for 12h. 781 

For nocodazole treatment, 10 μM nocodazole was added into the culture medium for different 782 

durations. Cells were fixed with 4% PFA for 15 min at 37 °C or fixed with -20 °C methanol for 10 783 

min at room temperature. After washing with PBS, cells were treated with 0.1% Triton X-100 for 784 

10 min at room temperature, and blocked in 2% Bovine Serum Albumin for 30 min. The cells were 785 

stained by primary and secondary antibodies for 1 hour at room temperature. In the condensate 786 

attachment assay, the cells were first cultured on glass coverslips (treat with 10 mg/ml fibronectin 787 

for 1 hour) and were transfected after 12 hours. The cells were visualized with 100x objective using 788 



Nikon A1R and Zeiss LMS980 Confocal Microscopes. The methods used for image analysis were 789 

mentioned in corresponding figure legends. 790 

 791 

In vitro LLPS assay 792 

All stock proteins were centrifuged at ~20,000 g for 10 minutes at 4 °C to remove any precipitations 793 

and diluted to designed concentrations with a dilution buffer containing 50 mM Tris pH 7.5, 100 794 

mM NaCl, and 1 mM DTT. For protein fluorescence labeling, Cy3 or iFluor 405 NHS ester (AAT 795 

Bioquest) were mixed with the corresponding protein at 1:1 ratio in the PBS buffer. The mixture 796 

was incubated at room temperature for 1 hour. The reaction was quenched by adding 200 mM Tris 797 

pH 7.5. To remove the unlabeled fluorophores, the labeled proteins were exchanged into a buffer 798 

containing 50 mM Tris pH 7.5, 150 mM NaCl and 1mM DTT using a desalting column. 799 

Fluorescence labeling efficiency was measured by NanoDrop (Thermo Fisher). In fluorescent 800 

imaging experiments, fluorescently labeled proteins were mixed with the corresponding unlabeled 801 

proteins at 1:50 ratio. Fluorescent images were captured 15 min after the samples were added to a 802 

384-well glass bottom plate (Cellvis). The imaging was conducted using a Nikon A1R Confocal 803 

Microscope at room temperature. 804 

 805 

siRNA-knockdown 806 

ELKS1, LL5β, CLASP1, and CLASP2 were knocked down in HeLa cells by using siRNA with 807 

Lipofectamin 2000 reagent (Invitrogen). Cells were cultivated in 6-well plates prior to transfection. 808 

In each well, ELKS1 siRNA 74 (20 pmol), LL5β siRNA 75 (20 pmol), or CLASP1 (20 pmol) and 809 

CLASP2 (40 pmol) siRNAs 22, were used. For rescue experiments, cells were co-transfected with 1 810 

μg of DNA per well. Following transfection, fresh medium was replaced every 24 hours. After 60 811 

hours post-transfection, the cells were transferred to glass coverslips that had been treated with 10 812 

mg/ml fibronectin for 1 hour. The cells were then cultured for additional 12 hours before fixation. 813 

The excess cells were sampled with a loading buffer and subsequently used for Western blotting. 814 

 815 

Live-cell imaging 816 

HeLa cells were transferred to Nunc Glass Base Dish that had been treated with 10 mg/ml 817 

fibronectin for 1 hour. A Nikon A1R Confocal Microscope was used for live-cell imaging 818 

experiments. Cells were kept in a humidified condition of 5% CO2 in a 37 °C incubation chamber 819 

during the experiments.  820 

 821 

Superresolution imaging 822 

To analyze the spatial relationship between the ELKS1 condensate and MTs, Single-molecule 823 

localization microscopy (SMLM) was used to image Hela cells transfected with GFP-ELKS1 on 824 

the high-precision coverslips (no. 1.5H, CG15XH, Thorlabs). For dual-color staining, GFP-ELKS1 825 

proteins were labeled with anti-GFP nanobodies conjugated Alexa Fluor 647 (FluoTag-Q, N0301-826 

AF647-L, SYSY), and MTs were labeled with anti-β-tubulin (mouse, 1:600, T4026, Sigma) and 827 

secondary antibodies conjugated CF680 (anti-mouse, 1:250, 20817, Biotium). For SMLM imaging, 828 

samples were immersed in buffer containing 50 mM Tris-HCl (pH 8.0), 10 mM NaCl, 10% (w/v) 829 

glucose, 0.5 mg/ml glucose oxidase (G7141, Sigma), 40 μg/ml catalase (C100, Sigma) and 35 mM 830 



cysteamine. SMLM imaging was performed at room temperature on a custom-built microscope. 831 

During data acquisition, samples were excited with a 640-nm laser (~ 2 kW/cm2) and recorded 832 

100,000 frames with 20-ms exposure time and the z-focus stabilized by a customized focus lock 833 

system. 834 

 835 

The raw dual-color data were global fitted and analyzed with SMAP software as described 836 

previously 76. The global multi-channel experimental PSF model was generated based on the z 837 

stacks of beads (T7279, Invitrogen) on a coverslip. The color of single molecules was assigned by 838 

the ratio of the intensities in each channel. For sample drift, the x, y and z positions were corrected 839 

based on redundant cross-correlation algorithm. The localizations appearing in consecutive frames 840 

