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Abstract

Neurotransmitter containing synaptic vesicles (SVs) form tight clusters at synapses. These clusters
act as a reservoir from which SVs are drawn for exocytosis during sustained activity. Several
components associated with synaptic vesicles likely to help forming such clusters have been
reported, including synapsin. Here we found that synapsin can form a distinct liquid phase in an
aqueous environment. Other scaffolding proteins could co-assemble into this condensate, but were
not necessary for its formation. Importantly, the synapsin phase could capture small lipid vesicles.
The synapsin phase rapidly disassembled upon phosphorylation by calcium/calmodulin-dependent
protein kinase 11 (CaMKII), mimicking the dispersion of synapsin 1 that occurs at presynaptic sites
upon stimulation. Thus, principles of liquid-liquid phase separation may apply to the clustering of
SVs at synapses.

One Sentence Summary:

Synapsin forms liquid biomolecular condensates that can trap lipid vesicles.

The presence of synaptic vesicle (SV) clusters is a defining feature of nerve terminals. SVs
are tightly packed in these structures, which are well-distinct from the surrounding
cytoplasm, although there is no evidence for a restraining boundary (1). Vesicles intermix
within the clusters (2) and can be exchanged between them (3). While SV clusters present at
synapses are anchored to active zones of secretion, active zone proteins are not required for
their formation (4, 5) and small clusters also occur in developing axons prior to synapse
formation (6). How maotility of SVs within clusters is compatible with their spatial
confinement remains unknown. Recently, liquid-liquid phase separation has been shown to
be a mechanism through which components of the cytoplasm (proteins and RNAS) can
assemble into distinct compartments (biomolecular condensates) not delimited by a
membrane (7-9). A key feature of proteins that can undergo liquid-liquid phase separation is
their ability to engage in multivalent, low-affinity interactions, either through intrinsically
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disordered regions (IDRs) (10, 11), or through association with binding partners (8, 12). A
major constituent of the matrix that connects SVs is synapsin (13-15), whose abundance in
nerve terminals is several fold higher than the abundance of any other protein specifically
localized in this matrix (16). Synapsin comprises an ATP binding module of unknown
physiological function (15, 17), flanked by an N-terminal short region that partially
penetrates membranes (18) and a C-terminal IDR with multiple SH3 domain binding motifs
(15) (Fig. S1). This prompted us to hypothesize (1) that synapsin may be a key constituent of
a biomolecular condensate that includes SVs.

To assess whether synapsin, which forms homo and heterodimers, can phase separate
through interactions of its IDR, we incubated EGFP-tagged synapsin 1 in a buffer of
physiological salt concentration and pH on a glass bottom dish at room temperature (see
Methods). After a lag of tens of minutes, synapsin 1 alone formed micrometer-size droplets
(Fig. 1A and B, see also fig. S4 and movie S1) with the size of droplets correlating with its
concentration (0.5-20 uM concentrations tested) (Figs. S2 and S3). The coalescence of
synapsin 1 into droplets was confirmed by performing the incubation in suspension and
measuring turbidity (Fig. S4). These concentrations were not above the physiological range,
as synapsin 1 is estimated to reach concentrations above 100 UM in nerve terminals (16).
Droplets of synapsin 1 had the expected properties of a liquid phase (9): they fused with
each other (Fig. 1B) and bleaching of several droplets revealed that synapsin 1 molecules
swiftly exchanged into and out of synapsin 1 droplets (t1/» = 65 s; Fig. 1C and movie S2).
Additionally, fluorescence recovery after photobleaching (FRAP) of a small area within the
droplet was followed by rapid recovery (ty/» = 40 s) of fluorescence, reflecting local
rearrangement of synapsin 1 molecules (Fig. 1D, movie S3). Analysis of two purified
fragments of synapsin 1 confirmed that its IDR (aa 421-706), but not its folded central ATP
binding module (aa 113-420), which is known to dimerize (17), formed droplets (Fig. S1B).
Droplet formation by the IDR alone was as efficient as droplet formation by the full length
protein (Fig. S5). Synapsin 2, a paralogue of synapsin 1 that can heterodimerize with
synapsin 1 (15, 17), also contains a C-terminal IDR, albeit shorter than the IDR of synapsin
1. Accordingly, also synapsin 2 phase separated (Fig. S6). Increasing the salt concentration
above the physiological range impaired droplet formation implicating charge-dependent
interactions in their formation (Fig. S7).

