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Short-distance vesicle transport within a cellular compartment by phase separation
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SUMMARY

In addition to long-distance molecular motor-mediated transport, cellular vesicles also need to be moved at
short distances with defined directions to meet functional needs in subcellular compartments but with un-
known mechanisms. Such short-distance vesicle transport does not involve molecular motors. Here, we
demonstrate, using synaptic vesicle (SV) transport as a paradigm, that phase separation of synaptic proteins
with vesicles can facilitate regulated, directional vesicle transport between different presynaptic bouton sub-
compartments. Specifically, a large coiled-coil scaffold protein Piccolo, in response to Ca®* and via its C2A
domain-mediated Ca?* sensing, can extract SVs from the synapsin-clustered reserve pool condensate and
deposit the extracted SVs onto the surface of the active zone protein condensate. We further show that the
Trk-fused gene, TFG, also participates in COPII vesicle trafficking from ER to the ER-Golgi intermediate
compartment via phase separation. Thus, phase separation may play a general role in short-distance, direc-
tional vesicle transport in cells.

INTRODUCTION the neurotransmitter release sites again with a distance of

several hundred nanometers and in precisely timed inter-

Essentially, all vesicular trafficking processes involve directional
movements of membranous vesicles with the required velocities
to cope with different cellular needs.'> Compared with biomole-
cules or their complexes, cellular vesicles are very large and
heavy and thus diffuse extremely slowly in crowded cellular
milieu.®* Accordingly, directional, long-distance movements of
vesicles between different cellular compartments always involve
cytoskeletal-based molecular motors.>”

Cellular vesicles also need to be transported locally with short
distances. For example, distinct vesicles rapidly move both an-
terogradely and retrogradely along the flattened Golgi cisternae
stacks with distances of a few hundred nanometers.®° At the
axon terminal boutons of nerve cells, synaptic vesicles (SVs) un-
dergo rapid and repeated movements from vesicle reservoirs to

vals.'"® In contrast to the long-distance vesicle transport,
very little is known regarding how local directional vesicle move-
ments are achieved in cells. Such local, short-distance vesicle
transports are not known to involve molecular motors. Random
diffusion cannot account for such local but directional vesicle
transports as random diffusion lacks directionality. Thus, certain
process(es) must exist to actively facilitate the short-distance
transportation of vesicles in local cellular compartments.

After long-distance, motor-mediated transport to each axonal
terminal bouton,'*'® mature SVs are organized into three sub-
compartments, corresponding to three distinct functional
pools'®'°: the reserve pool, which accounts for >80% of total
SVs and is clustered at the presynaptic membrane-distal region;
the readily releasable pool (RRP), which makes up <5% of total
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SVs and is attached to the active zone right beneath the presyn-
aptic plasma membranes; and the recycling/shuttling pool,
which is a rather imaginary population of SVs shuttling between
the reserve pool and RRP. Upon synaptic activation, SVs from
the reserve pool can be rapidly and repeatedly transported
to the active zone to replenish released SVs. Such activity-
induced SV transport does not involve molecular motors®® as
EM studies showed that the ~200-300 nm space between the
active zone attached plasma membrane and the reserve pool
SV is devoid of actin filaments or microtubules.”'***

Recent studies have shown that a set of presynaptic scaffold
proteins or their complexes can form distinct condensed mem-
braneless organelles via phase separation.”®? These presyn-
aptic membraneless organelles interact with membranous SVs,
each with a unique mode. For example, the synapsin and inter-
sectin (ITSN) condensate can cluster SVs by coacervating with
SVs.?® SVs instead coat the surface of the active zone conden-
sate formed by RIM, RIMBP, and ELKS.?®?° Thus, these distinct
presynaptic protein condensates could function to organize SVs
into different pools and thereby define biochemically same SVs
with distinct functions.**** How SVs are transported from the
reserve pool to RRP is currently unknown.

Piccolo (Pclo) and Bassoon are vertebrate-specific giant scaf-
fold proteins (Pclo > 500 kDa; Bassoon > 400 kDa) capable of
linking the active zone with the synapsin condensate (Fig-
ure S1A).%°7%8 Ablations of Pclo and Bassoon lead to a significant
reduction of total SVs, with both active-zone-docked and total
recycling-pool SVs impaired.®?~*° By contrast, knockout of syn-
apsin only impairs the reserve pool but not the docked SVs.***°
Knockout of RIM, RIMBP, and ELKS only affects RRP SVs
without changing the reserve pool SVs.*®*” The simultaneous
impacts on multiple pools of SVs upon genetic manipulations
of Pclo and/or Bassoon hint that these two scaffold proteins
may coordinate the communications between different pools
of SVs in presynaptic boutons.

Here, we discover that Pclo, in response to Ca®* and via phase
separation with SVs, can extract SVs from the synapsin-clus-
tered condensate. Remarkably, Pclo can deliver the extracted
SVs to the surface of the active zone condensate in a Ca®*-
dependent manner. Thus, Pclo can facilitate the transport of
SVs from the reserve pool to the active zone via Ca*-regulated
phase separation of presynaptic scaffold proteins. We also pro-
vide evidence that short-distance trafficking of secretory vesi-
cles in cells is also regulated by protein phase separation.

RESULTS

PcloC extracts SVs from the reserve pool condensate in
response to Ca%*

We first validated that synapsin together with ITSN under a phys-
iologically relevant condition underwent phase separation
robustly (Figure S1B). Incubation of negatively charged small
unilamellar vesicles (SUVs) composed of 77% POPC, 20%
DOPS, 1% PI(4,5)P2, and 2% labeling dye (Dil here or DiD, DiO
below) resulted in co-phase separation of synapsin/ITSN with
SUVs, leading to clustering of SUVs in the synapsin condensate
(Figure S1C). In synapses, SVs are mobilized from the reserve
pool to RRP in response to Ca?* to replenish the released
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ones.”® However, in the absence of regulatory elements such
as CaMKII,%® the synapsin/SUV co-condensate by itself did not
directly respond to Ca®* (Figure S1D).

Since Pclo has been implied to contribute to SV mobilization,
we asked whether Pclo might be involved in the SV organization
in different compartments of synaptic boutons. Pclo is extremely
large and modular. It contains two zinc-finger (ZF) domains at the
N-terminal end, a PDZ domain and two C2 domains (C2A and
C2B) at the C-terminal end, three predicted coiled-coil (CC) do-
mains in the middle region, and a proline-rich motif (PRM) imme-
diately preceding the third CC domain*® (Figure S1E). All these
domains are small (~100 aa) and separated by long, disordered
linkers. A C-terminal segment starting from the PRM to the end of
the protein is highly conserved among different species (Fig-
ure S1E). Additionally, this C-terminal segment of Pclo is sug-
gested to point toward the presynaptic plasma membrane, inter-
acting with the active zone proteins and playing a role in SV
replenishment.®5°°°2 We were able to purify a Pclo fragment
spanning PRM to the C-terminal end with the flexible linker be-
tween CC3 and PDZ removed to high purity and homogeneity
(Figures S1E and S1F). We denote this fragment as PcloC here-
after (Figure S1E). Purified recombinant PcloC is a monomer in
solution (Figure S1F).

We mixed PcloC with synapsin, ITSN, and SUV and found
that PcloC was homogeneously partitioned into the synapsin/
ITSN/SUV co-condensate (Figure 1A), likely due to SUV-medi-
ated bindings to both PcloC and synapsin (Figure S1G).
Remarkably, supplement of 1 mM Ca?* in the assay buffer trig-
gered dramatic redistributions of all components of the above
mixture (Figure 1B). The distribution of PcloC became hetero-
geneous with only a small portion remaining colocalized with
synapsin. The majority of PcloC coacervated with SUVs form-
ing a distinct condensed phase surrounded by the synapsin
phase (Figure 1B). Strikingly, almost all SUVs were extracted
from the synapsin condensate and became co-clustered with
the PcloC condensate (Figure 1B; quantified in Figure 1D).
Upon stimulation, the intracellular Ca%* concentration can
reach dozens to 100 uM in presynaptic boutons.>*** We as-
sayed Ca®*-dependent vesicle extraction from the synapsin
pool to the PcloC pool at Ca?* concentrations ranging from
10 to 100 uM. Under all these Ca®* concentrations, calcium
triggered vesicle extraction from the synapsin condensate
(Figures STH-S1M), albeit that the level of vesicle extraction
is lower than that with 1 mM Ca?* used to saturate the C2A
domain of PcloC (Figure S1N). The partial extraction of vesicles
by PcloC at lower Ca®* concentrations is aligned with the notion
that only a few SVs need to be mobilized for exocytosis upon
each synaptic stimulation.

SVs contain negatively charged lipids such as phosphatidyl-
serine (PS) and phosphatidylinositol (PI), but the exact types
and the concentrations of each lipids in SVs are not known.*®
Thus, we also tested Ca®*-dependent vesicle extraction using
two additional types of SUVs: one containing 20% DOPS (PS-
SUV: 78% POPC + 20% DOPS + 2% Dil) and the other contain-
ing additional 1% PI3P (PI3P-SUV: 77% POPC + 20% DOPS +
1% PI3P + 2% Dil). Both types of SUVs behaved similarly to
that of PI(4,5)P2-containing SUVs in our vesicle transport assays
(Figures S2A-S2D).
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This Ca®*-induced redistribution of proteins and SUVs in
different condensates is reversible, as chelation of Ca®* by in-
jecting 2 mM EDTA reversed the multiphase organization (Fig-
ure 1C; quantified in Figure 1D). Time-lapse imaging experiments
captured the dynamic, Ca®*-dependent, and reversible SUV
extraction by PcloC from the synapsin/ITSN/SUV co-conden-
sate (Figure 1E; Videos S1 and S2). Fluorescence recovery after
photobleaching (FRAP) assay showed that PcloC in the newly
formed condensate with SUVs after Ca®* treatment remained
highly mobile (Figure S2E). SUVs in different condensed phases
are also mobile as illustrated by the observation that the SUV-
containing PcloC droplets fused together upon contact with
each other (Figure S2F). Additionally, treatments of SUV-con-
taining condensates with Ca2* or EDTA triggered redistributions
of SUVs into different condensates (Figure 1E).

We then asked whether bona fide SVs might also undergo
Ca?*-dependent repartitioning from the synapsin condensate
to the PcloC condensate. In the absence of Ca?*, SVs purified
from the rat brain were coacervated and clustered by the synap-
sin/ITSN/PcloC condensate. Slightly different from SUVs, SVs
showed some micro-clustered pattern, but these micro-clusters
were evenly distributed in the synapsin/ITSN/PcloC condensate
(Figure 1F; quantified in Figure 1H). Injection of 1 mM Ca®*
dramatically changed the distribution pattern of SVs. Addition
of Ca?* caused SVs to be depleted in the synapsin condensate
and with a concomitant formation of the PcloC/SV co-conden-
sate segregated by the synapsin condensate (Figure 1G; quanti-
fied in Figure 1H). SVs are heavily decorated by proteins on their
membrane surface.”® We treated the purified SVs with trypsin to
remove membrane surface proteins and then stopped the diges-
tion reaction with aprotinin. Like the native SVs, the trypsin-di-
gested SVs could also be extracted from the synapsin/ITSN
condensate by PcloC to form a PcloC/SV co-condensate
(Figures S2G-S2l), indicating that, in response to Ca* increase,
PcloC mainly interacts with membrane lipids of SVs to induce SV
moving from the synapsin condensate to the PcloC condensate.

PcloC undergoes phase separation with negatively
charged vesicles in a Ca?*-dependent manner

We next elucidated the molecular mechanism underlying Ca2*-
induced vesicle extraction from the synapsin condensate by
PcloC. We found that mixing PcloC with negatively charged
SUVs resulted in immediate formation of condensed droplets
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with PcloC and SUVs coacervated with each other (Figures 2Ai
and 2Aiv for the quantification). By contrast, no condensate for-
mation could be observed if PcloC was mixed with SUVs pre-
pared with neutral lipids (Figures 2Aii and 2Aiv), indicating that
negatively charged lipids on SUVs are essential for the phase
separation of SUVs with PcloC. Addition of 1 mM of Ca®* further
promoted phase separation of PcloC with negatively charged
SUVs (Figures 2Aiii and 2Aiv). Phase diagram analysis showed
that phase separation between PcloC and SUVs could occur
at the PcloC concentration as low as ~1 uM (Figure S3A).
Increasing the concentration of either component promoted
phase separation of the mixtures. Neither PcloC nor SUV alone
was able to form any observable droplets (Figure S3A). The con-
densates formed by PcloC and SUVs are dynamic, as two drop-
lets immediately coalesced and merged to a larger one upon
contact (Figure 2B). FRAP assay showed that PcloC in the
PcloC/SUV co-condensate is dynamic (Figure 2C).

