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SUMMARY
Presynaptic active zones aremolecular machines that control neurotransmitter secretion. They form sites for
vesicle docking and priming and couple vesicles to Ca2+ entry for release triggering. The complexity of active
zone machinery has made it challenging to determine its mechanisms in release. Simultaneous knockout of
the active zone proteins RIM and ELKS disrupts active zone assembly, abolishes vesicle docking, and im-
pairs release. We here rebuild docking, priming, and Ca2+ secretion coupling in these mutants without rein-
stating active zone networks. Re-expression of RIM zinc fingers recruited Munc13 to undocked vesicles and
rendered the vesicles release competent. Action potential triggering of release was reconstituted by docking
these primed vesicles to Ca2+ channels through attaching RIM zinc fingers to CaVb4-subunits. Our work iden-
tifies an 80-kDa b4-Zn protein that bypasses the need for megadalton-sized secretory machines, establishes
that fusion competence and docking are mechanistically separable, and defines RIM zinc finger-Munc13
complexes as hubs for active zone function.
INTRODUCTION

Essential insight into the functioning of synaptic exocytotic ma-

chinery has come from rebuilding the fusion process in vitro.

Reconstitution assays have revealed that the minimal machinery

for Ca2+-triggered exocytosis consists of SNARE proteins,

Munc18, Munc13, and synaptotagmin (Hu et al., 2003; Ma

et al., 2013; Tucker et al., 2004). However, fusion speed in these

assays is orders of magnitude slower than at synapses, and

spatial precision of exocytosis with its targeting toward postsyn-

aptic receptor domains on target cells cannot be studied in these

in vitro systems. These functions are carried out by the active

zone, a molecular machine that is attached to the presynaptic

plasma membrane and is composed of many megadalton-sized

protein assemblies (Emperador-Melero and Kaeser, 2020;

S€udhof, 2012).

Central functions of the active zone are the generation of

releasable vesicles and the positioning of these vesicles close

to Ca2+ channels for rapid fusion-triggering (Augustin et al.,

1999; Biederer et al., 2017; Deng et al., 2011; Imig et al., 2014;

Kaeser et al., 2011; Liu et al., 2011). Active zones are composed

of families of scaffolding proteins including RIM, ELKS (also

called ERC, CAST, or Rab6IP2), Munc13, RIM-BP, Bassoon/

Piccolo and Liprin-a (S€udhof, 2012). Each protein family is en-

coded by multiple genes and the individual proteins are large,

ranging from 120 to 420 kDa, forming complex protein networks.

Understanding assembly mechanisms of these molecular ma-

chines remains a major challenge.

Gene knockout and related studies have uncovered loss-of-

function phenotypes for individual active zone proteins. In
1498 Neuron 110, 1498–1515, May 4, 2022 ª 2022 Elsevier Inc.
essence, these studies established that each protein, in one

way or another, participates in the control of each key exocytotic

parameter. These parameters include (1) the docking of vesicles

(defined morphologically: the physical attachment of vesicles to

the target membrane as assessed by electron microscopy), (2)

the priming of vesicles (defined functionally: the production of

release-competent vesicles through enhancing their fusogenic-

ity), and (3) the coupling of these vesicles to Ca2+ channels

(defined functionally: the releasability of primed vesicles in

response to an action potential as a function of the distance of

the primed vesicles to the source of Ca2+ entry). For example,

roles in vesicle docking and priming have been described for

RIM (Calakos et al., 2004; Deng et al., 2011; Han et al., 2011;

Kaeser et al., 2011; Koushika et al., 2001), Munc13 (Aravamudan

et al., 1999; Augustin et al., 1999; Deng et al., 2011; Imig et al.,

2014; Richmond et al., 1999), Liprin-a (Emperador-Melero

et al., 2021; Spangler et al., 2013; Wong et al., 2018), ELKS

(Dong et al., 2018; Held et al., 2016; Kawabe et al., 2017; Mat-

kovic et al., 2013), Piccolo/Bassoon (Parthier et al., 2018), and

RIM-BP (Brockmann et al., 2019). Similarly, the control of Ca2+

secretion coupling is mediated by the same proteins, with roles

for RIM, RIM-BP, Bassoon, and ELKS (Acuna et al., 2015; Davy-

dova et al., 2014; Dong et al., 2018; Grauel et al., 2016; Han et al.,

2011; Kaeser et al., 2011; Kittel et al., 2006; Liu et al., 2014,

2011). A truemechanistic understanding of the active zone, how-

ever, has been difficult to achieve. This is in part because recon-

stitution assays, powerful for untangling mechanisms of the

fusion reaction itself (Hu et al., 2003; Ma et al., 2013; Tucker

et al., 2004), are not possible for the active zone due to its molec-

ular complexity. Furthermore, the redundancy of scaffolding and
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release mechanisms has made it challenging to distinguish ef-

fects on active zone assembly from those on active zone func-

tion. Ultimately, it has not been possible to define which of the

many candidate mechanisms at the active zone suffice to drive

fast, action potential-triggered release.

Simultaneous conditional knockout of RIM and ELKS leads to

disassembly of the active zone with loss of RIM, ELKS, RIM-BP,

Piccolo, Bassoon, and Munc13, a near-complete absence of

vesicle docking, and a strong reduction in action potential-

evoked exocytosis (Wang et al., 2016). General features of syn-

aptic structure including the formation of boutons, the accumu-

lation of vesicles, and the generation of synaptic contacts remain

intact in these mutants. This has established that RIM and ELKS

form a scaffolding complex that holds the active zone together.

Here, we use this active zone disruption through RIM + ELKS

knockout to develop an approach for rebuilding hallmark func-

tions of these secretory machines within synapses. Our overall

goal was to develop a deep mechanistic understanding of active

zone function and to define which of the many mechanisms are

sufficient to drive release. We find that vesicles can be rendered

release competent by re-expression of RIM zinc fingers, which

positioned activated Munc13 on undocked vesicles. Docking of

these vesicles next to Ca2+ channels was required to restore ac-

tion potential triggering of release. We achieved this using a sin-

gle artificial fusion protein consisting of the RIM zinc finger and

the CaVb4 subunit, which resulted in recovery of fusion strength

and speed after active zone disruption. These findings establish

the minimal requirements for active zone function and define

key protein domains sufficient to mediate these requirements.

RESULTS

RIM restores structure and function at synapses with
disrupted active zones
We first used stimulated emission depletion (STED) superresolu-

tion microscopy to evaluate active zone disruption induced by

conditional knockout of RIM and ELKS, which strongly impaired

extent and precision of neurotransmitter release (Wang et al.,

2016). Cultured hippocampal neurons with floxed alleles for

RIM1, RIM2, ELKS1, and ELKS2were infected with cre-express-

ing lentiviruses to generate knockout (cKOR+E) neurons or with

control viruses to generate controlR+E neurons. We then used a

previously established workflow (Held et al., 2020; de Jong

et al., 2018; Nyitrai et al., 2020; Wong et al., 2018) to assess
Figure 1. RIM re-expression restores active zone structure in RIM and

(A) Schematic of HA-tagged ELKS2aB and RIM1a, H, HA tag; CC, coiled-coil reg

proline rich (PxxP-) motif.

(B and C) Sample STED images (B) and quantification (C) of side-view synapses

through expression of cre-lentiviruses in neurons of floxedmice) or in correspondi

same neurons) and in cKOR+E neurons after lentiviral re-expression of ELKS2aB

(imaged in STED), and synaptophysin (imaged in confocal). Peak position and lev

for STED analysis workflow, see Figures S1A–S1D) positioned perpendicular to th

lines mark controlR+E (gray) and cKOR+E (black) levels for comparison, a.u.: arbit

(D–M) Same as (B and C), but for ELKS2 (D and E), Munc13-1 (F and G), Bassoon (

assessed as in (C) and were similar in each condition.

Data are mean ± SEM; **p < 0.01, ***p < 0.001 compared with cKOR+E as determi

tests. For STED workflow, evaluation of Liprin-a3 by STED, and assessment of

confocal and STED experiments, see Figure S2.
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active zone structure at 15–19 days in vitro (DIV). We identified

side-view synapses in immunostainings by an elongated post-

synaptic density (PSD, marked by PSD-95, STED) that was

aligned with the edge of a synaptic vesicle cloud (synaptophysin,

confocal), and assessed localization of target proteins (STED)

relative to these markers in line profiles (Figures S1A–S1D).

The cKOR+E synapses had disrupted active zones with near-

complete loss of ELKS2, RIM1, and Munc13-1, and strong re-

ductions in Bassoon and RIM-BP2 (Figures 1A–1K). In addition,

we observed a partial loss of CaV2.1 (Figures 1L and 1M), the a1-

subunits of a major voltage-gated Ca2+ channel for release trig-

gering at this synapse (Held et al., 2020). Removal of these active

zone complexes, however, did not affect PSD-95 (Figure 1C) and

led to increases in Liprin-a3 (Figures S1E and S1F), a protein that

connects active zone assembly pathways to structural plasticity

(Emperador-Melero et al., 2021; Wong et al., 2018).

With the overall goal to rebuild active zone function using the

minimally required protein domains and interactions, we first

tested whether either RIM or ELKS mediate recovery of active

zone structure and function on their own. We re-expressed

RIM1a or ELKS2aB, the main synaptic isoforms of the corre-

sponding gene families (Kaeser et al., 2009, 2011; Liu et al.,

2014; Schoch et al., 2002; Wang et al., 1997), using lentiviruses

(Figures 1A and S1G). We found that RIM1a was targeted

correctly (Figures 1B and 1C) and was able to re-establish

normal levels and active zone positioning of Munc13-1,

Bassoon, RIM-BP2, CaV2.1, and Liprin-a3 (Figures 1F–1M,

S1E, and S1F). In contrast, re-expression of ELKS2aB did not

lead to its localization to the target membrane area (Figures

1D and 1E) and did not restore the localization of other proteins

(Figures 1F–1M, S1E, and S1F), even though it was expressed

efficiently (Figure S1G). To assess protein levels upon rescue

with an independent approach and to determine whether

RIM-mediated active zone protein recruitment depends on

RIM expression levels, we performed additional confocal mi-

croscopy experiments. Re-expression of lower or higher

RIM1a levels using either a synapsin or ubiquitin promoter,

respectively, mediated recovery of the other proteins dose

dependently. Higher levels of RIM1a were driving the recruit-

ment of higher levels of Munc13-1, CaV2.1, and RIM-BP2 (Fig-

ures S2A–S2F). Higher synaptic levels of RIM1a also resulted in

higher active zone levels of RIM1a (Figures S2G and S2H). Alto-

gether, these data indicate that RIM titrates levels of interacting

proteins.
ELKS knockout neurons

ion; Zn, zinc finger domain; PDZ, PDZ domain; C2A and C2B, C2 domains; P,

of cultured hippocampal neurons after knockout of RIM and ELKS (cKOR+E;

ng control neurons (controlR+E; expression of recombination-deficient cre in the

or RIM1a. Neurons were antibody stained for RIM1 (imaged in STED), PSD-95

els (C) were analyzed in line profiles (600 nm3 200 nm, gray-shaded area in B,

e center of elongated PSD-95 structure and aligned to the PSD-95 peak, dotted

rary units, 60 synapses/3 cultures each.

H and I), RIM-BP2 (J and K) or CaV2.1 (L andM), 60/3 each. PSD-95 levels were

ned by two-way ANOVA followed by Dunnett’s multiple comparisons post hoc

rescue protein expression by western blotting, see Figure S1; for additional
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We next tested whether RIM1a re-expression restored key

active zone functions, synaptic vesicle docking, and release (Fig-

ure 2). To assess synaptic ultrastructure, we fixed neurons with

high-pressure freezing and analyzed electron microscopic im-

ages of synapses. Most cKOR+E synapses lacked docked vesi-

cles (assessed as vesicles for which the electron density of the

vesicle membrane merges with that of the active zone target

membrane), but other parameters including PSD length, bouton

size, and total vesicle numbers were unaffected. RIM1a restored

vesicle docking to 51% of its initial levels, while ELKS2aB

expression did not improve docking (Figures 2A and 2B).

