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Summary

Action potentials trigger neurotransmitter release with minimal delay. Active zones mediate this
temporal precision by co-organizing primed vesicles with Cay2 Ca*" channels. The presumed
model is that scaffolding proteins directly tether primed vesicles to Cav2s. We find that Cay2
clustering and vesicle priming are executed by separate machineries. At hippocampal
synapses, Cay2 nanoclusters are positioned at variable distances from those of the priming
protein Munc13. The active zone organizer RIM anchors both proteins, but distinct interaction
motifs independently execute these functions. In heterologous cells, Liprin-a and RIM from co-
assemblies that are separate from Cayv2-organizing complexes upon co-transfection. At
synapses, Liprin-a1-4 knockout impairs vesicle priming, but not Cay2 clustering. The cell
adhesion protein PTPao recruits Liprin-a, RIM and Munc13 into priming complexes without co-
clustering of Cav2s. We conclude that active zones consist of distinct complexes to organize

Cav2s and vesicle priming, and Liprin-a and PTPao specifically support priming site assembly.
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Introduction

The active zone is a protein scaffold that enables fast neurotransmitter release. It mediates the
priming of synaptic vesicles to add them to the readily releasable pool and the clustering of
voltage-gated Ca®* channels of the Cay2 family"2. Work over the past decades has generated
essential insights into how active zone functions are executed. Synaptic vesicle priming
depends on the recruitment of Munc13 by the active zone organizer RIM, and Munc13 supports
subsequent assembly of the exocytic SNARE complex®~’. The clustering of Cay2s is also
orchestrated by RIM, in conjunction with tripartite interactions with RIM-BP%"2. At least three
additional protein families further sustain active zone functions. First, ELKS is important for Ca*

1316 Second, Piccolo/Bassoon are long-range

influx and for the generation of primed vesicles
tethers and Bassoon contributes to Cay2 clustering via RIM-BP""~"°. Third, Liprin-a recruits
presynaptic material and may act upstream in active zone assembly?>?°. This groundwork has

led to mechanistic models for vesicle priming and Cav2 clustering, but it has not been possible

to define how the active zone is organized to simultaneously maintain these two functions.

The simplest model suggests that synaptic vesicle priming and Cay2 clustering are executed by
the same protein complex containing all active zone proteins. This is rooted in the observation
that all key active zone proteins interact with one another and that most of them contribute to

48.10-1215.16.19.26-29 Fyrthermore, Cav2s themselves might directly tether vesicles®-

both functions
32 Additional strong support for a “single complex” model comes from recent findings that
vesicles can be recruited to the surface of reconstituted condensates of Ca?* channel-organizing
complexes consisting of RIM, RIM-BP and Cay2* and that presynaptic exocytosis is highly
effective when the RIM priming activity is artificially tethered to Cav2s*. However, several

presynaptic properties indicate that active zone organization might be more complex. For

example, the coupling distance between Cayv2s and releasable vesicles is variable and
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sometimes up to 100 nm , and modelling indicates that the exocytic reaction is best

explained by positioning Cav2s in the perimeter of release sites or by excluding them from these

38,39

sites®™”. Furthermore, some studies detect clusters of single active zone proteins that are

separated from one another!#%4!

, suggesting that active zone assembly is organized via self-
clustering of individual proteins rather than via complexes between various proteins. Altogether,
it has remained challenging to define how the multiple active zone functions are related to the

suborganization of its molecular components.

Liprin-a proteins might be important organizers of active zone assembly given their roles
upstream of most components?*2°4'_ They interact with RIM and ELKS*?*3, and with LAR-type
receptor protein tyrosine phosphatases (LAR-RPTPs)*¢. Because LAR-PRTPs are
transmembrane proteins, this provides for a plausible molecular axis to anchor active zone
machineries to the presynaptic plasma membrane. In invertebrates, loss of function of Liprin-a
results in loss of presynaptic material®*?*?°, and LAR-RPTPs likely function in the same
pathway?**’. Indeed, at the fly neuromuscular junction Liprin-a recruits a specific Munc13
isoform*'. Liprin-a2 and -a3 also support Munc13 targeting at hippocampal synapses??'. In

aggregate, this indicates that the Liprin-a/LAR-RPTP pathway may organize presynaptic

compartments.

Here, we show that Cayv2 and Munc13 each form nanoclusters that are positioned at variable
distances from one another at hippocampal synapses. RIM organizes both Cayv2 channels and
Munc13, but it executes these functions via independent protein domains and interactions. In
heterologous cells, Liprin-a recruits RIM into molecular condensates that co-exist with separate
Cav2-organizing complexes. At synapses, quadruple knockout of Liprin-a1 to Liprin-a4 reduces
the levels of RIM and Munc13 at the active zone and diminishes synaptic vesicle priming, but

Cav2 clustering remains intact. Finally, both in transfected cells and at synapses, PTPo tethers
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Liprin-a, RIM and Munc13 into protein complexes, but Cay2 is not co-recruited into these
complexes. We conclude that Cav2 clustering and vesicle priming sites are organized
independently and that Liprin-a and PTPo specifically support the assembly of priming
machinery. Overall, our work argues against a single-complex model of the active zone.
Instead, we identify at least two distinct machineries that have independent assembly

mechanisms.
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Results

Variable segregation of Munc13 and Cay2 nanoclusters
To dissect active zone organization, we first determined the subsynaptic localization of two of its

essential components: Munc13-1, a protein that defines release sites by priming synaptic

6,7,48,49 50-52

vesicles , and Cayv2.1, a voltage gated Ca?* channel critical at most central synapses
Using antibody staining, both Munc13-1 and Cay2.1 displayed prominent synaptic signals (Fig.
1a). To determine their relative nanoscale distribution, we used DNA Exchange-PAINT>*-°, En-
face synapses containing both proteins were selected, and auto-correlation functions were used
to assess the distributions of Munc13-1 and Cav2.1 within single synapses. These first analyses
revealed that local densities were heterogeneous (Fig. 1b-d), which is indicative of
nanoclustering®?®’. We then detected nanoclusters for each protein via density-based spatial
clustering analyses. Munc13-1 nanoclusters were present at higher density than Cay2.1

nanoclusters and were smaller (Fig. 1e+f), with estimated cluster radii of ~23 nm for Munc13-1

and ~30 nm for Cay2.1.

Given these differences in clustering, we hypothesized that these proteins are not strictly
colocalized and measured their enrichment relative to one another. We first assessed the
density of one protein relative to nanoclusters of the other. Cay2.1 density was high within the
average radius of Munc13-1 nanoclusters, and vice versa (Fig. 1g), indicating some
colocalization. However, a robust fraction of each protein was enriched at distances beyond the
nanoclusters of the other protein. Overall, 43% of Munc13-1 nanoclusters were enriched with
Cav2.1, and 61% of Cav2.1 nanoclusters with Munc13-1 (Fig. 1h). For each protein, roughly half
of the nanoclusters either had a density of the other protein indistinguishable from a randomized
distribution or were even de-enriched of it, suggesting independent clustering mechanisms.

Finally, to assess how nanoclusters of these two proteins are positioned relative to one another,
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we calculated a “separation index”. This index reveals nanocluster spatial relationships; it is <1
when a nanocluster of one protein overlaps with the closest nanocluster of the other, and >1
when there is no overlap. Consistent with the enrichment measurements, 63% of Munc13-1
nanoclusters did not overlap with any Cav2.1 nanoclusters (Fig. 1i) and 47% of Cav2.1
nanoclusters showed no overlap with those of Munc13-1 (Fig. 1j). We conclude that Munc13-1
and Cav2.1 have partially distinct distributions at the active zone, arguing against the model that

these proteins are strictly co-organized into a single complex.

Independent assembly of Cay2 clustering and priming machineries

The differences in the organization of Cay2 and Munc13 suggest separable pathways for the
assembly of the underlying machineries. To assess this hypothesis, we studied whether
assemblies for synaptic vesicle priming can be generated without recruiting Cav2 and vice

versa, or whether these two pathways are inseparable.

Simultaneous deletion of RIM and ELKS (that is RIM1a, RIM2aBy, ELKS1a and ELKS2a)
results in active zone disassembly, loss of most Munc13 and impaired Cav2 clustering®=34. We
used this active zone disruption to test whether recruitment of Munc13-1 and Cay2.1 clustering
is independent, or whether activating a pathway for Cay2.1 clustering restores Munc13-1
recruitment and vice versa. We cultured hippocampal neurons from RIM+ELKS conditional
knockout mice and used lentiviral expression of Cre or an inactive, truncated Cre to generate
quadruple RIM+ELKS knockout (cQKOR*€) or control (control®*€) neurons, respectively (Fig.
2a). In cQKOR*E neurons, we used lentiviral expression of either RIM1a (to restore both
functions®*) or of one of the two following complementary RIM fragments. The first, PDZ-C2A-P,
consists of the PDZ domain that binds to Cav2, three PxxP motifs (P) that interact with RIM-BP
to cluster Cay2s, and the C2A domain®'"*8, The second, Zn-C2B, contains the zinc finger that

binds to Munc13 and Rab3*°%%° and the C2B domain that binds to Liprin-a and PIP243%', Each


https://doi.org/10.1101/2023.10.27.564439
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.27.564439; this version posted October 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

construct also contained endogenous linkers and an HA-tag for detection.

To assess active zone organization, we used antibody staining followed by sequential confocal
and STED imaging with a workflow we established before?°3*°0%2 For STED analyses, side-
view synapses were identified by a synaptic vesicle cloud marked with Synaptophysin and the
presence of an elongated area marked with the postsynaptic density protein PSD-95 at the
edge of the vesicle cloud. Line profiles perpendicular to the PSD-95 signal were then assessed
to evaluate localization and levels of the tested proteins. RIM1 fragments were localized
apposed to PSD-95 (Fig. 2c-e) at levels similar to (PDZ-C2A-P) or above (Zn-C2B) those for
RIM1aq, indicating targeting to the active zone. As described before?34%® the active zone was
disrupted in cQKOR*E neurons with very low levels of Munc13-1, and robust reductions in
Cav2.1 and RIM-BP2. The postsynaptic marker PSD-95 was unaltered, and Liprin-a3 was
increased by ~30%, in agreement with previous work® and with an upstream function?%32°,
RIM1a expression in cQKOR'E neurons restored the levels of all measured proteins to those in
control®*E synapses. While PDZ-C2A-P restored Cay2.1 and RIM-BP2, it failed to recover
Munc13-1. Conversely, Zn-C2B restored Munc13-1 and Liprin-a3, but not Cav2.1 or RIM-BP2
(Fig. 2f-q). Similar results were obtained when we quantified confocal images, and these
analyses also established that overall excitatory and inhibitory synapse numbers were not
affected (Supplemental fig. 1). STED analyses of inhibitory synapses also matched with these
outcomes (Supplemental fig. 2). We conclude that Munc13-containing priming complexes can
be assembled without recruiting Cay2 and vice versa, which supports that two independent

pathways can mediate the assembly of these presynaptic machineries.

Liprin-a condensates and Cay2-organizing complexes compete for RIM
If independent assembly pathways for synaptic vesicle priming and Cav2 clustering machineries

exist, it should be possible to reconstitute and assess these pathways in a reduced
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environment. We transfected HEK293T cells with plasmids expressing components of these
machineries (Fig. 3a). We previously described that Liprin-a3 forms condensates with RIM1a
and Munc13-1 through liquid-liquid phase separation?® and that Cay2 complexes can be
assembled'® in these cells. We first transfected fluorophore tagged Cayv2.1, RIM1a and RIM-
BP2. This resulted in the formation of protein condensates that contain these three proteins
(Fig. 3b), similar to condensates of purified proteins®3**. These condensates reflect the

complexes that cluster Cay2s at the active zone®'?

. We reasoned that, if only one assembly
pathway exists, adding additional active zone proteins should lead to co-condensation with
these complexes. Instead, when Liprin-a3 was added (+ Liprin-a3), a fraction of RIM1a was
removed from Cay2.1- and RIM-BP2-containing condensates (Fig. 3b+c). Addition of a protein
that has no known interactions with RIM, Dynamin-1 (+ unrelated protein), did not have the
same effect. We repeated this experiment with tagged Liprin-a3 instead of tagged RIM-BP2 and
obtained similar results (Fig. 3d+e). We also used correlative light-electron microscopy (CLEM)
in HEK293T cells to assess condensates containing these proteins (Fig. 3f+g). RIM1a and
Liprin-a3 localized to electron-dense condensates not surrounded by lipid bilayers (Fig. 3g),
similar to the structures we characterized before containing RIM1a, Munc13-1 and Liprin-a?.
Cav2.1 was localized distinctly; it was present in the same cell, but in separate electron dense
structures that contained membranous organelles (Fig. 3g, zoom-in 1) and it was mostly
intracellular. Together with previous work?*%4, these experiments support that multiple distinct

active zone complexes, akin to Cay2 clustering machineries and priming complexes, can be

assembled and compete for RIM1a.

