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Abstract Cellular vesicles are moved via two distinct routes: the canonical motor-powered transport,

which moves along cytoskeletons typically over long distances, and local and short-distance transport. The short-

5 [ AR S R O I H (HEHE S 82188101) [H 5K HL s WA TR 2019YFA0508402) FIRYI T FL A THRI(#HEHE 'S KQTD20210811090115021)
BIIRE

*EIEIE# . Tel: 0755-88015947, E-mail: zhangmj@sustech.edu.cn

This work was supported by the National Natural Science Foundation of China (Grant No.82188101), the National Key R&D Program of China (Grant
No.2019YFA0508402), and the Shenzhen Talent Program (Grant No.KQTD20210811090115021)

*Corresponding author. Tel: +86-755-88015947, E-mail: zhangmj@sustech.edu.cn



926 CASEETHY - P

distance transport is also with directions but does not involve molecular motors and cytoskeletons. The molecular
mechanisms underlying short-distance vesicle transport are totally unknown. Using SV (synaptic vesicle) transport
as a paradigm, this study discovers a new way of short-distance vesicle transport mediated by phase separation in
a Ca*"-regulated and directional manner. Specifically, a scaffold called Pclo (Piccolo) in the presynaptic bouton un-
dergoes phase separation with SV. On the one hand, Pclo can extract SVs from the reserve pool, on the other hand,
Pclo can facilitate SV tethering on the active zone. In addition, this study further finds a protein called TFG (Trk-fused
gene) can facilitate COPII (coat protein complex II) vesicles transport from ER (endoplasmic reticulum) to the

ERGIC (ER-Golgi intermediate compartment) via phase separation. Therefore, phase separation may be a general

mechanism for short-distance vesicle transport in cells.
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A: phase separation at the synapse; B: synaptic vesicle cycle in the view of phase separation.
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Fig.1 Phase separation at presynaptic boutons (modified from the references [32-33])
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A-C: synapsin, PcloC, and SUV distribution under basal (A), Ca* (B) or EDTA (C) conditions. A dashed box is selected for zoom in, and dash lines are

used to profile fluorescence intensities and concentrations of different components in the condensate; D: SUV extraction by PcloC induced by different

concentration of Ca*'; E,F: rat brain derived SV extraction by PcloC in a Ca*'-dependent manner; G,H: trypsin digested SV extraction by PcloC in a

Ca’*-dependent manner. Syn: synapsin; ITSN: intersectin; PcloC: C-terminal fragment of Pclo.
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Fig.2 PcloC extracts SVs from the reserve pool condensates in response to Ca** (modified from the reference [43])
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A: domain organization of Pclo; B: interaction network among Pclo, synapsin, and lipid, etc.; C: Pclo undergoes phase separation with SUV in a specific
and regulated manner; D,E: 2DAc4 (PcloC with C2A domain mutations D4651A and D4657A) fails to extract SUV from the reserve pool condensate;
F,G: 2KEc5 (PcloC with C2B mutations K4992E and K4994E) slightly extracts SUV from the reserve pool condensate after Ca** stimulation, image at
the left corner shows a representative zoom in condensate with 3% magnification. Syn: synapsin; ITSN: intersectin.
E3 Pclo5tfaEIAL S Ca™ FIZHE D B (IRIESE SCAK43]12250)
Fig.3 Pclo undergoes phase separation with negatively charged vesicles in a Ca’*-regulated manner
(modified from the reference [43])



931

(A)
CC PBM
ELKS [ [P
0.2 pmol/L T
PRM yCC3 PDZ C2A C2B
PcloC
0.7 pmol/L 6 umol/L
SH3-1 - 0.3 umol/L
RIMBP
7.0 umol/L 24.0 pmol/L}| 1.6 pmol/L|
ZF PDZ C2A PR C2B

RIM

D)
5 pmol/L (RIM+RIMBP+ELKS1+PcloC)+50 pmol/L SUV

DiO-SUV Cy3-PcloC Cy5-RIMBP Merge
e
\&)
(E)