The active zone controls synaptic strength (sometimes also

referred to as synaptic release probability), which is proportional

to the product of the number of vesicles in the readily releasable

pool (RRP) and the vesicular release probability p of each of

these RRP vesicles. We measured synaptic strength and esti-

mated these constituents, RRP and p, at excitatory and inhibi-

tory synapses using electrophysiology (Figures 2C–2N). Vesicu-

lar release probability p is inversely correlated with the ratio of

release in response to paired pulses at short interstimulus inter-

vals (Zucker and Regehr, 2002), and application of hypertonic

sucrose was used to estimate the RRP (Kaeser and Regehr,

2017; Rosenmund and Stevens, 1996). RIM1a mostly restored

excitatory (Figures 2C–2H) and inhibitory (Figures 2I–2N) synap-

tic strength, and both RRP and p were recovered to a large

extent at both synapse types. In contrast, ELKS2aB had no

rescue activity on its own, consistent with the STED and electron

microscopy data. Excitatory evoked transmission was moni-

tored via NMDA receptors (NMDARs) in most experiments to

avoid confounding effects of network activity triggered by

AMPA receptor (AMPAR) activation. Decreasing initial p (by

lowering extracellular Ca2+ or the use of low-affinity NMDAR an-

tagonists) confirmed that paired pulse ratios provide an accurate

estimate of changes in p as a consequence of genetic manipula-

tions under our conditions (Figure S3). Together, these data

establish that RIM is an important presynaptic organizer for the

control of active zone protein levels, positioning, and function.

Re-expressed RIM zinc fingers localize to the synaptic
vesicle cloud
For building a minimal recovery system, we next distinguished

between RIM domains that mediate active zone targeting of

RIM from those that are important for its functions in scaffolding
Figure 2. RIM restores active zone functions in neurons with disrupted
(A and B) Sample images (A) and analyses (B) of synapses of high-pressure-fro

vesicles per synapse profile is provided, and the inset shows vesicle distribu

Quantification was performed on single sections, controlR+E 96 synapses/2 cultu

(C and D) Sample traces (C) and quantification (D) of EPSCs evoked by focal ele

cKOR+E 18/3, cKOR+E + ELKS2aB 18/3, and cKOR+E + RIM1a 19/3.

(E and F) Sample traces (E) and quantification (F) of EPSCs triggered by hypertoni

the RRP, 19/3 each.

(G and H) Sample traces (G) and quantification (H) of EPSC paired pulse ratios m

(I–N) As (C–H), but for electrically evoked IPSCs (I and J), sucrose-evoked IPSCs (K

cKOR+E + ELKS2aB 21/3, and cKOR+E + RIM1a 22/3; L: 19/3 each; N: 15/3 each

Data are mean ± SEM; **p < 0.01, ***p < 0.001 compared with cKOR+E as determ

parisons post hoc test (B, docked vesicles), Brown-Forsythe ANOVA followed

followed by Dunn’smultiple comparisons post hoc tests (F, J, and L), or by two-wa

For analyses of NMDAR-EPSCs in low extracellular Ca2+ or with competitive NM

1502 Neuron 110, 1498–1515, May 4, 2022
other proteins and in mediating vesicle docking and release. We

generated lentiviral constructs (Figures 3A and 3B) in which we

either deleted individual RIM domains (RIM1-DZn, -DPDZ,

-DC2A, and -DC2B) or that contained only one domain at a

time (RIM1-Zn, -PDZ and -C2B; the tested C2A domain con-

structs were not efficiently expressed and hence C2A domains

could not be assessed in these experiments). cKOR+E neurons

were transduced with each individual virus for rescue, and

each protein was expressed efficiently (Figures S4A and S4B).

Assessment of RIM active zone targeting using STED line pro-

file analyses revealed that the PDZ domain was necessary for

RIM target membrane localization after active zone disruption,

as removing the PDZ domain abolished RIM active zone target-

ing (Figures 3C and 3D). Other domain deletions did not

decrease RIM localization. Removing the C2A domain slightly

enhanced RIM active zone levels (Figure 3D). This could be

because removing C2A domainsmight enhance RIM expression,

or because C2Amight suppress RIM active zone targeting. None

of the tested single RIM domains was targeted to the plasma

membrane opposed to the PSD (Figures 3E and 3F). Hence,

while multiple RIM domains need to cooperate for RIM active

zone targeting, the RIM PDZ domain is essential for such target-

ing. It is noteworthy that in neurons lacking only RIM, most active

zone proteins remain localized to synapses, the PDZ domain is

not essential for RIM localization to nerve terminals, and RIM1-

DPDZ can enhance neurotransmitter release (de Jong et al.,

2018; Kaeser et al., 2011). In active zone disrupted cKOR+E syn-

apses, this redundancy is lost and the PDZ domain is essential

(Figures 3C and 3D). This loss of redundancy is further illustrated

by the finding that RIM1a re-expression is not sufficient to

restore all synaptic parameters, as docking and p are only

partially recovered. Hence, the highly interconnected active

zone protein networks rely on redundant scaffolding mecha-

nisms that include ELKS (Held and Kaeser, 2018).

The RIM zinc finger alone, while not localized to active zones,

was enriched within nerve terminals (Figures 3E and 3F). RIM1-

Zn localization highly overlapped with the synaptic vesicle pro-

tein synaptophysin, suggesting that this domain may be associ-

ated with vesicles when expressed on its own. Since the RIM

zinc finger interacts with the vesicular GTPases Rab3 and

Rab27 (Dulubova et al., 2005; Fukuda, 2003; Wang et al.,

1997), it is likely that RIM1-Zn associates through these interac-

tions with synaptic vesicles. The complementary protein
active zones
zen neurons analyzed by electron microscopy. In (B), the number of docked

tion within 100 nm from the presynaptic plasma membrane in 10-nm bins.

res, cKOR+E 100/2, cKOR+E + ELKS2aB 100/2, and cKOR+E + RIM1a 98/2.

ctrical stimulation and monitored via NMDARs, controlR+E 19 cells/3 cultures,

c sucrose and monitored via AMPARs, the first 10 s were quantified to estimate

onitored via NMDARs to estimate P, 16/3 each.

and L) and IPSCpaired pulse ratios (M andN), J: controlR+E 20/3, cKOR+E 21/3,

.

ined by Brown-Forsythe ANOVA followed by Games-Howell’s multiple com-

by Dunnett’s T3 multiple comparisons post hoc test (D), Kruskal-Wallis tests

y ANOVA followed by Dunnett’s multiple comparisons post hoc tests (H andN).

DAR antagonists, see Figure S3.
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Figure 3. RIM PDZ domains mediate RIM active zone localization

while zinc fingers associate with synaptic vesicles

(A) Schematic of RIM1a and of select presynaptic interactors.

(B) Schematic of RIM1 deletion mutants and individual domains used in (C–F).

(C and D) Sample STED images (C) and quantification (D) of side-view syn-

apses stained for HA (STED), PSD-95 (STED), and synaptophysin (confocal),

dotted lines mark cKOR+E (black) and cKOR+E + RIM1a (purple) levels for

comparison, 60 synapses/3 cultures each.

(E and F) Same as (C and D), but for individual domains, 60/3 each.

Data are mean ± SEM; *p < 0.05, ***p < 0.001 compared with cKOR+E + RIM1a

as determined by two-way ANOVA followed by Dunnett’s tests. For rescue

expression analyses, see Figures S4A and S4B.
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fragment, a version of RIM that lacks the zinc finger domain

termed RIM1-DZn, localized to the active zone area apposed

to the PSDs (Figures 3C and 3D), establishing that the zinc finger

domain is not required for the synaptic delivery of RIM.

Re-expressed RIM zinc fingers recruit Munc13 to non-
docked vesicles and enhance vesicle fusogenicity
The differential localization of RIM1-Zn (to vesicles) and RIM1-

DZn (to the target membrane) may be related to their roles in

release. Previous studies in RIM knockout synapses indicated

that RIM zinc finger domains prime synaptic vesicles while the

other domains tether CaV2 channels and interact with the

target membrane for release triggering (Deng et al., 2011; de

Jong et al., 2018; Kaeser et al., 2011). We tested these models

by assessing the molecular roles (recruitment of Munc13 and

CaV2s) and functional roles (priming, docking, and releasing

of vesicles) of RIM1-Zn and RIM1-DZn after active zone

disruption.

Strikingly, RIM1-Zn co-recruited Munc13 in a pattern

mimicking the widespread localization of RIM1-Zn (Figures 4B

and 4C). In contrast, RIM1-DZn, which contains the PDZ-,

C2A-, PxxP-, and C2B-domains, localized to the active zone

area (Figures 3A–3D) but was unable to enhance CaV2s or

Munc13 (Figures 4A–4E). This suggests that RIM1-Zn, which

binds to Munc13 and Rab3 (Betz et al., 2001; Dulubova et al.,

2005), recruits Munc13 to synapses, stabilizes it, and turns it

into a protein associated with synaptic vesicles. We next

analyzed high-pressure-frozen neurons using electron micro-

scopy from the same rescue conditions. Both RIM1-Zn and

RIM1-DZn lacked docking activity, and synaptic vesicles re-

mained undocked (Figures 4F and 4G). In conclusion, Munc13,

a protein important for synaptic vesicle docking (Imig et al.,

2014; Siksou et al., 2009), was not targeted to the presynaptic

plasmamembrane upon RIM1-Zn re-expression but was instead

associated with the vesicle cloud. Recovering its presence in the

nerve terminal was not sufficient to mediate docking.

Electrophysiological recordings revealed that RIM1-Zn and

RIM1-DZn failed to restore action potential-triggered synaptic

transmission and p at excitatory cKOR+E synapses (Figures

4H–4M), and only some rescue of these parameters was

observed at inhibitory cKOR+E synapses (Figures S4C–S4H).

This is different from rescue experiments after RIM knockout

only (instead of cKOR+E), where RIM1-DZn expression restores

Ca2+ entry and mediates an increase in p (Deng et al., 2011;

Kaeser et al., 2011). Hence, RIM C-terminal scaffolding domains

need ELKS or N-terminal RIM sequences (Figures 1 and 2) to
Neuron 110, 1498–1515, May 4, 2022 1503
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Figure 4. RIM zinc finger re-expression enhances fusogenicity of undocked vesicles through Munc13 recruitment

(A) Schematic of rescue proteins.

(B and C) Sample STED images (B) and quantification (C) of side-view synapses stained for Munc13-1 (STED), PSD-95 (STED), and synaptophysin (confocal),

dotted lines mark controlR+E (gray) and cKOR+E (black) levels for comparison, 60 synapses/3 cultures each.

(D and E) Same as (B and C), but for CaV2.1, 60/3 each. PSD-95 levels were similar across conditions, but are not shown for simplicity.

(F and G) Sample electron microscopic images (F) and analyses (G) of synapses of high-pressure-frozen neurons, controlR+E 105 synapses/2 cultures, cKOR+E

110/2, cKOR+E + RIM1-Zn 105/2, and cKOR+E + RIM1-DZn 102/2.

(H and I) Sample traces (H) and quantification (I) of EPSCs evoked by focal electrical stimulation, 26 cells/4 cultures each.

(J and K) Sample traces (J) and quantification (K) of EPSCs triggered by hypertonic sucrose, 17/3 each.

(L and M) Sample traces (L) and quantification (M) of paired pulse ratios, 25/4 each.

Data are mean ± SEM; **p < 0.01, ***p < 0.001 compared with cKOR+E as determined by two-way ANOVA followed by Dunnett’s tests (C, E, and M), Brown-
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execute their roles in release, but are sufficient to mediate target

membrane localization of RIM (Figures 3C and 3D).