Quadruple knockout of Liprin-a1 to -a4 disrupts priming but not Cav2 clustering
machinery
Liprin-a forms condensates with RIM and Munc13% and competes for RIM with Cay2-organzing

complexes (Fig. 3). Hence, Liprin-a might organize priming machinery, but not Cay2 clustering
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at synapses, supporting the model of distinct complexes. We tested this hypothesis through
generation and characterization of knockout mice to simultaneously remove all four Liprin-a
proteins (Liprin-a1 to -a4) encoded by four genes (Ppfia1-4)%°. Conditional Liprin-a1 (Liprin-a1™)
and Liprin-a4 (Liprin-a4”) knockout mice were generated by homologous recombination
(Supplemental fig. 3). They were then crossed to previously generated conditional Liprin-a2
(Liprin-02™? and constitutive Liprin-a3 (Liprin-a3”)?' knockout mice to generate a quadruple
homozygous line (Fig. 4a). We cultured hippocampal neurons from these mice and infected
them with lentivirus expressing Cre to generate cQKO"'* neurons. We chose day in vitro 7 for
viral transduction to avoid developmental effects of Liprin-a deletion that are accompanied by
impaired neuronal health. Infection with a virus expressing inactive, truncated Cre and a virus

expressing HA-tagged Liprin-a3 was used to generate control'*

neurons (Fig. 4a+b). We
established previously that lentiviral expression of Liprin-a3 in constitutive Liprin-a3 knockout
neurons results in normal Liprin-a3 active zone levels and we did not observe gain-of-function

effects?®?".

We first assessed active zone assembly at cQKO-'"* synapses using STED and confocal
microscopy. At active zones of excitatory synapses, there was a significant reduction of RIM
and Munc13-1, but intact levels of Cayv2.1, RIM-BP2 and PSD-95 (Fig. 4c-n). This selective
reduction was also observed when we quantified confocal microscopic images (Supplemental
fig. 4), and similar effects were present at inhibitory synapses with both confocal and STED
analyses (Supplemental figs. 4, 5a-1). This suggests that ablation of Liprin-a selectively disrupts

the recruitment of priming machinery.

We next used whole-cell electrophysiological recordings to assess synaptic transmission. The
frequency of spontaneous miniature excitatory and inhibitory postsynaptic currents (MEPSCs

and mIPSCs, respectively) was decreased in cQKO"""* neurons, but their amplitudes were

10
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unchanged (Supplemental fig. 5m-t). We evoked synaptic responses with a focal stimulation
electrode and recorded resulting EPSCs or IPSCs, isolated pharmacologically in separate
batches of cells (Fig. 40-z). NMDAR-EPSCs were assessed because electrical stimulation
induces extensive network activity when AMPARs are not blocked. Overall, evoked EPSCs and
IPSCs were similar between genotypes (Fig. 40+p, 4u+v). Synaptic strength is determined by
the size of the readily releasable pool generated by Munc13-mediated vesicle priming, and by
vesicular release probability (P)%®%7. The readily releasable pool, estimated by superfusion with
hypertonic sucrose, was reduced by ~45% at both excitatory and inhibitory cQKO""* synapses
(Fig. 4g+r, 4w+x). Changes in P at cQKO"""* synapses were assessed by measuring the ratio
of two consecutive stimuli at short intervals. Decreases in these ratios at both synapse types
indicated an increase in P (Fig. 4s+t, 4x+z). Overall, these results suggest a decrease in the
readily releasable pool matching with reductions in RIM and Munc13 (Fig. 4c-h). This is

accompanied by an increase in P to account for normal single evoked PSCs.

To complement the functional and STED analyses, we performed electron microscopy on
synapses of high-pressure frozen neurons (Fig. 4aa-ae). Matching with the reductions in
Munc13 and the readily releasable pool, the number of docked vesicles, identified as synaptic
vesicles with no detectable gap between the vesicle and plasma membranes, was reduced in
cQKO"'** neurons. Total vesicle numbers, bouton area and PSD width were unchanged.
Overall, the analyses of Liprin-a quadruple knockout synapses show that Liprin-a selectively

supports the assembly of priming machinery.

Tethering functions of Liprin-a necessitate simultaneous action of its N- and C-terminal
domains
Liprin-a contains two N-terminal Liprin homology regions (LH1 and LH2) that bind to RIM and

ELKS and that undergo oligomerization****¢*. These sequences are followed by a linker and

1"
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three sterile alpha motifs (SAM) that mediate binding to other presynaptic scaffolds including the
cell adhesion proteins LAR-RPTPs*~5. We hypothesized that specific fragments of Liprin-a
might be sufficient to mediate its assembly roles, as observed for RIM (Fig. 2). We generated
lentiviruses to express complementary fragments of Liprin-a3 containing either the N-terminal
LH sequences (Liprin-a3") or the C-terminal SAM domains (Liprin-a3€) and compared their
rescue activity to full length Liprin-a3 (Fig. 5a). All constructs were expressed effectively and
were targeted to the active zone (Fig. 5b-d, Supplemental fig. 6a-d). Full length Liprin-a3
restored Munc13-1 synaptic and active zone levels at excitatory and inhibitory synapses (Fig.
5e-g, Supplemental figs. 6e-g, 7a-c). This was probably mediated by RIM, whose levels were
also restored effectively when measured with confocal microscopy at excitatory and inhibitory
synapses and at inhibitory synapses when measured by STED, and showed a strong trend
towards rescue at excitatory synapses in STED as well (p = 0.058; Fig. 5h-j, Supplemental figs.
6h-j, 7d-f). Neither Liprin-a3™ nor Liprin-a3° produced an increase in the levels of RIM or
Munc13-1 (Fig. 5e-j, Supplemental figs. 6e-j, 7). Correspondingly, the number of docked
vesicles was only rescued by full length Liprin-a3, but not by the shorter fragments (Fig. 5k-0).
These data support that Liprin-a operates as a tether for synaptic vesicle priming machinery and

indicate that its function relies on the simultaneous action of N- and C-terminal domains.

PTPo anchors priming machinery to membranes in HEK293T cells

RIM and ELKS bind to sequences contained within Liprin-a3’s N-terminus*?*®*_ Fig. 5 indicates
that Liprin-a function requires simultaneous action of the N-terminus and the C-terminus, which
binds to LAR-RPTPs*¢. We tested whether LAR-RPTPs anchor priming machinery to plasma
membranes in transfected HEK293T cells. We used mVenus-tagged Liprin-a3 (mV-Liprin-a3)
alone or in combination with one of the three LAR-RPTPs (PTPag, PTP or LAR, not
fluorophore-tagged; Fig. 6a). When transfected alone, mV-Liprin-a3 was mostly soluble. We

have described before that liquid-liquid phase separation of Liprin-a3 can be induced by

12
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activation of PKC in these cells?’. Co-transfection of PTPo, PTP3 and LAR promoted Liprin-a3
clustering***®, but to different degrees (Fig. 6b-d). LAR induced less mV-Liprin-a3 condensates
than PTP® (LAR vs. PTP9, Fig. 6¢, p = 0.002) and PTPo (LAR vs. PTPg, Fig. 6¢, p <0.001),
and these condensates were smaller than those induced by PTPo (LAR vs. PTPo, Fig. 6d, p =
0.023). Only mV-Liprin-a3 condensates induced by PTPc or PTP9, not those induced by LAR,
showed robust recovery after photobleaching (Fig. 6e-g), suggesting that they are liquid droplets
similar to Liprin-a3 condensates induced by PKC phosphorylation®. This might be functionally
important because the liquid state of Liprin-a supports recruitment of active zone material to

synapses®®%,

Because LAR-RPTPs are transmembrane proteins, the induced Liprin-a3 condensates should
be associated with membrane compartments. Using CLEM (Fig. 6h+i), we found that mV-Liprin-
a3 condensates were electron dense, but not surrounded by lipid bilayers, consistent with liquid
droplets. Many of these structures were directly attached to the plasma membrane. The
stretches of plasma membrane that were associated with condensates were separated from the
apposed cell with even intercellular spacing (Fig. 6i, zoom-ins 1-3). This organization, in
appearance similar to a synaptic cleft, was not present between adjacent cells without
fluorescent signals (Fig. 6i, zoom-in 4). There were also fluorescent structures not directly
attached to the plasma membrane, and these contained membranous organelles that might be
small vesicles or tubulovesicular structures (Fig. 6i, zoom-ins 5+6). The same intracellular
membranous compartments were observed in larger plasma membrane-associated

condensates (Fig. 6i, zoom-in 1).

Finally, we tested whether PTPo-induced Liprin-a3 condensates co-recruit priming machinery.
We co-transfected cerulean-tagged RIM1a (cer-RIM1a) and Munc13-1, since these two proteins

co-condensate in HEK293T cells in the presence of Liprin-a3%, and included tdTomato-tagged

13
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PTPo (tdTom-PTPo) with or without Liprin-a3 (Fig. 6j). In the presence of Liprin-a3, tdTom-
PTPo and cer-RIM1a colocalized into protein condensates, while colocalization was poor in the
absence Liprin-a3 (Fig. 6k+l). Overall, we conclude that PTPao induces liquid-liquid phase
condensation of Liprin-a3. This process drives the assembly of cellular compartments that
include membranous structures and that can be anchored to the plasma membrane, and RIM

can be co-recruited into these condensates.

PTPo promotes priming machinery assembly but not Cav2 clustering

We finally investigated whether PTPo anchors vesicle priming machinery at synapses. Previous
work, including ours, reported that the combined deletion of PTPo, PTPd and LAR does not
produce detectable impairment in active zone structure and function when assessed with STED
microscopy and electrophysiology®*%. This is likely due to redundant functions with other
presynaptic cell adhesion proteins, for example neurexin®. Furthermore, the distinct properties
of PTPo, PTPd and LAR in clustering Liprin-a (Fig. 6) suggest diverging roles for these proteins,
complicating the assessment of knockout phenotypes. To bypass this limitation, we forced
synapses to operate with a single LAR-RPTP, either PTPo or LAR, by re-expressing them
individually in LAR-RPTP triple knockout neurons (Fig. 7a+b)®?. We used a lentivirus expressing
Cre recombinase to produce LAR-RPTP triple knockout (cTKOR"™) neurons and added a
lentivirus to express PTPo (cTKORP™ + PTPg) or another lentivirus to express LAR (cTKORP™ +
LAR). Both PTPo and LAR were expressed effectively and targeted to synapses in cTKORP™P
neurons (Fig. 7c-e, Supplemental fig. 8a-c). We first measured the levels of active zone proteins
with STED and confocal microscopy. The cTKOR"™ + PTPg neurons showed a ~50% increase
in Liprin-a3, and concurrent enhancement in RIM and Munc13-1 at both excitatory and inhibitory
synapses, while Cay2.1 was unchanged (Fig. 7f-q, Supplemental figs. 8d-o, 9a-l). In contrast
cTKORP™ + AR neurons had only modestly (~20%) increased Liprin-a3, but no detectable

increase in RIM and Munc13-1. This indicates that the priming machinery consisting of Liprin-a,
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RIM and Munc13 can be specifically recruited to synapses by PTPao.

We finally assessed effects of the same manipulations on synapse function and ultrastructure.
PTPo expression induced an increase in the pool released in response to hypertonic sucrose,
consistent with the recruitment of priming machinery, while expression of LAR did not induce
this change (Supplemental fig. 9m-r). Correspondingly, the number of docked vesicles assessed
in high-pressure freezing electron microscopy was increased in cTKORP™ + PTPg neurons,
while the other quantified parameters were unaffected (Fig. 7r-v). LAR expression induced
somewhat enlarged boutons and PSDs, perhaps reflecting LAR’s synaptogenic roles’®"3, but
did not produce an increase in docking. These data support the model that PTPo anchors
priming machinery through recruitment of Liprin-a. LAR does not support these functions in the

preparation assessed here.
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Discussion

We dissected assembly mechanisms that underlie the nano-organization of the machinery for
neurotransmitter release. We found that the active zone is defined by two distinct sub-
assemblies, one for clustering Ca?* channels and one for docking, priming and fusing synaptic
vesicles. This conclusion relies on five lines of evidence. First, Cav2.1 and Munc13-1 form
nanoclusters with distinct distributions, with ~half of Munc13-1 nanoclusters not enriched with
Cav2.1 and vice versa. Second, each complex is assembled by RIM, but distinct RIM sequence
motifs mediate assembly of these complexes independently. Third, in transfected cells, RIM
forms condensates with Cay2.1 and RIM-BP2, but co-expression of Liprin-a leads to a
redistribution of RIM into separate condensates. Fourth, mouse gene knockout and rescue
experiments establish that Liprin-a selectively participates in the assembly of priming
complexes, but not in clustering of Ca?* channels. Finally, PTPo selectively anchors priming
machinery to plasma membranes, likely via Liprin-a, both in transfected cells and at synapses.
Our work establishes that vesicle priming and Cay2 clustering machineries are independent and

that Liprin-a and PTPo specifically support priming machinery assembly.