(within 35 nm) were regarded as a single molecule, and thus merged into one localization. To reject 841 

dim localizations and bad fits, localizations were filtered by x-y precision (0-20 nm), z precision (0-842 

45 nm), photon count (> 800) and relative log-likelihood (> -2.5). 843 

 844 

Co-immunoprecipitation 845 

Transfected HEK293T cells were lysed in an ice-cold lysis buffer containing 50 mM Tris pH 7.5, 846 

150 mM NaCl, 1% Triton X-100, 5% glycerol, 1 mM phenylmethylsulfonyl fluoride, and protease 847 

inhibitor cocktail (TargetMol) for 30 min at 4 °C and followed by a centrifugation at 12000 g for 848 

15 min at 4 °C. After centrifugation, the supernatants were incubated with GFP Nanoab Agarose 849 

beads for 1 hour at 4 °C. After washing four times in the lysis buffer, the samples were mixed with 850 

the loading buffer, then boiled for 10 min, and examined by western blotting. 851 

 852 

Western blotting 853 

The prepared samples were separated by 4-12% SDS-PAGE (GenScript, M41212C) and transferred 854 

to polyvinylidene fluoride membrane (Millipore, IPVH00010). The membranes were sequentially 855 

blocked with 3% BSA in TBST buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, and 0.1% 856 

Tween 20, immunoblotted with first antibodies, and probed with HRP-linked antibody secondary 857 

antibodies, and finally developed with a chemiluminescent substrate (BioRad, 107-5061). After 858 

each step, the membranes were washed three times with TBST buffer. Protein bands were visualized 859 

on the Tanon-6011C Chemiluminescent Imaging System (Tanon Science and Technology). 860 

 861 

Calculation of MT orientation 862 

The initial step involves segmenting the entire single-cell image into four Regions of Interest (ROIs). 863 

These ROI images were then subjected to two-dimensional Fourier transform to extract their 864 

frequency content. Subsequently, an elliptic feature analysis was conducted to quantitatively 865 

evaluate the MT distribution. The anisotropic property of the microtubule fibers is characterized by 866 

calculating the ratio of the major axis to the minor axis of the resulting ellipse. The MATLAB 867 

software was used for calculation, and the corresponding codes were uploaded to the GitHub 868 

website (https://github.com/GuoSiqi350/2D-FT-Elliptic-Feature-Analysis.git). 869 

 870 

Statistics and data reproducibility 871 

https://github.com/GuoSiqi350/2D-FT-Elliptic-Feature-Analysis.git


Image pro plus software and NIS-Elements A1R Analysis software were used to analyzed captured 872 

images or movies. Significance was analyzed using an unpaired, two-tailed Student’s t test model. 873 

All the statistical analysis was performed and exported to figures using GraphPad Prism 8.0 and 874 

Origin 2019. 875 

 876 

  877 



Figures 878 

 879 

Figure 1. Biochemical and structural characterization of TOG4-binding motifs. 880 

a, Domain organization of CLASP proteins, highlighting the regions responsible for interactions 881 

with various binding partners, essential for their cellular targeting.  882 

b, Overall structure of the TOG4 domain in CLASP2, consisting of 11 α-helixes.  883 

c, Structure alignment of the four TOG domains in CLASP2, showing the overall folding similarity. 884 

The PDB codes of the TOG1, TOG2, and TOG3 structures are 5NR4, 3WOY, and 3WOZ, 885 

respectively. 886 

d-i, Structural analyses of the interactions between the TOG4 domain and its binding fragments in 887 

CLIP170 (d,e), LL5β (f,g), and CENP-E (h,i). Overall structures of these complexes are presented 888 

in d, f, and h, with detailed interface interactions shown in e, g, and i. Salt bridges and hydrogen 889 

bonds are indicated by dashed lines.  890 



j, ITC-based analysis showing the similar interaction mode for TOG4-mediated interactions. 891 

Corresponding titration curves are listed in Extended Data Fig. 3. 892 

k, Sequence alignment of the TOG4-binding motifs (TBMs) in human CLIP170, LL5α, LL5β, 893 

GCC185 and CENP-E, highlighting the consensus sequence for TOG4 binding. Residues involved 894 

in TOG4 binding, as revealed by the structural analyses in e, g, and i, are shown in bold. 895 

l, Domain organizations of CLIP170, LL5β, CENP-E, and GCC185 showing their TBM locations 896 

in coiled coils. The coiled-coil regions are colored in white while other domains are colored in grey. 897 

  898 



 899 

Figure 2. The LLPSs of ELKS1 and CLIP170 facilitate CLASP2 and MT targeting. 900 

a, Schematic model showing the involvement of CLASP2 in two complexes at the MT plus end and 901 