We further dissected which elements in PcloC are responsible
for Ca2*-enhanced phase separation with SUVs. We found with
surprise that the PRM and CC3 domains are required for PcloC
to phase separate with SUVs, as the PDZ-C2A-C2B (PAB) tan-
dem lacking PRM and CC3 could not form condensate with
SUVs (Figure 2D; see also Figure 3). The fact that PcloC-PAB
cannot phase separate with SUVs provided us with an opportu-
nity to investigate the roles of the two Pclo-C2 domains in lipid
binding and Ca®* sensing using a high-speed sedimentation-
based liposome binding assay (Figures S3B-S3D). Consistent
with an earlier study,®® the C2A domain underwent Ca®*-depen-
dent lipid binding (Figure S3D). Truncation of C2A or replace-
ment of two Ca®*-binding Asp residues in loop 1 (Figure S3B,
termed as “2DAcoa”) barely affected basal lipid membrane bind-
ing of PAB (i.e., without Ca®* in the assay buffer), and slightly but
significantly weakened liposome binding ability in the presence
of Ca?* (Figure S3D). Though the structure of Pclo-C2B is not
known, it is highly conserved and homologous to the C2B
domain of RIM (Figure S3C), which does not bind to
Ca?*.5957:%8 | jke RIM-C2B, Pclo-C2B also binds to lipids (Fig-
ure S3D). Truncation of C2B or replacing two positively charged
Lys in the B strand of Pclo-C2B with Glu (Figure S3C, termed as
“2KEgog”) eliminated the basal lipid binding capacity of PAB, but
the PAB mutants could bind to liposomes in the presence of
1 mM Ca®* due to Ca®*-mediated lipid binding by C2A (Fig-
ure S3D). Thus, the C2B domain of Pclo can maintain lipid

Figure 1. PcloC extracts SVs from the reserve pool condensates in response to Ca®*

(A) Confocal images showing the condensate formed by synapsin, ITSN, PcloC, and SUV at indicated concentrations. A dashed box is selected for zoom-in and
by line-scanning analyses to show the distribution profiles of different components in the droplet. SUV composition: 77% POPC, 20% DOPS, 1% PI(4,5)P2, and
2% labeling dye. Protein labeling level: 5% for Pclo and 2% for the rest. Imaging buffer: 100 HEPES buffer saline containing 100 mM NaCl, 20 mM HEPES pH 7.5,
and 1 mM TCEP (used throughout this study unless otherwise stated).

(B) Same protein and vesicle composition as in (A), but supplemented with 1 mM Ca2* in the imaging buffer.

(C) Same composition as in (B), but with further addition of 2 mM EDTA.

(D) Quantification of Pearson’s correlation coefficient (PCC) between SUV and synapsin for (A)—(C).

(E) Time-lapse images of Ca®* (Ei) or EDTA (Eii) treatment of condensate formed by synapsin, ITSN, PcloC, and SUV. See also Videos S1 and S2.

(F and G) Representative images showing SVs distributions in the condensate formed by synapsin, ITSN, and PcloC, in the absence (F) or presence (G) of Ca®*.
Buffer condition: SV buffer contained 20 mM HEPES pH 7.5, 100 mM KClI, and 1 mM TCEP and was used in all experiments containing SVs. SVs were sparsely
labeled by DiD.

(H) Quantification of PCC between SV and synapsin for (F) and (G).

All experiments presented here and below have been repeated at least three times using different batches of prepared proteins and vesicles. See also Figures S1
and S2.
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membrane binding at the basal condition, and the C2A domain
functions as a Ca?* sensor to increase the interaction between
Pclo and vesicles.

We then evaluated the roles of C2A and C2B domains in the
phase separation of the PcloC/SUV mixtures. In the absence
of Ca®*, PcloC containing the 2KE,g mutation did not phase
separate with SUVs, presumably due to the eliminated binding
between the mutant PcloC and SUVs. Addition of Ca®* promoted
phase separation of PcloC-2KE,g with SUVs, likely due to Ca®*-
mediated binding of C2A to SUVs. The 2DAcsa mutation slightly
increased PcloC/SUV phase separation under the basal condi-
tion (Figures 2D and S3E), presumably due to the removal of
two negative charges in the mutant. Addition of Ca2* did not pro-
mote but actually weakened phase separation of PcloC-2DAcoa
with SUVs (Figures 2D and S3E), perhaps due to weakened inter-
action between the PcloC mutant and negatively charged lipid
membranes caused by Ca?*-mediated charge neutralization
(Figure S3D). As expected, the quadruple mutant “2DAcoa-
2KEcog” was not able to phase separate with SUVs with or
without Ca®* (Figures 2D and S3E). Taking advantage of the
above-identified mutations of PcloC, we were able to determine
the elements of PcloC that are required to extract vesicles from
the synapsin condensate. Under the basal condition, PcloC-
2KEcop can still partition into synapsin condensate (Figure 2E).
Addition of Ca®* only caused a very low-level co-enrichment of
PcloC-2KEc,g with SUVs. The majority of SUVs and PcloC-
2KEqog were still formed co-condensates with synapsin and
ITSN (Figure 2F; quantified in Figure 2I). In parallel, the PcloC-
2DAcoa mutation did not affect its partition into synapsin
condensate at the basal condition (Figure 2G). As expected,
PlcoC-2DAcoa did not respond to Ca?* in extracting SUVs
from the synapsin condensate (Figure 2H; quantified in Figure 21),
as Ca®* could not promote the binding of the PcloC mutant to
lipid membranes (Figure S3D). Together, these findings revealed
that both C2A and C2B of PcloC are required for PcloC to extract
vesicles from the synapsin condensate.

PcloC enriches into the active zone condensate via
direct binding to RIMBP and ELKS1

As an active zone component, Pclo is known to interact with mul-
tiple active zone proteins including RIM, RIMBP, ELKSH1,
Munc13, etc.%°" Consistently, we found that PcloC could be en-
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riched into the active zone condensate formed by RIM, RIMBP,
and ELKS1 (Figure 3A). However, once PRM and CC3 were
removed, the remaining PAB tandem could no longer phase
separate with the active zone condensate (Figure 3B), indicating
that Pclo-PRM and CC83 are critical for its enrichment in the
active zone condensate, likely via binding to active zone
proteins.

RIMBP, via its SH3 domains, was reported to interact with the
PRM of Bassoon.*® We reasoned that RIMBP might also bind to
Pclo-PRM, as PRMs of Bassoon and Pclo are highly similar. We
purified Pclo-PRM and a RIMBP protein containing its three SH3
domains and measured their direct interaction using isothermal
titration calorimetry (ITC). The apparent dissociation constant
(Kp) of the interaction was ~4.0 uM and with a binding stoichiom-
etry n of ~1.5 (Figure 3C), suggesting that more than one SH3
domains of RIMBP are involved in binding to Pclo. Further map-
ping showed that the first and third SH3 domains bind to Pclo,
whereas the second SH3 did not bind to Pclo. The first SH3
has the strongest affinity for Pclo (Kp ~ 0.74 uM), and the third
SH3 domain binds to Pclo with a weaker affinity (Kp ~ 4.6 uM)
(Figure 3D). It is noted that the third SH3 domain of RIMBP binds
to RIM-PRM with the strongest affinity, and the first SH3 domain
binds to RIM with a weaker affinity.”® Thus, the interactions of
RIMBP to its PRM-containing partners are quite specific, and
the three proteins can form a networked complex favorable for
phase separation (Figure 3E).

Pclo has also been indicated to interact with ELKS,®° though
with an unclear molecular mechanism. The interaction between
Pclo and ELKS was reported to be essential for their localizations
in the active zone.®"®> We mapped the Pclo/ELKS interaction
(Figure S4A). Pclo-PRM-CC3 binds to ELKS1 with a strong affin-
ity (Kp ~ 0.31 pM). Pclo-PRM-CC3 also binds to ELKS2, though
with about a 10-fold lower affinity (Figure S4A). This indicates
that Pclo and ELKS1 may function in SV shuttling, in line with a
previous report showing that ELKS1 has a deeper localization
in the presynaptic bouton overlapping with Pclo. By contrast,
ELKS?2 is more restricted at the near plasma membrane region.®®
We then focused on ELKS1 to investigate its interaction with
Pclo. A predicted CC region (aa S469 to R610, termed as
ELKS1-CC) of ELKS1 was mapped to be the minimal region for
its binding to Pclo (Figure S4B). The two minimal fragments of
Pclo (aa N3683 to S3769, termed as Pclo-CC3) and ELKS1-CC

Figure 2. PcloC undergoes phase separation with negatively charged vesicles in a Ca?*-dependent manner

(A) Representative images showing that PcloC underwent phase separation with SUV. (Ai) PcloC phase separated with negatively charged SUV (77% POPC, 20%
DOPS, 1% PI(4,5)P2, and 2% DiO). (Aii) PcloC could not form noticeable droplets with neutral SUV (98% POPC and 2% DiO). (Aiii) Additional 1 mM Ca* promoted
phase separation of PcloC with negatively charged SUV. (Aiv) Quantification of droplet area and droplet number under conditions (Ai)—(Aiii). Data are presented as
mean + SD, ***p < 0.0001 using one-way ANOVA with Dunnett’s multiple comparisons test.

(B) Time-lapse differential interference contrast (DIC) images showing the fusion process of two PcloC/SUV droplets.

(C) FRAP analysis of Cy3-labeled PcloC within a PcloC/SUV condensate. The dashed circle with a 10-pixel (pixel size = 0.13 um) diameter inside a large droplet
was selected for photobleaching. Droplets number n = 6 for the FRAP curve construction. Data are presented as mean + SD.

(D) Summary of the phase separation level of PcloC with different boundaries or mutations with SUVs. Domain organizations and positions/schemes of the
mutations are labeled in the corresponding schematic diagrams. Data are presented as mean + SD. One-way ANOVA with Dunnett’s multiple comparisons test
was used. **p < 0.01; **p < 0.001; ***p < 0.0001. See Figure S3 for the raw data.

(E and F) Representative images showing the condensates formed by synapsin, ITSN, PcloC-2KE¢,g, and SUV in the absence (E) or presence of 1 mM Ca?* (F). A
zoom-in image of a droplet is magnified at the lower left corner.

(G and H) Representative images showing the condensate formed by synapsin, ITSN, PcloC-2DAc2a, and SUV in the absence (G) or presence of 1 mM Ca2* (H).
(l) Quantification of PCC between SUV and synapsin for (E)-(H).

See also Figure S3.
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Figure 3. PcloC enriches into the active zone condensate via direct binding to RIMBP and ELKS1

(A and B) Confocal images showing that PcloC could be enriched into the RIM/RIMBP/ELKS1 condensate (A), whereas PcloC with PRM and CC3 removed
(“PAB”) could not (B).

(C and D) ITC experiments showing direct interaction between the Pclo-PRM and RIMBP-SH3 domain. (C) 200 uM Trx-tagged Pclo-PRM in the syringe was
titrated into 10 uM RIMBP-(SH3)3 tandem in the cell. (D) 200 uM Trx-tagged Pclo-PRM in the syringe was titrated into 20 uM RIMBP-15t SH3 domain (black line),
20 uM RIMBP-2"® SH3 (blue line), or 20 uM RIMBP-3" SH3 (red line) in the cell.

(E) A graphic scheme summarizing the interactions among active zone proteins RIM, RIMBP, ELKS1, and PcloC. Each two-way arrow line indicates one pair of
interactions with the dissociation constant (Kp) derived from ITC marked.

(F) ITC assay showing the direct interaction between Pclo-CC3 and ELKS1-CC. 150 pM Pclo-CC3 (3,683-3,769) in the syringe was titrated into 30 uM ELKS1-CC
(469-610) in the cell.

(G) SEC-MALS experiment showing a stable 2:1 complex formed by Pclo-CC3 and ELKS1-CC.

See also Figure S4.
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were found to interact with each other with an affinity compara-
ble to that between two longest Pclo and ELKS1 fragments
(Figures 3F vs. S4A). In ITC-based assays, we observed that
ELKS1 binds to Pclo with a 2:1 stoichiometry (Figures 3F and
S4). We showed that both PcloC (Figure S1F) and the CC3
domain of Pclo (Figure S4C) were stable monomers in solution,
suggesting that Pclo-CC3 does not form a folded CC. Whereas
ELKS1-CC is a stable dimer in solution (Figure 3G). The complex
formed between ELKS1-CC and Pclo-CC3 has a molecular
mass of ~75 kDa, corresponding to a dimer ELKS1-CC binding
to a monomer Pclo-CC3 (Figure 3G).