Previous work suggested that Cay2 is a core component of the machinery that primes and
releases synaptic vesicles, arguing for a single active zone protein complex. RIM binds to both
Munc13 and Ca?* channels and might directly link docked vesicles to Cay2s?'%7*. Fittingly,
vesicles can be recruited to the surface of reconstituted liquid condensates containing RIM,
RIM-BP and Cayv2®*, and artificially attaching the Munc13-binding domain of RIM to Ca**
channels is highly effective in mediating release®. If a single protein complex clusters Cay2s
and organizes vesicle priming, Cav2s should be at short, invariable distances from releasable
vesicles. In contrast, functional studies and modelling suggest that Ca?* channels are at larger,

35-39

variable distances from these vesicles , arguing for more complex active zone organization.
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In line with the functional and modelling studies, we found that separable assembly pathways
lead to distinct nano-organization of Cayv2 and Munc13 (Fig. 7w). The model of separate
machineries for vesicle priming and Cay2 clustering allows for flexible positioning of primed
vesicles from Ca*" entry, enabling diverse release properties and regulation. In this model, the
many parallel interactions between active zone proteins'? do not result in a “supercluster”
containing all active zone components and docked vesicles. Instead, there can be competition
between different machineries for specific protein components (Fig. 3)**. This might also explain
the increases in release probability after selective disruption of the priming complex (Fig. 4):
when one assembly is impaired, the other might work more efficiently because competition for
space at the plasma membrane and for components that participate in both complexes

decreases.

RIM is a central active zone organizer that participates in both complexes. It has been studied in
its role in Cav2 clustering together with RIM-BP?-'2287576 Pagrallel studies discovered that RIM

4105960757779 '\We find that the two machineries

docks vesicles and recruits Munc13 for priming
are separate and mechanistically extend this finding to reveal that Liprin-a and PTPo selectively
support priming complex assembly (Figs. 3-7)?%?'4!_ While RIM participates in both complexes,
RIM-BP, Liprin-a, and Munc13 primarily associate with one of the two complexes. There may be
exceptions to this separation. At hippocampal mossy fiber synapses, for example, RIM-BP has
roles in vesicle priming?®. Another active zone protein, ELKS, supports priming at some
synapses and Ca*" entry at others''*'680_Uitimately, the composition of any given active zone
may not always be strictly defined into two types of complexes. Vesicle docking and priming, the
coupling of these vesicles to Ca** channels, and the vesicular fusion reaction are active

processes that are accompanied with movement of vesicles and of active zone material.

Presynaptic composition is also modulated over longer time scales. In line with this, we find
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heterogeneity in active zone organization with a subset of Munc13 nanoclusters enriched with

8,20,23,33 is

Cav2 (Fig. 1). The model of liquid-liquid phase separation for active zone assembly
well suited to support these dynamics and may continuously reshape the sub-complexes

described here.

One question that arises from the multi-complex model (Fig. 7w) is how the different active zone
protein machineries are tethered to one another. The two complexes must be close enough for
Ca?* sensors on primed vesicles to detect Ca?* entry for exocytosis. Different parts of a single
RIM molecule could simultaneously associate with separate machineries for vesicle priming and
for Cav2 clustering. This is possible because the distance between the RIM zinc finger, which
binds to Munc13 and vesicular Rab3, and the RIM PDZ domain, which binds to the C-terminus
of Cav2 or of ELKS, can be several tens of nanometers long if the linker between them is
unfolded. The Cav2 intracellular C-terminus can bridge a similar distance as well. Other
proteins, for example ELKS or RIM-BP, could similarly connect the two machineries. Another
possibility is that one molecule can only participate in priming or in Cay2 clustering. This
scenario is supported by previous work and by the observation that Liprin-a competes for RIM
with Cay2-organizing complexes in HEK293T cells (Fig. 3)%. It is also strengthened by mutually
exclusive biochemical interactions: Cayv2 and ELKS, for example, bind to the same binding
pocket of the RIM PDZ domain'®®" and the specific binding partner could determine which

machinery a given RIM protein associates with.

The relative positioning of active zone protein complexes could also be determined by their
interactions with transmembrane proteins. The main candidates are neurexins, LAR-RPTPs,

and Ca?* channels themselves®0:62:68:69.82.83

and interactions of these proteins with extracellular
material or other membrane proteins could control the spatial organization. Several recent

findings on synaptic cell adhesion are suggestive for this model. Work on neurexins revealed

18


https://doi.org/10.1101/2023.10.27.564439
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.27.564439; this version posted October 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

that these proteins modulate synapse properties®?®*, fitting with a role in positioning of specific
complexes within an active zone. Furthermore, knocking out one protein family rarely has strong
synapse assembly defects®* 2882 |nstead, there is redundancy, as illustrated by studies on
neurexins and LAR-RPTPs. On their own, neurexins shape synapse properties likely through
organizing Cav2 complexes®*®. LAR-RPTPs specifically support the assembly of priming
complexes (Figs. 6+7). Removing both proteins at the same time disrupts both complexes and
induces strong synapse assembly defects®. We propose that the sub-structuring of the active
zone that we describe here accounts for the resilience of synapse and active zone assembly

that is often observed in loss-of-function studies'?26:34.63.69.82.86
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Figure. 1. Analyses of Munc13-1 and Cav2.1 nanoclustering

(a) Overview confocal microscopic images of cultured hippocampal neurons stained for
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Munc13-1 or Cav2.1 and co-stained for Synaptophysin (Syp) to mark synapses.

(b) Zoomed-out view of rendered images from a DNA Exchange-PAINT experiment to
determine the relative localization of Munc13-1 and Cay2.1.

(c) Zoomed-in view of protein localizations in an example en-face synapse imaged with
Exchange-PAINT showing Munc13-1 (left), Cav2.1 (middle), and Munc13-1 with shaded Cay2.1
nanoclusters identified with a density-based clustering algorithm.

(d) Autocorrelation of Munc13-1 and Cay2.1 synaptic densities, measured as the average
probability of detecting localizations for the same protein at increasing distances from any given
signal; Munc13-1 147 synapses/3 cultures, Cav2.1 147/3.

(e) Quantification of the number of Munc13-1 and Cay2.1 nanoclusters per synapse;
nanoclusters were identified using a density-based clustering algorithm; N as in b.

(f) Quantification of nanocluster area; Munc13-1 350 nanoclusters/3 cultures, Cav2.1 169/3.

(g) Density of Cav2.1 localizations at various distances from the peak of Munc13-1
nanoclusters, and vice versa, normalized to a spatially homogenous distribution; N as in f.

(h) Percentage of Munc13-1 nanoclusters (left) enriched with Cav2.1, containing Cav2.1 density
indistinguishable from its randomized distribution, or de-enriched of Cay2.1, and vice versa for
Cav2.1 nanoclusters (right); N as in f.

(i, j) Histogram showing the index of separation from Munc13-1 nanoclusters to the nearest
Cav2.1 nanocluster (i) and vice versa (j), and pie chart showing the percentage of clusters that
show any overlap (index <1) or no overlap (index >1); N as in f.

Data are mean £ SEM; **p < 0.01, ***p < 0.001 as determined by Mann-Whitney U tests (d, e).
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Figure 2. Distinct RIM domains mediate Cav2 clustering and priming machinery assembly
(a, b) Schematics of the Rims1, Rims2, Erc1 and Erc2 mutant alleles that constitute the
conditional RIM+ELKS knockout line (a) and map of rescue constructs (b). Cultured

hippocampal neurons after knockout of RIM and ELKS (cQKOR*E; lentiviral expression of Cre)
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or corresponding control neurons (control®*E; lentiviral expression of recombination-deficient
Cre) were analyzed without or with expression of rescue constructs. HA-tagged RIM1a with key
interactions indicated, and PDZ-C2A-P and Zn-C2B (H: HA-tag, Zn: zinc finger domain, PDZ:
PDZ domain, C2A and C2B: C2 domains, P: proline rich PxxP-motif) are shown in b.

(c-q) Example STED images, average line profiles and quantification of the peak intensities of
HA and PSD-95 (c-e), Munc13-1 (f-h), Cav2.1 (i-k), Liprin-a3 (I-n) and RIM-BP2 (0-q) at
excitatory side-view synapses identified by Synaptophysin (Syp) and PSD-95. Neurons were
stained for a protein of interest (HA for RIM1a, Munc13-1, Cay2.1, Liprin-a3 or RIM-BP2;
imaged in STED), PSD-95 (imaged in STED), and Synaptophysin (imaged in confocal). A line
profile (750 nm x 250 nm) was positioned perpendicular to the center of the elongated PSD-95
object, and synapses were aligned to each other via the PSD-95 peak in the line profile plots (d,
g, j, m, p). The maximum value of each profile was used to calculate the peak (e, h, k, n, q).
Dotted lines mark levels of cQKOR*E (black), and control®*€ (gray) or cQKOR*E + RIM1a (purple).
Line profiles and peak intensities were normalized to the average signal in control?*€ or
cQKOR'E + RIM1a (for HA) per culture; c-e, control?*€ 36 synapses/3 independent cultures,
cQKOR*E 29/3, cQKOR*E + RIM1a 47/3, cCQKO™E + PDZ-C2A-P 47/3, cQKORE + Zn-C2B 48/3;
f-h, control®€ 48/3, cQKOX*E 44/3, cQKOX*E + RIM1a 45/3, cQKOR*E + PDZ-C2A-P 49/3,
cQKOR*E + Zn-C2B 43/3; i-k, control**F 45/3, cQKOR'E 47/3, cQKOR*E + RIM1a 45/3, cCQKORE +
PDZ-C2A-P 44/3, cCQKOXE + Zn-C2B 46/3; I-n, control**F 92/6, cQKOR*E 93/6, cQKOR'E +
RIM1a 87/6, cQKOR'E + PDZ-C2A-P 92/6, cQKOR'E + Zn-C2B 72/6; o-q, control®*E 50/3,
cQKOR*E 51/3, cQKOR*E + RIM1a 47/3, cCQKO®E + PDZ-C2A-P 51/3, cQKOR*E + Zn-C2B 47/3.
Data are mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001 shown compared to cQKOR*E as
determined by Kruskal-Wallis followed by Holm multiple comparisons post hoc tests (e, h, n,
and q), or by a one-way ANOVA followed by Tukey-Kramer multiple comparisons post hoc tests
(k). For expression of RIM constructs, confocal microscopic analyses, and STED analyses of

inhibitory synapses, see Supplemental figs. 1 and 2.
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Figure 3. Liprin-a competes for RIM with Cav2.1-organizing complexes

(a) Overview of the experiment in transfected HEK293T cells.

(b, ¢) Example confocal images (b) and quantification (c) of HEK293T cells transfected with
cerulean-RIM-BP2 (cer-RIM-BP2), tdTomato-RIM1a (tdTom-RIM1a) and mEOS-Cayv2.1 (mE-
Cav2.1), and without (control) or with Liprin-a3 (+ Liprin-a3) or Dynamin-1 (+ unrelated protein).
The Pearson’s colocalization coefficient is shown (c). In mE-Cav2.1, mEOS was used as a
conventional fluorophore for visualization; cer-RIM-BP2 was imaged last to prevent
photoconversion of mEOS before other fluorophores were acquired; control 18 images/4
independent transfections, + Liprin-a3 17/4, + unrelated protein 18/4; each image is 250 ym x
250 pm and contains multiple cells.

(d, e) Example confocal images (d) and quantification (e) of HEK293T cells transfected with
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untagged RIM-BP2, tdTom-RIM1a and mE-Cay2.1, and without (control) or with cerulean-Liprin-
a3 (+ cer-Liprin-a3). The Pearson’s colocalization coefficient is shown (e). Cer-Liprin-a3 was
imaged last to prevent photoconversion of mEOS before other fluorophores were acquired,
control 9/3, + cer-Liprin-a3 14/3.

(f, g) Correlative light-electron microscopy (CLEM) example images (f) of HEK293T cells
transfected with mE-Cay2.1, tdTom-RIM1a, cer-Liprin-a3 and RIM-BP2, and high resolution
zoomed-in images (g) pointing at protein condensates with cer-Liprin-a3 and tdTom-RIM1a
(purple arrows) or mE-Cay2.1 (green arrows). Cer-Liprin-a3 was imaged last to prevent
photoconversion of mMEOS before other fluorophores were acquired; an example cell is shown of
a total of 7 cells/2 transfections.

Data are mean = SEM; ***p < 0.001 compared to control as determined by Kruskal-Wallis

followed by Holm multiple comparisons post hoc tests (c), or by Mann-Whitney U tests (e).
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Figure 4. Ablation of Liprin-a disrupts priming machinery but not Cav2 clusters
(a) Schematics of the Ppfia1 to 4 alleles that constitute the Liprin-a quadruple mutant mice.
These mice were used to generate cultured hippocampal neurons with quadruple knockout of

Liprin-a1 to -a4 (cQKO""*; lentiviral expression of Cre) or corresponding control neurons
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(control-*: lentiviral expression of recombination-deficient Cre and co-expression of Liprin-a3).
(b) Western blot to evaluate Liprin-a expression in control-'* and cQKO-'* neurons.