RIM1-Zn, however, enhanced vesicle fusogenicity measured

via application of hypertonic sucrose nearly as efficiently as

full-length RIM1a (Figures 4J, 4K, S4E, and S4F). These data

support the model that RIM zinc fingers activate Munc13 for

vesicle priming by recruiting and monomerizing it via binding to

Munc13 C2A domains (Camacho et al., 2017; Deng et al.,

2011) and—strikingly—this function can be executed on non-

docked vesicles distant from the target membrane. These

vesicles, however, were not accessible for efficient action poten-

tial triggering. We conclude that undocked vesicles can become

release competent by positioning activated Munc13 on them.

Hence, Munc13 enhances fusogenicity even if it is not localized

to release sites at the target membrane, and these ‘‘molecularly’’

primed vesicles do not need to be docked. This may explain why

some priming remains when the active zone is disrupted and

docking is abolished (Wang et al., 2016), as some Munc13

may be recruited to vesicles via direct interactions (Quade

et al., 2019).

Docking of release-competent vesicles toCa2+ channels
restores fast release in the absence of active zone
scaffolds
With the goal to selectively rebuild active zone mechanisms

without restoring the vast scaffolding structure, we aimed at

positioning the release-competent vesicles close to Ca2+ entry.

We screened eight fusion proteins of the RIM zinc finger domain

to other proteins or protein fragments associated with the target

membrane (Figure S5A). Fusions with CaVb Ca2+ channel

subunits appeared to restore evoked transmission and release

probability (Figures S5B–S5E), suggesting that they may do so

by co-localizing vesicle priming and Ca2+ entry. We selected

the fusion of the RIM1 zinc finger to CaVb4 (Figure 5A, b4-Zn)

for a full characterization because of its strong tendency to

rescue. Endogenous CaVb4 is localized to active zones (Figures

S5F and S5G), and HA-tagged CaVb4 requires CaV2 channels for

its active zone localization (Figures S5H–S5K). b4-Zn was effi-

ciently expressed (Figure S5L) and concentrated in an elongated

structure at the target membrane (Figures 5A–5C). The b4-Zn

protein recruited Munc13-1 to the target membrane (Figures

5D and 5E) and also enhanced CaV2.1 active zone levels back

to control levels (Figures 5F and 5G). The effects on CaV2.1

were absent when CaVb4 or RIM1-Zn were expressed on their

own. Importantly, b4-Zn did not restore levels of the active

zone scaffolds Bassoon and RIM-BP2 (Figures 5H–5K). Hence,
Figure 5. A CaVb4-RIM zinc finger fusion protein recruits priming mac

(A) Schematic of rescue proteins. SH3, SRC homology domain 3; GK, guanylate

(B and C) Sample STED images (B) and quantification (C) of side-view synapses

lines mark cKOR+E (black) levels for comparison, 60 synapses/3 cultures each.

(D–K) Same as (B and C), but for Munc13-1 (D and E), CaV2.1 (F and G), Bassoon

conditions but are not shown for simplicity, dotted lines mark controlR+E (gray) a

(L and M) Sample electron microscopic images (L) and analyses (M) of synapses

85/2, cKOR+E + RIM1-Zn 84/2, cKOR+E + CaVb4 83/2, and cKOR+E + b4-Zn 87

Data are mean ± SEM; **p < 0.01, ***p < 0.001 compared with cKOR+E as determi

Forsythe ANOVA followed by Games-Howell’s multiple comparisons post hoc te

comparisons post hoc tests (M, total vesicles). For assessment of various rescu

rescue proteins, see Figure S5.
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the CaVb4-fusion targets the priming complex of the RIM zinc

finger and Munc13 to Ca2+ channels in the absence of megadal-

ton-sized scaffolding networks that consist of full-length RIM,

ELKS, RIM-BP, and Bassoon.

When we assessed these synapses using electron micro-

scopy, we found that b4-Zn fully restored synaptic vesicle dock-

ing (Figures 5L and 5M), and the rescue efficacy appeared more

robust than that of full-length RIM1a (Figures 2A and 2B). CaVb4

or RIM1-Zn alone did not enhance docking (Figures 5L and 5M).

In electrophysiological recordings, we detected a full recovery of

excitatory synaptic transmission, measured either via NMDARs

(Figures 6A and 6B) or via AMPARs (Figures 6C and 6D), and

of inhibitory synaptic transmission (Figures 6K and 6L). This

included restoration of RRP (Figures 6E, 6F, 6M, and 6N) and p

(Figures 6I, 6J, 6O, and 6P) back to levels indistinguishable

from controlR+E neurons. We next recorded an array of additional

parameters which are affected by RIM + ELKS knockout,

including miniature excitatory postsynaptic currents (mEPSCs),

the extracellular Ca2+-dependence of release, its sensitivity to

the slow Ca2+ buffer EGTA, and pool sizes in response to 250,

500, or 1,000 mM sucrose. In cKOR+E neurons, mEPSC fre-

quencies decreased and mEPSC rise times increased, but am-

plitudes and decay times remained unchanged (Figures 6G,

6H, and S6A–S6D). The finding that mEPSC amplitudes are not

increased indicates that postsynaptic homeostatic adaptations

are not induced in these mutants, similar to other knockouts

with strong decreases in release (He et al., 2017; Held et al.,

2020; Schoch et al., 2001). b4-Zn fully restored mEPSC fre-

quencies and rise times back to controlR+E levels (Figures 6G,

6H, and S6C). b4-Zn also rescued the extracellular Ca2+ depen-

dence (Figures S6E–S6G) and EGTA sensitivity (Figures S6H and

S6I) of evoked release, and the response to various sucrose con-

centrations (Figures S6J and S6K). Altogether, these data estab-

lish that functional defects induced by active zone disruption are

fully restored by b4-Zn expression. b4-Zn recruits Munc13 and

mediates vesicle docking close to Ca2+ channels for recovery

of extent and temporal precision of release. CaVb4 or RIM1-Zn

alone did not mediate these functions except for RRP recovery

by RIM1-Zn (Figures 4, 6, and S4), and it is hence unlikely that

b4-Zn rescue activity is due to enhancement of Ca2+ entry or

RRP through b-subunits directly (Dolphin, 2012; Guzman et al.,

2019). In summary, these data establish that vesicle docking

close to Ca2+ channels enhances p of vesicles that are primed

by RIM1-Zn and Munc13.

To test the overall model that b4-Zn restores synaptic strength

through docking of release-competent vesicles close to Ca2+
hinery close to Ca2+ channels and reconstitutes vesicle docking

kinase domain.

stained for HA (STED), PSD-95 (STED), and synaptophysin (confocal), dotted

(H and I), and RIM-BP2 (J and K), 60/3 each. PSD-95 levels were similar across

nd cKOR+E (black) levels for comparison.

of high-pressure-frozen neurons, controlR+E 83 synapses/2 cultures, cKOR+E

/2.

ned by two-way ANOVA followed by Dunnett’s tests (C, E, G, I, and K), Brown-

st (M, docked vesicles), or by one-way ANOVA followed by Dunnett’s multiple

e fusion proteins, STED analyses of Cavb4, and expression level analyses of
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Figure 6. b4-Zn reconstitutes vesicle release in neurons with disrupted active zones

(A–D) Sample traces (A andC) and quantification (B and D) of EPSCs (A and B: NMDAR, C andD: AMPAR) evoked by focal electrical stimulation, (B): controlR+E 17

cells/3 cultures, cKOR+E 17/3, cKOR+E + RIM1-Zn 18/3, cKOR+E + CaVb4 18/3, and cKOR+E + b4-Zn 17/3; (D): 16/3 each.

(E and F) Sample traces (E) and quantification (F) of EPSCs triggered by hypertonic sucrose, 17/3 each.

(G and H) Sample traces (G) and quantification of mEPSC frequencies (H), controlR+E 21/3, cKOR+E 23/3, cKOR+E + RIM1-Zn 23/3, cKOR+E + CaVb4 22/3, and

cKOR+E + b4-Zn 21/3.

(I and J) Sample traces (I) and quantification (J) of EPSC paired pulse ratios, controlR+E 16/3, cKOR+E 16/3, cKOR+E + RIM1-Zn 17/3, cKOR+E + CaVb4 16/3, and

cKOR+E + b4-Zn 17/3.

(K–P) As (A–F, I, and J), but for electrically evoked IPSCs (K and L), sucrose-evoked IPSCs (M and N), and IPSC paired pulse ratios (O and P), (L): controlR+E 21/4,

cKOR+E 21/4, cKOR+E +RIM1-Zn 24/4, cKOR+E +CaVb4 22/4, and cKOR+E + b4-Zn 22/4; (N): 20/3 each; (P): controlR+E 20/4, cKOR+E 19/4, cKOR+E +RIM1-Zn 20/4,

cKOR+E + CaVb4 19/4, and cKOR+E + b4-Zn 20/4.

Data are mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 compared with cKOR+E as determined by Kruskal-Wallis tests followed by Dunn’s multiple comparisons

post hoc tests (B, D, F, H, L, and N) or by two-way ANOVA followed by Dunnett’s tests (J and P). For assessment of mEPSC amplitudes and kinetics, and Ca2+-,

EGTA-, and sucrose concentration-dependence of release, see Figure S6.
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channels, we introduced K144E + K146E point mutations into the

RIMzincfingerdomainofb4-Zn (generatingb4-ZnK144/146E). Itwas

previously established that this mutation abolishes binding of the
RIM zinc finger to Munc13 (Deng et al., 2011; Dulubova et al.,

2005). b4-ZnK144/146E was efficiently expressed and localized to

the active zone area of the plasma membrane (Figures 7A–7C
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andS7A). AbolishingMunc13 binding in b4-ZnK144/146E resulted in

a loss of Munc13-1 recruitment to the target membrane (Figures

7D and 7E). While b4-ZnK144/146E was still sufficient to mediate

some enhancement of CaV2.1 levels, it appeared less efficient

than b4-Zn (Figures 7F and 7G), quantitatively matching with the

somewhat lower b4-ZnK144/146E active zone levels (Figures 7B

and 7C). Disrupting binding of b4-Zn to Munc13 completely abol-

ished rescueof vesicledocking (Figures7Hand7I) andof synaptic

strength, RRP, and p at both excitatory (Figures 7J–7O) and inhib-

itory (Figures S7B–S7G) synapses. These data strongly support

the model that b4-Zn restores exocytosis via recruitment of

Munc13 and vesicle docking.

Directing Munc13 and vesicle tethering away from the
active zone
Some of the mechanisms of b4-Zn might rely on the remaining

active zone scaffolds, for example, Liprin-a. To test whether b4-

Zn can recruit Munc13-1 to CaV2 channels independent of

these remaining scaffolds, we assessed localization of b4-Zn-

mVenus and Munc13-1-tdTomato in transfected HEK293T cells

with or without Cerulean-CaV2.1 (Figure 8A, all transfections

also contained untagged a2d1 proteins). When CaV2.1 was pre-

sent, b4-Zn and Munc13-1 were targeted to the cell periphery

similar to CaV2.1 channels (Figures 8B–8E). Hence, the docking

complex of RIM zinc fingers and Munc13 can be attached to

Ca2+ channels without co-expression of other active zone pro-

teins. We next tested whether this complex is sufficient to tether

vesicles on membranes other than the presynaptic plasma

membrane. We mistargeted Cerulean-tagged RIM1-Zn to mito-

chondria by fusing it to the transmembrane region of the outer

leaflet mitochondrial protein Tom20 (Kanaji et al., 2000; Nyitrai

et al., 2020) to generate mito-Cerulean-Zn (mitoC-Zn) and

used mito-Cerulean (mitoC) as a control (Figure 8F). Lentiviral

transduction of cKOR+E neurons resulted in robust mitoC-Zn

and mitoC expression and the proteins localized to mitochon-

dria (Figures S8A and S8B). MitoC-Zn enhanced Munc13-1

levels measured in mitochondrial ROIs (Figures 8G and 8H),

suggesting that the mitochondrial-targeted RIM zinc finger is

sufficient to recruit Munc13-1 to mitochondria. Moreover, mi-

toC-Zn increased the tethering of vesicles to the surface of

axonal mitochondria (Figures 8I–8K) as assessed in electron mi-

croscopy. Synaptic ultrastructure and vesicle docking were un-

altered by mitoC or mitoC-Zn compared with cKOR+E (Figures

S8C and S8D). Hence, targeting of RIM1-Zn to mitochondria
Figure 7. Binding of b4-Zn to Munc13 mediates Munc13 recruitment, v

(A) Schematic of rescue proteins.