5 pmol/L (RIM+RIMBP+ELKS1+PcloC)+50 pmol/L SUV+1 mmol/L Ca**

DiO-SUV Cy3-PcloC Cy5-RIMBP

(B)

5 umol/L (RIM+RIMBP+ELKS 1+PcloC)

Cy3-PcloC

Cy5-RIMBP

488-ELKS1

©
5 umol/L (RIM+RIMBP+ELKS1)+50 umol/L SUV
Dio-SUV Cy5-RIMBP Merge

.

(F) 5 umol/L (RIM+RIMBP+ELKS1)+5 pmol/L PcloC+50 pmol/L SUV
Di0-SUV Cy3-PeloC Cy5-RIMBP Merge

2 min
-
5 min
s

enhanced

SUV/PcloC

RIM/RIMBP
/ELKS1
% —® -

SUV/PcloC
/RIM/RIMBP/ELKS|1

A: Pelo5 FoAhE 4 X RS AR A 3 FAR LA I 2% ; B: Pelofis 57 1 B 2 BN P DX BESR fAk o € BRI B 703 4k X R SR AR 22 T D: Pelofie k3%

VEAEVE P DXRESR AR R T (I B B Ca ik — 2D 1 SR SO AR VE 1 X 2R

EITe

PRFETH PGB F: T056 B B Pelo/SUV BESE AAAL 28 SUV B3 1 [X 2R Ak

A interaction network among Pclo and other active zone scaffold proteins; B: Pclo can be specifically enriched into the active zone condensate; C:

vesicle coating on the active zone condensate; D: Pclo promotes vesicle tethering on the active zone condensate; E: Ca®* further enhances vesicle tether-

ing on the active zone condensate; F: preformed Pclo/SUV condensates deposit SUVs to the surface of the active zone condensate.
E4 PclofR#HF AAE M XERARENRRARESE TE[43]1820)

Fig.4 Pclo promotes vesicle tethering on the surface of the active zone condensate (modified from the reference [43])
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A: TFG and COPII vesicle marker SEC23A form colocalized puncta in COS7 cells, the left corner shows a 4x zoom in image; B: recombinant TFG un-
dergoes phase separation in the presence of 3% PEG8000; C: TFG droplets fusion in vitro; D: TFG droplets enrich SUV; E: FRAP of TFG in the pres-
ence or absence of SUV; F: CLEM (correlative light-electron microscopy) imaging showing colocalization of COPII vesicles within TFG condensates,
the lower images are magnified from the red dash lines selected regions in the upper panels, and the yellow arrows indicate COPII vesicles; G: disas-
sembly of actin filament or microtubule does not affect TFG condensation and clustering of COPII vesicles, as well as their mobilities, white arrows
indicate representative condensates.
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Fig.5 TFG condensates mediate COPII vesicles organization and trafficking (modified from the reference [43])
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Fig.6 Short-distance vesicle transport via phase separation (modified from the reference [43])

NELSON J C, STAVOE A K, COLON-RAMOS D A. The actin
cytoskeleton in presynaptic assembly [J]. Cell Adh Migr, 2013,
7(4): 379-87.

PELLETT P A, DIETRICH F, BEWERSDOREF 1J, et al. Inter-
Golgi transport mediated by COPI-containing vesicles carrying
small cargoes [J]. eLife, 2013, 2: e01296.

TOKUOKA H, GODA'Y. Myosin light chain kinase is not a reg-
ulator of synaptic vesicle trafficking during repetitive exocytosis
in cultured hippocampal neurons [J]. J Neurosci, 2006, 26(45):
11606-14.

BROWN A. Axonal transport of membranous and nonmembra-
nous cargoes: a unified perspective [J]. J Cell Biol, 2003, 160(6):
817-21.