FA vicinity for cortical MT targeting.  902 

b, Overall structure of the ELKS2_CC3/LL5β_EBM complex.  903 

c, Molecular details of the interface between ELKS2_CC3 and LL5β_EBM. R290 in ELKS2, 904 

corresponding to R294 in ELKS1, forms salt bridges and hydrogen bonds with LL5β_EBM, as 905 

indicated by dashed lines.  906 

d, Cell imaging analysis showing the critical role of R294 for the recruitment of endogenous LL5β 907 

into the ELKS1 condensate. HeLa cells were transfected with mCherry-tagged ELKS1 or its R294E 908 

mutant. Cells were fixed and stained with anti-LL5β antibody.  909 



e, Cellular analysis of CLASP2 accumulation at the FA vicinity. HeLa cells were co-transfected 910 

with GFP-tagged CLASP2α with mCherry-tagged ELKS1 or its mutants. Cells were treated with 911 

10 μM nocodazole for 2 hours before fixation. FAs were stained by anti-Paxillin antibody. The 912 

CLASP2 distribution at the FA vicinity is further indicated by arrowheads in line analysis. 913 

f, Quantification of the percentage of FAs with CLASP2α clusters at their vicinity as shown in e. 914 

The paxillin-stained FAs (> 0.3 μm2) were selected for statistics. Data are mean ± s.d. (n = 30 cells). 915 

g, In vitro co-phase separation of mCherry-ELKS1 and Cy5-labeled LL5β_2BM. The protein 916 

concentration used in this assay was 5 μM for both ELKS1 and LL5β fragments. 917 

h, In vitro co-phase separation of mCherry-ELKS1, LL5β_2BM, and 405-labeled CLASP2_TOG4 918 

or its TBM-binding deficient mutant. The protein concentration used in this assay was 10 μM for 919 

all proteins. 920 

i, A schematic model illustrating the cortical ELKS1/LL5β co-condensate recruiting CLASP2 via 921 

LLPS. 922 

j, Cell imaging of cortical MT targeting in nocodazole-treated cells. HeLa cells were transfected 923 

with mCherry, mCherry-tagged ELKS1, or its mutants. After being treated with 10 μM nocodazole 924 

for 2 hours, transfected cells were washed three times and cultured in the fresh medium for 50 mins. 925 

MTs were stained by anti-β-tubulin antibody. Cell edges and MT reaching boundaries are indicated 926 

by red and green dashed lines. ELKS1 puncta at MT tips are indicated by arrowheads in zoom-in 927 

views. 928 

k, Quantification of the proportion of MT reaching area to the total cell area as shown in j. Data are 929 

mean ± s.d. (n=30 cells) 930 

l, Cell imaging of ELKS1 condensates at the FA vicinity. Transfected cells were treated using the 931 

same procedure as in a. FAs were stained by anti-paxillin antibody.  932 

m, In vitro co-phase separation of mCherry-CLIP170 and 405-labeled TOG4 or its TBM-binding 933 

deficient mutant.  934 

n, A schematic model illustrating the multiphase system in MT targeting, involving the ELKS1 and 935 

CLIP170 condensates.  936 

 937 

  938 



 939 

Figure 3. Competitive binding to CLASP2 in the condensed phase mediates condensate 940 

attachment.  941 

a, Kymographic analysis of attachment between the ELKS1 and CLIP170 condensates. 942 

Kymographs were generated using NIS-Elements A1R Analysis software. The magenta lines 943 

indicate the contact duration between the two types of droplets. The upper limit of recording time 944 

was set to 20 mins. Two snapshots indicated by arrowheads in each kymography are shown aside. 945 

See also Extended Data Movie 1. 946 

b, Quantification of the contact duration between the ELKS1 and CLIP170 droplets as indicated in 947 

a. Data are mean ± s.d. (n = 40 droplet contacts from 10 movies). 948 

c, Schematic models of condensate interactions mediated by CLASP2α. Competitive binding to 949 

CLASP2α leads to condensate attachment, while introducing uncompetitive binding to 950 

CLASP2α+PDZ results in co-condensate formation.  951 

d, Cellular analysis of the effect of competitive binding on condensate interactions. The designed 952 

interactions and outcomes are illustrated in the corresponding left and right diagrams, respectively.  953 

e, Droplet contact analysis of the ELKS1 condensate with varying CLASP2 levels. To alter the 954 

CLASP2 level in the ELKS1 condensate, the plasmid ratios of CLIP170, CLASP2α, and ELKS1 955 

transfected into cells were set as 1:1:1, 1:2:1, and 1:3:1.  956 



f, Scatterplot of the contact levels of CLIP170 droplets on ELKS1 droplets with different CLASP2 957 

levels. The corresponding contact levels at different CLASP2 levels in the ELKS1 condensate were 958 

calculated from a total of 68 droplet contacts.  959 

g, Scatterplot of the contact duration between the ELKS1 and CLIP170 droplets with different 960 