(B and C) Sample STED images (C) and quantification (D) of side-view synapses

lines mark cKOR+E levels for comparison, 60 synapses/3 cultures each.

(D–G) Same as (B and C), but for Munc13-1 (D and E) and CaV2.1 (F and G), 60

simplicity, dotted lines mark controlR+E (gray) and cKOR+E (black) levels for comp

(H and I) Sample electronmicroscopic images (H) and analyses (I) of synapses of hi

cKOR+E + b4-Zn 99/2, and cKOR+E + b4-ZnK144/146E 99/2.

(J and K) Sample traces (J) and quantification (K) of EPSCs evoked by focal elec

(L and M) Sample traces (L) and quantification (M) of EPSCs triggered by hypert

(N and O) Sample traces (N) and quantification (O) of EPSC paired pulse ratios, 1

Data are mean ± SEM; **p < 0.01, ***p < 0.001 compared with cKOR+E as determ

Forsythe ANOVA followed by Games-Howell’s multiple comparisons post hoc te

comparisons post hoc tests (K and M). For assessment of rescue protein express
is sufficient to recruit Munc13-1 and to tether some vesicles

to these mitochondria.

DISCUSSION

The active zone is a molecular machine that is important for syn-

aptic signaling (Emperador-Melero and Kaeser, 2020; S€udhof,

2012), and many brain disorders are associated with mutations

in active zone proteins or defective active zone function (Benar-

roch, 2013; Bucan et al., 2009; Johnson et al., 2003; Krumm

et al., 2015; O’Roak et al., 2012; Thevenon et al., 2013; Verhage

and Sørensen, 2020). However, understanding its mechanisms

and restoring its functions have remained challenging because

of the molecular complexity of the active zone. Here, we develop

a reconstitution approach within a synapse after we remove

active zone protein machinery. We find that synaptic strength

and temporal precision of vesicle release can be restored by

positioning the RIM zinc finger, a small protein domain that re-

cruits the priming proteinMunc13, to presynaptic Ca2+ channels.

Our work further reveals that Munc13 is positioned with RIM zinc

fingers even when the zinc finger is mistargeted to other cellular

compartments: if RIM zinc fingers are localized to undocked ves-

icles, Munc13 is co-recruited and enhances fusogenicity of

these vesicles; if it is targeted to CaV2 channels expressed at

the plasma membrane of HEK293T cells, Munc13 is tethered

to these channels; if it is localized on neuronal mitochondria,

these mitochondria can recruit Munc13 and some vesicles to

their surface. Ultimately, our results establish that most active

zone scaffolds can be bypassed with an 80-kDa b4-Zn protein

that docks fusion-competent vesicles close to presynaptic

Ca2+ channels, and these vesicles can be rapidly released in

response to action potentials (Figures 8L–8N).

Flexible order of priming and docking as a vesicle is
prepared for release
Our results mechanistically define the two fundamental presyn-

aptic processes: vesicle fusogenicity can be generated by acti-

vated Munc13 independent of its active zone positioning, and

Ca2+ secretion coupling is mediated by docking of Munc13-

associated synaptic vesicles next to Ca2+ channels. Past studies

have discovered that these processes rely on many proteins,

and each active zone protein has contributed to each active

zone function (Emperador-Melero et al., 2021; Acuna et al.,

2015; Aravamudan et al., 1999; Augustin et al., 1999; Brockmann
esicle docking, and release

stained for HA (STED), PSD-95 (STED), and synaptophysin (confocal), dotted

/3 each. PSD-95 levels were similar across conditions, but are not shown for

arison.

gh-pressure-frozen neurons, controlR+E 100 synapses/2 cultures, cKOR+E 99/2,

trical stimulation, 16 cells/4 cultures each.

onic sucrose, 17/3 each.

6/4 each.

ined by two-way ANOVA followed by Dunnett’s tests (C, E, G, and O), Brown-

st (I, docked vesicles), or by Kruskal-Wallis tests followed by Dunn’s multiple

ion, and for recordings of IPSCs with b4-ZnK144/146E expression, see Figure S7.
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Figure 8. Redirecting the docking complex to other membranes and working model

(A) Schematic of experiments in transfected HEK293T cells.

(B–E) Sample confocal images (B) and quantification of edge:inside ratio for CaV2.1 (C), b4-Zn (D), and Munc13-1 (E), 48 cells/3 transfections each.

(F) Schematic of targeting of RIM1-Zn to mitochondria in neurons.

(G, H) Representative confocal images (G) and quantification of Munc13-1 levels (H) in mitochondrial ROIs in controlR+E and cKOR+E neurons and in cKOR+E

neurons transduced with lentiviruses expressing mitoC or mitoC-Zn (and mito-DsRed in all conditions), 30 images/3 cultures each.

(I–K) Sample electron microscopic images (I) and quantification (J, K) of vesicles tethered to the surface of axonal mitochondria, controlR+E 221 mitochondria/2

cultures, cKOR+E 218/2, cKOR+E + mitoC 218/2, and cKOR+E + mitoC-Zn 215/2.

(L–N)Working model of the presynaptic active zone (L, adapted from previous models [Biederer et al., 2017; de Jong et al., 2018; Kaeser et al., 2011]). RIM+ELKS

knockout leads to loss of many active zone scaffolds and to impaired vesicle docking, priming, and release (M). Reconstitution of synaptic function is mediated by

a b4-Zn fusion protein that docks primed vesicles close to Ca2+ channels in the absence of most active zone scaffolds (N).

Data are mean ± SEM; ***p < 0.001 as determined by Welch’s t test (D and E, compared with �Cerulean-CaV2.1) or by Brown-Forsythe ANOVA followed by

Dunnett’s T3 multiple comparisons post hoc test (H, compared with cKOR+E) and by Brown-Forsythe ANOVA followed by Games-Howell’s multiple comparisons

post hoc test (J, compared with cKOR+E). For protein expression analyses, assessment of mitoC-Zn localization by confocal microscopy, and additional analyses

of electron microscopic images, see Figure S8.
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et al., 2019; Davydova et al., 2014; Deng et al., 2011; Dong et al.,

2018; ; Grauel et al., 2016; Held et al., 2016; Imig et al.,

2014,Kaeser et al., 2011; Kawabe et al., 2017; Kittel et al.,

2006; Koushika et al., 2001; Lipstein et al., 2013; Liu et al.,

2014, 2011;Matkovic et al., 2013; Richmond et al., 1999; Schoch

et al., 2002; Varoqueaux et al., 2002; Wong et al., 2018; Zarebi-

daki et al., 2020; Zhen and Jin, 1999). These findings reflect that

the active zone is a complex protein network with built-in redun-

dancy. Knockout studies may lead to alterations of the entire

network and not necessarily reveal highly specific mechanisms

of isolated proteins. Hence, it has been difficult to define which

proteins and mechanisms drive vesicle priming, docking, and

release. Our approach establishes that these functions can be

executed even if most of these proteins are removed. Vesicle

priming can be mediated by the RIM zinc finger domain, which

is sufficient to recruit, stabilize, and activate Munc13. When

this mechanism is positioned close to Ca2+ channels, release

triggering is restored.

Models of neurotransmitter release propose that vesicle dock-

ing either precedes vesicle priming or occurs simultaneously

with it (Hammarlund et al., 2007; Imig et al., 2014, 2020; Rose-

nmund and Stevens, 1996; Schikorski and Stevens, 2001;

Sudhof, 2004) and that Munc13 mediates both roles through

the control of SNARE complex assembly (Basu et al., 2005;

Imig et al., 2014; Ma et al., 2013; Siksou et al., 2009; S€udhof,

2012). In view of this literature, it is surprising that vesicle prim-

ing, or fusogenicity, can be generated in the absence of docking

(Figure 4). This challenges the linear docking-priming model that

relies on SNARE complex assembly. Our data instead reveal that

the generation of fusion-competent vesicles and vesicle docking

are molecularly separable processes and that vesicles away

from the active zone can be activated for fusion. We propose

that the rate-limiting step is not SNARE complex assembly, as

this necessitates the coincidence of docking and priming, but

instead the availability and activation of Munc13. This is sup-

ported by the observation that fusion-competent vesicles can

be generated by positioning Munc13 on undocked vesicles (Fig-

ures 3 and 4), by the notion that some fusion-competent vesicles

remain when Munc13 is displaced from the active zone (Wang

et al., 2016), and by the finding that knockout of RIM, which is up-

stream of Munc13’s role in vesicle priming, leads to strong im-

pairments in RRP (Calakos et al., 2004; Deng et al., 2011; Han

et al., 2011).WhileMunc13mediates both synaptic vesicle dock-

ing and priming (Augustin et al., 1999; Imig et al., 2014; Varo-

queaux et al., 2002), generating fusion competence and vesicle

docking are separable, at least after disrupting active zone struc-

ture. We propose that, while many RRP vesicles are docked

(Borges-Merjane et al., 2020; Imig et al., 2014, 2020; Schikorski

and Stevens, 2001), the presence and activation of Munc13

embody the bottleneck for vesicle priming. Munc13-mediated

SNARE complex assembly may not be rate limiting for vesicle

release and may occur before or during fusion.

Streamlined active zone assembly bypasses the need
for complex scaffolds
Mechanisms and hierarchy of active zone protein recruitment

have remained difficult to establish. Our work reveals that the

RIMPDZ domain is important for recruitment of RIM to the active
zone, as removing it prevents RIM active zone targeting. Further-

more, our data indicate that RIM drives recruitment of presynap-

tic protein machinery. RIM re-expression restores levels of all

other active zone proteins and of Ca2+ channels, and more

RIM drives the presence of more Munc13, Ca2+ channels, and

other active zone proteins. Recent work proposed that liquid-

liquid phase separation of RIM, RIM-BP, and CaV2s mediates

active zone assembly (Wu et al., 2019, 2021). Our work is consis-

tent with this model and indicates that phase condensation of

RIM and RIM-BP into liquid droplets is not necessary for neuro-

transmitter release per se, as fusing the RIM zinc finger domain

to CaVb4 restores release in the absence of most RIM and

RIM-BP sequences necessary for phase condensation. In princi-

ple, it is possible that other liquid phases, which may or may not

incorporate CaV2s, could be at play. In this context, it is inter-

esting that Liprin-a3 levels at the active zone increase upon

active zone disruption. Liprin-a undergoes phase condensation

and participates in the regulation of active zone structure (Em-

perador-Melero et al., 2021; McDonald et al., 2020). It is

possible, and perhaps likely, that two phases compete or are

in equilibrium with one another at a synapse and that removing

one enhances the other. This is supported by the enhanced pres-

ence of Liprin-a3 upon disruption of the active zone protein com-

plex between RIM, ELKS, RIM-BP, CaV2s, Munc13, and

Bassoon (Figure 1). Conversely, at Liprin-a2/3 knockout synap-

ses enhanced levels of CaV2 proteins are present (Emperador-

Melero et al., 2021). RIM may link the two phases together or

participate in both, as its active zone recruitment is decreased

upon Liprin-a ablation.