Structural basis governing the specific interaction
between ELKS1 and Pclo

To elucidate the molecular mechanism underlying the specific
interaction between Pclo and ELKS1, we solved the structure
of the Pclo-CC3/ELKS1-CC complex by X-ray crystallography
(Table S1). The crystal structure confirmed that the Pclo-CC3/
ELKS1-CC complex is composed of an ELKS1 dimer binding
to a Pclo monomer (Figure 4A). In the complex, ELKS1-CC forms
an elongated parallel CC (Figure 4A). The ELKS1-CC dimer is
mainly stabilized by hydrophobic interactions between residues
at the “c” and “g” positions of the heptad repeats (Figure 4B).
Pclo-CC3 forms a single o helix and binds to the central part of
the ELKS1 dimer in an anti-parallel manner, forming a three-helix
bundle (Figure 4A). Pclo-CC3 only directly interacts with one
chain (chain B in Figure 4) of the ELKS1-CC dimer, thus the com-
plex is asymmetric. Both electrostatic and hydrophobic interac-
tions govern the interaction between Pclo-CC3 and ELKS1-CC
(Figures 4B-4D). Multiple salt bridges are critical for the strong
and specific interaction between ELKS1-CC and Pclo-CC3
(dotted lines in Figure 4B; see also Figures 4C and 4D). Hydro-
phobic residues at the “c” and “f” positions of Pclo-CC3 also
contribute to the complex formation (Figures 4B-4D). Point mu-
tations disrupting these salt bridges or the hydrophobic interac-
tions weakened or even abolished the interaction between
ELKS1-CC and Pclo-CC3 (Figures 4E and 4F)

PcloC promotes vesicle tethering on the surface of
active zone condensate

Since PcloC could cluster SUVs via phase separation by itself
(Figure 2) and could also coacervate with the RIM/RIMBP/
ELKS1 condensate (Figure 3), we asked whether PcloC might
be able to promote vesicle tethering to the active zone conden-
sate. We first verified that SUVs could coat the surface of the
RIM/RIMBP/ELKS1 condensate (Figure 5A).>° Then we exam-
ined the mixture of RIM, RIMBP, ELKS1, SUVs, and PcloC under
the same imaging setting. All the proteins were homogeneously
enriched in the condensate, whereas SUVs were retained on the
surface of the protein condensate (Figure 5B). Strikingly, the
density of SUVs coated on the condensate surface was dramat-
ically increased upon addition of PcloC (Figure 5B; quantified in
Figure 5D), suggesting that PcloC can facilitate vesicle tethering
to the active zone surface. Next, we mixed the PcloC/SUV
condensate with the RIM/RIMBP/ELKS1 condensate to probe
what might occur when vesicles extracted by PcloC from the
synapsin-clustered reserve pool meet the active zone conden-
sate. The active zone condensate droplets composed of RIM,
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RIMBP, and ELKS1 were first formed in a glass chamber.
PcloC/SUV condensate was then injected into the RIM/RIMBP/
ELKS1 condensate. The subsequent reactions were monitored
by time-lapse confocal imaging (Figure 5E; Video S3). When a
PcloC/SUV droplet contacted with a RIM/RIMBP/ELKS1
droplet, PcloC immediately underwent time-dependent coacer-
vation into the RIM/RIMBP/ELKS1 condensate, first with a ring-
like structure at the outer region of and then fully mixed the RIM/
RIMBP/ELKS1 droplets, accompanied with collapses of the
PcloC/SUV droplets (Figure 5E). Remarkably, during the fusion
of the PcloC/SUV droplets with the RIM/RIMBP/ELKS1 droplets,
SUVs gradually spread on the surface of the RIM/RIMBP/ELKS1/
PcloC condensate (Figure 5E). The above results indicate that
vesicles originally clustered by PcloC are transferred to the sur-
face of the active zone condensate due to preferred partitioning
of PcloC into the active zone condensate.

We also found that Ca®* could further enhance PcloC-medi-
ated vesicle tethering on the surface of active zone condensate
(Figures 5B vs. 5C; quantified in Figure 5D). The PcloC-2DAcoa
Ca?* sensing mutant could no longer respond to Ca?* in promot-
ing vesicle tethering onto the surface of active zone condensate
(Figures S5A-S5C; quantified in Figure S5G); whereas the
PcloC-2KE g mutant still showed Ca?*-enhanced vesicle deliv-
ery to the active zone condensate surface (Figures S5D-S5F;
quantified in Figure S5G).

We next investigated whether PcloC could enhance tethering
of native SVs onto the active zone condensate surface. SVs pu-
rified from the rat brain could be tethered on the surface of the
condensate formed by RIM, RIMBP, and ELKS1 (Figure 5F).?°
Addition of PcloC significantly increased the SV coating on the
active zone condensate surface (Figure 5G; quantified in Fig-
ure 5l), and the tethering was further elevated by Ca?*
(Figures 5H and 5I). Again, this Ca®*-induced SV tethering on
active zone condensate surface was essentially eliminated by
the PcloC-2DAcoa mutant, and the PcloC-2KEc,g mutant was
still responsive to Ca®* in promoting SV coating on the active
zone condensate surface (Figures S5H-S5L).

CaZ*-dependent, PcloC-mediated vesicle transport

from the synapsin condensate to the active zone
condensate

We next explored whether we might be able to reconstitute the
Ca?*-dependent vesicle transport process by mixing all above
studied presynaptic proteins with vesicles. We first verified that
the RIM/RIMBP/ELKS1 active zone condensate and the synap-
sin/ITSN condensate are immiscible with each other (Fig-
ure S6A). SUVs were homogeneously clustered in the synapsin
condensate and coated on the surface of the active zone
condensate (Figure 6A). Addition of PcloC led to its preferred
partitioning into the active zone phase (Figure 6B) without
altering the multiphase organization and vesicle distribution (Fig-
ure S6B). Strikingly, in response to Ca®*, PcloC dramatically
enhanced the coating of SUVs on the surface of the active
zone condensate as illustrated by a bright ring-like SUV coating
on the surface of each active zone droplet (Figure 6C). The fluo-
rescence intensities of the SUV coat on the active zone droplets
were much higher than the signals of vesicles within the synapsin
condensate (Figure 6C; quantified in Figure 6D). The increase of



Please cite this article in press as: Qiu et al., Short-distance vesicle transport via phase separation, Cell (2024), https://doi.org/10.1016/
j.cell.2024.03.003

Cell ¢ CelPress

A

N N ELKS1(A)9.

Q527
K541

K524 K562 K524

R3744
K3737
E3730
D3723
D3716
R3709
E3702 E3719
D3695 Q3712

K3742 A3739
R3735 G3732
Y3728 K3725
E3721 E3718
E3714 K3711
K3707 E3704

L3700 E3697 Hydrophobic Hydrophilic
D3693 13690
E F
Pclo-CC3  ELKS1-CC Ki(uM) Pclo-CC3  ELKS1-CC Ky(uM)
3683-3769 0.25+0.02 D533R 1.70+0.18
D3695R (aggregation) N.D. R543D 0.40+0.05
E3719R (dimer) 8.55+1.27 3683-3769 K544D N.D.
R3736D 469-610 2.26+0.10 K551D N.D.
L3698R 0.71+0.03 R572D 1.72+0.07
L3726R 3.94+0.12
L3729E N.D.

Figure 4. Structural basis governing the interaction between ELKS1 and Pclo

(A) Cartoon representations of the overall structure of the ELKS1/Pclo complex.

(B) Helical wheel representation showing the interaction between ELKS1 and Pclo. The specific pairwise charge-charge interactions are indicated by dotted lines.
(C and D) The detailed electrostatic interactions (left panels shown with the ribbon model) and hydrophobic interactions (right panels drawn using the surface
model) between ELKS1 and Pclo.

(E and F) Tables summarizing the ITC-based measurements of the binding affinities between variants of Pclo-CC3 and ELKS1-CC to validate the structure of the
complex.

See also Table S1.
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Figure 5. PcloC promotes vesicle tethering on the surface of the active zone condensate

(A) Representative images showing that SUVs coat on the surface of RIM/RIMBP/ELKS1 droplets. Imaging settings of (A)-(C) were exactly the same. Allimages

used for comparison were taken within one imaging session. A zoom-in image with ~20-fold brightness enhancement to show that SUVs are coating on the

surface of the RIM/RIMBP/ELKS1 droplets.

(B and C) Representative images showing that SUVs coat on the surface of RIM/RIMBP/ELKS1/PcloC droplets in the absence (B) or presence of 1 mM Ca?* (C).
(legend continued on next page)

10  Cell 187, 1-19, April 25, 2024



j.cell.2024.03.003

Please cite this article in press as: Qiu et al., Short-distance vesicle transport via phase separation, Cell (2024), https://doi.org/10.1016/

Cell

SUV intensity at the active zone droplet surface induced by Ca®*
is accompanied by decrease of vesicle signal in the synapsin
phase (Figure S6C; Video S4), indicating that PcloC, in response
to Ca®* concentration rise, extracted vesicles from the synapsin-
clustered pool and deposited these extracted vesicles to the sur-
face of the active zone condensate. In the absence of PcloC, the
reconstituted system shown in Figure 6A did not show any
vesicle redistribution upon addition of Ca®* (data not shown).
Ca®* elevation at the synapses is transient. To ask how fast
Ca?* can mobilize vesicles between different condensates, we
preincubated all components except Ca2* in the test tube for
15 min to ensure the system had reached an equilibrium. We
added Ca®* to the equilibrated sample mixture in the test tube
and then immediately loaded the sample for imaging. In this
case, SUVs were observed to be rapidly transported from synap-
sin condensate to the active zone condensate surface at the
timescale of seconds (Figure S6D).

Fluorescence signals of PcloC and synapsin were rapidly
recovered after photobleaching (Figure S6E), suggesting the
overall mobility of entire system. Fluorescence signal of SUV
was barely recovered (Figure S6E) due to the extremely large
sizes of the SUVs. Vesicles in the synapsin condensate must
be mobile, as otherwise there should be no vesicle redistribution
to the surface of the active zone in response to Ca®*.

Finally, we checked the role of the PcloC-2DAcoa and PcloC-
2KEcog mutants on vesicle transport between the synapsin
condensate and the active zone condensate. Neither of the mu-
tations influenced the multiphase organization of proteins and
vesicles of the reconstituted presynaptic bouton (Figures S6F
and S6G). In sharp contrast to wild-type (WT) PcloC, the
PcloC-2DAcoa mutant could not extract SUVs from the synapsin
condensate for depositing on the active zone condensate sur-
face, presumably due to the loss of the Ca®* sensing ability of
the mutant (Figures 6E and 6F). As expected, the PcloC-
2KEcog mutant could still extract vesicles from the synapsin
condensate and promote coating of vesicles on the surface of
the active zone condensate in response to Ca?* (Figures 6G
and 6H).

TFG condensate in COPII vesicle trafficking

Sorting of COPII-coated vesicle from the ER to the ER-Golgi in-
termediate compartment (ERGIC) is another form of directed
short-distance vesicle transport. Electron microscopic studies
have revealed that COPI| vesicles are confined and concen-
trated at the ER exit site,®"®® though with an unknown molecu-
lar mechanism. Trk-fused gene (TFG) has been shown to facil-
itate COPII vesicle transport from the ER to the ERGIC,%°%®

¢ CellP’ress

which is also a form of directed short-distance vesicle trans-
port. We hypothesized that protein phase separation may
also participate in COPII vesicle trafficking, and TFG is such a
candidate protein.

We first used grazing incidence structured illumination micro-
scopy (GI-SIM) to image EGFP-tagged TFG stably expressed in
COS7 cells (Figure S7A). As reported in an earlier study,®® TFG
appeared as numerous droplet-like puncta in the cytoplasm.
These TFG droplets underwent continuous movements (Fig-
ure S7Bi) and could undergo fusion upon contact with each other
(Figure S7Bii). Occasionally, large droplets could split into
smaller ones (Figure S7Biii). These phenomena indicated that
TFG droplets are mobile and with condensate-like properties.
Transient expression of SEC23A, a marker of COPII vesicles, in
the COS?7 cell line stably expressing mCherry-TFG showed per-
fect colocalization of the TFG droplets with COPII vesicles (Fig-
ure 7A), suggesting that the TFG droplets can cluster COPII ves-
icles. Live cell GI-SIM imaging studies showed that SEC23A (and
hence COPII vesicles) were always tightly associated with TFG
droplets along the processes of TFG droplets movements,
fusion, and fission (Figures 7Bi-7Biii).