CLASP2 levels in the ELKS1 condensate. A total of 65 droplet contacts from 20 movies were 961 

recorded. See also Extended Data Fig. 9g for examples. 962 

  963 



 964 

Figure 4. Phosphorylation of CLASP2 regulates condensate attachment for cortical MT 965 

organization. 966 

a, Distribution of ELKS1 condensates along MTs. Cellular regions with less dense of MTs were 967 

chosen for imaging.  968 

b, Kymographic analysis showing the MT plus end with the CLIP170 condensate passing through 969 

multiple ELKS1 condensates. Three snapshots indicated by arrowheads in the kymography are 970 

shown aside. See also Extended Data Movie 3.  971 

c, Schematic diagrams illustrating the quantitative evaluation of MT distribution patterns by 972 

applying 2D Fourier transformation.  973 

d, Cellular analysis of cortical MT organization regulated by CLASP2. Cells were fixed with 974 

methanol at -20 °C. 2D Fourier transform was applied to MT patterns of different samples, and 975 

corresponding results were shown at the bottom.  976 



e, Quantification of the ratio of the major axis to the minor axis for the ellipses in the frequency 977 

domain as shown in the bottom panels in d. Four regions near the cell edge in each cell were selected 978 

as the ROIs. Data are mean ± s.d. (n = 20 cells). 979 

f, Schematic diagrams illustrating the phosphomimetic mutation (8S/D) in CLASP2α.  980 

g, Cell imaging of the accumulation of CLASP2α in the ELKS1 condensate in cells. The ROIs 981 

containing the cortical ELKS1 condensate are indicated by dashed circles. 982 

h, Quantification of the GFP signal of CLASP2α in the ROI as shown in g. Three ROIs containing 983 

the cortical ELKS1 condensate were randomly selected for each cell. The GFP signal was 984 

normalized to background fluorescence intensity. Data are mean ± s.d. (n = 20 cells). 985 

i, Kymographic analysis of the weakened attachment between the ELKS1 and CLIP170 condensates 986 

in cells overexpressing CLASP2α mutants. See also movie S4. 987 

j, Quantification of the contact duration between the ELKS1 and CLIP170 droplets as indicated in 988 

i. Data are mean ± s.d. (n = 40 droplet contacts from 10 movies). 989 

k, A schematic model illustrating cortical MT organization mediated by CLASP2. The different 990 

levels of CLASP2 in the condensed phase, which are regulated by GSK3β-dependent 991 

phosphorylation, determine the two different modes of condensate attachment for MT anchoring 992 

and navigation.  993 

  994 



 995 

Figure 5. CLASP2 mediates condensate attachment in other TBM-containing proteins.  996 

a, Sequence alignment of TBM-containing proteins in the human genome. To identify more TBM-997 

containing proteins in silico, a motif search was performed in the Scansite website 998 

(https://scansite4.mit.edu/) with the consensus sequence pattern of TBM (Fig. 1M). The helical 999 

conformation of the potential TBMs in candidate proteins was checked using AlphaFold2-based 1000 

predictions (https://www.alphafold.ebi.ac.uk). The newly identified TBM-containing proteins are 1001 

boxed.  1002 

b and c, Co-immunoprecipitation assays showing the TOG4-mediated interaction between 1003 

CLASP2α and JAKMIP1 (b) or CENP-J (c).  1004 

https://scansite4.mit.edu/
https://www.alphafold.ebi.ac.uk/


d and e, ITC-based analyses of the interaction between CLASP2_TOG4 and TBM-containing 1005 

fragments in JAKMIP1 (d) or CENP-J (e). The boundaries used are residues 549 – 627 for 1006 

JAKMIP1 and residues 571 – 589 for CENP-J. 1007 

f-i, Three-dimensional reconstruction (f, h) and quantification analysis (g, i) of attachment between 1008 

the CLIP170 and JAKMIP1 (f, g) or BFP-CENP-J (h, i) condensates. Competitive binding to 1009 

CLASP2 is required for the condensate interactions, as the L1467E mutation in CLASP2α abolished 1010 

condensate attachment. Images were captured every 0.2 μm on the Z-axis, and the number of images 1011 

depended on the distribution of condensates along the Z-axis. The 3D pictures for each cell were 1012 

generated using NIS-Elements A1R Analysis software. Data are mean ± s.d. (n = 20 cells).  1013 

j, A schematic model illustrating TBM-containing proteins in MT organization in various cellular 1014 

compartments. CLASP2 promotes condensate attachment by mediating mesoscale protein-protein 1015 

interactions in the condensed phase. 1016 

  1017 



Extended Data Figures 1018 

 1019 

Extended Data Figure 1. Mapping and analysis of the TOG4-binding regions in CLIP170 and 1020 

LL5β. 1021 

a, Domain organizations of CLIP170, indicating the fragments used in this study to identify minimal 1022 

CLASP-binding sites. 1023 

b and c, Biochemical analyses of the interaction between CLIP170 and CLASP2_TOG4 with 1024 

different boundaries using aSEC (a) and ITC (b).  1025 

d, Domain organizations of LL5β, indicating the fragments used in this study to identify minimal 1026 