The artificial b4-Zn fusion protein enhances CaV2 active zone

levels together with restoring vesicle docking and release. Our

experiments assess this for CaV2.1. The sequence and biochem-

ical similarities of CaV2.1 and CaV2.2 and their functional redun-

dancymake it likely that our findings apply to both channels (Cao

et al., 2004; Held et al., 2020; Hibino et al., 2002; Kaeser et al.,

2011), while roles of CaV2.3 may be distinct (Breustedt et al.,

2003; Dietrich et al., 2003; Myoga and Regehr, 2011; Wu et al.,

1999). One possibility is that vesicle docking stabilizes the

CaV2 protein complex at active zones. This model is supported

by the observation that abolishing the docking function of

b4-Zn by preventing its binding to Munc13 appears to revert

this effect partially. Another possibility is that b4-Zn enhances

the delivery of CaV2s to the active zone and that Munc13 binding

is required for this function. Ultimately, our datamay suggest that

a stable release site contains a docked vesicle, that release sites

that do not contain docked vesicles are subject to dynamic rear-

rangements, and that CaV2s of unoccupied release sites may be

more mobile (Schneider et al., 2015). An alternative model is that

CaV2s and exocytotic protein machinery such as Munc13 are in

different proteins complexes (Rebola et al., 2019). In this model

RIM proteins would participate in distinct assemblies: one may

define secretory sites and contain at least RIM and Munc13

(Deng et al., 2011; Emperador-Melero et al., 2021; Reddy-Alla

et al., 2017; Sakamoto et al., 2018; Tang et al., 2016), and

another controls Ca2+ channel clustering and contains RIM,

RIM-BP, and CaV2s (Acuna et al., 2016; Held et al., 2020; Hibino

et al., 2002; Kaeser et al., 2011; Kushibiki et al., 2019; Liu et al.,

2011; Oh et al., 2021; Wu et al., 2019). In this model, proteins like
Neuron 110, 1498–1515, May 4, 2022 1511
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RIM or ELKS could bridge the complexes, and our reconstitution

would account for both functions (Figure 8L). Future studies

should address these models.

In aggregate, our data suggest that the release machinery as-

sembly requirements are remarkably simple: RIM zinc fingers re-

cruit Munc13 to prime vesicles, and if positioned next to CaV2

channels, these vesicles can be rapidly and precisely released

(Figures 8L–8N). We propose that synaptic strength is mainly

determined through reconstituting these key mechanisms and

that other proteinsmediate regulatory functions. Some secretory

systems, for example, those for striatal dopamine release, may

make use of these relatively simple, streamlined mechanisms

(Banerjee et al., 2021; Liu et al., 2018).

A small protein for rebuilding the function of a complex
machine
Neurotransmitter secretion and sensing are often impaired in

brain disease, ranging from highly specific associations of gene

mutations in active zone proteins tomore generalized breakdown

of synaptic signaling, and these diseases are often called synap-

topathies (Benarroch, 2013; Bucan et al., 2009; Johnson et al.,

2003; Krumm et al., 2015; O’Roak et al., 2012; Thevenon et al.,

2013; Verhage and Sørensen, 2020). Advances in adeno-associ-

ated virus (AAV)-basedgene therapy strategies have spurrednew

hope for developing treatments for brain disorders (Hudry and

Vandenberghe, 2019; Sun and Roy, 2021). However, a key limita-

tion is that synaptic and secretory genes often exceed the pack-

aging size of AAVs (Wu et al., 2010). A recent way to work past

this limitation is the use of dual or triple AAVs that contain frag-

ments and that are then spliced to generate whole proteins, for

example, for restoration of hearing (Akil et al., 2019; Al-Moyed

et al., 2019). Another possibility is to find smaller proteins to

restore function. Our reconstitution approach identifies a single

80-kDa protein, the CaVb4-RIM zinc finger fusion, which is well

within packaging limits of gene therapy viruses (Hudry and Van-

denberghe, 2019; Wu et al., 2010). This relatively small protein

can increase synaptic efficacy and is sufficient tomediate tempo-

ral precision of release after disrupting active zone architecture.

Our approach serves as proof-of-concept for reconstructing

functions of a complex molecular machine with relatively simple

‘‘pieces’’ by targeting these key elements to the right subcellular

compartment.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Pascal S.

Kaeser (kaeser@hms.harvard.edu).

Materials availability
Plasmids generated for this study will be shared without restrictions. Antibodies made in the Kaeser laboratory are exhaustible and

will be shared as long as they are available. Mouse lineswill be shared upon request within the limits of the respectivematerial transfer

agreements.

Data and code availability
This study did not generate code. Data reported in this paper are available from the lead contact upon reasonable request. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
The quadruple homozygote floxed mice for RIM1ab (Kaeser et al., 2008) (RRID: IMSR_JAX:015832, for ablation of the Rims1 gene to

remove RIM1a and RIM1b), RIM2abg (Kaeser et al., 2011) (RRID: IMSR_JAX:015833, for ablation of the Rims2 gene to remove

RIM2a, RIM2b and RIM2g), ELKS1a (Liu et al., 2014) (RRID: IMSR_JAX:015830, for ablation of the Erc1 gene to remove ELKS1aA

and ELKS1aB) and ELKS2a (Kaeser et al., 2009) (RRID: IMSR_JAX:015831, for ablation of the Erc2 gene to remove ELKS2aA and

ELKS2aB) were previously described (Wang et al., 2016). CaV2 conditional triple homozygote floxed mice for CaV2.1 (Todorov

et al., 2006), CaV2.2 (Held et al., 2020), and CaV2.3 (Pereverzev et al., 2002) mice were previously described (Held et al., 2020).

The genotype of all mice was homozygote floxed for the corresponding alleles. Mice were housed as breeding pairs or separated

by sex (up to 5 adult mice per cage) in a 12 h light-dark cycle with free access to food and water, in a room dedicated to mouse

breeding set to 22 �C (range 20-24 �C) and 50% humidity (range 35-70%). Experiments were performed on cultured primary neurons

from postnatal day 0 male and female newborns of these mice. All animal experiments were performed according to institutional

guidelines at Harvard University.
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Primary cultures
Primary mouse hippocampal cultures were generated from newborn mice as described before (Held et al., 2020; Wang et al., 2016),

and cells from mice of both sexes were mixed. Within 24 h after birth, mice were anesthetized on ice slurry, euthanized by decap-

itation, and the hippocampi were dissected out. Cells were dissociated and plated onto glass coverslips in tissue culture medium

composed ofMinimumEssential Medium (MEM)with 0.5%glucose, 0.02%NaHCO3, 0.1mg/mL transferrin, 10%Fetal Select bovine

serum (Atlas Biologicals FS-0500-AD), 2 mM L-glutamine, and 25 mg/mL insulin. Cultures were maintained in a 37 �C-tissue culture

incubator, and after �24 h the plating medium was exchanged with growth medium composed of MEM with 0.5% glucose, 0.02%

NaHCO3, 0.1 mg/mL transferrin, 5% Fetal Select bovine serum (Atlas Biologicals FS-0500-AD), 2%B-27 supplement (Thermo Fisher

17504044), and 0.5 mM L-glutamine. Around DIV3, depending on growth, 50% or 75% of the medium were exchanged with growth

medium supplemented with 4 mM Cytosine b-D-arabinofuranoside (AraC) to inhibit glial cell growth. Analyses were performed at

DIV15-19 as described below.

Cell lines
HEK293T cells, an immortalized cell line of female origin, were purchased fromATCC (CRL-3216, RRID: CVCL_0063), expanded, and

stored in liquid nitrogen until use. After thawing, the cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 10% Fetal

bovine serum (Atlas Biologicals F-0500-D) and 1%Penicillin-Streptomycin. HEK293T cells were passaged every 2-3 d at a ratio of 1:5

to 1:7. HEK293T cell batches were typically replaced after 20 passages by thawing a fresh vial from the expanded stock.

METHOD DETAILS

Lentiviruses
Lentiviruses were used to transduce primary hippocampal neurons. Lentiviruses expressing EGFP-tagged cre recombinase (to

generate cKOR+E neurons, made using pFSW EGFP cre) or a truncated, enzymatically inactive EGFP-tagged cre protein (to generate

controlR+E neurons,made using pFSWEGFPDcre) were produced in HEK293T cells by Ca2+ phosphate transfection. Protein expres-

sion from these lentiviruses was driven by a human synapsin promoter to restrict expression to neurons (Liu et al., 2014; Wang et al.,

2016) except for the RIM1ahigh condition (which was done using FUGWRIM1a-HAwith a ubiquitin promoter). For cre-expressing and

control virus, neurons were infected with HEK cell supernatant at DIV5 as described (Liu et al., 2014; Wang et al., 2016). For expres-

sion of various proteins (ELKS1aB, ELKS2aB, RIM1a, RIM1mutants, CaVb4, b4-Zn, mitoC, mitoC-Zn and other RIM1-Zn fusion con-

structs), neurons were infected with lentivirus for expression of these proteins at DIV3 (a virus made using pFSW without a cDNA

inserted in the multiple cloning site was used in the control conditions instead of an expression virus) and with cre or Dcre virus at

DIV5 unless noted otherwise. For experiments with CaV2 ablation, neurons were infected with cre or Dcre virus at DIV1 and with

CaVb4-expressing virus at DIV3. For experiments with mitoC and mitoC-Zn expression in neurons, neurons were also infected

with a lentivirus expressing mito-DsRed at DIV7 to label mitochondria.

Rescue and other constructs
For full-length RIM1a (all residue numbering is according to Uniprot ID Q9JIR4), the open reading frame was subcloned into lentiviral

backbones and expression was driven by either a synapsin promoter (pFSW RIM1a-HA, p592) for lower expression or a ubiquitin

promoter (pFUGW RIM1a-HA, p591, described in de Jong et al. [2018]) for higher expression. The synapsin promoter was used in

all other rescue constructs. For all experiments, RIM zinc finger refers to residues (in single letter code) M1-D213, RIM PDZ to

H597-R705, RIM C2A to Q754-Q882, and RIM C2B to G1447-S1615. All RIM1 individual domains (pFSW RIM1-Zn-HA, p654;

pFSW RIM1-PDZ-HA, p648; pFSW RIM1-C2B-HA, p647) and domain deletion mutants (pFSW RIM1-DZn-HA, p640; pFSW RIM1-

DPDZ-HA, p639; pFSW RIM1-DC2A-HA, p637; pFSW RIM1-DC2B-HA, p638) span or lack these residues, except for the pFSW

RIM1-DZn-HA, which spans H597-S1615. In RIM1a and in domain deletion mutants, an HA-tag was inserted between residues

E1379-S1380. In RIM1 individual domains, an HA-tag was inserted at the C-terminus. The splice variant of full-length RIM1a was

lacking alternatively spliced exons (N83-W105, H1084-R1169, A1207-T1378) identical to previous experiments (Deng et al., 2011;

de Jong et al., 2018; Kaeser et al., 2011; Tang et al., 2016). For pFSW HA-ELKS1aB (p311) and pFSW HA-ELKS2aB (p314), an

HA-tagwas inserted at the N-terminus (Held et al., 2016; Nyitrai et al., 2020). The plasmids for expression of zinc finger fusion proteins

were newly generated based on the following cDNAs: pMT2 CaVb1b GFP (gift from Annette Dolphin obtained through Addgene,

plasmid # 89893; http://addgene.org/89893; RRID:Addgene_89893 [Page et al., 2016]), Cavb3 (gift from Diane Lipscombe; http://

addgene.org/26574 RRID:Addgene_26574) and pMT2 CaVb4 (gift from Annette Dolphin obtained through Addgene, plasmid #

107426; http://addgene.org/107426; RRID:Addgene_107426 [Page et al., 2016]). The cDNAs of Liprin-a3 (Wong et al., 2018),

CaV2.1 (Held et al., 2020) and RIM1-ZnK144/146E (Deng et al., 2011) were described before. For pFSW b4-Zn-HA (p661), an HA-tag

followed by RIM1-Zn was inserted at the C-terminus of CaVb4, with the stop codon in CaVb4 and start codon in RIM1-Zn deleted.