We next characterized biochemical properties of purified TFG
protein with or without EGFP or mCherry fusion tag. TFG ap-
peared as a stable oligomer in solution by size exclusion chroma-
tography coupled with multiangle light scattering (SEC-MALS)
(Figures S6C and S6D), which is in line with an earlier report.®®
TFG alone rapidly formed spheric droplets at the protein concen-
tration as low as 1 uM in the presence of 3% PEG8,000 to mimic
molecular crowding of cytoplasmic milieu (Figure 7C). Similar to
what was observed in COS7 cells, the TFG droplets readily fused
into larger ones upon contact (Figure 7D). Thus, TFG can form
condensed droplets via phase separation.

TFG contains an N-terminal PB1-like domain and a CC
domain, followed by a long intrinsic disordered region (IDR).
The N-terminal PB1-CC domain is responsible for its oligomeri-
zation.®>®® We hypothesized that the specific multimerization
of PB1-CC drives the phase separation of TFG, and the C-termi-
nal IDR of the protein may further promote the phase separation
property of the full-length protein.®®"° Purified TFG-IDR was a
stable monomer (Figure S7E). No obvious phase separation
occurred for TFG-IDR in the presence of 3% PEG8,000 (Fig-
ure S7Fi). Nevertheless, when we increased the protein concen-
tration to 100 uM in a buffer containing 10% PEG20,000, we did
observe phase separation of TFG-IDR (Figure S7Fii), suggesting
that the IDR may weakly promote phase separation of TFG.

We discovered that the TFG condensate perfectly coacer-
vated with the negatively charged synthetic SUVs (Figures 7E

(D) Quantification and comparison of SUV coating efficiency among (A)-(C). The dashed box in (B) was selected as an example for fluorescence intensity analysis.
50 droplets from each group were analyzed for statistics. Unpaired t test was used. ****p < 0.0001.

(E) Time-lapse confocal images showing that the PcloC/SUV condensate can deposit vesicles to the surface of the active zone condensate. RIM/RIMBP/ELKS1
condensate was first settled down in a chamber. Preformed PcloC/SUV condensate was then injected into the chamber. The time point when two condensate
droplets came into contact was set as 0 min. A schematic diagram showing the dynamic process is shown at the left. See also Video S3.

(F) Representative images showing that SVs coat on the surface of RIM/RIMBP/ELKS1 droplets. A dashed box was enlarged and with a ~3-fold brightness
enhancement to show that SVs coat on the surface of the RIM/RIMBP/ELKS1 droplet.

(G and H) Representative images showing that SVs coat on the surface of RIM/RIMBP/ELKS1/PcloC droplets in the absence (G) or presence of 1 mM Ca2* (H).
(I) Quantification and comparison of SV coating efficiency among (F)-(H) with the same method as in (D).

See also Figure S5.
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and S7G). FRAP assay showed that the fluorescence signals of
TFG, either alone or when coacervated with SUVs, could rapidly
recover after photobleaching (Figures 7Fi-7Fiii), indicating that
TFG even when coacervated with SUV condensates is highly
mobile.

We then employed the correlative light electron microscopy
(CLEM) to directly visualize COPII vesicles within TFG conden-
sates. In the stable Hela cells expressing mCherry-TFG, we
first observed punctate fluorescence signals under confocal
microscopy, then obtained 80 nm thick slices at selected fluo-
rescent loci and imaged them under transmission electron mi-
croscopy (TEM). Multiple vesicles with diameter ~60 nm could
be observed within or attached at the peripheral of the electron-
dense TFG condensates (Figure 7G), in line with the fluores-
cence imaging of co-enrichment of TFG condensates and
COPIl vesicles (Figure 7A). Neither latrunculin A nor nocodazole
treatments affected TFG condensates formation, its coacerva-
tion with COPII vesicles, and their movements (Figure 7H), indi-
cating that neither actin filaments nor microtubules are
required/involved in the TFG-assisted short-distance COPII
trafficking.

DISCUSSION

Motor-powered long-distance transport vs. phase-
separation-mediated short-distance transport of

cellular vesicles

Intracellular vesicular transport is vital for biomolecular traf-
ficking as well as membrane homeostasis and thus participates
in various aspects of biological processes such as anterograde
ER to Golgi transport, retrograde Golgi to ER transport, trans-
Golgi network transport, endocytic vesicle transport, mem-
brane trafficking in autophagy, etc.”"’? The best-studied
vesicle transport processes are movements of vesicles along
cytoskeleton tracks by molecular motors. For long-distance
vesicle trafficking, molecular motors are essential, as other-
wise, delivery of vesicles by diffusion to a specific cellular local-
ization is both too slow and inefficient.”*”* However, how
vesicles are transported between localized cellular sub-com-
partments that are not far apart or lack of cytoskeletal tracks
is totally unknown. Directional SV transport from reserve pool
to the release sites in presynaptic boutons of neurons and bi-
directional vesicle transport between Golgi cisternae are two
prominent examples of such local, short-distance directional
vesicle movements. Many other vesicles (e.g., secretory vesi-

¢ CellP’ress

cles in ER and Golgi stacks, autophagic and lysosomal vesi-
cles, etc.) may also undergo short-distance transport during
their biogenesis.

In this study, we discovered that protein condensates formed
via phase separation can effectively transport vesicles from one
compartment to another compartment. Specifically, we found
that Pclo, an abundant and elongated CC protein located specif-
ically in presynaptic boutons, can extract SVs from the synapsin-
clustered reserve pool and deposit the extracted vesicles onto
the surface of the active zone condensate. This Pclo-mediated
SV transport from the synapsin condensate to the active zone
condensate surface is regulated by Ca®*, a process consistent
with synaptic stimulation-induced SV transport in living neu-
rons.”®> Mechanistically, such Ca?*-regulated directional SV
transport between different protein condensates is due to
different partitioning properties of SVs in these presynaptic pro-
tein condensates. For example, synapsin is one of the most
abundant scaffold proteins in the presynaptic boutons,”®"”
and thus most SVs are clustered and stored by the synapsin
condensate via phase separation.”>>' Pclo can co-condensate
with synapsin and SVs in the absence of Ca®*. Ca®* enhances
the affinity between Pclo and SVs and thus causes extraction
of SVs from the synapsin pool to form the Pclo/SV condensate
via phase separation (Figures 1 and 2). Because Pclo specifically
binds to multiple active zone proteins including ELKS1/2 and
RIMBP with high affinity and specificity, Pclo can rapidly coacer-
vate with the active zone proteins due to its higher partitioning
tendency with the active zone condensate, leaving SVs coating
on the surface of the active zone condensate (Figures 4 and 5).
The portion of SVs that were extracted from the synapsin-clus-
tered pool and form co-condensate with Pclo are rather transient
and reminiscent of the imagined shuttling/recycling pool of SVs.
The coating of SVs on the surface of the active zone requires
charge-mediated interactions of SVs with active zone proteins
including Pclo and RIM (Figure 2). Why SVs do not enter the
active zone condensate is currently unknown, but the coating
of SVs to the active zone protein densities is a well-established
observation from EM experimen’(s.5‘2'78 Thus, we have demon-
strated, using the reconstituted presynaptic SV transport as a
paradigm, that short-distance and directional vesicle transport
can be achieved via phase separation of vesicles with protein
condensates without involving molecular motors. Such phase-
separation-mediated short-distance vesicle transport also oc-
curs in the COPII-coated vesicle transport between ER and
ERGIC (Figure 7).

Figure 6. Ca®*-dependent, PcloC-mediated vesicle transport from the synapsin condensate to the active zone condensate

(A) Confocal images showing that the RIM/RIMBP/ELKS1 condensate was encapsulated by the synapsin/ITSN/SUV condensate. A dashed box was selected for
zoom-in and line-scanning analyses (middle). A graphic model depicted the organization of the active zone condensate with the synapsin condensate at right.
(B and C) Representative images showing the organizations of the RIM/RIMBP/ELKS1/PcloC condensate and the synapsin/ITSN/SUV condensate in the
absence (B) or presence of 1 mM Ca2* (C).

(D) Quantification of images in (A)-(C). Zoom-in of the boxed images of the SUV channel in (A)-(C) (Di). PCC between SUV and synapsin (Dii), or between SUV and
PcloC (Diii), and SUV coating on the surface of the RIM/RIMBP/ELKS1/PcloC condensate expressed as SUV fluorescence signal intensity as described in
Figure 5D (Div).

(E and F) Representative images showing the organizations of the RIM/RIMBP/ELKS1/PcloC-2DAc2a condensate and the synapsin/ITSN/SUV condensate in the
absence (E) or presence of 1 mM Ca>* (F).

(G and H) Representative images showing the organizations of the RIM/RIMBP/ELKS1/PcloC-2KEc.g condensate and the synapsin/ITSN/SUV condensate in the
absence (G) or presence of 1 mM Ca®* (H). A zoom-in image of a droplet is shown at the lower left corner.

See also Figure S6.
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There is a substantial body of physiological studies supporting
our reconstitution-based discoveries. Pclo was identified from
rat brain synaptic preparations and localized at the presynaptic
active zone.*%"® Multicolor three-dimensional stochastic optical
reconstruction microscopy studies showed that the giant Pclo
adopts elongated conformation with its C-terminal part contact-
ing active zone and the N-terminal end connecting the reserve
pool in presynaptic boutons.?° An immunogold electron micro-
scopy study showed that Pclo forms compact clusters that are
~35-80 nm away from the presynaptic plasma membrane.*?
These imaging results strongly suggest Pclo, likely together
with Bassoon, may function as linkers connecting reserve pool
SVs and docked SVs at the active zone, as we have shown in Fig-
ures 5 and 6. Importantly, it has been shown that genetic removal
of Pclo and/or Bassoon, both in the central nervous system and
in ribbon synapse from hair cells or photoreceptors, results in de-
fects of moving SVs from reserve pool to the active zone to
replenish the docking sites vacated by fused vesicles when syn-
apses are repeatedly stimulated.>***>®" These genetic studies
suggest that Pclo functions in moving SVs from reserve pool to
the docked pool on the active zone in response to synaptic stim-
ulations. The findings presented in this study provide a molecular
mechanism showing that Pclo, in response to Ca®*, can move
SVs from reserve pool to the docked pool via modulating vesicle
partitioning in different protein condensates formed via phase
separation.

General implications of phase-separation-directed
short-distance vesicle transport

We also provided some evidence that COPII vesicle trafficking
from ER to ERGIC also involves protein phase separation. We
show that TFG condensate coacervation with COPII vesicles
and regulates COPII vesicle trafficking from ER to ERGIC in a
cytoskeleton-independent manner (Figure 7), although much
more investigations are required to understand the underlying
molecular mechanism. It is known that vesicle transport between
Golgi cisternae requires a family of proteins called golgins.®*~%
We note with interest that, analogous to Pclo and ELKS, golgins
are also elongated CC proteins that can interact with and capture
vesicles.?>% Golgins have also been shown to form conden-
sates via phase separation.?” 9 It will be interesting to investi-
gate whether golgins, possibly via working with other intra-Golgi
trafficking proteins, may facilitate vesicle transport in Golgi
apparatus. We further note that many peripheral membrane-in-
teracting proteins involved in various vesicle biogenesis pro-
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cesses, such as FIP200, NDP52, and Atg11 in autophagy
flotillins, EEA1, and p180 in endosome and lysosome biogen-
esis® % EPS15 and Ede1 in endocytosis,””*® are also large
CC-containing proteins akin to Pclo, ELKS, and TFG. Phase sep-
aration is known to be involved in the biogenesis of these vesi-
cles. Thus, it is possible that phase separation may be a general
mechanism in the directed, short-distance vesicle transport
in cells.

Limitations of the study

A key limitation of this study is that we used in vitro reconstitution
approaches to show phase-separation-mediated shuttling of
vesicles from the reserve pool protein condensate to the active
zone protein condensate. Direct synaptic biology investigations
to connect this in vitro biochemical study with synaptic functions
in living neurons are needed in the future. Additionally, it should
be noted that the concentration Ca®* used in the in vitro SV trans-
port experiments is higher than the physiological Ca®* concen-
trations in presynaptic boutons. Another limitation is that, due
to the extremely long length of Pclo and the resulting challenges
in purifying the full-length protein, the conserved C-terminal part
of Pclo was used in our reconstitution study. The N-terminal part
of Pclo may modify the phase separation property of the protein
with vesicles. Finally, this study has not addressed whether lipids
from the presynaptic plasma membranes may also contribute to
the Ca2*-dependent short-distance vesicle transport.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT
DETAILS
O Bacterial strain
O Cellline
e METHOD DETAILS
O Genes and plasmids
O Protein expression and purification
O Fluorophore labelling of proteins

Figure 7. TFG condensates mediate early secretion COPII vesicle organization and trafficking
A) Representative images of COS7 cells stably expressing mCherry-TFG and transiently transfected with SEC23A-EGFP. Insert is a 4x zoom-in image.
B) TFG/SEC23A condensates are highly mobile. Two typical examples of fast co-movements (Bi), fusion (Bii), and fission (Biii) events are represented.

