bioRxiv preprint doi: https://doi.org/10.1101/2021.11.21.469466; this version posted November 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Reconstructing essential active zone functions within a synapse

Chao Tan', Shan Shan H. Wang', Giovanni de Nola', and Pascal S. Kaeser'*

'Department of Neurobiology, Harvard Medical School, Boston, MA 02115

*correspondence: kaeser@hms.harvard.edu


https://doi.org/10.1101/2021.11.21.469466
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.21.469466; this version posted November 22, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Abstract

Active zones are molecular machines that control neurotransmitter release through synaptic
vesicle docking and priming, and through coupling of these vesicles to Ca?* entry. The
complexity of active zone machinery has made it challenging to determine which mechanisms
drive these roles in release. Here, we induce RIM+ELKS knockout to eliminate active zone
scaffolding networks, and then reconstruct each active zone function. Re-expression of RIM1-
Zn fingers positioned Munc13 on undocked vesicles and rendered them release-competent.
Reconstitution of release-triggering required docking of these vesicles to Ca?* channels. Fusing
RIM1-Zn to Cavf34-subunits sufficed to restore docking, priming and release-triggering without
reinstating active zone scaffolds. Hence, exocytotic activities of the 80 kDa Cay[34-Zn fusion
protein bypassed the need for megadalton-sized secretory machines. These data define key
mechanisms of active zone function, establish that fusion competence and docking are
mechanistically separable, and reveal that active zone scaffolding networks are not required for

release.
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Introduction

Essential insight into the functioning of synaptic exocytotic machinery has come from rebuilding
the fusion process in vitro. Reconstitution assays have revealed that the minimal machinery for
Ca**-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 exact
targeting towards receptors 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; Sudhof, 2012).

Central functions of the active zone are the generation of releasable vesicles and the positioning
of these vesicles close the Ca?* 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, Munc13,
RIM-BP, Bassoon/Piccolo and Liprin-a (Stidhof, 2012). Each of these proteins is encoded by
multiple genes and the individual proteins are large, ranging from 125 to 420 kDa, forming
complex protein networks. Mechanisms for their assembly are not well understood, but recent
studies suggest the involvement of liquid-liquid phase separation for active zone formation and
plasma membrane attachment (Emperador-Melero et al., 2021; McDonald et al., 2020; Wu et

al., 2019, 2021).

Decades of gene knockout and related studies have uncovered loss-of-function phenotypes for
individual active zone proteins. In essence, these studies established that each protein, in one
way or another, participates in the control of each key exocytotic parameter. For example, roles
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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; Matkovic et al., 2013), Piccolo/Bassoon (Parthier
et al., 2018), and RIM-BP (Brockmann et al., 2019). Similarly, the control of Ca?* secretion-
coupling is mediated by the same proteins, with established roles for RIM, RIM-BP, Bassoon,
and ELKS (Acuna et al., 2015; Davydova 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 true
mechanistic understanding of the active zone, however, has been difficult to achieve. This is in
part because reconstitution 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 molecular complexity. Furthermore, the redundancy of the scaffolding and release
mechanisms has made it challenging to distinguish effects on active zone assembly and
function, and the steps of build-up of release machinery for exocytosis of a vesicle have
remained uncertain. 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). Remarkably, general features of synaptic structure including the formation of boutons,
accumulation of vesicles, and generation of synaptic contacts remain intact. 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
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for reconstructing hallmark functions 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 experimentally identify the
positioning of activated Munc13 to vesicles as a mechanism that induces fusion-competence.
Notably, vesicles can be rendered release-competent by Munc13 without tethering them to the
target membrane. Docking of these vesicles next to Ca?* channels was required, however, to
restore action potential-triggering of release. We achieved this using a single artificial fusion-
protein consisting of the RIM zinc finger domain and Cav4-subunits, which leads to recovery of
fusion strength, speed and spatial precision after active zone disruption. These findings
establish the minimal requirements for active zone function, define key protein domains
sufficient to mediate these requirements, and identify mechanisms that drive assembly of this
minimal release machinery. Our work provides proof-of-concept for how an 80 kDa protein can

be used to bypass the need for a megadalton-sized protein machine.
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Results