For all other RIM1-Zn fusion proteins, similar strategies were used as shown in Figure S5A. For pFSW Tom20-Cerulean-Zn (p666,

termed mitoC-Zn), a mito-tag composed of the transmembrane domain of the mitochondrial Tom20 protein (Kanaji et al., 2000)

and a Cerulean fluorescent protein (pFSW Tom20-Cerulean, p049 (Nyitrai et al., 2020), termedmitoC) was fused onto the N-terminus

of RIM1-Zn.
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STED imaging
Neuronsculturedon0.17mmthick12mmdiameter (#1.5) coverslipswerewashed two timeswithwarmPBS, and thenfixed in4%PFA

for 10min unless noted otherwise. For CaV2.1 staining, cultures were fixed in 2%PFA + 4% sucrose (in PBS) for 10min. After fixation,

coverslips were rinsed twice in PBS + 50mMglycine, then permeabilized in PBS + 0.1%Triton X-100 + 3%BSA (TBP) for 1 h. Primary

antibodies were diluted in TBP and stained for 24-48 h at 4 �C. The following primary antibodies were used: guinea pig anti-Synapto-

physin (1:500, RRID: AB_1210382, A106), mouse anti-PSD-95 (1:200, RRID: AB_10698024, A149, knockout-verified according to

vendor), rabbit anti-RIM1 (1:500,RRID:AB_887774,A58, knockout-verified in lab), rabbit anti-ELKS2a (serumE3-1029, 1:100, custom

made, A136, (Held et al., 2016), knockout-verified in lab), rabbit anti-Munc13-1 (1:500, RRID: AB_887733, A72, knockout-verified in

lab), rabbit anti-CaV2.1 (1:200, RRID: AB_2619841, A46, knockout-verified in lab), rabbit anti-RIM-BP2 (1:500, RRID: AB_2619739,

A126, knockout-verified in lab), rabbit anti-Liprin-a3 (serum4396, 1:2000, gift fromDr. T. S€udhof, A35, knockout-verified in lab), rabbit

anti-Synaptophysin (1:500, RRID: AB_887905, A64), guinea pig anti-BassoonC (C-terminal, 1:500, RRID: AB_2290619, A67) and

mouse anti-HA (1:500, RRID: AB_2565006, A12, verified in the absence of antigen in lab). After primary antibody staining, coverslips

were rinsed twice and washed 3-4 times for 5 min in TBP. Alexa Fluor 488 (anti-guinea pig, RRID: AB_2534117, S3; anti-rabbit, RRID:

AB_2576217, S5; anti-mouse IgG1, RRID: AB_2535764, S7), 555 (anti-mouse IgG2a, RRID: AB_1500824, S20), and 633 (anti-rabbit,

RRID: AB_2535731, S33; anti-guinea pig, RRID: AB_2535757, S34) conjugated antibodies were used as secondary antibodies at

1:200 (Alexa Fluor 488 and 555) or 1:500 (Alexa Fluor 633) dilution in TBP, incubated for 24 h at 4 �C followed by rinsing two times

and washing 3-4 times 5 min in TBP. Stained coverslips were post-fixed for 10 min with 4% PFA in PBS (for CaV2.1 staining, 4%

PFA + 4% sucrose in PBS was used for post-fixation), rinsed two times in PBS + 50 mM glycine and once in deionized water, and

air-dried and mounted on glass slides. STED images were acquired with a Leica SP8 Confocal/STED 3X microscope with an oil im-

mersion 100x 1.44 numerical aperture objective and gated detectors as described inWong et al. (2018); 46.51 x 46.51 mm2 areaswere

acquired (4096 x 4096 pixels, 11.358 nm/pixel). Alexa Fluor 633, Alexa Fluor 555, and Alexa Fluor 488 were excited with 633 nm,

555 nmand 488 nmusing awhite light laser at 2-5%of 1.5mW laser power. The Alexa Fluor 633 channel was acquired first in confocal

mode using 2x frame averaging. Subsequently, Alexa Fluor 555 and Alexa Fluor 488 channels were acquired in STEDmode, depleted

with 660 nm (50%ofmax power, 30%axial depletion) and 592 nm (80%ofmax power, 30%axial depletion) depletion lasers, respec-

tively. Line accumulation (2-10x) and frame averaging (2x) were applied during STED scanning. Identical settings were applied to all

samples within an experiment. Synapses within STED images were selected in side-view, defined as synapses that contained a syn-

aptic vesicle cluster labeled with Synaptophysin and associated with an elongated PSD-95 structure along the edge of the vesicle

cluster as described (Held et al., 2020; de Jong et al., 2018; Nyitrai et al., 2020; Wong et al., 2018). For intensity profile analyses,

side-view synapseswere selected using only the PSD-95 signal and the vesicle signal for all experiments. AnROIwasmanually drawn

around the PSD-95 signal and fit with an ellipse to determine the center position and orientation. A�1200 nm long, 200nmwide rect-

anglewas then selectedperpendicular andacross the center of the elongatedPSD-95 structure. Intensity profileswere obtained for all

three channelswithin this ROI. To align individual profiles, the PSD-95 signal onlywas smoothened using amoving average of 5 pixels,

and the smoothened signal was used to define the peak position of PSD-95. All three channels (vesicle marker, test protein, and

smoothened PSD-95) were then aligned to the PSD-95 peak position and averaged across images. Analyses were performed on

raw images without background subtraction, and adjustments weremade identically for all experimental conditions. Here (Figure S2)

and in previous analyses (Wong et al., 2018), levels analyzed with STED microscopy correlate well with those analyzed in confocal

microscopy despite the non-linearities that may be present in these methods. Representative images in figures were brightness

and contrast adjusted to facilitate inspection, and these adjustments were made identically for images within an experiment. The

experimenter was blind to the condition/genotype for image acquisition and analyses.

Confocal imaging of cultured neurons
Neurons cultured on glass coverslips were washed with warm PBS and fixed in 4% PFA for 20 min. Neurons were permeabilized in

TBP for 1 h, and then incubated in primary antibodies at 4 �C overnight. The following primary antibodies were used: rabbit anti-RIM1

(1:1000, RRID: AB_887774, A58, knockout-verified in lab), rabbit anti-ELKSa (1:500, RRID: AB_869944, A55, knockout-verified in

lab), rabbit anti-Munc13-1 (1:500, RRID: AB_887733, A72, knockout-verified in lab), rabbit anti-CaV2.1 (1:1000, RRID:

AB_2619841, A46, knockout-verified in lab), rabbit anti-RIM-BP2 (1:500, RRID: AB_2619739, A126, knockout-verified in lab), mouse

anti-Bassoon (1:500, RRID: AB_11181058, A85), mouse anti-MAP2 (1:500, RRID: AB_477193, A108), rabbit anti-MAP2 (1:1000,

RRID: AB_2138183, A139), guinea pig anti-Synaptophysin (1:500, RRID: AB_1210382, A106), rabbit anti-GFP (1:500, RRID:

AB_591816, A211, verified in the absence of antigen in lab). After staining with primary antibodies, coverslips were rinsed twice

and washed 3-4 times for 5 min in TBP. Alexa Fluor 488 (for detection of the protein of interest, anti-rabbit, RRID: AB_2576217,

S5; anti-mouse IgG1, RRID: AB_2535764, S7), 546 (for detection of MAP2, anti-mouse IgG, RRID: AB_2535765, S12; anti-rabbit,

RRID: AB_2534093, S16), and 633 (for detection of Synaptophysin, anti-guinea pig, RRID: AB_2535757, S34) conjugated secondary

antibodies were used at 1:500 dilution in TBP. Secondary antibody staining was done for 2 h at room temperature followed by rinsing

two times and washing 3-4 times 5 min in TBP. Coverslips were rinsed once with deionized water and mounted on glass slides. Im-

ages were taken on an Olympus FV1200 confocal microscope with a 60x oil-immersion objective or on a Leica SP8 Confocal/STED

3X microscope with a 63x oil-immersion objective using identical settings per condition in a given experiment and single confocal

sections were analyzed in ImageJ. For quantitative analyses of synaptic protein levels and mitochondrial Munc13-1 levels, the Syn-

aptophysin- or DsRed-signals were used to define ROIs, respectively. The signal intensity of the protein of interest was quantified
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within these ROIs. For each image, the ‘‘rolling ball’’ ImageJ plugin was set to a diameter of 1.4 mm for local background subtraction

(Sternberg, 1983). Representative images in figures were brightness and contrast adjusted to facilitate inspection, and adjustments

were made identically across conditions. The experimenter was blind to the condition/genotype for image acquisition and analyses.

Confocal imaging in transfected HEK293T cells
For confocal analyses of CaV2.1, b4-Zn and Munc13-1 staining in HEK293T cells, cells were plated on matrigel-coated glass cover-

slips (12mm in diameter) at 10-20%confluency in 12-well plates. 24 h later, cells were co-transfectedwith pcDNA a2d1 (p752), pCMV

b4-Zn-mVenus (p910) and pcDNA Munc13-1-tdTomato (p888) with or without pCMV Cerulean-CaV2.1 (p773) at 1:1:1(:1) molar ratio

with a total of 347 (500ng) ofDNAperwell perwell. 24 hafter transfection, the cellswerewashedwithwarmPBSandfixed in 4%PFA in

PBS for 10min. Coverslips were rinsed once with deionized water andmounted onto glass slides for imaging of fluorophores without

additional staining. Imageswere taken using identical settings per condition on a Leica SP8Confocal/STED 3Xmicroscopewith a 63x

oil-immersion objective and single confocal sections were analyzed in ImageJ. Based on the localization of Cerulean-CaV2.1, a 1 mm-

thick ROI was set along the outer edge of the cell (edge), and the enclosed area was defined as the inside of the cell (inside). The

average intensity within the edge ROI and inside ROI was quantified and the edge:inside ratio was calculated for each cell. Represen-

tative images in figureswere brightness andcontrast adjusted to facilitate inspection, and theseadjustmentsweremade identically for

images within an experiment. The experimenter was blind to the condition for image acquisition and analyses.

Electrophysiology
Electrophysiological recordings in cultured hippocampal neurons were performed as described (Held et al., 2020; Liu et al., 2014;

Wang et al., 2016) at DIV15-19. Glass pipettes were pulled at 2 - 5 MU and filled with intracellular solutions containing (in mM) for

EPSC recordings: 120 Cs-methanesulfonate, 2 MgCl2, 10 EGTA, 4 Na2-ATP, 1 Na-GTP, 4 QX314-Cl, 10 HEPES-CsOH (pH 7.4,

�300 mOsm) and for IPSC recordings: 40 CsCl, 90 K-gluconate, 1.8 NaCl, 1.7 MgCl2, 3.5 KCl, 0.05 EGTA, 2 Mg-ATP, 0.4 Na2-

GTP, 10 phosphocreatine, 4 QX314-Cl, 10 HEPES-CsOH (pH 7.2, �300 mOsm). Cells were held at +40 mV for NMDAR-EPSC re-

cordings and at -70 mV for AMPAR-EPSC, mEPSC, sucrose EPSC, IPSC and sucrose IPSC recordings. Access resistance was

monitored during recordings and compensated to 3-5 MU, and cells were discarded if the uncompensated access exceeded 15

MU. The extracellular solution contained (in mM): 140 NaCl, 5 KCl, 2 MgCl2, 1.5 CaCl2, 10 glucose, 10 HEPES-NaOH (pH 7.4,

�300 mOsm), the CaCl2 concentration was 0.5 mM instead of 1.5 mM for Figures S3A–S3D, all recordings were performed at

room temperature (20-24 �C). To assess action potential-triggered excitatory transmission, NMDAR-mediated excitatory postsyn-

aptic currents (NMDAR-EPSCs) were measured to avoid network activity induced by AMPA receptor activation unless noted other-

wise. For NMDAR-EPSCs, picrotoxin (PTX, 50 mM) and 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 mM) were present in the

extracellular solution, for Figures S3E–S3H, 20 mM L-AP5 was added to the extracellular solution. For AMPAR-EPSCs, D-amino-

5-phosphonopentanoic acid (D-APV, 50 mM) and PTX (50 mM) were present in the extracellular solution; 1 mM g-D-Glutamylglycine

(g-DGG) was also added to the bath to prevent AMPAR saturation, which also reduced the reverberant activity that is present upon

electrical stimulation. Inhibitory postsynaptic currents (IPSCs) were recorded in the presence of D-APV (50 mM) and CNQX (20 mM) in

the extracellular solution. Action potentials were elicited with a bipolar focal stimulation electrode fabricated from nichrome wire.