D) Two examples of time-lapse images showing rapid fusion of TFG droplets upon contacting each other.

E) TFG condensates acervate with PIP2-containing SUVs.

¢
(
(C) Purified TFG undergoes phase separation in vitro. Protein concentrations are denoted. Buffer condition: 100 HBS supplemented with 3% PEG8,000.
(
(
(

F) FRAP of TFG in the absence (Fi) or presence (Fii) of SUV. The recovery curves have no substantial difference between the two conditions (Fiii) based on

unpaired t test analysis.

(G) Representative correlative light electron microscopy (CLEM) images of HelLa cells stably expressing mCherry-TFG showing clustering of vesicles within the
TFG condensates. Pseudo-colored fluorescence image was merged with the EM image to mark the slice loci labeled as #1 and #2.
(H) Neither disassembly of actin filaments by latrunculin A nor disruption of microtubules by nocodazole affects TFG condensates formation and coacervation of

TFG condensates with COPII vesicles.
See also Figure S7.
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O Small Unilamellar Vesicle (SUV) preparation

O Phase separation assays: sample preparation and
imaging

O Fluorescence
(FRAP) assay

O Liposome binding assay

O Synaptic vesicle (SV) purification, labeling, and trypsin
digestion

O lIsothermal titration calorimetry (ITC) assay

O Size exclusion chromatography coupled with multian-
gle light scattering (SEC-MALS) assay

O Protein crystallization and structure determination

O Generation of stable cell lines expressing mCherry-
TFG or EGFP-TFG

O Multi-modal SIM (multi-SIM) live cell imaging

O Correlative light and electron microscopy

o QUANTIFICATION AND STATISTICAL ANALYSIS

recovery after  photobleaching
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KEY RESOURCES TABLE

Cell

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

DH50 competent cells Thermo Fisher Cat#18263012
BL21-CodonPlus(DE3)-RIL cells Agilent Cat#230245
DH10Bac cells Thermo Fisher Cat#10361012
Chemicals, peptides, and recombinant proteins

Alexa Fluor 647 NHS Ester Thermo Fisher Cat#A20106
iFluor 488 NHS Ester AAT Bioquest Cat#1023

Cy3 NHS Ester AAT Bioquest Cat#271

Cy5 NHS Ester AAT Bioquest Cat#280

DiO AAT Bioquest Cat#22066

Dil AAT Bioquest Cat#22102
DilC18(5)-DS AAT Bioquest Cat#22054
16:0-18:1 PC (POPC) Avanti Polar Lipids Cat#850457P
18:1 PS (DOPS) Avanti Polar Lipids Cat#840035P
18:1 PI(4,5)P2 Avanti Polar Lipids Cat#850155P
FuGENE® HD Transfection Reagent Promega Cat#E2311
Sf-900 Il SFM medium Thermo Fisher Cat#12658027
Cocktail protease inhibitor Bimake Cat#B14002
PMSF Sigma Cat#P7626
Pepstatin A Sigma Cat#P5318
Sodium cholate Sigma Cat#27029
Sucrose Merck Cat#107651
HEPES Roth Cat#6763.3
Glycine Merck Cat#104201
Trypsin Sigma Cat#79201
Aprotinin Sigma Cat#A1153
Paraformaldehyde Sigma Cat# 158127
Glutaraldehyde Sigma Cat# G5882
Osmium tetroxide SPI Cat#1250423
Uranyl acetate EMS Cat#22400
Lead citrate Sigma Cat#15326
EPON 812 resin Sigma Cat#45345
Latrunculin A MedChemExpress Cat#HY-16929
Nocodazole MedChemExpress Cat#HY-13520
RIM10-N-LPETGG (aa 1-474-LPETGG) Wu et al.”® N/A
GGG-RIM10-C (aa 481-1334) Wu et al.?® N/A

RIM1a-FL (aa 1-1334) Wu et al.?® N/A

Sortase A-AN59 (aa 60-206) Wu et al.”® N/A
RIMBP-(SH3)3 (aa 178-252 + 844-1040) Wu et al.?® N/A
RIMBP-1st SH3 (aa 178-252) Wu et al.”® N/A
RIMBP-2nd SH3 (aa 844-965) Wu et al.”® N/A
RIMBP-3rd SH3 (aa 966-1040) Wu et al.*® N/A

ELKS1 (aa 141-660 + 938-948) Wu et al.”® N/A

ELKS1 (aa 419-623) This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
ELKS1 (aa 436-623) This paper N/A
ELKS1 (aa 469-623) This paper N/A
ELKS1 (aa 510-623) This paper N/A
ELKS1 (aa 469-610) This paper N/A
ELKS1 (aa 469-610 D533R) This paper N/A
ELKS1 (aa 469-610 R543D) This paper N/A
ELKS1 (aa 469-610 K544D) This paper N/A
ELKS1 (aa 469-610 K551D) This paper N/A
ELKS1 (aa 469-610 R572D) This paper N/A
ELKS2 (aa 415-619) This paper N/A
Pclo (aa 3633-3769 + 4401-5068) This paper N/A
Pclo-2KE (aa 3633-3769 + This paper N/A
4401-5068 K4992/4994E)

Pclo-2DA (aa 3633-3769 + This paper N/A
4401-5068 D4651/4657A)

Pclo-PAB (aa 4401-5068) This paper N/A
Pclo-PRM (aa 3633-3668) This paper N/A
Pclo-C2A (aa 4618-4760) This paper N/A
Pclo-C2B (aa 4861-5068) This paper N/A
PAB-AC2A (aa 4401-4617 + 4761-5068) This paper N/A
PAB-AC2B (aa 4401-4932) This paper N/A
PAB-2KE (aa 4401-5068 K4992/4994E) This paper N/A
PAB-2DA (aa 4401-5068 D4651/4657A) This paper N/A
Pclo (aa 3623-3769) This paper N/A
Pclo (aa 3644-3769) This paper N/A
Pclo (aa 3668-3769) This paper N/A
Pclo (aa 3683-3769) This paper N/A
Pclo (aa 3683-3769 D3695R) This paper N/A
Pclo (aa 3683-3769 E3719R) This paper N/A
Pclo (aa 3683-3769 R3736D) This paper N/A
Pclo (aa 3683-3769 L3698R) This paper N/A
Pclo (aa 3683-3769 L3726R) This paper N/A
Pclo (aa 3683-3769 L3729E) This paper N/A
TFG (aa 1-400) This paper N/A
mEGFP-synapsin-FL (aa 1-706) Wu et al.?® N/A
ITSN (aa 740-1214) Wu et al.?? N/A
HRV-3C protease Wu et al.”® N/A
TEV protease Wu et al.?® N/A
Deposited data

Pclo/ELKS complex structure This paper PDB: 8I3E
Mendeley Data This paper https://doi.org/10.17632/b69mjhr5yx.1

Experimental models: Cell lines

Gibco® Sf9 cells Thermo Fisher Cat#12659017
COS7 cells ATCC Cat#CCL-70
Hela cells ATCC Cat#CCL-2
293FT cells Thermo Fisher Cat#R70007
Recombinant DNA

pET-32a Novagen Cat#69015-3
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Cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pFastBac Thermo Fisher Cat#10712024
pET28a-Sortase A-AN59 (aa 60-206) Wu et al.”® N/A
HRV-3C protease Wu et al.”® N/A
TEV protease Wu et al.”® N/A
32m3c-RIM1a-N-LPETGG (aa 1-474-LPETGG) Wu et al.”® N/A
32mTEV-GGG-RIM1a-C (aa 481-1334) Wu et al.?® N/A
m3c-RIMBP-(SH3)3 (aa 178-252 + 844-1040) Wu et al.?® N/A
32m3c-RIMBP-1st SH3 (aa 178-252) Wu et al.?® N/A
32m3c-RIMBP-2nd SH3 (aa 844-965) Wu et al.”® N/A
32m3c-RIMBP-3rd SH3 (aa 966-1040) Wu et al.”® N/A
32m3c-ELKS1 (aa 141-660 + 938-948) Wu et al.?? N/A
32m3c-ELKS1 (aa 419-623) This paper N/A
32m3c-ELKS1 (aa 436-623) This paper N/A
32m3c-ELKS1 (aa 469-623) This paper N/A
32m3c-ELKS1 (aa 510-623) This paper N/A
32m3c-ELKS1 (aa 469-610) This paper N/A
32m3c-ELKS1 (aa 469-610 D533R) This paper N/A
32m3c-ELKS1 (aa 469-610 R543D) This paper N/A
32m3c-ELKS1 (aa 469-610 K544D) This paper N/A
32m3c-ELKS1 (aa 469-610 K551D) This paper N/A
32m3c-ELKS1 (aa 469-610 R572D) This paper N/A
32m3c-ELKS2 (aa 415-619) This paper N/A
32m3c-Pclo (aa 3633-3769 + 4401-5068) This paper N/A
32m3c-Pclo-2KE (aa 3633-3769 + This paper N/A
4401-5068 K4992/4994E)

32m3c-Pclo-2DA (aa 3633-3769 + This paper N/A
4401-5068 D4651/4657A)

32m3c-Pclo-PAB (aa 4401-5068) This paper N/A
32m3c-Pclo-PRM (aa 3633-3668) This paper N/A
m3c-Pclo-C2A (aa 4618-4760) This paper N/A
m3c-Pclo-C2B (aa 4861-5068) This paper N/A
32m3c-PAB-AC2A (aa 4401-4617 + 4761-5068) This paper N/A
32m3c-PAB-AC2B (aa 4401-4932) This paper N/A
32m3c-PAB-2KE (aa 4401-5068 K4992/4994E) This paper N/A
32m3c-PAB-2DA (aa 4401-5068 D4651/4657A) This paper N/A
32m3c-Pclo (aa 3623-3769) This paper N/A
32m3c-Pclo (aa 3644-3769) This paper N/A
32m3c-Pclo (aa 3668-3769) This paper N/A
32m3c-Pclo (aa 3683-3769) This paper N/A
32m3c-Pclo (aa 3683-3769 D3695R) This paper N/A
32m3c-Pclo (aa 3683-3769 E3719R) This paper N/A
32m3c-Pclo (aa 3683-3769 R3736D) This paper N/A
32m3c-Pclo (aa 3683-3769 L3698R) This paper N/A
32m3c-Pclo (aa 3683-3769 L3726R) This paper N/A
32m3c-Pclo (aa 3683-3769 L3729E) This paper N/A
32m3c-TFG (aa 1-400) This paper N/A
pFastBac3c-mEGFP-synapsin-FL (aa 1-706) Wu et al.?® N/A
32m3c-ITSN (aa 740-1214) Wu et al.?® N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Image J NIH https://imagej.nih.gov/ij/

Prism GraphPad https://www.graphpad.com/
scientific-software/prism/

Origin 7.0 OriginLab https://www.originlab.com/

ASTRA 6 Wyatt https://www.wyatt.com/
products/software/astra.html

ARCIMBOLDO Rodriguez et al.*® http://chango.ibmb.csic.es/lite

Coot Emsley et al.'® https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

PHENIX Liebschner et al.'"’ https://phenix-online.org/

MolProbity Chen et al.’®? http://molprobity.biochem.duke.edu/

PyMOL Schrodinger https://www.pymol.org/

Other

Superdex 75 26/60 GE Healthcare Cat#28-9893-34

Superdex 200 26/60 GE Healthcare Cat#28-9893-36

Superose 6 10/300 GL

Superose 12 10/300 GL

HiTrap desalting column
NanoDrop™ One/One® Microvolume
UV-Vis Spectrophotometer
Controlled-pore glass bead
(CPG-3000, glycerol coated)

Cytiva
Cytiva
GE Healthcare
Thermo Fisher

LGC Biosearch GmbH

Cat# 17517201
Cat# 29036225
Cat#29-0486-84
Cat#ND-ONE-W

Cat#BG6-5002

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mingjie
Zhang (zhangmj@sustech.edu.cn)

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The atomic structure of Pclo-CC3/ELKS1-CC complex has been deposited to and released by the Protein Data Bank under the
accession code PDB: 8I3E.