RIM restores synaptic structure and function after active zone disruption

We first used stimulated emission depletion (STED) superresolution microscopy to evaluate
active zone disruption induced by conditional knockout of RIM and ELKS, which strongly
impaired extent, speed and precision of neurotransmitter release (Wang et al., 2016). Cultured
hippocampal neurons with floxed alleles for RIM1, RIM2, ELKS1 and ELKS2 were infected with
cre-expressing lentiviruses to generate knockout (cKOR*E) neurons or with control viruses (to

IR*E neurons). We then used a previously established workflow (Held et al.,

generate contro
2020; de Jong et al., 2018; Nyitrai et al., 2020; Wong et al., 2018) to assess active zone
structure at 15-19 days in vitro (DIV). We identified side-view synapses in immunostainings by a
bar-like postsynaptic density (PSD, marked by PSD-95, STED) that was aligned at one edge of
a synaptic vesicle cloud (Synaptophysin, confocal), and assessed localization of target proteins
(STED) relative to these markers in line profiles (Figs. S1A-S1D). The cKOR*E synapses had
disrupted active zones with near-complete loss of ELKS2, RIM1 and Munc13-1, and strong
reductions in Bassoon and RIM-BP2 (Figs. 1A-1K). In addition, we observed a partial loss of
Cav2.1 (Figs. 1L, 1M), the a1-subunit of the voltage-gated Ca** channels that trigger release at
these synapses (Held et al., 2020). Removal of these active zone complexes, however, did not
affect the PSDs (marked by PSD-95, Fig. 1C), and led to increased levels of Liprin-a3 (Figs.

S1E, 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 using
lentiviruses (Figs. 1A, S1G), and found that RIM1a was targeted correctly (Figs. 1B, 1C) and
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was able to reestablish normal levels and active zone positioning of Munc13-1, Bassoon, RIM-
BP2, Cay2.1 and Liprin-a3 (Figs. 1F-1M, S1E, S1F). In contrast, rescue ELKS2aB did not
localize to the target membrane area (Figs. 1D, 1E) and did not restore other proteins (Figs. 1F-
1M, S1E, S1F), even though it was expressed efficiently (Fig. S1G). To assess protein levels
upon rescue with an independent approach and to determine whether RIM-mediated active
zone protein recruitment depends on the levels of RIM expression, we performed additional
confocal microscopy experiments. Notably, re-expression of low or high RIM1a levels mediated
recovery of the other proteins dose-dependently. Higher levels of RIM1a at synapses were
driving the recruitment of higher levels of Munc13-1, Cav2.1, and RIM-BP2 (Fig. S2), indicating

that RIM is able to titrate the presynaptic levels of interacting active zone proteins.

We next tested whether RIM1a re-expression restored key active zone functions, synaptic
vesicle docking and release (Fig. 2). To assess vesicle docking and synaptic ultrastructure, we
fixed neurons with high pressure-freezing and analyzed electron microscopic images of
synapses. Most cKOR'E synapses lacked docked vesicles entirely (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 (Figs. 2A, 2B).

The active zone controls synaptic strength by generating a readily releasable pool (RRP) of
vesicles and by setting the release probability p of each RRP vesicle. We measured synaptic
strength and estimated these constituents, p and RRP, at both excitatory and inhibitory
synapses using electrophysiology (Figs. 2C-2N). p is inversely proportional to the ratio of
release in response to paired pulses at short interstimulus intervals (Zucker and Regehr, 2002),
and application of hypertonic sucrose was used to estimate the RRP (Kaeser and Regehr,
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2017; Rosenmund and Stevens, 1996). RIM1a mostly restored excitatory (Figs. 2C-2H) and
inhibitory (Figs. 21-2N) synaptic 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 monitored via
NMDA receptors (NMDARSs) to avoid confounding effects of network activity triggered by AMPA
receptor activation. Decreasing initial p by lowering extracellular Ca®* or the use of low affinity
NMDAR antagonists confirmed that paired pulse ratios provide an accurate estimate of changes
in p as a consequence of genetic manipulations under our conditions (Fig. S3). Together, these
data establish that RIM is an important presynaptic organizer for the control of active zone

protein levels, positioning and function.