(c-n) Example STED images, average line profiles and quantification of the peak intensities of
Munc13-1 and PSD-95 (c-e), RIM (f-h), Cav2.1 (i-k) and RIM-BP2 (I-n) at excitatory side-view
synapses identified by Synaptophysin (Syp) and PSD-95. Dotted lines in line profile plots mark
the levels in control-'* neurons; line profiles and peak intensities were normalized to the

I1"14 per culture; c-e, control-'* 62 synapses/3 independent cultures,

average signal in contro
cQKO"'** 65/3; f-h, control-** 65/3, cQKO""* 71/3; i-k, control-'** 63/3, cQKO"'** 61/3; I-n,
control-'* 54/3, cQKO-"** 56/3.

(o, p) Example traces (0) and average amplitudes (p) of single action potential-evoked NMDAR-
mediated EPSCs; control-"* 18 cells/3 independent cultures, cQKO""* 18/3.

(q, r) Example traces (q) and average AMPAR-mediated charge (r) in response to superfusion
with 500 mOsm sucrose; 17/3 each.

(s, t) Example traces (s) and average NMDA-EPSC paired pulse ratios (t) at increasing
interstimulus intervals; N as in o, p.

(u-z) Same as o-w, but for IPSCs; u+v, control*'* 19/3, cQKO""* 20/3; w+x, 17/3 each; y+z,
19/3 each.

(aa-ae) Example electron micrographs of a synapse cross-section (aa) and quantification of the
number of synaptic vesicles per cross-section (ab), the number of docked vesicles per active
zone (ac), bouton area (ad) and the width of the postsynaptic density (ae); control-'* 103
synapses with 105 active zones/2 independent cultures, cQKO""* 104/109/2.

Data are mean + SEM; *p < 0.005, ***p < 0.001 compared to cQKO""* as determined by
Student’s t-tests (e, h, n, and x), Mann-Whitney U tests (k, p, r, v, and ab-ae) or two-way
ANOVA followed by Dunnett’'s multiple comparisons post hoc tests (t and z). For validation of
the Liprin-a1 and -a4 mutant alleles, confocal analyses, and STED analyses of inhibitory

synapses, see Supplemental figs. 3-5.
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Figure 5. Liprin-a3 operates as a tether via N- and C-terminal domains

(a) Schematics of HA-tagged Liprin-a3, Liprin-a3", and Liprin-a3€ (H: HA-tag, LH: Liprin
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homology region, SAM: sterile alpha motif).

(b-n) Example STED images, average line profiles and quantification of the peak intensities of
HA and RIM-BP2 (b-d), Munc13-1 and PSD-95 (e-g), and RIM (h-j) at excitatory side-view
synapses identified by Synaptohysin (Syp) and PSD-95. Dotted lines mark levels of control"*
(light brown) and cQKO"""* (dark brown), note that control-'* has an HA signal because of the
lentiviral expression of HA-tagged Liprin-a3, line profiles and peak intensities were normalized

|14 per culture; b-d, control-'* 67 synapses/4 independent

to the average signal in contro
cultures, cQKO"* 59/4, cQKO'* + Liprin-a3 57/4, cQKO""* + Liprin-a3" 63/4, cQKO-" +
Liprin-a3© 60/4; e-g, control-'* 65/4, cQKO""* 70/4, cQKO""** + Liprin-a3 60/4, cQKO""* +
Liprin-a3"N 63/4, cQKO""* + Liprin-a3° 66/4; h-j, control-'* 50/3, cQKO"'"* 47/3, cQKO""* +
Liprin-a3 43/3, cQKO""* + Liprin-a3" 49/4, cQKO""* + Liprin-a3° 49/4.

(k-0) Example electron micrographs of synapse cross-sections (k) and quantification of the
number of synaptic vesicles per cross-section (l), the number of docked vesicles per active zone
(m), bouton area (n) and the width of the postsynaptic density (0); control-"* 91 synapses with
92 active zones/2 independent cultures, cQKO"'** 86/87/2, cQKO""* + Liprin-a3 95/96/2,
cQKO"'" + Liprin-a3 92/92/2, cQKO""* + Liprin-a3° 96/96/2.

Data are mean + SEM; ***p < 0.001 compared to cQKO"'** as determined by Kruskal-Wallis

followed by Holm multiple comparisons post hoc tests. For confocal analyses and STED

analyses of inhibitory synapses, see Supplemental figs. 6+7.
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Figure 6. LAR-RPTPs can anchor priming machinery

(a) Overview of the experiment in HEK293T cells with co-transfection of mVenus-Liprin-a3 (mV-
Liprin-a3) and LAR, PTPag, or PTP$ (not fluorophore-tagged).

(b-d) Example confocal images (b) and quantification of the number and size (c+d, with insets
on the right showing the relevant range for averages) of mV-Liprin-a3 condensates formed per

transfected cell; ¢, mV-Liprin-a3 + no PTP 91 cells/3 independent transfections, mV-Liprin-a3 +
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PTPo 104/3, mV-Liprin-a3 + PTPd 114/3, mV-Liprin-a3 + LAR 112/3, each image is 250 ym x
250 ym and contains multiple cells; d, mV-Liprin-a3 + no PTP 52 condensates/3 independent
transfections, mV-Liprin-a3 + PTPo 505/3, mV-Liprin-a3 + PTP® 414/3, mV-Liprin-a3 + LAR
209/3.

(e-g) Example confocal images (e), time course of recovery after photobleaching (f) and extent
of recovery after 120 seconds (g). In e, zoomed-in images were adjusted to visually match
fluorescence intensity of condensates before bleaching and adjustments were identical within
each condition; mV-Liprin-a3 + PTPo 21 condensates from independent cells/3 independent
transfections, mV-Liprin-a3 + PTP3 12/3, mV-Liprin-a3 + LAR 12/3.

(h, i) CLEM example images (h) of two HEK293T cells transfected with mV-Liprin-a3 and PTPo,
and high resolution zoomed-in images (i) of membrane-attached condensates (1-3),
membranes without condensates (4) and cytosolic condensates (5+6); two example cells are
shown of a total of 5 cells/1 transfection.

(j) Overview of the experiment in HEK293T cells with co-transfection of cerulean-RIM1a (cer-
RIM1a), Munc13-1, and tdTomato-PTPo (tdTom-PTPag), and either with or without Liprin-a3.

(k, I) Example confocal images (k) and quantification of Pearson’s colocalization coefficient of
tdTom-PTPo and cer-RIM1a. The distribution of cer-RIM1a in the - Liprin-a3 condition was
variable with either forming condensates (shown) or being more widespread (not shown);
colocalization with PTPo was low in both cases and cells were included in the quantification
regardless of cer-RIM1a distribution; 15 images/3 independent transfections per condition, each
image is 250 um x 250 ym and contains multiple co-transfected cells.

Data are mean + SEM; *p < 0.05, ***p < 0.001 compared to mV-Liprin-a3 + no PTP (c+d) or to
mV-Liprin-a3 + LAR (g) as determined by Kruskal-Wallis followed by Holm multiple comparisons

post hoc tests (c, d, g), or by Mann-Whitney U tests (l).
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Figure 7. PTPo assembles priming machinery but does not cluster Cav2s

(a, b) Schematics of the Ptprs, Ptprd and Ptprf mutant alleles that constitute the LAR-RPTP
triple conditional knockout mouse line (a) and map of rescue constructs (b). Cultured
hippocampal neurons after knockout of PTPo, PTP& and LAR (cTKORP™; through expression of

cre-lentiviruses) were analyzed without or with expression of LAR-RPTPs (b). Schematics of
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HA-tagged PTPo and LAR are shown (H: HA tag, D1 and D2: phosphatase domains 1 and 2).
(c-q) Example STED images, average line profiles and quantification of the peak intensity of HA
and PSD-95 (c-e), Liprin-a3 (f-h), Munc13-1 (i-k), RIM (I-n) and Cay2.1 (0-q) at excitatory side-
view synapses identified by Synaptophysin (Syp) and PSD-95. Dotted lines mark levels of
cTKORP™P line profiles and peak intensities were normalized to the average signal in cTKORP™
per culture; c-e, cTKORP™® 38 synapses/3 independent cultures, cTKORF™" + PTPo 42/3,
cTKORP™P + LAR 37/3; f-h, cTKORP™ 45/3, cTKO®™ + PTPo 46/3, cTKORP™ + LAR 45/3; i-k,
cTKORP™P 51/3, cTKORP™P + PTPo 45/3, cTKO®P™ + LAR 48/3; |-n, cTKORP™ 50/3, cTKORPTP +
PTPo 45/3, cTKORP™ + LAR 48/3; 0-q, cTKORF™ 51/3, cTKORF™ + PTPg 50/3, cTKORP™ +
LAR 51/3.

(r-v) Example electron micrographs (r) and quantification of the number of synaptic vesicles (s),
docked vesicles (t), bouton area (u) and the width of the postsynaptic density (v); cTKORP™ 97
synapses with 99 active zones/2 independent cultures, cTKOR™ + PTPg 105/112/2, cTKORP™
+ LAR 95/103/2.

(w) Model of active zone organization with two distinct machineries, one to cluster Cav2 and
one to prime synaptic vesicles for fusion.

Data are mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001 compared to cTKOR"™" as determined
by Kruskal-Wallis followed by Holm multiple comparisons post hoc tests (e, h, k, n, and s-v), or
by a one-way ANOVA followed by Tukey-Kramer multiple comparisons post hoc tests (q). For

confocal analyses and inhibitory synapses assessed by STED, see Supplemental figs. 8+9.
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Materials and methods

Mouse lines

The quadruple floxed mice for RIM1 (RRID: IMSR_JAX:015832, targeting the Rims1 gene to
remove RIM1a and RIM1B)®¥, RIM2 (RRID: IMSR_JAX:015833, targeting the Rims2 gene to
remove RIM2a, RIM23 and RIM2y)'°, ELKS1a (RRID: IMSR_JAX:015830, targeting the Erc1
gene to remove ELKS10A and ELKS1aB)'"® and ELKS2a (RRID: IMSR_JAX:015831, targeting
the Erc2 gene to remove ELKS2aA and ELKS2aB)2° were previously described?®**. The triple
floxed mice for PTPo (RRID:IMSR_CMMR:ABCA, targeting the Ptprs gene to remove PTP0o),
PTPS (RRID:IMSR_EM: 11805, targeting the Ptprd gene to remove PTP8) and LAR
(RRID:IMSR_EUMMCR:8210, targeting the Ptprf gene to remove LAR) were previously
described®. The Liprin-a quadruple knockout mice were newly generated. Embryonic stem cells
containing the Liprin-a1 (Ppfia1) or Liprin-a4 (Ppfia4) mutant alleles were obtained from the
European Mouse Mutant Cell Repository and we acknowledge the EUCOMM Consortium as the
source of this material. The specific cells used were Ppfia1™m1aEUCOMMHmau (clone AQ2;
RRID:IMSR_EUMMCR:25506) and Ppfiag4™1aEUCOMMHMau (clone DOG;
RRID:IMSR_EUMMCR:3103) in which exon 13 (Liprin-a1) or 16 (Liprin-a4) were flanked by
loxP sites. The mutant alleles were generated via homologous recombination in embryonic stem
cells by the international knockout mouse consortium. The embryonic stem cells were expanded
and injected into C57BL/6N-A/a blastocysts at the Transgenic Mouse Core (Dana-
Farber/Harvard Cancer Center, Harvard Medical School) to generate chimeric founders. After
germline transmission, the original knockin mice were crossed to mice that express Flp-
recombinase under a B-actin promotor®® to remove the LacZ/Neomycin cassette to generate the
conditional “floxed” alleles. To analyze survival, we compared the obtained offspring ratio from
heterozygote matings at postnatal day 21 (P21) to the expected Mendelian genotype

distribution. The Liprin-a1 and -a4 floxed mice were crossed to previously generated Liprin-a2
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floxed mice and constitutive Liprin-a3 knockout mice?>?' to generate the quadruple mutant mice
that were maintained as quadruple-homozygotes. Mice were genotyped either in the laboratory
or by Transnetyx. For in-lab genotyping, oligonucleotide primers AGCAGAACTTGGGTCTCC
and GTGACCACAGGTGTTTGGAG (547 and 360 bp bands for the floxed and wild-type alleles,
respectively) were used for Liprin-a1; an additional reaction was used occasionally (with
CCCTGTCTCTTACAAGAAACC and GTGACCACAGGTGTTTGGAG, 174 bp band for wild
type; no band for floxed). The conditional floxed Liprin-a4 mice were genotyped with
oligonucleotide primers GCTATCTCCAGCAGGTAGGAC and CACAGTGCCTGGTGTTCACG
(383 and 240 bp bands for the floxed and wild-type alleles, respectively); genotyping reactions
for Liprin-a2 and Liprin-a3 were performed as described before?*2'. All animal experiments were

approved by the Harvard University Animal Care and Use Committee.