CLASP-binding sites. 1027 

e and f, Biochemical analyses of the interaction between LL5β and CLASP2_TOG4 with different 1028 

boundaries using aSEC (e) and ITC (f).  1029 



 1030 

Extended Data Figure 2. Structural and biochemical characterization of the TOG4/TBM 1031 

interaction. 1032 

a, Structural alignment of N-lobe and the C-lobe in TOG domains of CLASP. The PDB codes of 1033 

the TOG1, TOG2, and TOG3 structures are indicated in parentheses. 1034 

b, Amino acid sequence alignments of the TOG4 domains from CLASPs across different species. 1035 

The prefixes ‘h’, ‘m’, ‘c’, ‘x’, ‘z’, ‘d’, and ‘a’ represent human, mouse, chicken, xenopus, zebrafish, 1036 

Drosophila, and Arabidopsis. CLS-1, 2, and 3 are three CLASP homologs in C. elegans. The 1037 

alignment was performed using the ESPript website (https://espript.ibcp.fr/ESPript/ESPript/). 1038 

c, 2Fo-Fc composite omit maps for the TBM fragments of CLIP170, LL5β, and CENP-E with 1039 

corresponding atomic models superimposed.  1040 

d, Amino acid sequence alignments of the TBM sequences in CLIPs (CLIP170 and CLIP115), LL5s 1041 

(LL5β and LL5α), CENP-E, and GCC185. Residues involved in the interaction with 1042 

CLASP2_TOG4 are indicated by triangles. 1043 
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 1045 

Extended Data Figure 3. ITC-based analyses of the interactions between CLASP2_TOG4 and 1046 

TBM-containing proteins. 1047 

 1048 
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 1050 

Extended Data Figure 4. The TOG4-mediated interactions and their role in cellular targeting 1051 

of CLASP2. 1052 

a, Surface conservation analysis of the TOG4 domain. The TBM-binding groove is indicated by a 1053 

dashed circle.  1054 

b, Structural alignment of the TOG4 structures in complex with the fragments of CLIP170, LL5β, 1055 

and CENP-E. The structures were aligned based on the C-lobe of TOG4. As the crystal structures 1056 

of TOG4 in complex with native and Se-Met derivative CLIP170_CC have different crystal forms, 1057 

they were both used for the analysis. Molecular details of aligned interfaces between TOG4 and 1058 

TBMs are shown as an enlarged view. Remarkably, L1467 and R1435 in the TBM-binding groove 1059 

interact with the two conserved F and E residues in the TBMs, respectively. These two conserved 1060 

residues are marked in a. 1061 



 1062 

c, ITC-based analysis of the abolished binding of TBMs to the L1467E and R1435E mutants of 1063 

TOG4.  1064 

d and e, Cell imaging depicting TOG4-mediated localization of CLASP2 in cortical MTs (d) and 1065 

FAs (e). HeLa cells were transfected with GFP-tagged CLASP2α or its mutants. To enhance 1066 

CLASP2 localization at the FA vicinity, cells were pre-treated with 10 μM nocodazole for 2 hours 1067 

before fixation. FAs were stained by anti-paxillin antibody. The CLASP2 distribution at the FA 1068 

vicinity is further indicated by arrowheads in line analysis. 1069 

f and g, Quantitative analyses of CLASP2 localization at the MT tip (f) and FA vicinity (g). 1070 

Pearson’s correlation coefficient of CLASP2α and tubulin signals as shown in C was calculated for 1071 

40 regions of interest (ROIs) from 20 cells. The percentage of FAs with CLASP2α clusters in their 1072 

vicinity, as shown in e, was calculated. The paxillin-stained FAs (> 0.3 μm2) were selected for 1073 

statistics. Data are mean ± s.d. (n= 30 cells). 1074 

 1075 
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 1077 

Extended Data Figure 5. TBM-containing proteins compete for the binding to the TOG4 1078 

domain of CLASP2. 1079 

aSEC-based analysis showed that CLIP170 compete with LL5β (a), GCC185 (b), and CENP-E (c) 1080 

for CLASP2_TOG4 binding in solution. 1081 
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 1083 

Extended Data Figure 6. Biochemical and structural analyses of the interaction between 1084 

ELKS2 and LL5β. 1085 

a, Domain organizations of LL5β and ELKS proteins, showing fragments of LL5β and ELKS2 used 1086 

in this study for mapping minimal interacting regions.  1087 

b and c, The interactions between ELKS2 and LL5β with different boundaries were analyzed by 1088 

using aSEC (b) and ITC (c).  1089 

d, aSEC-based analysis of a tripartite complex formation of LL5β with CLASP2 and ELKS2.  1090 

e, Molecular details of the interface between ELKS2_CC3 and LL5β_EBM. Salt bridges and 1091 

hydrogen bonds are indicated by dashed lines. 1092 

f, ITC-based analysis of the interaction between ELKS2_CC3 R290E mutant and LL5β_EBM.  1093 

g, aSEC-based analysis of the interaction between the CC3 fragment of ELKS variants and 1094 

LL5β_EBM.  1095 
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 1097 

Extended Data Figure 7. ELKS1 recruits LL5β into its condensates. 1098 

a, In vitro phase separation of purified mCherry-tagged ELKS1 with or without Cy5-labeled 1099 