® Raw data from Figures 1, 2, 3, 5, 6, 7, S1-S3, and S5-S7 were deposited on Mendeley at https://doi.org/10.17632/
b69mjhr5yx.1.

® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

o Data and software availability information is detailed in the “key resources table” of the manuscript.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strain
Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Agilent) were used in this study to express all the recombinant proteins except for
synapsin. Transfected cells were cultured in LB medium supplemented with necessary antibiotics at 37°C with 220 rpm shaking and
expressed at 16°C with 220 rpm shaking.

DH10Bac cells (ThermoFisher) were used to generate recombinant bacmid. Cells were cultured in LB medium supplemented with
necessary antibiotics at 37°C with 220 rpm shaking.
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Cell line

Gibco® Sf9 cells (ThermoFisher) were used in this study to generate baculovirus and express synapsin. Cells were cultured in Sf-900
Il SFM medium (ThermoFisher) at 27°C. For virus preparation, adherent culture was used. For protein expression, suspension culture
with 100 rpm shaking was applied.

METHOD DETAILS

Genes and plasmids

The mouse Piccolo cDNA (Genbank: NM_011995.4) constructs were assembled using partial cDNA clones provided by Dr. Johann
Helmut Brandstétter at Friedrich-Alexander-Universitdt Erlangen-Nirnberg, Germany. Rat RIM1a. (Genbank: XM_017596673.1) and
rat RIMBP2 (Genbank: XM_017598284.1) genes were kindly donated by Dr. Pascal S. Kaeser from Harvard Medical School. Rat
ELKS1 (Genbank: NM_170788.2), mouse ELKS2 (Genebank: XR_001781113.2), and mouse synapsin 1a (Genbank: NM_013680.
4) were cloned from rat and mouse brain libraries. Human Intersectin 1 was purchased from Addgene (Addgene #47395, GenBank:
AF114487.1). Human TFG (Genbank: NM_006070.6) was synthesized.

Constructs of RIM, RIMBP, ELKS, synapsin, and ITSN were generated in our previous study.? Briefly, all these genes, Pclo frag-
ments and mutants, and TFG (except for synapsin) were amplified by standard PCR and cloned into a modified pET-32a vector con-
taining an N-terminal Trx-6xHis tag and an HRV-3C protease digestion site. Synapsin was expressed with insect cells. Full length
synapsin gene was inserted into a modified pFastBac vector with an N terminal EGFP-6xHis tag and an HRV-3C protease digestion
site. All constructs were verified by DNA sequencing.

Protein expression and purification

RIM, RIMBP, ELKS, synapsin, and ITSN proteins expression and purification were described in our earlier study.® Briefly, RIMBP,
ELKS, ITSN, Pclo, and TFG were directly expressed with Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Agilent). Transfected cells
were cultured in LB medium at 37°C with 220 rpm shaking until ODggo reached ~ 0.8, protein expression was induced by 0.25 mM
IPTG after cooling down to 16°C. The induced cells were grown at 16°C with 220 rpm shaking overnight. Cell pellets were harvested
by centrifuge and lysed by high pressure homogenization in binding buffer containing 50 mM Tris pH 8.0, 1000 mM NaCl, 5 mM Imid-
azole, and supplemented with 1 mM PMSF. The homogenates were purified using Ni>*-NTA Sepharose (GE Healthcare) affinity col-
umn and eluted with 50 mM Tris pH 8.0, 500 mM NaCl, 300 mM imidazole. The eluted proteins were immediately further purified by
size exclusion chromatography using HiLoad 26/600 Superdex 200pg column, pre-equilibrated in a buffer containing 50 mM Tris pH
8.0, 300 mM NaCl, 1mM EDTA,1mM DTT. Affinity tag was cleaved by HRV-3C protease at 4°C overnight and removed by another
step of size exclusion chromatography. The column was pre-equilibrated with HEPES buffered saline (x HBS: 20 mM HEPES pH 7.5,
x mM NaCl, 1 mM TCEP) with different concentration of NaCl according to their biochemical properties of individual proteins.
100 mM, 100 mM, 200 mM, and 300 mM NaCl were applied for RIMBP, ITSN, ELKS, and Pclo, respectively. Proteins were concen-
trated with Amicon ultra centrifugal filter (MWCO = 10 kD, Millipore) to ~ 10 mg/ml and aliquot to small fractions. Proteins were then
flash frozen in liquid nitrogen and moved to -80°C for long term storage.

Full length RIM purification was described in our previous study.® Briefly, RIM N-terminal fragment (1-474) fused with an
“LPETGG” tag at its C-terminal end, C-terminal fragment RIM (481-1334) with a “GGG” site at its N-terminal end, and the protein
ligase — sortase AN59 were purified from E. coli similar to the description above. The N-terminal fragment, C-terminal fragment,
and sortase were mixed at 2:1:1 molar ratio and supplemented with 10 mM CaCl, to initiate ligation. After 2h incubation at room tem-
perature, full length RIM was purified by HiLoad 26/600 Superdex 200pg size exclusion chromatography with 300 HBS.

Synapsin was expressed in Sf9 cells as described in our previous study.?® pFastBac-mEGFP-Syn plasmid was transformed into
DH10Bac cells to produce recombinant Bacmid. The Bacmids were then transfected into Sf9 cells using FUGENE® HD Transfection
Reagent (Promega) to produce the first generation of recombinant baculovirus (P1). P1 virus was used to generate P2 and P3 virus
sequentially. To estimate the viral titer and optimal virus concentration for expression, we infected small scale Sf9 cells with gradient
amount of P3 virus and used western blot to monitor protein expression level. For large scale culture, 600 ml Sf9 cells were cultured
in 2 L flask at 27°C with 100 rpm shaking. A suitable amount of P3 virus was added to the culture when cell density reached ~ 1.5 *
106/ml. Cells were cultured for another 60 h under the same culture condition. Cells were harvested by centrifugation at moderate
speed (1000 g * 10 min) and resuspended in the binding buffer supplemented with 1x cocktail protease inhibitor (Bimake). Then high-
pressure homogenization was applied, and the homogenates were purified by Ni*-NTA Sepharose (GE Healthcare) affinity column
followed by HiLoad 26/600 Superdex 200pg size exclusion chromatography pre-equilibrated in 100 HBS similar to proteins purified
from E. coli.

Fluorophore labelling of proteins

Fluorescent labeling dye iFluor 488/Cy3/Cy5 NHS easters (AAT Bioquest) were dissolved in DMSO at 10 mg/ml concentration. Pro-
teins were concentrated to 5 ~ 10 mg/ml mass concentration in HBS at pH 7.5 to ensure specific N-terminal labelling by each fluo-
rophore, and the dye to protein molar ratio was adjusted to 1 : 1 for each reaction. Normally, ~ 1 ul dye was required for labelling
100 pl protein at the 100 uM concentration. Additional NaCl does not affect labelling reaction and thus can be used to improve protein
stability when necessary. With gentle shaking at room temperature for 1 hin dark, the reaction was quenched by adding 200 mM Tris.
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Labeled proteins were centrifugated to remove any precipitation and exchanged to HBS using a HiTrap desalting column (GE Health-
care). Fluorescence labeling efficiency was determined by NanoDrop One® (Thermo scientific). For imaging assay, sparse labelling
was used. Normally we used 2% labelling ratio except for Pclo, which was at 5% to reduce laser power during imaging, as we
observed that strong laser illumination reduced mobility of Pclo-containing condensates.

Small Unilamellar Vesicle (SUV) preparation

Majority SUVs used in this study composed of 77% POPC, 20% DOPS, 1% PIP2, and 2% fluorescent dye (DiO or Dil) unless other-
wise specified. The neutralized SUVs were composed of 98% POPC and 2% DiO. All lipid powders were purchased from Avanti Polar
Lipids. Lipids were dissolved in chloroform and mixed in desired molar ratio in a glass vial. The lipid mixture was then dried under
nitrogen stream and subject to vacuum for at least 1 h to remove all residual chloroform. Dried lipid films were hydrated in 100
HBS supplemented with 1% sodium cholate (Sigma). Brief pipetting and vortexing could dissolve the lipid films thoroughly and
the solution turned transparent. The lipid solution was later loaded to a HiTrap desalting column (GE Healthcare) equilibrated with
100 HBS. SUVs were spontaneously formed during the detergent removal process. The SUV concentration (refer to the lipid concen-
tration) was estimated by measuring the dye concentration using NanoDrop One® (Thermo scientific).

Phase separation assays: sample preparation and imaging

All proteins used for imaging were centrifuged at 16,900 g for 10 min at 4°C to remove potential aggregation or precipitation before
performing experiments. The concentration of proteins and vesicles, and buffer conditions were marked at the corresponding figures
and legends. Samples were injected into a home-made chamber made up of a coverslip and a glass slide assembled by two parallel
double-sided tapes with 0.15 mm thickness. The chamber was sealed immediately by vacuum grease (Dow Corning) after sample
loading except when further manipulation was required (e.g., addition of Ca2+ or EDTA). Differential interference contrast (DIC) im-
ages (Figures 2A, 2B, S2A, and S2E) were captured by a Nikon Ni-U upright fluorescence microscope with a 60x oil lens. All other
images were captured by a Zeiss LSM 880 confocal microscope with a 63x oil lens.

For Pclo/SUV phase separation assays (Figure 2), Pclo and SUVs were mixed at desired concentration with or without 1 mM Ca2+
in a microcentrifuge tube. After 5 min incubation, samples were injected into the chamber and settled down for ~ 15 min to reach
equilibrium before images were taken. For droplets coalescing experiment (Figure 2B), continuous images were captured once ma-
jority droplets were settled down to the glass bottom. For vesicle extraction experiments (Figure 1), synapsin, Pclo, vesicles (SUVs or
SVs), and ITSN were sequentially mixed (before ITSN injection, there was no phase separation occurred). For Ca* treatment group,
1 mM Ca?* was applied after protein and vesicle mixing. For monitoring the dynamic processes vesicle extraction by Pclo (Figure 1D),
protein and SUV mixture was loaded into a chamber without sealing the chamber at first, Ca®* or EDTA was directly injected into the
system from one edge of the chamber after 15 min equilibration of the mixtures. Then time-lapse images were captured witha 15 s
space to monitor the dynamic processes. For vesicle tethering assays (Figure 5), RIMBP, ELKS, Pclo, RIM, and vesicles, with or
without Ca®*, were sequentially mixed in a microcentrifuge tube. The mixture was loaded into a chamber and equilibrated for 5 ~
10 min before images were taken. For Figure 5E, active zone condensates composed of RIM, RIMBP, and ELKS were loaded into
a chamber first, Pclo/SUV condensates were prepared in another microcentrifuge tube simultaneously. After 5 min incubation,
Pclo/SUV condensates were injected into the active zone condensates from one edge of the chamber. Images were continuously
taken with a 15 s space to monitor the dynamic redistribution of components. For the final reconstitution assays (Figure 6),
RIMBP, ELKS, Pclo, RIM, and synapsin, vesicles, ITSN, with or without Ca®* were sequentially mixed in a microcentrifuge tube. After
5 min incubation in the tube, the samples were loaded into a chamber and waited for another 15 min before images were taken. For
monitoring the vesicle transport process (Figure S5C), reconstituted condensates were loaded into a chamber first, then Ca®* was
injected from one edge of the chamber after 15 min equilibration. Time-lapse images with a 15 s interval between each image were
immediately captured.

Fluorescence recovery after photobleaching (FRAP) assay

For each FRAP experiment, three regions of interest (ROls) with exactly the same size were selected. ROI1 marked the site where
photobleaching was applied, ROI2 marked another comparable droplet for correction of system fluorescent intensity fluctuations
during imaging, and ROI3 was selected in the surrounding dilute solution for background correction. A circle with a 10-pixel (pixel
size = 0.13 um) diameter at the center of a droplet with about a 45-pixel diameter was selected. Three images were taken before
photobleaching. Laser beams at 561 nm or 633 nm wavelengths were applied for Cy3 or Cy5 fluorophore, respectively, to bleach
ROI1 till the fluorescent intensity reached the level comparable to that of ROI3. Time lapse images with 15 s intervals were taken
for 10 min to record fluorescence intensity recovery. If second photobleaching was required to evaluate the mobile fraction in a
droplet, same photobleaching protocol was applied to ROI1. Images were analyzed by ImageJ, the fluorescence intensity before
photobleaching was set as 1. Data were expressed as mean + SD.