Polyvalent interactions between SH3 domain containing proteins and proteins harboring
cognate proline rich motifs (PRM) can also generate distinct liquid phases (8, 12). Synapsin
1 interacts with several SH3 domain containing proteins via its IDR (19-22). One such
protein, intersectin, is a component of a network of protein-protein interactions that serve for
the clustering of SVs in conjuction with synapsin (22, 23). Thus, we examined whether upon
incubation with SH3 domain containing binding partners, such as intersectin (22) and Grb2
(19), synapsin 1 phase separated together with them. Grb2 and intersectin contain two and
five SH3 domains, respectively (22).

Synapsin 1 was mixed with either Grb2 (Fig 2A, movie S4) or a fragment from human
intersectin comprising its five SH3 domains [(SH3)s_intersectin] (21) (all proteins at 10 uM
and fused to fluorescent proteins) and incubated at room temperature in physiological salt
concentration. After some delay droplets appeared containing both synapsin and its binding
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partners (Fig. 2B, movie S5). Droplet growth, after the initial nucleation, was faster than
with synapsin 1 alone (Fig. S4). As before, droplets grew progressively or by fusing with
each other, revealing a liquid state. The same concentration (10 uM) was used for synapsin 1
and its partners, although synapsin is thought to be the most abundant matrix protein within
SV clusters (16). This was meant to reflect the presence at synapses of multiple SH3 domain
containing synapsin 1 ligands, and thus a higher collective concentration of these proteins,
than the concentration of any one of them. The synapsin 1:(SH3)s_intersectin droplets were
larger, which could be explained by the higher valence of the intersectin fragment (five SH3
domains, although with different affinities for synapsin) relative to Grb2 (two SH3 domains)
(22, 24).

The cytoplasm of a synaptic bouton is a crowded environment filled with organelles and
macromolecules. To mimic this environment, in subsequent experiments we added poly-
ethylene glycol (PEG), a crowding reagent, to the buffer. In the presence of 3% PEG,
droplets of synapsin 1 alone (Fig. S3), or of synapsin 1 and its binding partners (Fig. 2C and
D), formed immediately, with no lag phase. FRAP confirmed that, even under these
conditions, proteins were mobile within the droplets, with a faster recovery time for
synapsin 1 in droplets generated with Grb2 (t1/ at 1.5 min) than in those generated with
(SH3)s5.intersectin (t1/2 at 3.2 min) (Fig. 2E and F). This again possibly reflects the higher
valence of this protein relative to Grb2. Recovery of fluorescence was observed both when a
region within a droplet (Fig. 2E and F) and when the entire droplet was bleached (Fig. S8),
indicating that recovery results from both molecular rearrangements within the droplet and
the exchange of molecules with the dilute phase. Presence of a synapsin 1 binding partner,
(SH3)s5.intersectin, had a biphasic effect on droplet formation. It enhanced this process at low
to moderate excess stoichiometric ratio, but inhibited it when added in large excess (Fig.
S9). Thus, (SH3)s.intersectin 1S Ot only a “client” of synapsin, but also an active player in the
formation of the liquid condensate. The negative effect at high stoichiometric ratio may be
due to the masking of sites within the synapsin IDR that interact with each other.
Recruitment of synapsin interactors into the droplets was specific and did not occur with
proteins that do not bind synapsin (Fig. S10).