LL5β_2BM.   1100 

b, Cell imaging of cellular condensate formation of endogenous or overexpressed ELKS1 and its 1101 

variants. 1102 

c, Cell imaging of the ELKS1 condensate in recruiting LL5β and CLASP2. The accumulation levels 1103 

of LL5β and CLASP2 in the ELKS1 condensate are indicated by line analysis. 1104 

d, Quantification of the relative fluorescence intensity (RFI) of CLASP2α in the ELKS1 condensate 1105 

as indicated in c. The RFI was normalized to background fluorescence intensity. Data are mean ± 1106 

s.d. (n = 100 condensates from 20 cells). 1107 

e, In vitro co-phase separation of mCherry-ELKS1 ΔIDR/+P3N and Cy5-LL5β_2BM or its ELSK-1108 

binding deficient mutant. The protein concentration used in this assay was 5 μM for both ELKS1 1109 

and LL5β fragments. 1110 
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1112 

Extended Data Figure 8. The CLIP condensate in targeting CLASP2 and MTs. 1113 

a, Cell imaging of CLASP2 in colocalization with its binding proteins at the FA vicinity. The 1114 

colocalization of CLASP2 with CLIP170 and with LL5β and ELKS1 is further indicated by line 1115 

analyses. 1116 

b, Cell imaging of colocalization of CLIP170 and CLASP2α. Line analysis results of ELKS1 1117 

condensates are shown aside. 1118 

c, Cell imaging showing CLIP170 condensates on MTs. Line analysis result of a CLIP170 1119 

condensate wrapping around a MT is shown aside. 1120 

d, In vitro phase separation of purified mCherry-tagged CLIP170 and its mutant. 1121 

e, Cell imaging showing the spatial relationship between the ELKS1 and CLIP170 condensates at 1122 

the cell cortex. The non-overlapping positions of the two types of condensates were indicated by 1123 

line analysis. 1124 

f, Cell imaging of cortical MT organization in HeLa cells overexpressing CLIP170 and its mutant.  1125 

g, Quantification of the number of MTs reaching the cell edge as indicated in f. The regions within 1126 

5 μm from the cell edge for 20 cells was used for calculation. Data are mean ± s.d. (n = 20 cells). 1127 

 1128 
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1130 

Extended Data Figure 9. Competitive binding to CLASP2α mediates the attachment of the 1131 

ELKS1 and CLIP170 condensates in cells. 1132 

a, Three-dimensional reconstruction of the ELKS1 and CLIP170 condensates in HeLa cells with or 1133 

without overexpression of CLASP2α.  1134 

b, Cell imaging of ELKS1 and its mutants in HeLa cells co-transfected with CLASP2α+PDZ. Line 1135 

analysis results of ELKS1 condensates were shown aside. 1136 

c, A cartoon model of mesoscale protein-protein interactions in the attached interface between the 1137 

ELKS1 and CLIP170 condensates. The multiple TOG4-binding sites on the surface of condensates 1138 

allow competitive binding mediated by CLASP2 to facilitate the association between two 1139 

condensates.  1140 

d, Cell imaging showing the altered distribution of the ELKS1 condensate by overexpressing 1141 

CLASP2α+PDZ. ELKS1 puncta distal to the cell edge are indicated by arrowheads. 1142 

e, Quantification of the distance of CLASP2α cluster to the cell edge as indicated in d. Data are 1143 

mean ± s.d. (n = 471 and 480 clusters). 20 cells for each condition. 1144 

f, Quantification of cell areas from selected cells in e. Data are mean ± s.d. (n = 20 cells). 1145 

g, Example snapshots in movies showing the CLASP2-mediated condensate attachment. Line 1146 

analysis results were performed to indicate CLASP2 levels in condensates. 1147 
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 1149 

Extended Data Figure 10. Cellular distribution of the ELKS1 condensate. 1150 

a, Cellular localization of ELKS1 condensates. FAs were stained by anti-paxillin antibody.  1151 

b, The distribution of ELKS1 condensates in each cell. 20 cells with low expression of mCherry-1152 

ELKS1 were selected for analysis.  1153 

c, Superresolution microscopic analysis of the spatial relationship of the ELKS1 condensate and 1154 

MTs in HeLa cells.  1155 
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 1157 

Extended Data Figure 11. Disruption of cortical MT organization by depleting ELKS1, LL5β, 1158 

or CLASPs. 1159 

a, Validation of knock-down efficiency of ELKS1 and LL5β by western blot.  1160 

b, Cellular analysis of cortical MT organization of HeLa cells with ELKS1 or LL5β knock-down. 1161 

Cells were fixed with -20 ℃ methanol. MT was stained by anti-β tubulin antibody.  1162 

c, Quantification of the ratio of the major axis to the minor axis for the ellipses as shown in the 1163 

bottom panels of b. Four regions near the cell edge for each cell were chosen as the ROIs, as shown 1164 

in the enlarged sections in b. Data are mean ± s.d. (n = 20 cells). 1165 

d, Validation of CLASP1 and CLASP2 double knock-down efficiency by western blot. 1166 
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 1168 