Primary neuronal cultures

2021.26:34.5062 Hippnocampi were

Primary hippocampal cultures were prepared as described before
harvested from newborn pups (P0-P1) and were digested and dissociated. Dissociated cells
were plated onto glass coverslips (or MatTek plates, for Exchange-PAINT) in “plating medium”
(Mimimum Essential Medium [MEM] supplemented with 0.5% glucose, 0.02% NaHCO3, 0.1
mg/mL transferrin, 10% Fetal Select bovine serum, 2 mM L-glutamine, and 25 mg/mL insulin).
Approximately 24 hours after plating, medium was exchanged with “growth medium” (MEM with
0.5% glucose, 0.02% NaHCO3, 0.1 mg/mL transferrin, 5% Fetal Select bovine serum, 2% B-27
supplement, and 0.5 mM L-glutamine). At 48 to 60 hours after plating, cytosine 3-D-

arabinofuranoside (AraC) was added at a final concentration of 2-6 uM. The cells were kept in

an incubator at 37 °C until day in vitro (DIV) 15 to 17.

Production of lentiviruses and transduction of primary neurons

Lentiviruses were produced in HEK293T cells maintained in DMEM supplemented with 10%
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bovine serum and 1% penicillin/streptomycin (HEK medium). HEK293T cells were transfected
with the calcium phosphate method with a combination of the packaging plasmids REV, RRE
and VSV-G, plus a lentiviral plasmid encoding Cre recombinase (lab plasmid code p009), an
inactive, truncated version of Cre (p010), or a protein used for rescue at a molar ratio 1:1:1:1
and with a total amount of ~4 ug DNA per T25 flask. At 20 to 30 hours after transfection, the
medium was changed to “growth medium” and 48 to 60 hours after transfection the supernatant
was collected. Viral transductions were done either with freshly-collected viral supernatant or
with snap-frozen supernatant stored at -80 °C. Neuronal cultures were transduced at DIV5 (for
RIM+ELKS), DIV6 (for LAR-RPTP) or DIV7 (for Liprin-a) with lentiviruses expressing GFP-
tagged Cre recombinase (p010) or the inactive version (p011) under a human Synapsin

promoter'®3*

, and expression was monitored via the presence of GFP in the nucleus. Only
cultures in which no neurons without nuclear green fluorescence were readily detected were
used for experiments. In trial experiments, earlier addition of Cre lentivirus in cultures of LAR-
RPTP or Liprin-a mutant alleles resulted in neuronal death. Transduction for expression of
rescue proteins was done at DIV1 or DIV2 with lentivirus expressing versions of Liprin-a3,
RIM1a, LAR or PTPo under a human Synapsin promotor, or with a lentivirus without an insert in
the multiple cloning site as a control (pFSW control; p008, as described?®34). pFSW RIM1a-HA
(rat, p592) has been previously esablished**®'. The numbering used below and the sequence of
p592 correspond to Uniprot ID Q9JIR but without the alternatively spliced exons Ng3-W+1os, H1oga-
Ri169, and A1207-T137s, and with two variants (H263D and A453P, see NCBI Reference
Sequence: NM_052829.3). pFSW RIM1a-HA PDZ-C2A-P (rat, p1050) was produced from p592
and contains amino acids Msgg through L1446. pFSW RIM1a-HA Zn-C2B (rat, p1051) was
produced from p592 and contains amino acids M1 through Ssos and S13so through S1s15. An HA-
tag with short exogenous linkers was present between E1379 and S13go for RIM1a and PDZ-C2A-

34,61

P (a position that did not alter RIM1a function or localization in previous studies®*°', sequence

...E1370-EAAAG-YPYDVPDYA-AGAP-S1380...), and at S508 for Zn-C2B (sequence ...Ssos-
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YPYDVPDYA-AGAP-S13g0...). pPFSW HA-Liprin-a3 (rat, p526) corresponds in sequence and
numbering to NCBI Reference Sequence: NP_001257914.1 with the addition of an N-terminal
HA-tag and a short linker (sequence: M-YPYDVPDYA-GAPS-Cs...C1192) and has been
described before?>?!. pFSW HA-Liprin-a3" (p890) was produced from p526 and contains amino
acids Cs through Ssze. pFSW Liprin-a3° (rat, p891) was produced from p526 and contains amino
acids Ss76 through C1192. Both p890 and p891 contain an HA-tag at the N-terminus (p890: M-
YPYDVPDYA-GAPS-Cs... Ss7; p891: M-YPYDVPDYA-GAP-Ss76...C1192). pPFSW HA-PTPo
(human, p846) was cloned from an open reading frame obtained from Jaewon Ko (pCMV HA-
PTPo in a modified pDisplay backbone®), and sequence and numbering correspond to
GenBank: AAI04813.1. pFSW HA-LAR (human, p1047) was produced from a plasmid obtained
from the Harvard Plasmid Repository expressing human LAR, and sequence and numbering
correspond to GenBank: AAH48768.1. The N-terminal signal peptide for each was replaced with
a mouse IgK leader sequence followed by an HA-tag and a short exogenous linker (sequence of
p846: METDTLLLWVLLLWVPGSTGD-YPYDVPDYA-GAQPARS-E3o...T1s01; p1047:

METDTLLLWVLLLWVPGSTGD-YPYDVPDYA-GAQPARS-D30...T1geg).

Immunofluorescence staining for DNA Exchange-PAINT

Neurons grown on MatTek dishes were fixed in 2% paraformaldehyde (PFA), 4% glucose in
phosphate-buffered saline (PBS) at DIV15 to DIV17. They were next permeabilized in PBS
supplemented with 100 mM glycine (PBS-G) containing 0.3% Triton X-100 and blocked in PBS-
G containing 3% BSA and 0.1% Triton X-100. Five primary antibodies were used: rabbit anti-
Munc13-1 (lab antibody code A72, 1:500; RRID: AB_887733), rabbit anti-Cay2.1 (A46, 1:500;
RRID: AB_2619841), mouse anti-PSD-95 (A152, 1:500; RRID: AB_10698024), mouse anti-
Bassoon (A85, 1:500; RRID: AB_11181058), and guinea pig anti-Bassoon (A67, 1:500; RRID:
AB_2290619). The four primary antibodies for DNA-PAINT (A72, A46, A152 and A85) were pre-

incubated with their respective DNA-conjugated secondary nanobodies (F2-Anti-Rabbit IgG
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(S65), F3-Anti-Rabbit IgG (S66), F1-Anti-Mouse kLC (S67), F4-Anti-Mouse kLC (S68); custom-
made by Massive Photonics using FAST-PAINT F-series DNA®) in PBS at a 1:2.5 molar ratio
for 20 minutes in tubes separated from one another. A rabbit Fc fragment was added to the
preincubation mixes of Cav2.1 and Munc13.1 at 2 times higher concentration than the primary
antibody. After preincubation, all antibodies were mixed and neurons were incubated overnight
at 4 °C. Next, goat anti-guinea pig Alexa Fluor 488 (S3, 1:500, RRID: AB_2534117) was added
for one hour at room temperature. Finally, the samples were postfixed in 4% PFA diluted in PBS

with 4% glucose. Three 5-minute washes with PBS-G were performed between steps.

Single molecule imaging, processing, and analysis

Images were acquired on a Nikon TI2 inverted microscope equipped with a 100x Apo TIRF oil
immersion objective (1.49 NA), 488, 561 & 640 nm excitation lasers, appropriate filters, an
Ixon+ 897 EM-CCD camera, and Nikon Elements and MicAO software. Before imaging, 90 nm
gold nanoparticles at 1:10 dilution were added as fiducial markers. Imager strands (Massive
Photonics; F1-Atto643, F3-Cy3B, F4-Atto643 and F2-Cy3B) were diluted in imaging buffer
(containing PBS + 500 mM NaCl + PCA/PCD/Trolox, pH7.4**) at a final dilution of 0.25 nM (for
Munc13-1 and Cay2.1) or 0.5 nM (for Bassoon and PSD-95). DNA-PAINT videos were acquired
for 30,000 frames with 100 ms exposure in two exchange rounds to minimize chromatic
aberration. First, PSD-95 (with F1-Atto643) and Munc13-1 (with F3-Cy3B) were imaged. Next,
Bassoon (with F4-Atto643) and Cay2.1 (with F2-Cy3B) were imaged. One wash with PBS was
applied between rounds. Finally, 100 nm Tetraspeck beads were immobilized on separate
coverslips coated with poly-L-lysine and imaged to subsequently generate a transform (t-form).
Videos were processed with Picasso https://github.com/jungmannlab/picasso®*) and custom
MATLAB scripts. Target protein DNA-PAINT videos were localized by minimizing a nearest
neighbor search, separately for each target (minimum net gradient 9000). Resulting localization

files were recombined to one file per exchange round using Picasso’s join function, drift
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corrected with Picasso’s undrift function (segment 1000) and corrected for chromatic
aberrations using the MATLAB’s transformPointsinverse function and a t-form calculated from
Tetraspeck bead images (which was calculated using MATLAB's fitgeotrans function with a 2™
degree polynomial, as before®’). Any residual linear offset between targets was corrected by
cross-correlating each other target to the Munc13-1 localizations using a custom MATLAB
function. Localizations with standard deviation of the fit <0.3 or >1.6 pixels, localization error
>20 nm, or photon count larger than the mode bin of a histogram of photon counts were
removed. Finally, localizations were temporally linked using Picasso’s link function (0.3 pixel
radius, five dark frames allowed). En-face synapses identified by Bassoon and PSD-95 were
analyzed. Putative synaptic clusters of Bassoon and PSD-95 were first identified with Picasso’s
dbscan function (48 nm radius, 10 min points), and clusters with fewer than 75 localizations
were removed. Clusters representing nonspecific imager binding were then removed if either
their mean frame number was +/- 2 times the standard deviation of a gaussian fit of the mean
frame number of all clusters or if the standard deviation of the frame number was <2500 or
>11,000, as nonspecific events are localized for only short time and thus their mean frame
number deviates from N frames/2 (15,000) and the standard deviation of frame number is small.
Only en-face synapses in which the smoothed Bassoon alpha shape was < 2 and the area
overlap between Bassoon and PSD-95 alpha shapes was at least 70% were included. Munc13-
1 and Cav2.1 localizations were next restricted to active zone borders marked by Bassoon.
Synapses with <25 localization for Munc13-1, Cav2.1 or PSD-95 within the Bassoon boundaries
were excluded. Synapses were analyzed using a custom MATLAB script similar to those
previously described, with modifications for 2d localizations®®*"°'. Autocorrelation was

d®%" modified for 2d localizations. Nanoclusters of Munc13-1 and Cav2.1

calculated as describe
were identified using MATLAB’s dbscan function. Localizations were randomized 100 times per
protein and synapse within Bassoon. Nanoclusters with <5 localizations and those with an area

larger than the maximum non-outlier area (area outlier identified using Graphpad Prism’s ROUT
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method with Q = 0.1%) were excluded. The area of a nanocluster was defined by its alpha
shape (with alpha radius 0.9375). Cross-enrichment was calculated as in®®°". Specifically,
enrichments were normalized to a random distribution and smoothed by replacing high outliers
(identified using Prism’s ROUT with Q = 0.1%) with the highest non-outlier value at each
distance bin.

To assess enrichment, we first calculated the total enrichment curve from the center of each
nanocluster of the opposite protein. Nanocluster enrichment was categorized by comparing the
average value of the cross-enrichment with the opposite protein within 60 nm of the nanocluster
center with that following 50 randomizations of the opposite protein's distribution. Nanoclusters
were considered enriched or de-enriched when the real average enrichment to the opposite
distribution was greater or less than the average plus or minus 1.96 standard deviations of the
enrichments to the random distributions, respectively. All other nanoclusters were designated as
indistinguishable from randomized. The separation index was defined as SI =d / (r1 + r2), where
d is the center-to-center distance of each object and rs and r are the distances between each
object’s center and its border along the line that connects the centers of both objects. d is
calculated as the Euclidean distance between centroids of a nanocluster of interest to the
nearest nanocluster of another protein. ry is calculated as the distance along this line from the
centroid to the border of the first nanocluster, and rz is the same for the second nanocluster.
Example overview images were generated by rendering in FIJI using the ThunderSTORM

plugin's Averaged Shifted Histogram method with a magnification 8 (20 nm pixels).

Western blotting

Lysates from DIV15 to 16 cultures were collected in standard 3x SDS sample buffer diluted with
PBS. Brains of P21-28 mice were homogenized with a glass-Teflon homogenizer in a solution
containing 150 mM NaCl, 25 mM HEPES, 4 mM EDTA and 1% Triton X-100 (pH 7.5), and then

diluted with standard 3x SDS sample buffer. Samples were boiled at 100 °C for 10 minutes and
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run on SDS-PAGE gels. Proteins were electrophoretically transferred from gels to nitrocellulose
membranes for 6.5 h at 4 °C in buffer containing (per L) 200 mL methanol, 14 g glycine and 6 g
Tris. Membranes were blocked for 1 hour at room temperature in TBST (Tris-buffered saline
with 0.1% v/v Tween-20) containing 10% non-fat milk powder and 5% normal goat serum.
Membranes were incubated with primary and secondary antibodies, and each step was done
overnight at 4 °C. The antibody incubation solution contained TBST with 5% milk and 2.5% goat
serum. Five 5-minute washes were performed between steps. The primary antibodies used
were: rabbit anti-Liprin-a1 (A121, 1:500), rabbit anti-Liprin-a2 (A13, 1:500), and rabbit anti-
Liprin-a4 (A2, 1:500) were gifts from S. Schoch?; mouse anti-HA (A12, 1:1000; RRID:
AB_2565006); mouse anti-Synaptophysin (A100, 1:5000; RRID:AB_887824), mouse anti-
Synapsin (A57, 1:5000; RRID: AB_2617071), goat anti-PTPo (A114, 1:200, RRID:
AB_2607944), and mouse anti-LAR (A156, 1:500, clone E9B9S from Cell signaling). The
secondary antibodies were peroxidase-conjugated goat anti-mouse IgG (S52, 1:10000,
RRID:AB_2334540), peroxidase-conjugated goat anti-rabbit IgG (S53, 1:10000,

RRID:AB_2334589), and peroxidase-conjugated anti-goat IgG (S60, 1:10000).