GUEDES-DIAS P, HOLZBAUR E L F. Axonal transport: driving
synaptic function [J]. Science, 2019, 366(6462): eaaw9997.
VALE R D, REESE T S, SHEETZ M P. Identification of a novel
force-generating protein, kinesin, involved in microtubule-based
motility [J]. Cell, 1985, 42(1): 39-50.

ALABI A A, TSIEN R W. Synaptic vesicle pools and dynamics
[J]. Cold Spring Harb Perspect Biol, 2012, 4(8): a013680.
PIERIBONE V A, SHUPLIAKOV O, BRODIN L, et al. Distinct
pools of synaptic vesicles in neurotransmitter release [J]. Nature,
1995, 375(6531): 493-7.

RIZZOLI S O, BETZ W J. Synaptic vesicle pools [J]. Nat Rev
Neurosci, 2005, 6(1): 57-69.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Synaptic activation

SIKSOU L, ROSTAING P, LECHAIRE J P, et al. Three-dimen-
sional architecture of presynaptic terminal cytomatrix [J]. J Neu-
rosci, 2007, 27(26): 6868-77.

SUDHOF T C. Calcium control of neurotransmitter release [J].
Cold Spring Harb Perspect Biol, 2012, 4(1): a011353.
TAKAMORI S, HOLT M, STENIUS K, et al. Molecular anato-
my of a trafficking organelle [J]. Cell, 2006, 127(4): 831-46.
WILHELM B G, MANDAD S, TRUCKENBRODT 8§, et al.
Composition of isolated synaptic boutons reveals the amounts of
vesicle trafficking proteins [J]. Science, 2014, 344(6187): 1023-
8.

ROSAHL T W, SPILLANE D, MISSLER M, et al. Essential
functions of synapsins I and II in synaptic vesicle regulation [J].
Nature, 1995, 375(6531): 488-93.

ACUNA C, LIU X, SUDHOF T C. How to make an active zone:
unexpected universal functional redundancy between RIMs and
RIM-BPs [J]. Neuron, 2016, 91(4): 792-807.

WANG S S H, HELD R G, WONG MY, et al. Fusion competent
synaptic vesicles persist upon active zone disruption and loss of
vesicle docking [J]. Neuron, 2016, 91(4): 777-91.

CHEN X, WU X, WU H, et al. Phase separation at the synapse [J].
Nat Neurosci, 2020, 23(3): 301-10.

WU X, CAI Q, FENG Z, et al. Liquid-liquid phase separation in
neuronal development and synaptic signaling [J]. Dev Cell, 2020,
55(1): 18-29.



934

SUSETHY -

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

BANANI S F, LEE H O, HYMAN A A, et al. Biomolecular con-
densates: organizers of cellular biochemistry [J]. Nat Rev Mol
Cell Biol, 2017, 18(5): 285-98.

BOEYNAEMS S, ALBERTI S, FAWZI N L, et al. Protein phase
separation: a new phase in cell biology [J]. Trends Cell Biol,
2018, 28(6): 420-35.

GAO Y, LI X, LI P, et al. A brief guideline for studies of phase-
separated biomolecular condensates [J]. Nat Chem Biol, 2022,
18(12): 1307-18.

FENG Z, CHEN X, WU X, et al. Formation of biological con-
densates via phase separation: characteristics, analytical methods,
and physiological implications [J]. J Biol Chem, 2019, 294(40):
14823-35.

WU X, QIU H, ZHANG M. Interactions between membraneless
condensates and membranous organelles at the presynapse: a
phase separation view of synaptic vesicle cycle [J]. J Mol Biol,
2023, 435(1): 167629.

FENG Z, WU X, ZHANG M. Presynaptic bouton compartmen-
talization and postsynaptic density-mediated glutamate receptor
clustering via phase separation [J]. Neuropharmacology, 2021,
193: 108622.

MILOVANOVIC D, WU Y, BIAN X, et al. A liquid phase of
synapsin and lipid vesicles [J]. Science, 2018, 361(6402): 604-7.