Extended Data Figure 12. Cellular analyses of the charge impact on CLASP2 accumulation 1169 

in different condensates. 1170 

a, Cell imaging of the accumulation of CLASP2α in the ELKS1 condensate in cells with the high 1171 

expression level of CLASP2α. Line analysis was performed to indicate the change of CLASP2α 1172 

levels in the ELKS1 condensate. 1173 

b, Quantification of the RFI of CLASP2α in the ELKS1 condensate as shown in a. The RFI was 1174 

normalized to background fluorescence intensity. Data are mean ± s.d. (n = 100 condensates from 1175 

20 cells).  1176 

c, Cell imaging of the accumulation of CLASP2α or its 8S/D mutant in the CLIP170 condensate in 1177 

cells with high overexpression levels.  1178 

d, Quantification of the RFI of CLASP2α in the CLIP170 condensate as shown in c. The RFI was 1179 

normalized to background fluorescence intensity. Data are mean ± s.d. (n=100 condensates from 20 1180 

cells).  1181 



e, Cell imaging of the accumulation of CLASP2α or its 8S/D mutant in the CLIP170 condensate in 1182 

cells with low overexpression levels. The majority of CLIP170 condensates localized at the MT 1183 

plus end. 1184 

f, Quantification of the RFI of CLASP2α in the ELKS1 condensate in cells that co-expressed GFP-1185 

CLASP2α and mCherry-ELKS1. The cells with relatively low overexpression levels were selected 1186 

for statistics. Each cell was divided into three regions from the edge to the interior, as shown in the 1187 

diagram. The RFI was normalized to background fluorescence intensity. Data are mean ± s.d. (n = 1188 

345, 267, and 197 condensates at the regions 1, 2, and 3, respectively). 1189 
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 1191 

Extended Data Figure 13. Condensate formation and attachment observed in other TBM-1192 

containing proteins.  1193 

a, Condensate formation in HeLa cells overexpressing indicated TBM-containing proteins.  1194 

b-d, Three-dimensional reconstruction (b) and quantification analysis (c, d) of attachment between 1195 

the CLIP170 and JAKMIP1 or CENP-J condensates in cells co-transfected with CLASP2α8S/D. 1196 

Images were captured every 0.2 μm on the Z-axis, and the number of images depended on the 1197 

distribution of condensates along the Z-axis. The 3D pictures were generated using NIS-Elements 1198 

A1R Analysis software. Data are mean ± s.d. (n = 20 cells).  1199 

e-h, Cell imaging (e, g) and quantification analysis (f, h) of the accumulation of CLASP2α8S/D in 1200 

JAKMIP1 (e, f) or CENP-J (g, h) condensates. The RFI was normalized to background fluorescence 1201 

intensity. Data are mean ± s.d. (n = 50 condensates from 10 cells). 1202 
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1204 

Extended Data Figure 14. Phylogenetic tree for CLASP orthologs.  1205 

Protein sequences were obtained from Uniprot (https://www.uniprot.org) with entry ID of O75122 1206 

(human), A0A3Q2U2T5 (chicken), A0A670ZBI2 (snake), F1R253 (fish), A1A5G0 (frog), S4REZ4 1207 

(lamprey), A0A8B7ZTB8 (starfish), A0A7E6FF05 (octopus), A0A2A3E996 (bee), T1FWN6 1208 

(leech), A0A5K4EUM0 (blood fluke), T2MBA6 (hydra), Q95YF0 (roundworm), A0A1X7V8T9 1209 

(sponge), Q8RWY6 (mouse-ear cress), A0A2K1K7V5 (moss), C1MNP8 (green alga), and P38198 1210 

(yeast). The tree was generated based on aligned amino acid sequences using the neighbor-joining 1211 

method in the MEGA7 software.  1212 
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Extended Data Table 1. X-ray data collection and refinement statistics. 1214 

Data collection 

TOG4/CLIP170_CC Se 

(PDB id: 8WHH) 

TOG4/CLIP170_CC native 

(PDB id: 8WHI) 

TOG4/LL5β_TBM fusion 

(PDB id: 8WHJ) 

 Space group P 212121 P 212121 P 41 

 Cell dimensions 
   

  a, b, c (Å) 86.115, 100.826, 226.065 52.624, 85.545, 114.195 51.132, 51.132, 97.935 

  α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 

 Resolution (Å) 50–3.8 (3.87-3.8) 50–1.85 (1.88-1.85) 50–1.4 (1.42-1.4) 

  Rmerge
a 0.128 (1.212) 0.107 (1.686) 0.064 (0.822) 

  I/σI 14.6 (1.3) 18.1 (1.2) 41.9 (2.9) 

  CC1/2
b 0.994 (0.838) 0.997 (0.576) 1.003 (0.890) 

 Completeness (%) 100 (100) 99.9 (100) 99.8 (99.8) 

 Redundancy 7.8 (8.0) 7.0 (6.8) 11.7 (9.7) 

Refinement       

 Resolution (Å) 50–3.8 (3.9-3.8) 50–1.85 (1.9-1.85) 50–1.4 (1.44-1.4) 

 No. reflections 37252 (2882) 44369 (2974) 49212 (3444) 