Immunofluorescence staining for STED and confocal microscopy

Neurons grown on 12mm, #1.5 glass coverslips were processed as previously described?®®2,
They were fixed at DIV15 to 16 in PBS containing 4% PFA for 10 minutes (for anti-Cay2.1
antibodies 2% PFA were used®), followed by blocking and permeabilization in blocking solution
(PBS, 3% BSA, 0.1% Triton X-100) for 1 hour at room temperature. Incubations with primary
and secondary antibodies were each done overnight at 4 °C in blocking solution. Samples were
post-fixed in 4% PFA for 10 min and mounted using ProLong diamond. Three 5-minute washes
with PBS were performed between steps. Primary antibodies used were: rabbit anti-Liprin-a3

(A232, 1:500; homemade, knockout-verified for STED?), rabbit anti-RIM (A58, 1:500, RRID:

AB_887774, knockout-verified for STED***"), rabbit anti-Cav2.1 (A46, 1:500; RRID:

42


https://doi.org/10.1101/2023.10.27.564439
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.27.564439; this version posted October 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

AB_2619841, knockout-verified for STED®®), rabbit anti-Munc13-1 (A72, 1:500; RRID:
AB_887733, knockout-verified for STED®?), rabbit anti-RIM-BP2 (A126, 1:500; RRID:
AB_2619739), mouse anti-HA (A12, 1:500; RRID: AB_2565006), mouse anti-Synaptophysin
(A100, 1:500; RRID: AB_887824), mouse anti-PSD-95 (A152, 1:500; RRID: AB_10698024),
and mouse anti-Gephyrin (A8, 1:500; RRID: AB_2232546). Secondary antibodies used were:
goat anti-rabbit Alexa Fluor 488 (S5; 1:500, RRID: AB_2576217), goat anti-mouse IgG1 Alexa
Fluor 488 (S7; 1:500, RRID: AB_2535764), goat anti-mouse 1gG1 Alexa Fluor 555 (S19, 1:500,
RRID: AB_2535769), goat anti-mouse IgG2a Alexa Fluor 633 (S30, 1:500, RRID: AB_1500826),

goat anti-guinea pig Alexa Fluor 405 (S51, 1:500, RRID: AB_2827755).

Image acquisition and analyses for confocal and STED microscopy

Images were acquired with previously established protocols*:?

using a Leica SP8
Confocal/STED 3X microscope equipped with an oil-immersion 100x objective (1.44 NA), a
white laser, STED gated detectors, and 592, 660 and 770 nm depletion lasers. For every image,
quadruple confocal scans for Synaptophysin, PSD-95, Gephyrin and the protein of interest were
followed by triple-color STED scans for PSD-95, Gephyrin and the protein of interest
(Synaptophysin was not imaged in STED mode because of depletion laser limitations).
Exceptions to these protocols were: 1. When HA antibodies were used, Gephyrin antibodies
could not be included because they are not compatible with our established HA antibodies. 2.
For the assessment of Liprin-a3 fragments in Fig. 5b-d and Supplemental fig. 6b-d, RIM-BP2
was used as a marker instead of PSD-95 and Gephyrin. The acquired images were 2048 pixels
x 2048 pixels large with a pixel size of 22.7 nm x 22.7 nm, and each image contained hundreds
of synapses. Acquisition settings for a given staining and channel were identical for all images
within a batch of culture in which all conditions from one experiment were compared. To

quantify synapse density in confocal images, individual confocal channels were analyzed with

an automatic detection algorithm (available at https://github.com/kaeserlab/3DSIM_Analysis_CL
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and https://github.com/hmslicl/3D_SIM_analysis_ HMS_Kaeser-lab_CL) using Otsu thresholding.
The synaptic mask was subsequently used to quantify the fluorescence intensity levels of the
protein of interest. Confocal data were normalized to the average in the condition that was used
for comparison (which was control, conditional knockout, or conditional knockout infected with a
rescue lentivirus as noted in each figure legend) per culture. To quantify STED images, side-
view synapses were selected by an experimenter blind to the protein of interest. Side-views
were defined as synapses containing a synaptic vesicle cloud of >250 nm from the active zone
to the inside of the presynaptic terminal and with a bar-like Gephyrin or PSD-95 structure along
its edge. A 750-nm long, 250-nm wide line profile was then drawn perpendicular to the
postsynaptic density marker and across its center. After applying a 5-pixel rolled average to the
protein of interest and PSD-95 or Gephyrin, line profiles of individual synapses were aligned to
the peak of the postsynaptic marker and averaged. The maximum value of the resulting
individual line scans was used to calculate the peak intensity. In each culture, line profiles and
peak intensities were normalized to the average in the condition that was used for comparison
(which was control, conditional knockout, or conditional knockout infected with a rescue
lentivirus as noted in each figure legend). In line profile plots, peaks appear below 100%
because peak intensities for proteins of interest are not always at the same position. For
representative images, a smooth filter was added, brightness and contrast were linearly
adjusted, and images were interpolated. Identical adjustments were applied to representative
images within an experiment. Quantifications were performed on original images without
brightness and contrast adjustments and without background subtraction or resampling. Data

were acquired and analyzed by an experimenter blind to genotype.

Imaging and analyses of protein condensates in transfected HEK293T cells
HEK293T cells were plated on 12 mm, #1.0 or #1.5 glass coverslips (for fixed samples) or on

MatTek dishes (for fluorescence recovery after photobleaching [FRAP] experiments) in HEK
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medium containing Dulbecco’s Modified Eagle Medium (DMEM) with 10% Fetal bovine serum
(Atlas Biologicals F-0500-D) and 1% Penicillin-Streptomycin. They were transfected with the
calcium phosphate method with 150 ng of the plasmids expressing Liprin-a3 (or of RIM1a if
Liprin-a was not included), and additional plasmids were added at 1:1 molar ratios (except for
Cav2.1, which was added at 0.67:1). 16-20 hours after transfection, cells were either fixed in 4%
PFA in PBS and subsequently mounted for imaging or they were used for FRAP. For
experiments in Fig. 6j-k, to assess the presence of Munc13-1 (not shown in the figure), cells
were blocked and permeabilized in a blocking solution (PBS, 3% BSA, 0.1% Triton X-100) for 1
hour at room temperature, followed by incubations with primary (rabbit anti Munc13-1; A72,
1:500; RRID: AB_887733) and secondary (goat anti-rabbit Alexa Fluor 488; S5; 1:500, RRID:
AB_2576217) antibodies overnight at 4 °C in blocking solution. Three 5-minute washes with
PBS were performed between steps. All images were acquired in confocal mode using a Leica
SP8 Confocal/STED 3X microscope, using an oil-immersion 63x objective (1.44 NA). Images of
2500 pm x 2500 pym or 1850 um x 1850 um (pixel size 240 nm x 240 nm) containing multiple
transfected cells were taken. Pearson’s correlation was used to assess colocalization of
proteins in cells expressing all proteins of interest for any given experiment using the “Coloc2”
built-in plugin of ImagedJ/Fiji. Cells in which the fluorescent signal of at least one of the proteins
was covering most of the cell area were not included. In experiments with mE-Cay2.1, cerulean
was imaged last to prevent photoconversion of mMEOS before other fluorophores were acquired.
For FRAP, movies of one single transfected cell were taken at room temperature. Cells were
maintained in HEK medium during image acquisition. Single condensates were photobleached
using a 405 nm wavelength laser followed by image acquisition at 1 Hz in confocal mode at
room temperature, as we described before?’. Regions of interest were drawn over pre-bleached
structures and the percentage of intensity recovered was plotted as a function of time. Each
individual trace was normalized to its maximum and minimum intensity values and plotted in Fig.

6f. The maximum value after photobleaching of the resulting normalized trace within the first
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120 seconds of recovery was used to calculate the percentage of recovery (Fig. 6g). Only for
representative images, a smooth filter was added, brightness and contrast were linearly
adjusted, and images were interpolated. These adjustments were done either equally across
conditions (Figs. 3, 6b and 6k), or unequally to reach a similar level of signal intensity between
condensates before bleaching (Fig. 6e). Quantifications were done on original images without
adjustments. pCMV RIM1a-tdTomato (rat, p1010) and pCMV RIM1a-cerulean (rat, p1011)
follow the same cDNA sequence variants and numbering as described for p592 above. The
fluorescent tags were placed between E1379 and S13g0 and flanked by exogenous linkers
(p1010:...E1379— AAAAA-V:... . Ka7e-AAGGAP- S13g0... With V2 to Kaze referring to tdTomato
residues according to GenBank: LC311026.1; p1011:...E1379 -AAA-V>...K239-GAP-S13g0... with V>
to Ka3g referring to Cerulean residues according to GenBank: ACO48272.1). pCMV Cerulean-
Liprin-a3 (rat, p471) and pCMV mVenus-Liprin-a3 (rat, p472) are the same sequence variant
and numbering as outlined for p576 above and have been described before?°. The Cerulean or
mVenus tags were placed at the N-terminus flanked by linker sequences (sequence: M-AAA-
V2...K23g-GAPS-Cs...C1192, V2...Kasg refer to Cerulean for p471 or mVenus for p472 according to
GenBank: ACO48272.1 and GenBank: AAZ65844.1, respectively). pCMV HA-Liprin-a3 (mouse,
p470) corresponds to GenBank: NP_084017.2 with a T714A point mutation and the HA tag was
positioned at the N-terminus (sequence: M-YPYDVPDYA-Mj...C1194). pPCMV Cerulean-RIM-BP2
(rat, p1009) and pCMV RIM-BP2 (rat, p205) correspond in sequence and numbering to
XP_038945062.1. The cerulean tag was placed at the N-terminus between M; and R, and
flanked by short linkers (sequence: M1-AAA- V... K23o-GAP-R:...P1ges; V2...Kasg refer to Cerulean
according to GenBank: AC048272.1). pPCMV mEOS-Cav2.1 (mouse, p772) was produced
based on a previous expression vector® and numbering and sequence correspond to
GenBank: AAW56205.1. It has an mEos3.2 tag between V.7 and Gzs. that is flanked by short
linkers (sequence: My... V27 -AS-S;...Ra26- ACR- Gos...Case9). S2...Ras refer to mEos3.2 as

described® (https://www.fpbase.org/protein/meos32/). mEos3.2 was obtained as a gift from
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Michael Davidson and Tao Xu (Addgene plasmid # 54550; http://n2t.net/addgene:54550;
RRID:Addgene_54550). pcDNA Munc13-1 (rat, p202) corresponds in sequence and numbering
to NCBI Reference Sequence NP_074052.2 without G1415s TLLRKHGKGLEKGRVKLPSHSD 1437
and V1533HGGKGTRFTLSEDVCPEM1ss51; see NCBI Reference Sequence: XP_017168369.1 for
the same splice variant). pcDNA3.1 Dynamin 1 (human, p880) was a gift from Sandra Schmid
and was obtained from Addgene (Addgene plasmid #34682; http://n2t.net/addgene:34682;
RRID:Addgene_34682). It contains a partial N-terminal HA-tag and a sequence that
corresponds to PDB: 7AX3_A (sequence: ME-YDVPDYA-H-M;...Lges). pPCMV HA-PTPo
(human, p844, obtained from Jaewon Ko with a modified pDisplay backbone) and pCMV
tdTomato-HA-PTPo (human, p889) follow the same sequence variant and numbering as
outlined for p846 above. The N-terminal signal peptide was substituted by a mouse IgK leader
sequence and followed by the corresponding tag and a short exogenous linker (p844:
METDTLLLWVLLLWVPGSTGD-YPYDVPDYA-GAQPARS-E3...T1s01; p889:
METDTLLLWVLLLWVPGSTGD-YPYDVPDYA-GAQPARS- V3...Ks76-RS-E3o...T1501, V2 t0 Kazs
refer to tdTomato residues according GenBank: LC311026.1). pCMV PTP& (mouse, p848, in a
modified pDisplay vector) was produced from a plasmid containing a PTPd open reading frame
obtained from Jaewon Ko (pcDNA myc-PTP&%). The numbering and the sequence of p848
correspond to GenBank: XP_036019750.1 but with two variants (without amino acids Vs and
E1s9-l191, sSee NCBI Reference Sequence XP_036019737.1). The signal peptide was replaced
with a mouse IgK leader sequence followed by a short exogenous linker (sequence:
(METDTLLLWVLLLWVPGSTGD-GAPGPV- E2s-T1921). pPCMV LAR (human, p849) was cloned
from a plasmid obtained from the Harvard Plasmid Repository expressing human LAR identical

to the sequence in GenBank: AAH48768.1.