RIM zinc fingers localize to the synaptic vesicle cloud

For building a minimal recovery system, we next needed to distinguish between RIM domains
that mediate active zone targeting of RIM from those that are important for its functions in
scaffolding other proteins and in mediating vesicle docking and release. We generated lentiviral
constructs (Figs. 3A, 3B) in which we either deleted individual RIM domains (RIM1-AZn, -APDZ,
-AC>A and -AC:B) or that contained only one domain at a time (RIM1-Zn, -PDZ and -C2B; the
tested C-A domain constructs were not efficiently expressed and hence C,A domains could not
be assessed in these experiments). cKOR'E neurons were transduced with each individual virus

for rescue, and each protein was efficiently expressed (Figs. S4A, S4B).

Assessment of RIM active zone targeting using STED line profile 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 targeting (Figs. 3C, 3D). Other domain
deletions did not impair RIM localization. Notably, no single domain of RIM was targeted to the
plasma membrane opposed to the PSD when expressed alone (Figs. 3E, 3F). Hence, while
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multiple RIM domains cooperated for RIM active zone targeting, the RIM PDZ domain is
essential for such targeting. It is noteworthy that in neurons lacking only RIM rather than RIM
and ELKS, most active zone proteins remain localized to synapses, and the PDZ domain is not
essential for RIM localization to nerve terminals (de Jong et al., 2018; Kaeser et al., 2011). In
active zone disrupted cKOR*E synapses, this redundancy is lost and the PDZ domain is
essential (Figs. 3C, 3D). Hence, the highly interconnected active zone protein networks rely on

redundant scaffolding mechanisms that include ELKS (Held and Kaeser, 2018).

Notably, the RIM1 zinc finger alone, while not localized to the active zone, was strongly
enriched within nerve terminals (Figs. 3E, 3F). RIM1-Zn localization highly overlapped with the
synaptic vesicle protein Synaptophysin, suggesting that this domain may be associated 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 interactions with synaptic vesicles. The complementary
protein fragment, a version of RIM that lacks the zinc finger domain termed RIM1-AZn, localized
to the active zone area apposed to the PSDs (Figs. 3C, 3D), establishing that the zinc finger

domain is not required for the synaptic delivery of RIM.

RIM1 zinc fingers recruit Munc13 for establishing release-competence of non-docked
vesicles

The differential localization of RIM1-Zn (to vesicles) and RIM1-AZn (to the target membrane)
may be related to their roles in release. Previous studies in RIM knockout synapses have
suggested that RIM zinc finger domains prime synaptic vesicles while the C-terminal domains
within RIM1-AZn tether Cay2 channels and interact with the target membrane for fast 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 Cay2s) and functional roles
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(priming, docking and releasing of vesicles) of RIM1-Zn and RIM1-AZn after active zone

disruption.