WU X, CAI Q, SHEN Z, et al. RIM and RIM-BP form presyn-
aptic active-zone-like condensates via phase separation [J]. Mol
Cell, 2019, 73(5): 971-84,¢5.

WU X, GANZELLA M, ZHOU J, et al. Vesicle tethering on the
surface of phase-separated active zone condensates [J]. Mol Cell,
2021, 81(1): 13-24.¢7.

GUNDELFINGER E D, REISSNER C, GARNER C C. Role of
Bassoon and Piccolo in assembly and molecular organization of
the active zone [J]. Front Synaptic Neurosci, 2015, 7: 19.

DANI A, HUANG B, BERGAN J, et al. Superresolution imaging
of chemical synapses in the brain [J]. Neuron, 2010, 68(5): 843-
56.

HALLERMANN S, FEJTOVA A, SCHMIDT H, et al. Bassoon
speeds vesicle reloading at a central excitatory synapse [J]. Neu-
ron, 2010, 68(4): 710-23.

MUKHERIJEE K, YANG X, GERBER S H, et al. Piccolo and
bassoon maintain synaptic vesicle clustering without directly
participating in vesicle exocytosis [J]. Proc Natl Acad Sci USA,

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

2010, 107(14): 6504-9.

BUTOLA T, WICHMANN C, MOSER T. Piccolo promotes
vesicle replenishment at a fast central auditory synapse [J]. Front
Synaptic Neurosci, 2017, 9: 14.

ACKERMANN F, SCHINK K O, BRUNS C, et al. Critical
role for Piccolo in synaptic vesicle retrieval [J]. eLife, 2019, 8:
€46629.

QIU H, WU X, MA X, et al. Short-distance vesicle transport via
phase separation [J]. Cell, 2024, doi: 10.1016/j.cell.2024.03.003.
NEHER E, SAKABA T. Multiple roles of calcium ions in the
regulation of neurotransmitter release [J]. Neuron, 2008, 59(6):
861-72.

SCHNEGGENBURGER R, NEHER E. Intracellular calcium de-
pendence of transmitter release rates at a fast central synapse [J].
Nature, 2000, 406(6798): 889-93.

GERBER S H, GARCIA J, RIZO J, et al. An unusual C,-domain
in the active-zone protein piccolo: implications for Ca*' regula-
tion of neurotransmitter release [J]. EMBO J, 2001, 20(7): 1605-
19.

GARCIA J, GERBER S H, SUGITA S, et al. A conformational
switch in the Piccolo C2A domain regulated by alternative splic-
ing [J]. Nat Struct Mol Biol, 2004, 11(1): 45-53.

WANG X, HU B, ZIEBA A, et al. A protein interaction node at
the neurotransmitter release site: domains of Aczonin/Piccolo,
Bassoon, CAST, and rim converge on the N-terminal domain of
Munc13-1 [J]. J Neurosci, 2009, 29(40): 12584-96.

HANNA M G T, BLOCK S, FRANKEL E B, et al. TFG facili-
tates outer coat disassembly on COPII transport carriers to pro-
mote tethering and fusion with ER-Golgi intermediate compart-
ments [J]. Proc Natl Acad Sci USA, 2017, 114(37): E7707-E16.
JOHNSON A, BHATTACHARYA N, HANNA M, et al. TFG
clusters COPII-coated transport carriers and promotes early se-
cretory pathway organization [J]. EMBO J, 2015, 34(6): 811-27.
WITTE K, SCHUH A L, HEGERMANN J, et al. TFG-1 func-
tion in protein secretion and oncogenesis [J]. Nat Cell Biol, 2011,
13(5): 550-8.

ZEUSCHNER D, GEERTS W J, VAN DONSELAAR E, et al.
Immuno-electron tomography of ER exit sites reveals the exis-
tence of free COPII-coated transport carriers [J]. Nat Cell Biol,
2006, 8(4): 377-83.