 Rwork / Rfreec 0.217 (0.315) / 0.266 (0.342) 0.191 (0.3) / 0.237 (0.382) 0.129 (0.165) / 0.174 (0.247) 

 No. atoms 
   

  Protein 10075 3511 1998 

  Ligand/ion 0 19 8 

  Water 0 260 300 

 Mean B (Å) 
   

  Protein 175 44.8 20.4 

  Ligand/ion - 64.6 38.3 

  Water - 46.6 33.6 

 r.m.s. deviations    
  Bond lengths (Å) 0.004 0.01 0.008 

  Bond angles (°) 0.82 1.1 1.2 

 Ramachandran analysis 
   

  Favored region (%) 99.84 99.31 99.6 

  Allowed region (%) 0.16 0.69 0.4 

  Outliers (%) 0 0 0 

Continued on next page. 1215 
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Data collection 

TOG4/LL5β_CC 

(PDB id: 8WHK) 

TOG4/CENP-E_CC 

(PDB id: 8WHL) 

LL5β_EBM/ELKS2_CC3 

(PDB id: 8WHM) 

 Space group P 22121 P 61 C 2221 

 Cell dimensions 
   

  a, b, c (Å) 44.434, 69.294, 134.451 106.221, 106.221, 327.051 57.743, 90.716, 59.063 

  α, β, γ (°) 90, 90, 90 90, 90, 120 90, 90, 90 

 Resolution (Å) 50–2.4 (2.44-2.4) 50–3.2 (3.26-3.2) 50–2.3 (2.38-2.3) 

  Rmerge
a 0.065 (1.099) 0.080 (0.847) 0.164 (0.415) 

  I/σI 35.8 (2.3) 14.8 (2.0) 9.1 (3.5) 

  CC1/2
b 0.999 (0.821) 0.991 (0.545) 0.995 (0.834) 

 Completeness (%) 99.8 (98.7) 99.9 (99.9) 99.2 (99.0) 

 Redundancy 11.2 (10.0) 6.3 (6.3) 4.6 (5.8) 

Refinement       

 Resolution (Å) 50–2.4 (2.55-2.4) 50–3.2 (3.29-3.2) 50–2.3 (2.9-2.3) 

 No. reflections 16702 (2620) 34200 (2847) 7108 (3503) 

 Rwork / Rfreec 0.206 (0.285) / 0.243 (0.344) 0.246 (0.315) / 0.278 (0.333) 0.257 (0.302) / 0.282 (0.326) 

 No. atoms 
   

  Protein 2210 8740 1058 

  Ligand/ion 1 15 0 

  Water 33 0 21 

 Mean B (Å) 
   

  Protein 79.3 121 41.1 

  Ligand/ion 59.1 112 - 

  Water 67.3 - 30.6 

 r.m.s. deviations 
   

  Bond lengths (Å) 0.002 0.002 0.001 

  Bond angles (°) 0.62 0.48 0.29 

 Ramachandran analysis 
   

  Favored region (%) 99.26 99.36 100 

  Allowed region (%) 0.74 0.64 0 

  Outliers (%) 0 0 0 

The numbers in parentheses represent values for the highest 

resolution shell. 
  

aRmerge = ∑|Ii - Im|/∑Ii, where Ii is the intensity of the measured reflection and Im is the mean intensity of all symmetry related 

reflections. 

bCC1/2 is the correlation coefficient of the half datasets.  
  

cRwork = Σ||Fobs| - |Fcalc||/Σ|Fobs|, where Fobs and Fcalc are observed and calculated structure 

factors. 
 

 Rfree = ΣT||Fobs| - |Fcalc||/ΣT|Fobs|, where T is a test data set of about 4-5% of the total reflections randomly chosen and set aside 

prior to refinement. 
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Extended Data Movie 1. Live cell imaging of protein condensates in HeLa cells co-transfected 1219 

with indicated constructs.  1220 

One image was taken every 20 seconds for 20 minutes. All scale bars are 1 μm.  1221 

 1222 

Extended Data Movie 2. Live cell imaging of dynamic distribution of ELKS1 condensates and 1223 

accumulated CLASP2α in the leading edge of a HeLa cell.  1224 

ELKS1 condensates with accumulated CLASP2α that remained visible during the recording are 1225 

highlighted with white circles, while ELKS1 condensates that intermittently appeared and 1226 

disappeared alone with the advancing leading edge were indicated by blue circles. One image was 1227 

taken every minute for 2.5 hours. The scale bar is 10 μm. 1228 

 1229 

Extended Data Movie 3. Live cell imaging showing the MT plus end moving across multiple 1230 

ELKS1 condensates.  1231 

The MT plus end was indicated by CLIP170. One image was taken every 2 seconds for 1.5 minutes. 1232 

The scale bar is 10 μm.  1233 

 1234 

Extended Data Movie 4. Live cell imaging showing the disrupted condensate attachment by 1235 

the 8S/D or +8D mutations in CLASP2α.  1236 

One image was taken every 20 seconds for 20 minutes. All scale bars are 1 μm. 1237 

 1238 
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