Liposome binding assay

Brain total lipid extract (Avanti Polar Lipids) was dissolved in chloroform to 10 mg/ml and stored at -20°C. For each experiment,
2.5 mg total lipid extract was dried under nitrogen stream followed by 1 h vacuuming to remove residual chloroform. The dried lipids
were hydrated in 1 ml Tris buffered saline (TBS, 50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT) with extensive
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pipetting and vortexing for ~ 10 min. Then liposomes were prepared via sonication (Branson 250 Sonifier, duty circle: 50%, output
control: 5). The emulsion gradually became semi-transparent, indicating liposome formation. The solution was centrifuged at 5000 g
for 15 min to remove large aggregates. The liposome concentration was estimated by the initial input, assuming there was no weight
loss during the preparation.

For liposome binding, 5 uM Pclo (or its mutants) was mixed with 2 mg/ml liposome in TBS at 40 pl volume, after 30 min incubation at
room temperature, 40 ul mixture was ultracentrifuged at 55,000 rpm (136,600 g) for 30 min to precipitate all liposomes. The super-
natant was collected as sample S, and the pellet was washed twice with TBS before resuspended in 40 ul same buffer. Supernatant
and pellet samples were analyzed by SDS-PAGE with Coomassie blue staining. Each experiment was repeated three times. The
band intensity on SDS-PAGE gel was quantified by ImagedJ and data were presented as mean + SD.

Synaptic vesicle (SV) purification, labeling, and trypsin digestion

SV purification was described in our previous study.?® In brief, 20 rat brains were homogenized in pre-cooled lysis buffer containing
320 mM sucrose, 4 mM HEPES pH 7.4, 0.2 mM PMSF, 1 mg/ml pepstatin A. 10 min brief centrifugation at 900 g removed cell debris.
Then the supernatant was further centrifuged at 12,000 g for another 10 min. Pellet fraction containing the synaptosome was
collected and washed with sucrose buffer (320 mM sucrose, 4 mM HEPES pH 7.4). Synaptosomes were then subject to 9 volumes
of distilled water for hypoosmotic shock, and immediately buffered by 5 mM HEPES pH 7.4, 0.2 mM PMSF, and 1 mg/ml pepstatin A.
SVs were liberated from the lysed synaptosomes and were collected from the supernatant after 20 min centrifugation at 14,500 g.
Another step of ultrafast centrifugation at 230,000 g for 2 h resulted in accumulation of SVs in the pellet. The SV containing pellet
fraction was resuspended in 40 mM sucrose and subject to a 50 ~ 800 mM sucrose gradient centrifugation at 110,800 g for another
3 h. The collected SV fraction were then run through a self-packed size exclusion chromatography (300 nm diameter glass beads)
equilibrated with 300 mM glycine, 5 mM HEPES pH 7.4. SV fractions were pooled together and concentrated by centrifugation at
230,000 g for 2 h. The pellet was resuspended with 400 pl sucrose buffer. The estimated concentration was 2.5 mg/ml. The SVs
were aliquoted into 20 fractions and stored at -80°C after flash freeze in liquid nitrogen.

For SV labeling, amphiphilic dye DilC18(5)-DS (AAT Bioquest) was directly dissolved in aqueous SV buffer containing 20 mM
HEPES pH7.5, 100 mM KCI, 1mM TCEP with rigorous vortexing. The mixture was centrifuged at 16,900 g for 10 min, and the super-
natant containing the saturated concentration of DilC18(5)-DS was collected for SV labeling. An aliquot of SV (2.5 mg/ml, 20ul) was
thawed on ice followed by 16,900 g centrifugation for 10 min at 4°C to remove aggregates. Equal volume of DilC18(5)-DS (20 pl) was
mixed with SV supernatant by gentle pipetting and then moved to 37°C water bath incubation for 30 min. The mixture was centrifuged
at 16900 g at 4°C for 30 min to remove precipitates. The supernatant was collected and added with another 60 pl SV buffer to a final
volume of 100 pl corresponding to 0.5 mg/ml SV stock for immediate use. The labeled SVs were used within one day.

When trypsin digestion was needed, labeled SVs were mixed with 0.25% v/v 10 mg/ml (~ 400 uM) trypsin (Sigma) stock in 50 mM
acetic acid. The digestion reaction was performed at room temperature for 3 h and quenched by adding 0.25% v/v 10 mg/ml (1.5 mM)
aprotinin (Sigma) stock prepared in 50 mM MES pH 6.5, 150 mM NaCl for another 1 h incubation at room temperature.

Isothermal titration calorimetry (ITC) assay

ITC experiments were carried out on a MicroCal VP-ITC calorimeter (Malvern). All proteins were prepared in the same reaction buffer
containing 20 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, and 1 mM DTT. The protein loaded in syringe was highly concentrated
(normally 200 ~ 500 pM) for titrating into its binder in the reaction cell typically at 20-50 uM. Protein concentrations used were de-
noted in corresponding figure legends. Reaction was performed at 25°C. Each titration point injected 10 pl syringe protein into the cell
within 20 s, followed by 120 s equilibrium. A titration curve contained a total of 27 titration points. Each titration curve was fitted with
the one-site binding model using Origin 7.0 to obtain dissociation constant (Ky4) and binding stoichiometry N.

Size exclusion chromatography coupled with multiangle light scattering (SEC-MALS) assay

The SEC-MALS assay was conducted by a platform composed of a multi-angle light scattering (MALS) detector (miniDawn, Wyatt), a
differential refractive index (dRI) detector (Optilab, Wyatt) and a Liquid chromatography (LC) system (AKTA pure, GE Healthcare). For
each assay, 200 ul sample (individual proteins or complexes) was injected via injection loop (100 pl) into a Superose 6 10/300 GL
column or a Superose 12 10/300 GL column (GE Healthcare) pre-equilibrated with TBS. Data were analyzed by ASTRA6 (Wyatt).

Protein crystallization and structure determination

Crystals of the Pclo/ELKS1 complex were obtained by sitting drop vapor-diffusion method at 16 °C. The complex solution composed
of 750uM Pclo 3683-3769 and 1000uM ELKS1 469-610 was mixed with equal volume (1 pL + 1 pL) of the reservoir buffer containing
0.1 M Sodium Formate pH 7.0, 12 % (w/v) PEG 3350 for crystallization.

Crystals were cryoprotected with 25 % (v/v) glycerol and flash-cooled to 100 K. X-ray diffraction data were collected at the BL19U1
beamline at the Shanghai Synchrotron Radiation Facility (SSRF). Diffraction data were processed using HKL2000.'%® The initial model
was found using the ab initio phasing program ARCIMBOLDO.®° Subsequent model auto-building was carried out by phenix.auto-
build."®"""%* Further model building and refinement were carried out iteratively using Coot'°° and phenix.refine.'®"'% The final
models were validated by MolProbity'%? and statistics were summarized in Table S1. All figures in the paper were prepared using
PyMOL (https://www.pymol.org/).
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Generation of stable cell lines expressing mCherry-TFG or EGFP-TFG

For generation of mCherry-TFG or EGFP-TFG expressing COS7 or Hela stable cell lines, the pLenti-EF1a-mCherry-TFG or pLenti-
EF1a-EGFP-TFG plasmid, together with three packaging plasmids (pLP1(gag/pol), pLP2 (rev) and pLP/VSV-G (VSV-G envelope),
were co-transfected into 293FT cells. After 48 hours, the supernatant (containing the viral particles) was harvested and clarified
by centrifuging at 3200g for 15 minutes at 4°C. Clarified lentivirus supernatant was then added into cell culture medium containing
8 ng/mL polybrene. Cells were further cultured for 48 hours. Single cell clones expressing mCherry-TFG or EGFP-TFG were then
selected by fluorescence-activated cell sorting (FACS).

Multi-modal SIM (multi-SIM) live cell imaging
The multi-SIM system integrates TIRF-SIM, grazing incidence (GI-SIM)'°® and 3D-SIM, as well as lattice light sheet microscopy
(LLSM). Nonlinear SIM achieves an optical resolution of 61.2 nm at a frame rate of more than 20 Hz. GI-SIM achieves an imaging
speed of up to 684 Hz for 60,000 frames. This multi-modal SIM system allows us to select the optimum imaging mode for a specific
process according to its subcellular location, dynamics, duration, etc. The NA of the multi-SIM lens is 1.49 (Nikon CFI SR HP Apo TIRF
1003/1.49 QOil objective lens).

For multi-SIM imaging experiments, COS7 stable cells transfected with the indicated plasmids were seeded onto Mattek glass-
bottomed dishes 18-24 hours prior to imaging. Cells were maintained in 37°C and 5% CO2 during imaging. Multi-SIM images
were analyzed by Image J.

Correlative light and electron microscopy

Hela cells stably expressing mCherry-TFG were initially seeded onto a gridded glass-bottom dish (Cellvis, D35-14-1.5Gl). After
24-hour culture, the cells were fixed with 4% paraformaldehyde at room temperature for 20 minutes. Fluorescence imaging was con-
ducted using a Zeiss LSM980 Airyscan2 microscope. Bright-field microscopy was used to capture the cell morphology and ROI co-
ordinates. Subsequently, the fixed cells underwent a secondary fixation step involving 2.5% glutaraldehyde treatment for 1 hour at
room temperature, followed by a triple wash with 0.1 M phosphate buffer each lasting 15 minutes. Post-fixation staining was
achieved by incubating the cells with 1% osmium tetroxide (SPI, 1250423) for 30 minutes on ice. Afterward, the cells were subjected
to a triple wash with ultrapure water, followed by an overnight incubation in 1% aqueous uranyl acetate (EMS, 22400) at 4°C.
Following another triple wash with ultrapure water, the cells were dehydrated using a graded ethanol series at low temperature
(50%, 70%, 80%, 90%, 100%, 100%, 100%, 100%; 2 minutes each step). Subsequently, the cells were infiltrated with EPON
812 resin in the following ratios: 1:1 (v/v) resin and ethanol for 8 hours, 2:1 (v/v) resin and ethanol for 8 hours, and 3:1 (v/v) resin
and ethanol for 8 hours. This was followed by two steps of pure resin infiltration for 8 hours each. Finally, the samples were placed
in fresh resin and polymerized in an oven at 60°C for 48 hours. To facilitate the identification of ROls on the resin surface, grids were
engraved on the resin. The samples from the identified ROls were sectioned into slices that were 80 nm inthickness and subsequently
stained with uranyl acetate and lead citrate (C1813156). These stained sections were then examined using the HT-7800 120kV trans-
mission electron microscope. Finally, the fluorescence images and TEM images were superimposed using Zeiss Zen Blue software.

QUANTIFICATION AND STATISTICAL ANALYSIS

For Pearson’s correlation coefficient (PCC) quantification (Figures 1D, 1H, 21, 6D, S1N, and S2I), we took 5 images and arbitrarily
picked 10 droplets from each image (50 droplets in total) for analysis. Droplet boundary can be easily demarcated by synapsin.
At least three batches of repeats were performed for each imaging experiment described in this manuscript. Imaged with JACoP plu-
gin was used to generate the PCC value. Then GraphPad Prism was used to do the quantification.

For PcloC/SUV phase separation capacity comparison (Figures 2A and 2D), we quantified the total droplet area and number of the
pictures (1212 x 1212 pixels, pixel size = 0.122 um) of each group using Imaged. Each experimental group was repeated three
batches, and three pictures of each batch were analyzed for quantification (9 pictures in total for each group). For liposome binding
assay (Figure S3D), the SDS-PAGE gel was analyzed by ImageJ, the intensity of each band was measured and calculated. Three
batches of experiments were repeated.

For measurement of SUV or SV coating efficiency on the reconstituted active zone condensates (Figures 5D, 51, 6D, S5G, and S5L),
a total of 5 images with 10 arbitrarily selected droplets from each image (50 droplets each group) were analyzed. An 8 um arc was
drawn along the SUV coating region, and the mean fluorescence intensity of the arc was plotted as one data point for each droplet.
For the groups with enriched SUV patches, the arc was drawn on the SUV enriched region to derive the data point.

Statistical analysis was performed with GraphPad Prism 7.0. Data were expressed as mean + SD. One-way ANOVA with Dunnett’s
multiple comparisons test was applied. ns (not significant), p > 0.05; ****, p < 0.0001. N value was reported in corresponding figure
legends.
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Figure S1. PcloC, but not synapsin, responds to Ca2* and triggers SV redistribution, related to Figure 1

(A) A schematic diagram showing the reserve pool condensate and the active zone condensate in a presynaptic bouton. The majority of SVs are maintained in the
reserve pool, and only a few SVs coat the surface of the active zone for activity-induced fusion with the plasma membrane. Red lines represent Pclo molecules
that are known to position perpendicularly with respect to the plasma membrane and to connect the active zone and the reserve pool and thereby may contribute
to SV shuttling from the reserve pool to the active zone.