Correlative light-electron microscopy

HEK293T cells were plated on 25 mm, #2 photo-etched, gridded coverslip in HEK medium,
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transfected as described for protein condensate experiments above, and fixed in 2.5%
glutaraldehyde in PBS buffer (pH 7.4) for 30 minutes at room temperature 16-20 hours after
transfection. Fluorescent and wide-field images of transfected cells expressing the proteins of
interest were acquired using either a Nikon Ti inverted microscope equipped with Yokagawa
CSU-W1 spinning disc confocal system and a 40x objective (0.75 NA) or a Leica SP8
Confocal/STED 3X microscope, using an oil-immersion 63x objective (1.44 NA). After acquiring
images, samples were washed 3 times for 5 minutes each with ice cold 100 mM PIPES, pH 7.4
and then incubated in Staining Solution | (SSI; consisting of 1% Os04, 1.25% potassium
hexacyanoferrate in 100 mM PIPES, pH 7.4,) for 2 hours followed by Staining Solution I
(prepared by diluting SSI 100 times in a solution of 1% tannic acid) for 30 minutes, and, finally,
in 1% uranyl acetate overnight. The samples were kept at 4 °C and protected from light during
all the staining steps. Three 5-minute washes with ice-cold mili-Q water were performed
between steps. Samples were dehydrated with increasing concentrations of ethanol (30%, 50%,
70%, 90%, 100%, ice-cold), followed by two washes in 100% ice-cold acetone, embedded in
epoxy resin, and baked at 60 °C for 36 hours. The coverslip was removed from the resin by
sequential immersions into liquid nitrogen and boiling water. 50 nm thick sections from blocks
containing grid areas with the cells of interest were cut with a Leica EM UC?7 ultramicrotome. A
JEOL 1200EX transmission electron microscope equipped with an AMT 2k CCD camera was
used for image acquisition of the target cells (identified by their position on the gridded
coverslips and by their shape matching that of the wide field image). Fluorescent and electron
microscopy images were aligned using the BigWarp plugin (ImagedJ/Fiji). The electron
micrograph was used as fixed image and arbitrary references (such as the nucleus or the
plasma membrane) were used for alignment. The alignment for each cell was conducted
multiple times, using each time different features as landmarks, to independently confirm the

alignement. For representative images, a smooth filter was added to fluorescent images, and
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brightness and contrast in all images were linearly adjusted and interpolated.

Electrophysiology of cultured neurons
Whole-cell patch clamp recordings of cultured hippocampal neurons plated on 12 mm, #1.0 or

6202126345062 G|ass pipettes

#1.5 glass coverslips were done as described before at DIV15 to 1
(resistance of 1.5 — 4 MQ) were filled with an intracellular solution containing (in mM) 120 Cs-
methanesulfonate, 10 EGTA, 2 MgCl,, 10 HEPES-CsOH (pH 7.4), 4 Na>-ATP, and 1 Na-GTP
for excitatory transmission; and 40 CsCl, 90 K-Gluconate, 1.8 NaCl, 1.7 MgClz, 3.5 KCl, 0.05
EGTA, 10 HEPES, 2 MgATP, 0.4 Na>-GTP, 10 phosphocreatine, CsOH (pH 7.4) for inhibitory
transmission. Neurons were clamped at -70 mV (or at +30 mV for NMDAR-EPSCs) and series
resistance was compensated to ~5 MQ. Any recording with series resistance >15 MQ before
compensation at any given point during acquisition was discarded. Recordings were done at
room temperature in extracellular solution containing (in mM) 140 NaCl, 5 KCI, 1.5 CaCl, 2
MgClz, 10 HEPES (pH 7.4) and 10 Glucose. For mEPSCs, mIPSCs and sucrose-evoked
release, the extracellular solution was supplemented with 1 pM TTX, 50 yM D-AP5 and either
50 pM picrotoxin (for EPSCs) or 20 uM CNQX (for IPSCs). For electrically evoked currents, the
extracellular solution was supplemented with 20 uM CNQX and either 50 yM D-AP5 (for IPSCs)
or 20 mM PTX (for NMDAR-EPSCs). Electrical stimulation was applied using a bipolar electrode
custom-made from Nichrome wire. 500 mM hypertonic sucrose was locally applied with a pump
for 10 seconds at a flow rate of 10 pl per minute, and the integral of the first 10 seconds of the
response was used to estimate the RRP. A Multiclamp 700B amplifier and a Digidata 1550
digitizer were used, sampling at 10 kHz and filtering at 2 kHz. Data were analyzed using

pClamp. Data were acquired and analyzed by an experimenter blind to genotype.

Electron microscopy of cultured neurons

20,21,26,34,50,62,63 Brleﬂy
- )

Electron microscopy was performed as before DIV15 neurons grown on

49


https://doi.org/10.1101/2023.10.27.564439
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.27.564439; this version posted October 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

0.12 mm thick, 6 mm diameter Matrigel-coated sapphire coverslips were transferred to an
extracellular solution containing (in mM) 140 NacCl, 5 KCI, 1.5 CaCly, 2 MgCl,, 10 glucose,
CNQX (20 mM), D-AP5 (50 mM), PTX (50 mM), 10 Hepes (pH 7.4, ~310 mOsm) and high-
pressure frozen with a Leica EM ICE freezer. The samples were then freeze substituted using
an acetone solution supplemented with 1% osmium tetroxide, 1% glutaraldehyde, and 1% H.O
following this protocol: -90 °C for 24 hours, 5 °C per hour to -20 °C, -20 °C for 12 hours, and 10
°C per hour to 20 °C. Next, samples were embedded in epoxy resin and baked for 48 hours at
60 °C. Next, the sapphire coverslip was removed from the resin block by sequential immersions
into liquid nitrogen and boiling water. The process was repeated until the coverslip detached.
Then, the resin block containing the neurons was divided into four pieces and each piece was
mounted on a stub. A Leica EM UC7 ultramicrotome was used for sectioning at 50 nm, and
sections were collected on a nickel slot grid (2 x 1 mm) with a carbon coated formvar support
film. The sections were counterstained with 2% lead acetate solution for 10 seconds, followed
by rinsing with distilled water. Images were taken with a JEOL 1200EX transmission electron
microscope equipped with an AMT 2k CCD camera. Synapses containing a cloud of vesicles
and with an evident, well-preserved synaptic cleft were selected for quantification. A MATLAB
macro, provided by M. Verhage and J Broeke was used for analyses. Docked vesicles were
defined as those in contact with the presynaptic plasma membrane apposed to the PSD and
with no white space between the electron-dense vesicular and target membranes. Bouton size
is expressed as the area within the perimeter of a bouton in a cross section. Brightness and
contrast were adjusted for representative examples to match appearance. Data were acquired

and analyzed by an experimenter blind to condition.

Statistics
Data are shown as mean + SEM unless noted otherwise. Violin plots are shown when the

number of data points for at least one of the groups was >100. Significance was assessed using
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parametric (t-test or one-way ANOVA) or non-parametric (Mann-Whitney U or Kruskal-Wallis)
tests depending on whether assumptions of normality and homogeneity of variances were met
(assessed using Shapiro or Levene’s tests, respectively). Tukey-Kramer or Holm corrections for
multiple testing were applied. Post-hoc comparisons between all groups were performed, and
only significance relative to the respective conditional knockout group (or to the control group in
Fig. 3c, the “no PTP” group in Fig. 6¢c+d, and LAR in Fig. 6g) is reported in figures. For paired
pulse ratios, a two-way ANOVA was used followed by Dunnett post hoc test. A Chi-square test
was used to assess mouse survival ratios. Data were analyzed by an experimenter blind to the

condition/genotype.
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Supplemental figure 1. Assessment of RIM1 constructs with Western blot and confocal
microscopy

(a) Western blot to assess expression of RIM1a, PDZ-C2A-P and Zn-C2B in cultured neurons.
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(b, ¢) Example confocal images (b) and quantification (c) of the average intensity of HA (to
detect rescue proteins) at excitatory synapses identified as PSD-95 regions of interest (ROIs).
Neurons were stained for HA, PSD-95 and Synaptophysin (Syp). Intensity is normalized to the
average cQKOR'E + RIM1a per culture. Levels at inhibitory synapses were not assessed due to
incompatibility of HA and Gephyrin antibodies; control?*E 9 images/3 independent cultures,
cQKOR*E 8/3, cQKOR*E + RIM1a 13/3, cQKOR*E + PDZ-C2A-P 12/3, cQKORX*E + Zn-C2B 14/3.
(d-o) Example confocal images and quantification of the average fluorescence intensity levels at
excitatory and inhibitory synapses of Munc13-1 (d-f), Cav2.1 (g-i), Liprin-a3 (j-I) and RIM-BP2
(m-0). Neurons were stained for a protein of interest (Munc13-1, Cav2.1, Liprin-a3 or RIM-BP2),
postsynaptic markers (PSD-95 and Gephyrin), and Synaptophysin. Excitatory synapses were

defined as PSD-95 ROIs and inhibitory synapses as Gephyrin ROls. Data are normalized to the

|R+E |R+E

average control® per culture, dotted lines mark the levels of cQKOR*E (black) or contro
(gray); d-f, control 14/3, cCQKO®*E 14/3, cQKOXE + RIM1a 14/3, cQKOR*E + PDZ-C2A-P 13/3,
cQKOR'E + Zn-C2B 14/3; g-i, 14/3 each; j-l, 26/6 each; m-o, 14/3 each.

(p, q) Quantification of Synaptophysin, PSD-95 and Gephyrin puncta densities (p) and of their

fluorescence intensities (q) normalized to the average control®*E

per culture. Small changes in
Synaptophysin and PSD-95 in some conditions do not confound the conclusion that
independent assembly pathways recruit Munc13-1 and Cay2.1; control?*€ 68/6, cQKORX*E 68/6,
cQKOR*E + RIM1a 68/6, cCQKOR*E + PDZ-C2A-P 67/6, cQKOX*E + Zn-C2B 68/6.

Data are mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001 compared to cQKOR*E as determined
by Kruskal-Wallis followed by Holm multiple comparisons post hoc testsinc, e, f, h, i, k, 1, n, 0, p

(Synaptophysin and Gephyrin) and g, or by a one-way ANOVA followed by Tukey-Kramer

multiple comparisons post hoc tests in p (PSD-95).
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Supplemental figure 2. Assessment of inhibitory synapses by STED microscopy after
RIM rescue
(a-1) Example STED images, average line profiles and quantification of the peak intensity of
Munc13-1 and Gephyrin (a-c), Cav2.1 (d-f), Liprin-a3 (g-i) and RIM-BP2 (j-1) at inhibitory side-
view synapses identified by Synaptophysin (Syp) and Gephyrin. Analyses were performed on
the experiment shown in Fig. 2f-q as the neurons were co-stained for Gephyrin. A line profile
(750 nm x 250 nm) was positioned perpendicular to the center of the elongated Gephyrin object
and profiles of all synapses were aligned to the Gephyrin peak. The maximum value of each
individual profile was used to calculate the peak. Dotted lines mark the levels of cQKOR'E

(black) or control®*E (gray), line profiles and peak intensities are normalized to the average
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control®E per culture; a-c, control®*E 45 synapses/3 independent cultures, cQKOX*E 52/3,
cQKOR*E + RIM1a 44/3, cQKOR*E + PDZ-C2A-P 49/3, cQKORX*E + Zn-C2B 45/3; d-f, controlR*E
49/3, cQKOR'E 52/3, cQKOR'E + RIM1a 44/3, cQKOR'E + PDZ-C2A-P 51/3, cQKOR'E + Zn-C2B
47/3; g-i, control?*E 94/6, cCQKOR*E 97/6, cQKOR*E + RIM1a 94/6, cQKORX*E + PDZ-C2A-P 95/6,
cQKOR*E + Zn-C2B 91/6; j-I, control®*E 46/3, cQKOR'E 46/3, cQKOR'E + RIM1a 45/3, cQKOR'E +
PDZ-C2A-P 47/3, cQKOR'E + Zn-C2B 44/3.

Data are mean + SEM; **p < 0.01, ***p < 0.001 as determined by Kruskal-Wallis followed by

Holm multiple comparisons post hoc tests.
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Supplemental figure 3. Liprin-a1 and -a4 mutant alleles

(a) Diagram outlining the gene targeting strategy of Ppfia1 to remove Liprin-a1. The knock-in
allele containing loxP sites flanking exon 13 (numbering follows Ensembl
ENSMUST00000182226.8) was generated by homologous recombination, chimeric founders
were used to establish the knock-in line and subsequently crossed to Flp-transgenic mice® to
generate the floxed allele.