Synapsin binds synaptic vesicles (15, 18, 25). If its phase separating properties are involved
in SV cluster formation, synapsin 1 should be capable of capturing vesicles into such phase.
We thus incubated synapsin 1 with small lipid vesicles (~50-150 nm diameter) mimicking
SVs in lipid composition supplemented with a fluorescently labeled lipid, Cy5-DOPE.
Formation of synapsin droplets correlated with the appearance of droplets positive for the
labeled lipid, while no droplets positive for the lipid were observed in the absence of
synapsin 1 (Fig. 3A). Synapsin 1 condensates did not recruit vesicles lacking negatively
charged phospholipids (Fig. S11), which is expected given that negatively charged lipids are
necessary for synapsin binding to vesicles (26). Other well characterized protein liquid
condensates that do not bind lipid membranes, such as droplets composed of NCK and a
fragment of N-WASP that does not include the phospholipid-binding region (8), did not
sequester lipid vesicles (Fig. S12). Lipid vesicles were mobile within the synapsin phase as
indicated by FRAP (Fig. S13). Furthermore, lipid vesicles and SH3-domain synapsin 1
interactors co-assembled with synapsin (Fig. S14). EM analysis showed that these droplets
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were represented by clusters of small vesicles, while in the absence of synapsin 1, vesicles
remained dispersed (Fig. 3B and C).

Synapsin 1 is a major presynaptic phosphoprotein that undergoes multisite phosphorylation
(14). Sustained nerve terminal stimulation to trigger massive neurotransmitter release also
induces the calcium-dependent phosphorylation of synapsin 1 (27). This results in its
dissociation from SVs and dispersion within the nerve terminal cytosol (28, 29), as SVs are
consumed by exocytosis. If the formation of a biomolecular condensate by synapsin has a
physiological significance in its co-assembly with SVs, one would expect synapsin 1
droplets to disassemble upon calcium-dependent phosphorylation. Two prominent
phosphorylation sites for calcium/calmodulin-dependent protein kinase 1l (CaMKIl), called
site 2 and 3, are present in its IDR (14, 15). Addition of CaMKI|I, calcium and calmodulin to
synapsin 1 containing samples did not disperse droplets. In fact, CaMKII, which binds
synapsin 1 (29), was recruited into the droplets (Fig. 4A). However, further addition of ATP
(200 uM) to induce synapsin 1 phosphorylation caused rapid dispersal of both synapsin 1
and CaMKII (z of 5.9 s) (Figs. 4A and S15, movie S6). Importantly, CaMKII also
disassembled synapsin 1-liposome droplets (Fig. 4B, movie S7). As a control, we added to
droplets protein kinase C, for which synapsin 1 is not a substrate (30), but neither addition of
the kinase, nor the subsequent addition of ATP (200 uM), affected the droplets (Fig. 4A).
The lack of effect of ATP in the latter experiment also rules out that droplet dispersion may
be explained by a hydrotrope action of this nucleotide (31). Such an action, as reported for
liquid droplets generated by other proteins, occurs only at much higher ATP concentration
(Fig. S16) than the one used in our phosphorylation assay (see also Fig. S4).

Strong evidence points to a physiological master role of synapsin in the clustering of SVs at
living synapses (25, 32-34). In neuronal cultures from mice that lack all three synapsins the
number of SVs at synapses is lower than in WT and this decrease is selective for SVs away
from active zones (33). We extended these results. Even at synapses in situ — both excitatory
(cerebellar mossy fibers) and inhibitory (deep cerebellar nuclei) nerve terminals — not only
the total number, but also the packing of SVs was strikingly lower in synapsin triple KO
(TKO) mice than in wild-type (WT) mice (Fig 3D to F).

Collectively, these findings demonstrate that synapsin can form a separate liquid
biomolecular condensate either alone, or together with binding partners for its IDR, with
lipid vesicles, or with both. Interactions occurring at the presynapse in situ are expected to
be more complex than the interactions of synapsin with two SH3 domains containing
proteins and artificial lipid membranes described here. Because SVs are membranous
organelles selectively recruited into clusters, there must be additional factors that help
provide specificity. However, the minimal systems used here provide some insight into the
mechanisms responsible for the properties of SV clusters. Clusters of other membranous
organelles may self-organize according to similar principles without the need for a
surrounding membrane or protein-based structure to confine them.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Synapsin 1 undergoes liquid-liquid phase separ ation.