(B) Confocal images showing the condensate formed by synapsin and ITSN in the imaging buffer with 100 mM NaCl without containing any crowding agent.
(C) Coacervation of SUVs with the synapsin/ITSN condensate described in (B).

(D) Same composition as (C), but with inclusion of 1 mM Ca?* in the buffer. The synapsin/ITSN/SUV condensate did not respond to Ca* treatment.

(E) Schematic diagram showing the sequence features of Piccolo. The first line depicts the domain organization of the full-length Pclo; the second line shows the
amino acids conservation of Pclo throughout the evolution; the third line shows the zoom-in domain organization of a highly conserved Piccolo-C-terminal
fragment; and the last line shows the domain organization of the PcloC protein used in this study, which consists of a PRM motif, a CC3 domain, and a PDZ-C2A-
C2B tandem.

(F) SEC-MALS (left) and SDS-PAGE (right) characterization of purified PcloC. PcloC is a stable monomer in solution. SDS-PAGE shows the quality of puri-
fied PcloC.

(G) Interaction network among synapsin, ITSN, phospholipid, and PcloC.

(H-L) Same setting as Figure 1A, except for performing the experiment with a Ca®* concentration gradient of 0, 10, 50, 100, and 1,000 uM as indicated.

(M) Zoom-in of a highlighted region (dashed box) of the SUV channel as indicated in (H)-(L). The higher magnification clearly shows a heterogeneous distribution
of SUVs after Ca®* treatment.

(N) PCC quantification of the correlation between SUV and synapsin, in the absence or presence of different concentrations of Ca2*.
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Figure S2. PcloC can extract negatively charged SUVs or SVs with the surface proteins removed by trypsin digestion from the synapsin
phase, related to Figure 1

(Aand B) PS-SUV (78% POPC + 20% DOPS + 2% Dil) homogeneously distributed in the synapsin/ITSN/PcloC condensate (A), and SUVs were extracted out from
the synapsin condensate by PcloC upon Ca* treatment (B).

(legend continued on next page)
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(Cand D) PI3P-SUV (77% POPC + 20% DOPS + 1% PI3P + 2% Dil) homogeneously distributed in the synapsin/ITSN/PcloC condensate (C). SUVs were extracted
out from the synapsin condensate by PcloC upon Ca?* treatment (D).

(E) FRAP analysis of Cy5-labeled PcloC in the mixture of synapsin/ITSN/SUV/PcloC after 1 mM Ca®* treatment. A yellow dashed circle with a 10-pixel (pixel size =
0.13 um) diameter was selected for photobleaching (see the circle marked in the image acquired at —15 s). Droplet number n = 6 was used to construct the FRAP
curve. Data are presented as mean + SD.

(F) Time-lapse confocal images showing that small SUV clusters formed after Ca®* injection can coalesce upon contacting each other (see two clusters high-
lighted with a yellow circle in the image marked as 0 min), indicating that SUVs remain dynamic after Ca®*-mediated redistribution.

(G and H) Representative images of trypsin-digested SV distribution in the condensate formed by synapsin, ITSN, and PcloC, in the absence (G) or presence
(H) of Ca?*.

(I) Quantification of PCC between SV and synapsin for (G) and (H).
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Figure S3. Both C2A and C2B of Pclo are involved in Pclo-mediated extraction of vesicles from the synapsin condensate, related to Figure 2
(A) DIC and merged fluorescence images showing the phase diagram of the PcloC and SUV mixtures as functions of the two-component concentrations. The
molar concentration of SUV is calculated as the total lipid concentration. The average molecular weight of lipids is ~1,000 g/mol (1 kDa) or less. A concentration of
200 uM lipid mixture corresponds to ~0.2 mg/mL of lipids by mass.

(B) Amino acid sequence alignment of mouse Pclo-C2A domain with several other known Ca?* binding C2 domains, including both C2A and C2B domains of
mouse synaptotagmin 1 (UniProt: P46096), C2B domain of mouse Munc 13-1 (UniProt: Q4KUS2), and both C2A and C2B domains of mouse rabphilin 3A (UniProt:
P47708). Two Asp residues (D4651 and D4657) in the loop 1 region of Pclo critical for Ca®* binding are highlighted in yellow.

(C) Amino acid sequence alignment of mouse Pclo-C2B with several other C2 domains that are known to be deficient in Ca®* binding: the C2B domain of rat
(UniProt: Q9JKS6), bovine (UniProt: AOA3Q1M9D0), chick (UniProt: Q9PU36) Pclo, and the C2B domain of mouse (UniProt: Q99NES5), rat (UniProt: Q9JIR4)
RIM1a. Two Lys residues (K4992, K4994) in the B strand critical for binding to negatively charged lipid membranes are highlighted in yellow.

(D) Representative SDS-PAGE images showing the results of PcloC and its variants in binding to liposomes. In each assay, 5 uM PAB, C2A, PAB-AC2A, PAB-
2DAc2a, C2B, PAB-AC2B, or PAB-2KEc,g Were mixed with 2 mg/mL of liposome with or without 1 mM Ca?*inthe assay buffer. After high-speed centrifugation,
the supernatant and pellet fractions were analyzed by SDS-PAGE with Coomassie blue staining. The pellet fractions representing the liposome-bound proteins
were quantified and shown on the right. Data are presented as mean + SD. One-way ANOVA with Dunnett’s multiple comparisons test was used. ns, not sig-
nificant, p > 0.05; *p < 0.05; ***p < 0.001; ***p < 0.0001.

(E) DIC and fluorescence images showing phase separation ability of different PcloC variants with SUVs. Schematic domain diagrams and quantification are
summarized in Figure 2D.
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Figure S4. Characterization of the Pclo-CC3/ELKS-CC interaction, related to Figure 3

(A) ITC-based measurement of the interactions between Pclo and ELKS1 or ELKS2. Binding affinity (Kp) and stoichiometry (N) are reported.
(B) ITC-based binding mapping of the interaction between Pclo and ELKS1.

(C) SEC-MALS experiment showing that Pclo-CC3 is a stable monomer at two different concentrations.
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Figure S5. Characterizations of the PcloC-2DAc5 and PcloC-2KEc,g mutants reveal that both the C2A and C2B domains of Pclo contribute
to Ca®*-mediated vesicle tethering with the active zone condensate, related to Figure 5

(A) Representative confocal images showing that the PcloC-2DAco, mutation, compared with WT PcloC, did not affect its enrichment in the RIM/RIMBP/ELKS1
condensate.

(B and C) Representative confocal images showing that SUVs coat on the surface of the RIM/RIMBP/ELKS1/PcloC-2DAc,a droplets in the absence (B) or
presence of 1 mM Ca?*.

(D) Representative confocal images showing that the PcloC-2KEcg mutation did not affect its enrichment in the RIM/RIMBP/ELKS1 condensate when compared
with WT PcloC.

(E and F) Representative confocal images showing that SUVs coat on the surface of RIM/RIMBP/ELKS1/PcloC-2KEg,g droplets in the absence (B) or presence of
1 mM Ca?*.

(G) Quantification and comparison of SUV tethering efficiency of the RIM/RIMBP/ELKS condensates containing PcloC-2DAcza, PcloC-2KEog, and the control
with no PcloC, respectively, with the presence or absence of 1 mM Ca?*. Data are presented as mean + SD. For the comparisons, a one-way ANOVA with
Dunnett’s multiple comparisons test was used. ns, not significant, p > 0.05; ***p < 0.0001.

(H and ) Representative confocal images showing that SVs coat on the surface of the RIM/RIMBP/ELKS1/PcloC-2DAc2a droplets in the absence (H) or presence
of 1 mM Ca?* ()).

(J and K) Representative confocal images showing that SVs coat on the surface of the RIM/RIMBP/ELKS1/PcloC-2KEc.g droplets in the absence (J) or presence
of 1 mM Ca?* (K).

(L) Quantification and comparison of SV tethering efficiency of the RIM/RIMBP/ELKS condensates containing PcloC-2DAc2a, PcloC-2KEc2g, and the control with
no PcloC with the presence or absence of 1 mM Ca?*. The statistical methods are the same as in (G).
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Figure S6. PcloC regulates vesicle distribution but does not affect the active zone condensate and the synapsin condensate organization,
related to Figure 6

(A) Representative images showing that the RIM/RIMBP/ELKS1 condensate and the synapsin/ITSN condensate are immiscible.

(B) Representative images showing that addition of PcloC did not affect the multiphase organization of the RIM/RIMBP/ELKS1 condensate and the synapsin/
ITSN condensate. PcloC was highly enriched in the RIM/RIMBP/ELKS1 condensate but not in the synapsin/ITSN condensate.

(C) Time-lapse images showing the translocation of SUVs from the synapsin/ITSN condensate to the surface of the RIM/RIMBP/ELKS1/PcloC droplets triggered
by 1 mM Ca®* injection. A zoom-in analysis of a representative droplet with line scanning is selected to show the SUV intensity changes before (black) and after
(red) Ca®* addition. See also Video S4.

(D) Same composition as (C), with a different way for sample preparation. All components were premixed and incubated for 15 min in a test tube. Then Ca* was
added into the tube, and the sample was immediately loaded to the chamber for imaging. The “0 s” was defined as the time point when the imaging focal plane
was reached. It is noted that SUVs were transported from the synapsin condensate to the active zone condensate surface at the time point 0 s.

(E) FRAP study of SUV, synapsin, and PcloC in the system described in Figure 6C. The yellow dashed boxes (20 pixel, 2.64 pm) mark the photobleaching region.
Droplet number n = 6. Data are presented as mean + SD.

(F and G) Representative images showing that, like WT PcloC in (B), addition of PcloC-2DAc2a (F), or PcloC-2KEcog (G) did not affect the multiphase organization
of the RIM/RIMBP/ELKS1 condensate and the synapsin/ITSN condensate.
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Figure S7. TFG undergoes phase separation, and the formed condensates can coacervate with negatively charged vesicles, related to
Figure 7

(A) A representative image of lentivirus-infected COS7 cells stably expressing EGFP-TFG. TFG alone forms droplets in the cytoplasm.

(B) EGFP-TFG condensates formed in COS7 cells undergo dynamic change. Droplets move, fuse, and fission over time.

(C) SEC-MALS analysis of purified recombinant TFG. 40 uM (red) and 80 uM (blue) TFG were loaded into superose 6 column pre-equilibrated with TBS. Fitted
molecular weights are 244.3 + 1.5 kDa and 247.6 + 1.2 kDa, respectively. The theoretical molecular weight of TFG is 43.4 kDa. Thus, purified TFG behaves like a
stable hexamer in solution.

(D) SEC-MALS of purified recombinant EGFP-TFG and mCherry-TFG compared with untagged TFG. 40 uM EGFP-TFG (green), mCherry-TFG (red), and TFG
(blue) were loaded into superose 6 column pre-equilibrated with TBS. Fitted molecular weights of EGFP-TFG and TFG are 407.4 + 19.1 kDa and 244.3 + 1.5 kDa,
respectively, corresponding to a hexamer assembly of EGFP-TFG. mCherry has adsorption at long wavelength, where laser beam used for light scattering; thus,
the molecular weight of mCherry-TFG cannot be reliably fitted. Nevertheless, the elution volume of mCherry-TFG is comparable to that of EGFP-TFG, suggesting
that mCherry is also a hexamer.

(E) SEC-MALS of purified recombinant TFG-IDR. 40 uM (red) and 80 uM (blue) TFG-IDR were loaded into a superose 12 column pre-equilibrated with TBS. Fitted
molecular weights are 24.1 + 1.5 kDa and 27.3 + 2.1 kDa, respectively. The theoretical molecular weight of TFG-IDR is 29.1 kDa. Thus, purified TFG-IDR behaves
as a stable monomer in solution.

(legend continued on next page)
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(F) TFG-IDR cannot undergo phase separation at the same concentration and buffer condition tested for the full-length TFG (Fi) vs. Figure 7C. Nonetheless, TFG-
IDR is able to phase separate in a very high protein concentration (100 uM) and in the presence of very high molecular weight PEG (10% PEG 20,000) (Fii).
(G) The coacervation of SUV with the full-length TFG depends on negatively charged lipid. PIP2-containing SUV coacervate with TFG condensates (Gi). Whereas
POPC-SUVs are not enriched by TFG condensates (Gii).
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