Paired pulse ratios were calculated as the amplitude of the second PSC divided by the amplitude of the first at each interval from

an average of 6 sweeps per cell and interval. The baseline value for the second PSCwas taken immediately after the second stimulus

artifact. For dependence of IPSC amplitudes on the extracellular Ca2+ concentration ([Ca2+]ex), neurons were perfused with solutions

containing 0.5/3.5, 1/3, 2/2, 5/0.25, 10/0.25 mM [Ca2+]ex/[Mg2+]ex in variable order. Recordings began at 0.5 mM [Ca2+]ex/3.5 mM

[Mg2+]ex and for each solution exchange, five chamber volumes of solution were replaced. Only cells in which all five [Ca2+]ex
were recorded were included in the analysis. For the normalized data, IPSC amplitudes for each cell were normalized to the same

cell’s amplitude at 10 mM [Ca2+]ex/0.25 mM [Mg2+]ex. The absolute and normalized data were fit to the Hill equation I = Imin + ([Ca2+]-

ex^HillSlope) * (Imax - Imin) / ([Ca
2+]ex^HillSlope + EC50^HillSlope). For EGTA-dependence of IPSCs, 100 mMEGTA-AM in DMSO (final

DMSO 0.33% of total volume), or DMSO only as control, was added to the media and the neurons were incubated for 10 min in a 37
�C tissue culture incubator. The neurons were then transferred from culture medium to extracellular solution and recorded as

described above. For normalization, four to five cells incubated with DMSO only were recorded for each genotype in each culture,

and the IPSCs in EGTA-AM were normalized to the average of these control cells per genotype and culture. For mEPSC recordings

and sucrose-induced EPSC recordings, TTX (1 mM), PTX (50 mM), and D-APV (50 mM)were added to the extracellular solution, and for

sucrose-induced IPSC recordings, TTX (1 mM), CNQX (20 mM), and D-APV (50 mM) were added. mEPSC were identified with a tem-

plate search followed bymanual confirmation by an experimenter, and their frequencies were assessed during a 100-s recording time

window after stabilizing the baseline for 3-min after break-in. mEPSC amplitudes and mEPSC kinetics were determined for each cell

by averaging thewaveform of all events identified during the 100-s recording timewindow aligned to the beginning of the events. Rise

timesweremeasured as the time interval between 20%and 80%of the peak amplitude and decay t as the interval from 100% to 37%

of the decay phase. The RRP was estimated by application of 500 mM sucrose in extracellular solution applied via a microinjector

syringe pump for 10 s at a rate of 10 ml/min through a tip with an inner diameter of 250 mm. For sucrose concentration-dependence,

solutions with 250 mM, 500 mM or 1000 mM sucrose (in extracellular solution) were used. Data were acquired at 5 kHz and lowpass
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filtered at 2 kHz with an Axon 700B Multiclamp amplifier and digitized with a Digidata 1440A digitizer. All data acquisition and ana-

lyses were done using pClamp10. For electrophysiological experiments, the experimenter was blind to the genotype throughout data

acquisition and analysis.

High-pressure freezing and electron microscopy
Neurons cultured on 6mmmatrigel-coated sapphire coverslipswere frozen using a Leica EM ICE high-pressure freezer in extracellular

solutioncontaining (inmM): 140NaCl, 5KCl, 2MgCl2, 2CaCl2, 10HEPES-NaOH(pH7.4), 10Glucose (�300mOsm)withCNQX (20mM),

D-AP5 (50 mM) and PTX (50 mM) added to block synaptic transmission. After freezing, samples were first freeze-substituted (AFS2,

Leica) in 1% glutaraldehyde, 1% osmium tetroxide, 1% water in anhydrous acetone as follows: -90 �C for 5 h, 5 �C per h to -20 �C,
-20 �C for 12 h, and 10 �C per h to 20 �C. Following freeze substitution, samples were Epon infiltrated, and baked for 48 h at 60 �C fol-

lowed by 80 �Covernight before sectioning at 50 nm. For ultrathin sectioning, the sapphire coverslip was removed from the resin block

byplunging the sample first in liquid nitrogenand followedbywarmwater several timesuntil the sapphirewascompletelydetached.The

resin block containing the neurons was then divided into four pieces, and one piece was mounted for sectioning. Ultrathin sectioning

was performed on a Leica EMUC7ultramicrotome, and the 50 nmsectionswere collected on a nickel slot grid (2 x 1mm)with a carbon

coated formvar support film. The samples were counterstained by incubating the grids with 2% lead acetate solution for 10 s, followed

by rinsingwithdistilledwater. Imageswere takenwith a transmission electronmicroscope (JEOL1200EXat 80 kVaccelerating voltage)

and processed with ImageJ. The total number of vesicles, the distance of individual vesicles to the active zone area of the presynaptic

membrane (definedby apposition to thePSD), the number of docked vesicles per synapseprofile, the lengthof thePSD, and the area of

the presynaptic bouton were analyzed in each section using a custom-written Matlab code. Bouton size was calculated from the

measuredperimeterof each synapse.Dockedvesiclesper active zoneweredefinedasvesicles touching thepresynapticplasmamem-

brane opposed to the PSD, and only vesicles for which the electron densities of the vesicular membrane and the presynaptic plasma

membrane merged such that they were not separated by less electron dense space were considered docked. We also measured

vesicle distribution within 100 nm from the presynaptic membrane in 10 nm bins. Across experiments, vesicle distributions in

0�10 nm were altered within the first 100 nm depending on genotype/manipulation, largely reflecting changes in docked vesicles as

definedabove.Weshowvesicle distribution asan inset for the first electronmicroscopic experiment (Figure2B), but only report docked

vesicles for subsequent experiments for simplicity. Due to the laborious nature of these experiments, it was not possible to include a

RIM1a full-length rescue condition in each experiment. Instead, we always included controlR+E and cKOR+E neurons as essential

controls for comparison. For assessment of vesicles tethered to mitochondria, the number of small vesicles (diameter < 50 nm) asso-

ciated with the mitochondrial surface was counted. A vesicle was considered tethered if it was within 70 nm from a mitochondrial sur-

face, as this was the longest tether that we visually identified previously (Nyitrai et al., 2020). The number of vesicles was normalized to

the mitochondrial perimeter (mm) for each mitochondrion. Experiments and analyses were performed by an experimenter blind to the

genotype.

Western blotting
For assessment of rescue protein expression in cultured neurons, Western blotting was used to detect target proteins in cell

lysates from select coverslips of every culture that was used for electrophysiology or electron microscopy. At DIV15-19, cultured

neurons were harvested in 20 ml 1x SDS buffer per coverslip and run on standard SDS-Page gels followed by transfer onto nitro-

cellulose membranes. Membranes were blocked in filtered 10% nonfat milk/5% goat serum for 1 h at room temperature and incu-

bated with primary antibodies in 5% nonfat milk/2.5% goat serum overnight at 4 �C, and HRP-conjugated secondary antibodies

(1:10,000, anti-mouse, RRID: AB_2334540; anti-rabbit, RRID: AB_2334589) were used. Anti-Synapsin or -b-actin antibodies were

used as loading controls. The following primary antibodies were used: rabbit anti-RIM1 (1:1000, RRID: AB_887774, A58,

knockout-verified in lab), rabbit anti-ELKS2aB (1:500, RRID: AB_731499, A143, knockout-verified in lab), rabbit anti-RIM1-Zn

(1:500, gift from Dr T. S€udhof, A148, knockout-verified in lab), mouse anti-HA (1:1000, RRID: AB_2565006, A12, verified in the

absence of antigen in lab), mouse anti-Synapsin (1:4000, RRID: AB_2617071, A57, knockout-verified according to vendor), rabbit

anti-GFP (1:2000, RRID:AB_2636878, A146, verified in the absence of antigen in lab), mouse anti-b-actin (1:2000, RRID:

AB_476692, A127), mouse anti-CaVb4 (1:50, RRID: AB_10671176, A123). For illustration in figures, images were adjusted for

brightness and contrast to facilitate visual inspection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are displayed as mean ± SEM. Statistics were performed in GraphPad Prism 9, and significance is presented as * P < 0.05,

** P < 0.01, and *** P < 0.001. Sample sizes and statistical tests for each experiment are included in each figure legend. For

electrophysiological experiments, the sample size used for statistical analyses was the number of recorded cells. For STED

microscopic and electron microscopic data, the sample size used for statistical analyses was the number of synapses except

for Figures 8I–8K, where it was the number of mitochondria. For confocal microscopic data, the sample size used for statistical

analyses was the number of analyzed ROIs, which corresponds to the number of images (Figures 8F–8H and S2A–S2F) or the

number of cells (Figures 8A–8E). Parametric tests were used for normally distributed data (assessed by Shapiro-Wilk tests)

or when sample size was n R 30. One-way ANOVA, followed by Dunnett’s multiple comparisons post-hoc tests, was used
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for datasets with equal variance. When variances were unequal, Welch’s unequal variances t-test, Brown-Forsythe ANOVA fol-

lowed by Games-Howell’s multiple comparisons post hoc tests (for n R 50) or Dunnett’s T3 multiple comparisons post hoc tests

(for n < 50) were used. For non-normally distributed data, nonparametric tests were used (Mann-Whitney tests or Kruskal-Wallis

tests followed by Dunn’s multiple comparisons post-hoc tests). For paired pulse ratios, two-way ANOVA with Dunnett’s tests

was used. For STED side-view analyses, two-way ANOVA with Dunnett’s tests was used on a 200 nm-window centered around

the active zone peak. For each dataset, the specific tests used are stated in the figure legends.
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Figure S1. Workflow of STED analyses and additional assessment of protein expression 

and localization, related to Figure 1  

(A) Workflow for STED side-view synapse analyses as described previously (Held et al., 2020; 

Nyitrai et al., 2020). 

(B) Example STED images of a side-view synapse (the controlR+E images shown in Fig. 1B are 

reproduced here) stained for PSD-95 (STED), RIM1 (STED) and Synaptophysin (confocal). 

(C) Quantification of fluorescent signals of PSD-95 and RIM1 labeling of the synapse shown in 

B. 

(D) Summary data of a full experiment for PSD-95 and RIM1, these are the same data as the 

controlR+E data shown in Fig. 1C. 

(E, F) Sample STED images (E) and quantification (F) of side-view synapses stained for Liprin-

α3 (STED), PSD-95 (STED), and Synaptophysin (confocal) of controlR+E and cKOR+E neurons, 

and of cKOR+E neurons after re-expression of ELKS2αB or RIM1α, dotted lines mark controlR+E 

(grey) and cKOR+E (black) levels for comparison, 60 synapses/3 cultures each. 

(G) Western blot for RIM1, ELKS2 and Synapsin in homogenates of controlR+E and cKOR+E 
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neurons, and of cKOR+E neurons after re-expression of the main active zone isoforms of each 

protein family, ELKS2αB or RIM1α. Rescue proteins were expressed at levels similar to or 

below wild type proteins. Note the double band in lentivirally expressed but not endogenous 

ELKS2, which might be due to different post-translational modification of rescue vs. endogenous 

ELKS2αB, the recognition of alternative start codons in virally expressed ELKS2αB or 

degradation of virally expressed but not endogenous ELKS2 before or during generation of the 

homogenates. 