(A) EGFP-Synapsin 1 (10 uM) forms droplets when incubated for one hour in a buffer of
physiological salt concentration at RT (B) Droplets of synapsin 1 show liquid behavior by
fusing with each other and relaxing into a round-shaped structure, minimizing surface
tension. (C) Photobleaching of several synapsin 1-droplets with subsequent recovery of
fluorescence, as shown by micrograph and by quantification of the fluorescence recovery in
the bleached region. Error bars represent s.e.m., and red is the fit with hyperbolic function.
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F
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(D) Fluorescence recovery of synapsin 1 after photobleaching a region within a droplet (see
inset). Error bars represent s.e.m., red is the fit with a hyperbolic function.
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Fig. 2. Synapsin 1 drives phase separ ation of SH3 domain containing binding partners.
(A) and (B) Full-length synapsin 1 (10 uM) and either Grb2 (10 uM), or the SH3 domain

containing region of intersectin (10 uM) form droplets under physiological conditions. Top:
domain organization of the proteins. Bottom: fluorescence images of the protein mixtures at
30 and 45min. (C) and (D) Fluorescence images of the solution immediately (within one
min) after mixing of the two proteins in the presence of the crowding reagent (3 % PEG
8,000). (E) and (F) Fluorescence recovery of synapsin 1 after photobleaching a region
within a synapsin 1-Grb2 droplet, or a synapsin 1-(SH3)s.intersectin droplet (see insets). Error
bars represent s.e.m., red is the fit with a hyperbolic function.

Science. Author manuscript; available in PMC 2018 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Milovanovic et al. Page 10
. ) D ; .
Liposomes (DOPE-Cy5) EGFP-Synapsin 1 Wild-type Synapsin TKO
no crowding 3% PEG no crowding 3% PEG = /

hd = 8

‘e " ; b -

. . ?} M
. , o
- e 1S
Lo 5
©

5um sl
B Liposomes only 3

Perpendicular

Parallel

Liposomes & Synapsin 1

Deep cerebellar nuclei

Perpendicular Parallel

()]
o

0

WT TKO WT TKO WT TKO WT TKO

eep Deep
Cerebellar seroboliar Cerebellar i~ W

Normalized #SVs per
cross-synaptic section
, M
Packing (#SV/um?)

mossy fibers | i mossy fibers i

0.5 um

Fig. 3. Synapsin 1 condensates are reaction centers able to sequester lipid vesicles.
(A) Fluorescence images of mixture of liposome (left, Cy5-DOPE) and synapsin 1 (right,

EGFPSynapsin 1) without or with crowding agent (3% PEG). (B) EM images of liposomes
incubated without synapsin 1 in the same buffer conditions used for A. Left: section
perpendicular to the liposome-glass interface. Right: section comprising the layer of
liposomes absorbed to the glass surface. (C) Same as in B, but showing liposomes incubated
with synapsin 1. The field shown at right is from a section parallel to the glass surface but
above the glass interface. (D) EM images of synapses from cerebellar mossy fibers (top) and
deep cerebellar nuclei (bottom) obtained from adult wild-type (WT, left) and synapsin triple
knockout (TKO, right) mice. (E) SV number in synaptic cross-sections of wild-type and
synapsin TKO mice, normalized to wild-type. (F) Synaptic vesicles number per unit area of
synaptic section in wild-type and synapsin TKO mice. For each condition, fifty sections
from three independent animals were examined. Error bars represent s.e.m.
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Fig. 4. Phosphorylation of theintrinsically disor dered region of synapsin 1 disper ses condensates
of either synapsin 1 alone or synapsin 1 and liposomes.

(A) Left: fluorescence images of EGFP-Synapsin 1 condensates preincubated with either
CaMKII (0.025 pg/ul), calmodulin and calcium, or PKC, PS, DAG and calcium, upon
addition, at 0 seconds, of ATP (200 uM), demonstrating dispersion of synapsin by CaMKIl,
but not by PKC. Right: time course of the effect of the kinases on the condensates, as
assessed by the decrease of florescence on ROIs corresponding to randomly selected
droplets (B) Left: Fluorescence images of liposome-synapsin condensates preincubated with
CaMKII (0.25 pg/ul), calmodulin and calcium, upon addition, at 0 seconds, of ATP (200
UM), demonstrating dispersion of both synapsin and liposomes. Right: Time-course of the
effect of CaMKII on liposome-synapsin droplets dispersion. Error bars represent s.e.m.;
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dashed lines represent the fit with a single exponential function. Incubations were carried out
at RT in a buffer of physiological salt concentration supplemented with 3% PEG 8,000.
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