Strikingly, RIM1-Zn co-recruited Munc13 in a pattern mimicking the wide-spread localization of
RIM1-Zn (Figs. 4B, 4C). In contrast, RIM1-AZn, which contains the RIM scaffolding domains
(PDZ, C2A, PxxP, C2B) and localizes to the active zone area (Figs. 3A-3D), was unable to
enhance Cay2s or Munc13 (Figs. 4B-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 is into a protein associated with synaptic vesicles rather than the target membrane.
We next analyzed high pressure-frozen neurons using electron microscopy from the same
rescue conditions. Both RIM1-Zn and RIM1-AZn lacked rescue activity, and synaptic vesicles
remained undocked in both conditions (Figs. 4F, 4G). In conclusion, Munc13, a protein
implicated in synaptic vesicle docking (Imig et al., 2014; Siksou et al., 2009), was not targeted to
the presynaptic plasma membrane 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 of excitatory (Figs. 4H-4M) and inhibitory (Figs. S4C-S4H)
transmission revealed that RIM1-Zn and RIM1-AZn failed to restore action potential-triggered
synaptic transmission and release probability of excitatory synapses (Figs. 4H-4M), and only
mild rescue of these parameters was observed at inhibitory synapses (Figs. S4C-S4H). This is
different from rescue experiments after RIM knockout only (instead of cKO®*€), where RIM1-
AZn is sufficient to restore Ca* 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 (Figs. 1 and 2) to execute their roles in release, but are sufficient to mediate target
membrane localization of RIM (Figs. 3C, 3D).
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Remarkably, however, RIM1-Zn strongly enhanced vesicle fusogenicity measured via
application of hypertonic sucrose, nearly as efficiently as full-length RIM1a (Figs. 4J, 4K, S4E,
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, are inaccessible to action potential-
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 to Ca?* 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 Ca?*
entry. We screened eight fusion-proteins of the RIM zinc finger domain to other proteins or
protein fragments associated with the target membrane (Fig. S5A). Fusions with Cayp Ca?*
channel subunits appeared to efficiently restore evoked transmission and release probability
(Figs. S5B-S5E), suggesting that they may do so by co-localizing vesicle priming and Ca?*-
entry. We selected the fusion of the RIM1 zinc finger to Cavp4 (Fig. 5A, 34-Zn) for a full
characterization because of its strong tendency to rescue and because endogenous Cavf34 is
localized to active zones (Figs. S5F, S5G). B4-Zn was efficiently expressed (Fig. S5H) and
concentrated in a bar-shaped structure at the target membrane (Figs. 5A-5C). The 34-Zn
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protein efficiently recruited Munc13-1 to the target membrane (Figs. 5D, 5E), and also enhanced
Cav2.1 active zone levels back to control levels (Figs. 5F, 5G). The effects on Cayv2.1 were
notably absent when Cayf4 or RIM1-Zn were expressed on their own. Importantly, f4-Zn did
not enhance or restore the levels of the other active zone scaffolds as assessed by staining and
quantification of Bassoon and RIM-BP2 (Figs. 5H-5K). Hence, 34-Zn targets the priming-
complex of the RIM zinc finger and Munc13 to Ca?* channels in the absence of the megadalton-

sized scaffolding network that consists of full-length RIM, ELKS, RIM-BP and Bassoon.

When we assessed these synapses using electron microscopy, we found that f4-Zn fully
restored synaptic vesicle docking (Figs. 6A, 6B). This is different from expression of Cavf34 or
RIM1-Zn alone, which did not enhance docking (Figs. 6A, 6B), and much more robust than
rescue efficacy of full-length RIM1a (Figs. 2A, 2B). In electrophysiological recordings, we
detected a full recovery of excitatory (Figs. 6C, 6D) and inhibitory (Figs. 61, 6J) synaptic
transmission. This included restoration of RRP (Figs. 6E, 6F, 6K, 6L) and p (Figs. 6G, 6H, 6M,
6N) back to levels indistinguishable from control®*€ neurons at both types of synapses. Hence,
B4-Zn expression results in Munc13 recruitment and vesicle docking to the active zone close to
Ca?" channels such that extent and spatiotemporal precision of release are fully restored.
Importantly, Cayp4 or RIM1-Zn alone did not mediate these functions except for partial RRP
recovery by RIM1-Zn (Fig. 4, S4, 6), and B4-Zn recovered docking and release without
reinstating broader active zone scaffolds (Fig. 5). These data establish that vesicle docking
close to Ca?* channels enhances p of vesicles that are primed by RIM1-Zn and Munc13. They
further suggest that vesicle docking close to Cay2s might not only enhance p, but also stabilize
Ca®" channels. Alternatively, interactions of Cayp4 with vesicles and Munc13 may help Cay2

delivery to synapses.