Data are mean ± SEM; ***P < 0.001 compared to cKOR+E as determined by two-way ANOVA 

followed by Dunnett’s tests (F). 
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Figure S2. Synaptic RIM1α levels determine levels of interacting active zone proteins, 
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related to Figure 1 

(A) Sample confocal images (left) and quantification (right) of RIM1 levels in controlR+E and 

cKOR+E synapses, and in cKOR+E synapses expressing HA-tagged full-length RIM1α or 

ELKS1αB. Neurons were infected at DIV3 with lentiviruses expressing RIM1α under a synapsin 

promoter for lower expression (RIM1αlow), or under a ubiquitin promoter for higher expression 

(RIM1αhigh). Synaptophysin staining was used to define ROIs, and levels of RIM1 were 

quantified within those ROIs and normalized in each culture to levels in controlR+E neurons, 30 

images/3 cultures each. 

(B-F) Same as A, but for ELKS1 (B), Munc13-1 (C), CaV2.1 (D), RIM-BP2 (E), and Bassoon (F). 

Note that the levels of Munc13-1, CaV2.1, and RIM-BP2 correlate well with levels of RIM. In 

contrast to re-expressed ELKS2aB which does not localize to cKOR+E synapses (Fig. 1), re-

expressed ELKS1aB is localized at least in part to synapses and restores some synaptic 

Bassoon (F). This may be related to distinct functions and differential localization of ELKS 

proteins, with ELKS2αB at the active zone and ELKS1αB broadly distributed throughout the 

nerve terminal (Nyitrai et al., 2020), 30/3 each. 

(G, H) Sample STED images (G) and quantification (H) of side-view synapses stained for HA 

(STED), PSD-95 (STED), and Synaptophysin (confocal) of cKOR+E neurons, and of cKOR+E 

neurons after re-expression of HA-tagged full-length RIM1α (RIM1αlow and RIM1αhigh as in A-F), 

purple dotted lines mark cKOR+E + RIM1αlow levels for comparison, 60 synapses/3 cultures each. 

Data are mean ± SEM; **P < 0.01, ***P < 0.001 compared to cKOR+E + RIM1αlow as determined 

Brown-Forsythe ANOVA followed by Dunnett’s T3 test (A, B, C and E), by one-way ANOVA 

followed by Dunnett’s tests (D and F), or by two-way ANOVA followed by Dunnett’s tests (H). 
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Figure S3. Additional characterization of NMDAR-mediated synaptic transmission, 

related to Figure 2 

(A, B) Sample traces (A) and quantification (B) of NMDAR-mediated EPSCs evoked by focal 

electrical stimulation with 0.5 mM Ca2+ in the extracellular solution (instead of 1.5 mM used 

unless noted otherwise), 18 cells/3 cultures each.  

(C, D) Sample traces (C) and quantification (D) of NMDAR-mediated paired pulse ratios induced 

with focal electrical stimulation in extracellular solution containing 0.5 mM Ca2+ (instead of 1.5 

mM used unless noted otherwise). The relationship of paired pulse ratios between cKOR+E and 

controlR+E was similar in 0.5 (D) or 1.5 mM (Fig. 2H) Ca2+, 16/3 each. 

(E, F) Sample traces (E) and quantification (F) of NMDAR-mediated EPSCs evoked by focal 

electrical stimulation in 1.5 mM Ca2+ and in the presence of 20 µM of the low affinity NMDAR 

antagonist L-AP5 to prevent NMDAR saturation, 16/3 each.  
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(G, H) Sample traces (G) and quantification (H) of NMDAR-mediated paired pulse ratios 

induced with focal electrical stimulation in extracellular solution containing 1.5 mM Ca2+ and 20 

µM L-AP5.  Paired pulse ratios between cKOR+E and controlR+E were similar with (H) or without 

(Fig. 2H) L-AP5, 16/3 each. Overall, A-H indicate that NMDAR saturation does not confound the 

estimates of p in our standard conditions (1.5 mM Ca2+, no L-AP5). 

Data are mean ± SEM; ***P < 0.001 compared to controlR+E as determined by Mann-Whitney 

tests (B and F) or two-way ANOVA followed by Dunnett’s tests (D and H). 
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Figure S4. RIM zinc finger re-expression restores the RRP at inhibitory cKOR+E synapses, 

related to Figures 3 and 4 

(A, B) Expression levels of rescue constructs used in Fig. 3 were assessed with anti-HA 

antibodies in homogenates of cultured neurons, and anti-β-actin antibodies were used as 

loading controls. Several RIM1-C2A constructs were generated, but their expression could not 

be detected by Western blotting, and constructs were hence not further used for 

experimentation.  
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(C, D) Sample traces (C) and quantification (D) of IPSCs evoked by focal electrical stimulation, 

controlR+E 19 cells/5 cultures, cKOR+E 19/5, cKOR+E + RIM1α 19/5, cKOR+E + RIM1-Zn 18/5, and 

cKOR+E + RIM1-ΔZn 19/5.  

(E, F) Sample traces (E) and quantification (F) of IPSCs triggered by hypertonic sucrose, 17/3 

each. 

(G, H) Sample traces (G) and quantification (H) of IPSC paired pulse ratios, controlR+E 17/5, 

cKOR+E 17/5, cKOR+E + RIM1α 18/5, cKOR+E + RIM1-Zn 17/5, and cKOR+E + RIM1-ΔZn 18/5. 

Data are mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared to cKOR+E as determined 

by Kruskal-Wallis tests followed by Dunn’s multiple comparisons post-hoc tests (D and F) or 

two-way ANOVA followed by Dunnett’s tests (H).  
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Figure S5. Screening of fusion-proteins for restoring action potential-triggered release at 
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cKOR+E synapses, related to Figure 5 

(A) Schematic representation of fusion-proteins of the RIM1 zinc finger domain to CaVβ1b, 

CaVβ3, CaVβ4, CaV2.1 (N- or C-terminal fusions), ELKS2αB, Liprin-α3 or RIM1-PDZ. 

(B, C) Sample traces (B) and quantification of IPSC amplitudes (C) evoked by focal stimulation, 

4-5 cells/1 culture each.  

(D, E) Sample traces (D) and quantification (E) of IPSC paired pulse ratios at 20 ms 

interstimulus intervals, 4-5 cells/1 culture each. 

(F, G) Sample STED images (F) and quantification (G) of side-view synapses stained for CaVβ4 

(STED), PSD-95 (STED), and Synaptophysin (confocal) in wild type synapses, 23 synapses/1 

culture. 

(H, I) Sample STED images (H) and quantification (I) of side-view synapses stained for CaV2.1 

(STED), PSD-95 (STED), and Synaptophysin (confocal) in CaV2 cTKO and CaV2 control 

neurons generated as described before (Held et al., 2020). Quantification establishes efficient 

removal of CaV2.1 in CaV2 cTKO, 63/3 each. 

(J, K) Sample STED images (J) and quantification (K) of side-view synapses stained for HA 

(STED), PSD-95 (STED), and Synaptophysin (confocal). Quantification of HA staining 

establishes that active zone targeting of HA-tagged CaVβ4 necessitates the presence of the 

pore-forming CaV2 α1-subunits, 61/3 each. 

(L) Expression levels of RIM1 and rescue constructs in homogenates of cultured controlR+E and 

cKOR+E neurons were assessed with anti-RIM1 PDZ (top), anti-CaVβ4 (middle) and anti-RIM1 

zinc finger (bottom) antibodies, and anti-Synapsin antibodies were used as loading controls. 

Data shown as mean ± SEM, ***P < 0.001 compared to CaV2 control as determined by two-way 

ANOVA followed by Dunnett’s tests (I and K); no statistics were performed for C, E and G due 

to the limited number of observations. Based on the apparent rescue activity of β4-Zn for 

evoked IPSC amplitudes and paired pulse ratios, and the active zone-like localization of CaVβ4 

including its dependence on CaV2s, β4-Zn was chosen for full characterization. 
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Figure S6. β4-Zn restores vesicle release, related to Figure 6 

(A) Sample traces of average mEPSCs of a single cell per condition. 

(B-D) Quantification of mEPSC amplitudes (B), rise times (C, 20%-80%) and decay times (D, τ), 

controlR+E 21/3, cKOR+E 23/3, cKOR+E + RIM1-Zn 23/3, cKOR+E + CaVβ4 22/3, and cKOR+E + β4-

Zn 21/3. 

(E-G) Sample traces (E) and quantification (F, absolute IPSC amplitudes; G, IPSC amplitudes 

normalized to the IPSC at 10 mM [Ca2+]ex) of the extracellular Ca2+-dependence of IPSCs 

evoked by focal electrical stimulation, controlR+E 11/3, cKOR+E 10/3, cKOR+E + β4-Zn 11/3.  

(H, I) Sample traces (H) and quantification (I) of IPSCs recorded with or without a 10-min pre-

incubation in 100 µM EGTA-AM, controlR+E 14/3, cKOR+E 13/3, cKOR+E + β4-Zn 14/3.  

(J, K) Sample traces (J) and quantification (K) of IPSCs triggered by hypertonic sucrose, 15/3 
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each (250 mM and 500 mM sucrose) or 16/3 each (1000 mM sucrose).  

Data are mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared to cKOR+E as determined 

by Brown-Forsythe ANOVA followed by Dunnett’s T3 test (C), Kruskal-Wallis tests followed by 

Dunn’s multiple comparisons post-hoc tests (I), or by two-way ANOVA followed by Dunnett’s 

tests (F and K). 
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Figure S7. Binding of β4-Zn to Munc13 is essential for restoring release at inhibitory 

cKOR+E synapses, related to Figure 7 

(A) Expression levels of RIM1 and rescue constructs in homogenates of cultured controlR+E and 

cKOR+E neurons were assessed with anti-RIM1 PDZ (top), anti-CaVβ4 (middle) and anti-RIM1 

zinc finger (bottom) antibodies, and anti-Synapsin antibodies were used as loading controls. 

(B, C) Sample traces (B) and quantification (C) of IPSCs evoked by focal electrical stimulation, 

controlR+E 18/3, cKOR+E 17/3, cKOR+E + β4-Zn 16/3, and cKOR+E + β4-ZnK144/146E 18/3.  

(D, E) Sample traces (D) and quantification (E) of IPSCs triggered by hypertonic sucrose, 16/3 

each.  

(F, G) Sample traces (F) and quantification (G) of IPSC paired pulse ratios, 16/3 each. 
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Data are mean ± SEM; ***P < 0.001 compared to cKOR+E as determined by Kruskal-Wallis tests 

followed by Dunn’s multiple comparisons post-hoc tests (C and E) or by two-way ANOVA 

followed by Dunnett’s tests (G). 
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Figure S8. Assessment of protein expression, localization and synapse morphology after 

targeting of RIM1-Zn to mitochondria, related to Figure 8  

(A) Expression levels of expressed proteins in cultured controlR+E and cKOR+E neurons, and in 

cKOR+E neurons transduced with lentiviruses expressing either mitoC or mitoC-Zn were 

assessed with anti-GFP-antibodies, anti-Synapsin antibodies were used as loading controls. 

Anti-GFP-antibodies detect the GFP-cre and -Δcre fusion proteins, and the mito-Cerulean fusion 

proteins. 

(B) Sample confocal images of cultured controlR+E and cKOR+E neurons, and of cKOR+E neurons 

transduced with lentiviruses expressing mitoC or mitoC-Zn. Mitochondria were labeled in all 

groups with mito-DsRed expression. The culture was stained with anti-GFP antibodies to detect 

mito-Cerulean fusion proteins; cre- and Δcre-fusion proteins are strictly localized to nuclei, 
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which are not included in the sample images. 

(C, D) Sample electron microscopic images (C) and analyses (D) of synapses of high-pressure- 

frozen neurons, controlR+E 96 synapses/2 cultures, cKOR+E 92/2, cKOR+E + mitoC 97/2, and 

cKOR+E + mitoC-Zn 101/2. 

Data are mean ± SEM; ***P < 0.001 compared to cKOR+E as determined by Brown-Forsythe 

ANOVA followed by Games-Howell's tests (D, docked vesicles). 
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