(b) Offspring ratios from Liprin-a1 knock-in (k) or floxed (f) heterozygous breeding pairs. Dotted
lines show expected Mendelian ratios; Liprin-a1 knock-in 26 mice/5 litters; Liprin-a1 floxed 35/5.
(c) Western blots of whole brain homogenates of wild type, heterozygous and homozygous
littermate Liprin-a1 mice before (knock-in) or after FIp recombination (floxed), or of lysates from
hippocampal cultures of Liprin-a1 floxed mice infected with a lentivirus expressing Cre (cKO"")
or a recombination deficient truncation of Cre (control*").

(d-f) Same as a-c but for Ppfia4 to remove Liprin-a4, exon 11 is flanked by loxP sites
(numbering follows Ensembl ENSMUST00000168515.8); e, Liprin-a4 knock-in 25 mice/4 litters;
Liprin-a floxed 44/5.

Data in b and e are shown as observed offspring ratios. **p < 0.01 as determined by Chi-square

tests comparing obtained ratios with expected Mendelian ratios.

61


https://doi.org/10.1101/2023.10.27.564439
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.27.564439; this version posted October 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

a Syp + PSD-95 Syp + Gephyrin
PSD-95 Gephyrin
RIM-BP2 '

b Munc131 RIM Ca21 RIM-BP2 ¢ Munc13-1 RIM Ca,2.1 RIM-BP2
2257

—~ 200 —
= 450 R 1504
E: 150 ek sk = 150 e ek
S S
S 100{F =+ = F =-I S0 = ., - o = -
5 = = £ = = =
2 5 Oy % 501
(0] (]
> >
2 0- > R > > 2 0- > > > N
(o] (o] (o] (o] (o] o (o] (o]
NS NS NS NS NS NS NS NS
& & & & & & & &
d Syp PSD-95 Gephyrin € Syp PSD-95 Gephyrin
? *kk 3200
& 300 =
2 =
& =
g 200 I
© ] £
i) @
5] 8
2 9
ND« \Vbt \/\'b« \\?
(o] (o] o]
« NS NS
& & &

Supplemental figure 4. Confocal microscopic assessment of synaptic protein levels after

ablation of Liprin-a1 to -a4

(a-c) Example confocal images (a) and quantification of fluorescence intensity levels at
excitatory and inhibitory synapses (b, c). Neurons were stained for a protein of interest
(Munc13-1, RIM, Cay2.1 or RIM-BP2), two postsynaptic markers (PSD-95, excitatory, and

Gephyrin, inhibitory), and Synaptophysin (Syp). Data are normalized to the average control'*
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per culture; Munc13-1, control"* 27 images/3 independent cultures, cCQKO""* 27/3; RIM,
control-"** 26/3, cQKO-'** 22/3; Cay2.1, control-'** 21/3, cQKO""* 18/3; RIM-BP2, control-"**
19/3, cQKO-"*16/3.

(d, e) Quantification of Synaptophysin, PSD-95 and Gephyrin puncta densities (d) and of their

114 per culture. The ~20 %

fluorescence intensities (e) normalized to the average contro
reduction in inhibitory synapses is unlikely to fully account for the ~60% decrease in mIPSC
frequency and the ~45% decrease in sucrose-evoked responses (Fig. 4w+x and Supplemental
fig. 5q+r); control-"*93/3, cQKO"'* 83/3.

Data are mean + SEM; ***p < 0.001 compared to cQKO"'* as determined by Mann-Whitney U
tests in b (RIM and RIM-BP2), ¢ (RIM, RIM-BP2, and Cay2.1), d, and e, or by Student’s t-tests

in b (Munc13-1 and Cav2.1) and ¢ (Munc13-1).
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Supplemental figure 5. Assessment of inhibitory synapses by STED microscopy and of
spontaneous transmission after Liprin-a ablation

(a-1) Example STED images, average line profiles and quantification of the peak intensity of
Munc13-1 and Gephyrin (a-c), RIM (d-f), Cav2.1 (g-i) and RIM-BP2 (j-I) at inhibitory side-view
synapses identified by Synaptophysin (Syp) and Gephyrin. Analyses were performed on the
experiment shown in Fig. 4c-n as the neurons were co-stained for Gephyrin. Dotted lines in line
profile plots mark the levels of control*', line profiles and peak intensities are normalized to the

|L1-L4

average contro per culture; a-c, control-'* 60 synapses/3 independent cultures, cQKO-"*

61/3; d-f, control“"* 68/3, cQKO""* 65/3; g-i, control-'** 58/3, cQKO""** 56/3; j-I, control-*

64


https://doi.org/10.1101/2023.10.27.564439
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.27.564439; this version posted October 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

57/3, cCQKO-"* 51/3.

(m, n) Example traces (m) of spontaneous miniature excitatory postsynaptic current (MEPSC)
recordings and quantification (n) of MEPSC frequency; control-'* 15 cells/3 independent
cultures, cQKO"* 16/3.

(o, p) Example traces (o) of an averaged mEPSC from a single cell and quantification of the
mEPSC amplitude (p), N as in m+n.

(9-t) As in m-p but for mIPSCs; 19/3 each.

Data are mean + SEM; ***p < 0.001 compared to cQKO""* as determined by Mann-Whitney U

tests (c, f, i, n, p, r and t) or by a Student’s t-tests (l).
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Supplemental figure 6. Assessment of Liprin-a rescue constructs with Western blot and
confocal microscopy

(a) Western blot to assess expression of Liprin-a3, Liprin-a3" and Liprin-a3°; note that control*"-
4 has an HA signal because of the lentiviral expression of HA-tagged Liprin-a3.

(b-d) Example confocal images (a) and quantification of fluorescence intensity levels (b+c) of
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HA to detect Liprin-a3 and of RIM-BP2 at synapses defined as Synaptophysin (Syp) ROls.

I*"4 per culture, dotted lines mark the levels of

Intensity is normalized to the average contro
cQKO"* (dark brown) or control-'** (light brown); control-'* 18 images/5 independent
cultures, cQKO"* 12/5, cQKO"'* + Liprin-a3 18/5, cQKO " + Liprin-a3N 17/5, cQKO"'* +
Liprin-a3° 13/5.

(e-j) Example confocal images and quantification of fluorescence intensity levels at excitatory
and inhibitory synapses of Munc13-1 (e-g) and RIM (h-j). Neurons were stained for a protein of
interest (Munc13-1 or RIM), postsynaptic markers (PSD-95 and Gephyrin), and Synaptophysin.

14 per culture, dotted lines mark the levels of

Data are normalized to the average contro
cQKO"* (dark brown) or control-'** (light brown); e-g, control-'* 20/4, cQKO"""* 20/4,
cQKO" + Liprin-a3 20/4, cQKO ' + Liprin-a3" 21/4, cQKO""* + Liprin-a3° 20/4; h-j, 13/3
each.

(k, 1) Quantification of Synaptophysin, PSD-95 and Gephyrin puncta densities (k) and of their

[~'4 per culture; control-*33/4,

fluorescence intensities (I) normalized to the average contro
cQKO"433/4, cQKO""** + Liprin-a3 33/4, cQKO " + Liprin-a3" 34/4, cQKO""* + Liprin-a3°
33/4.

Data are mean + SEM; *p < 0.05 **p < 0.01, ***p < 0.00 compared to cQKO"""* as determined
by Kruskal-Wallis followed by Holm multiple comparisons post hoc tests in f and k (Gephyrin

and Synaptophysin) and | (Synaptophysin), or by one-way ANOVA followed by multiple

comparisons Tukey-Kramer post hoc tests in g, i, j, k (PSD-95) and | (PSD-95 and Gephyrin).
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Supplemental figure 7. Assessment of inhibitory synapses by STED microscopy after
Liprin-a3 rescue

(a-f) Example STED images, average line profiles and quantification of the peak intensity of
Munc13-1 and Gephyrin (a-c), and RIM (d-f) at inhibitory side-view synapses identified by
Synaptophysin (Syp) and Gephyrin. Analyses were performed on the experiment shown in Fig.
5b-i as the neurons were co-stained for Gephyrin. Dotted lines mark the levels of cQKO-"
(dark brown) or control-'* (light brown), line profiles and peak intensities are normalized to the
average control-'"* per culture; a-c, control""* 67 synapses/4 independent cultures, cQKO"'*
69/4, cQKO""* + Liprin-a3 61/4, cQKO“"* + Liprin-a3N 60/4, cQKO""* + Liprin-a3° 74/4; d-f,
control*'* 45/3, cQKO""*48/3, cQKO""* + Liprin-a3 43/3, cQKO“"* + Liprin-a3N 47/3,
cQKOM" + Liprin-a3° 44/4.

Data are mean + SEM; *p < 0.05, ***p < 0.001 compared to cQKO""* as determined by

Kruskal-Wallis followed by Holm multiple comparisons post hoc tests.
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Supplemental figure 8. Assessment of LAR-RPTP proteins with Western blot and
confocal microscopy

(a) Western blot to assess expression of PTPc and LAR.
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(b, ¢) Example confocal images and quantification of fluorescence intensity levels of HA to
detect PTPo or LAR at excitatory synapses defined as PSD-95 ROls. Neurons were stained for

HA, PSD-95 and Synaptophysin (Syp). Intensity is normalized to the average cTKORP™P

per
culture, dotted lines mark the levels of cTKORP™® + PTPg; cTKOR"™ 9 images/3 independent
cultures, cTKORF™ + PTPg 12/3, cTKORP™ + LAR 12/3.

(d-o) Example confocal images and quantification of fluorescence intensity levels at excitatory
and inhibitory synapses of Liprin-a3 (d-f), Munc13-1 (g-i), RIM (j-1) and Cay2.1 (m-0). Neurons
were stained for a protein of interest (Liprin-a3, Munc13-1, RIM or Cay2.1), postsynaptic
markers (PSD-95 and Gephyrin), and Synaptophysin. Data are normalized to the average
cTKORP™P per culture, dotted lines mark the levels of cTKORP™; d-f, 12/3 each; g-i, 13/3 each; j-,
cTKORPTP 13/3, cTKORP™ + PTPg 11/3, cTKORP™ + LAR 13/3; m-o0, 14/3 each.

(p, 9) Quantification of Synaptophysin, PSD-95 and Gephyrin puncta densities (p) and of their
fluorescence intensities (q) normalized to the average cTKOR"™ per culture. Expression of
PTPo resulted in a mild increase in the number of Synaptophysin and PSD-95 puncta, possibly
reflecting a synaptogenic effect, and a mild decrease in the intensity of Synaptophysin;
cTKORP™P 52/3, cTKORP™ + PTPg 50/3, cTKORP™® + LAR 52/3.

Data are mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001 compared to cTKOR"™" as determined
by Kruskal-Wallis followed by Holm multiple comparisons post hoc tests forc, e, k, I, p

(Gephyrin), and q, or by a one-way ANOVA followed by Tukey-Kramer multiple comparisons

post hoc tests for f, h, i, n, 0 and p (Synaptophysin and PSD-95).
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Supplemental figure 9. Assessment of inhibitory synapses by STED microscopy and of

ORPTP heurons

synaptic transmission after expression of LAR-PTPs in cTK
(a-1) Example STED images, average line profiles and quantification of the peak intensity of
Liprin-a3 and Gephyrin (a-c), Munc13-1 (d-f), RIM (g-i) and Cay2.1 (j-I) at inhibitory side-view
synapses identified by Synaptophysin (Syp) and Gephyrin. Analyses were performed on the
experiment shown in Fig. 7f-q as the neurons were co-stained for Gephyrin. Dotted lines mark
the levels of cTKORP™P, line profiles and peak intensities are normalized to the average

cTKORP™P per culture; a-c, cTKORP™P 48 synapses/3 independent cultures cTKORP™™ + PTPo

45/3, cTKORP™P + LAR 50/3; d-f, cTKORPTP 49/3, cTKORP™ + PTPg 45/3, cTKORP™ + LAR 50/3;
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g-i, cTKORPTP51/3, cTKORP™ + PTPg 49/3, cTKORP™ + LAR 47/3; j-I|, cTKORP™P 49/3, cTKORF™
+ PTPo 51/3, cTKORP™ + LAR 50/3.

(m, n) Example traces (m) and average amplitudes (n) of single action potential-evoked IPSCs.
cTKORP™P 21 cells/3 independent cultures cTKORP™® + PTPo 21/3, cTKORP™ + LAR 22/3.

(o, p) Example traces (0) and average GABAR-mediated charge transferred in response to
hypertonic sucrose superfusion (p); cTKORP™P 19/3, cTKORF™ + PTPo 21/3, cTKORP™ + LAR
19/3.

(q, r) Example traces (q) and average IPSC paired pulse ratios (r) at increasing interstimulus
intervals to estimate P; N as in m+n.

Data are mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001 compared to cTKOR"™" as determined
by Kruskal-Wallis followed by Holm multiple comparisons post hoc tests (c, f, i, n, and p), by a
one-way ANOVA followed by Tukey-Kramer multiple comparisons post hoc tests (l), or by a two-

way ANOVA followed by Dunnett multiple comparisons post hoc tests (r).
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