To test the overall model that f4-Zn restores synaptic strength through docking of release-
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competent vesicles close to Ca?* channels, we introduced K144E+K146E point mutations into

the RIM1 zinc finger domain of B4-Zn (generating B4-Zn""44/¢€)

. It was previously established
that this mutation selectively abolishes binding of the RIM zinc finger to Munc13 (Deng et al.,
2011; Dulubova et al., 2005). B4-Zn'*4®E was efficiently expressed and localized to the active
zone area of the plasma membrane (Figs. 7A-7C, S6A). Abolishing Munc13 binding in 34-
ZnK"4E resulted in a loss of Munc13-1 recruitment to the target membrane (Figs. 7D, 7E).
While B4-Zn*"*4%E was still sufficient to mediate some enhancement of Cayv2.1 levels, it
appeared less efficient than in B4-Zn (Figs. 7F, 7G), quantitatively matching with the somewhat
lower B4-ZnK'*4%E active zone levels (Figs. 7B, 7C). Notably, disrupting binding of B4-Zn to
Munc13 completely abolished rescue of vesicle docking (Figs. 8A, 8B) and of synaptic strength,
RRP and p at both excitatory (Figs. 8C-8H) and inhibitory (Figs. S6B-S6G) synapses. These
data strongly support the model that f4-Zn restores exocytosis via recruitment of Munc13 and
vesicle docking. Altogether, our results establish that the active zone protein network can be

bypassed with an 80 kDa protein that docks fusion-competent vesicles close to Ca®* channels,

and the vast active zone scaffolding mechanisms are not necessary for fusion itself.
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Discussion

The active zone is a molecular machine that is important for synaptic signaling (Emperador-
Melero and Kaeser, 2020; Sudhof, 2012), and many brain disorders are associated with
mutations in active zone proteins or defective active zone function (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 Sgrensen, 2020). However, understanding its mechanisms and restoring its
functions has remained challenging because of its molecular complexity. Mouse knockout
experiments have revealed that each active zone protein contributes to each active zone
function, and it has remained uncertain which proteins and which specific mechanisms drive its
roles in release. Here, we develop a reconstitution approach within a synapse after we remove
the active zone protein machinery. Our work establishes that synaptic vesicle release can be
restored by positioning the RIM zinc finger, a single, small protein domain that recruits the
priming protein Munc13, to the Ca?* channels that mediate release triggering. Remarkably,
doing so bypasses the need for the complex active zone scaffolding network. Our work further
reveals that if the RIM zinc finger is localized to vesicles, Munc13 is recruited and can render
these vesicles fusion-competent in the absence of docking. Ultimately, these findings present a
straightforward way to restore efficacy and spatiotemporal precision of neurotransmitter release

at central synapses with a single, small protein.

Flexible order of priming and docking as a vesicle is prepared for release

Our results mechanistically define the two fundamental presynaptic processes: vesicle
fusogenicity can be generated by activated Munc13 independent of its active zone positioning,
and Ca?*-secretion coupling is mediated by docking of Munc13-associated synaptic vesicles
next to Ca®* channels. Past studies have discovered that these processes rely on many
proteins, and each active zone protein has contributed to each active zone function (Acuna et
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al., 2015; Aravamudan et al., 1999; Augustin et al., 1999; Brockmann et al., 2019; Davydova et
al., 2014; Deng et al., 2011; Dong et al., 2018; Emperador-Melero et al., 2021; 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; Zhen
and Jin, 1999). These findings reflect that the active zone is a complex protein network with
built-in redundancy, and 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 in the absence of most of these
proteins. Vesicle priming can be almost entirely mediated by the RIM1 zinc finger domain, which
is sufficient to recruit, stabilize and activate Munc13. When this mechanism is positioned close

to Ca?* channels, release is restored.

Models of neurotransmitter release propose that vesicle docking either precedes vesicle priming
or occurs simultaneously with it (Hammarlund et al., 2007; Imig et al., 2014; Rosenmund and
Stevens, 1996; Schikorski and Stevens, 2001; Sudhof, 2004), and that Munc13 mediates both
roles through the control of SNARE complex assembly (Ba