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Abstract

Nervous systems are built on synaptic connections, and our understanding of these complex
compartments has deepened over the past quarter century as the diverse fields of genetics,
molecular biology, physiology, and biochemistry each made significant in-roads into synaptic
function. On the presynaptic side, an evolutionarily conserved core fusion apparatus constructed
from a handful of proteins has emerged, with Unc13 serving as a hub that coordinates nearly every
aspect of synaptic transmission. This review briefly highlights recent studies on diverse aspects of
Unc13 function including roles in SN RE assembly and quality control, release site building,
calcium channel proximity, and short-term synaptic plasticity.
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Introduction

The presynaptic vesicle fusion apparatus is a highly regulated chemomechanical machine
that harnesses the energy of protein-protein and protein-lipid interactions as well as calcium
binding to drive the merger of synaptic vesicle (SV) and plasma membranes on a remarkably
fast time scale [1,2]. While the SNARE proteins are required for this and many other
membrane fusion processes in eukaryotic cells, most synapses rely on members of the
Unc13 protein family (Munc13s in mammals) to control SV fusion and endow synaptic
transmission with multiple forms of regulation. widely adopted view of calcium-triggered
SV fusion suggests that SVs are captured at specialized regions within the presynaptic active
zone (AZ) termed release sites. Neuronal SNARE proteins on the plasma membrane
(Syntaxin 1 and SNAP25 comprising the t-SNARE) bind to VAMP?2 (also known as
synaptobrevin) on the SV membrane and assemble into a metastable partially 2018zippered’
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state poised to fuse upon local calcium elevation. This assembly is not intrinsically
guaranteed to occur correctly and requires several additional proteins to guide and regulate
SNARE complex formation [3-6]. Critical presynaptic proteins such as synaptotagmin 1 and
complexin assist in preventing premature SV fusion (spontaneous fusion) while coordinating
calcium binding with rapid completion of SNARE assembly and concomitant membrane
fusion in response to voltage-gated calcium channel (VGCC) opening. Several excellent
reviews cover these aspects of synaptic transmission in detail [1,3,7-11]. In addition to this
minimal “parts list” for the SV fusion apparatus, two classes of proteins have emerged as
essential ingredients: the Unc13 and SM (Sec1/Munc18-like) protein families. Loss of either
of these proteins effectively eliminates both spontaneous and calcium-triggered synaptic
transmission in mouse (Munc13 and Munc18/STXBP1), fly (Unc13/Dunc13 and Rop), and
worm (UNC-13 and UNC-18) [12-19]. Here, I focus on recent studies of Unc13 proteins
and summarize current concepts ranging from the evolution of synaptic transmission,
coordination of release site and SNARE complex assembly, presynaptic plasticity, and
connections to priming and post-priming roles of Unc13.

Evolution of the Unc13 protein family

Uncl3s are relatively large cytoplasmic proteins (typically ranging from 1100 — 3000
residues) and the canonical Unc13s comprise two or three C2 domains, one C1 domain, a
CaM-binding motif, along with the ~700 residue SNARE-binding MUN domain shared by
all Unc13 family members (Figure 1A). The MUN and C2 domains are also shared in more
distant homologs such as CAPS and BAIAP3, but this review will focus solely on the Unc13
family [20,21]. What are the evolutionary origins of Unc13 and the SV fusion apparatus, and
did this machinery evolve before or after the advent of a primitive nervous system?
Asdescribedinmoredetailbelow,Unc13 plays a central role in the assembly of release sites,
SV docking and priming, and in coupling calcium entry to fusion. Thus, the origin of Unc13
provides a clue regarding the emergence of fast and highly regulated secretion. Recent
genome sequencing of representative early branching animals lacking neurons and muscle
(such as the placozoan Trichoplax adhaerens and sponge Amphimedon queenslandica) as
well as unicellular organisms closely related to animals such as the choanoflagellate
Monosiga brevicollis reveal that a clear Unc13 homolog was present prior to the emergence
of neurons and bona fide synapses [22,23]. Fungi harbor a homolog possessing either one or
two C2 domains and a MUN domain that is split in two. The S. pormbe homolog (Yncl3)
was recently described to play a role in cytokinesis and may represent an ancient demand for
rapid regulated membrane fusion (e.g. creation of new membrane during septum formation
in fission yeast ) in eukaryotes [24]. The 1100 residue core functional unit of Unc13 is
reasonably approximated in choanoflagellates, and remarkably, both long and short isoforms
of complete Unc13 exist in sponges despite the conspicuous lack of neurons, muscle, and
synapses in these simple animals (Figure 1B). The -terminal C2A domain of Uncl13 is
sporadically lost across bilaterian evolution; it is absent in Drosophila (but present in many
insects and other arthropods), while mammals and nematodes express Munc13 isoforms
with and without the C2A domain (Figure 1C). As discussed later, this region may help
couple VGCCs to the release site allowing for distinct release site architectures and
properties. Based on the deep metazoan conservation of the complete Unc13 blueprint,
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together with the presence of other key presynaptic proteins such as synaptotagmin 1 and
complexin in neuron-less placozoans and sponges, it is probable that a highly regulated form
of calcium-triggered membrane fusion existed prior to the appearance of neurons and
synapses [22,23,25-27]. Perhaps the emergence of more sophisticated forms of chemical
transmission required a pre-existing ‘proto - synaptic’ protein complex.

Munc13-1, Munc18-1 and SNARE assembly

The founding Unc13 family member was discovered by Sidney Brenner in his landmark C.
elegans screen initiated in the late1960s [28]. Brenner originally isolated about 70 mutants
displaying locomotion defects (urcoordinated or “‘unc’ mutants) and wrc-13along with
unc-18 were two of only eight severely paralyzed mutants. Subsequent studies on the
biochemistry and function of Unc13 and SM orthologs in worm, mouse and fly over the past
25 years have placed these proteins on a par with the SNARES in terms of their essential role
in synaptic transmission [1,3,7,10,17,18]. Recent work on mammalian SM proteins and their
fungal homologs supports the concept that SM proteins evolved to channel SNARE
assembly and fusion down an optimal pathway while excluding a myriad of unproductive or
destructive off-path trajectories [4,29,30]. Indeed, the yeast SM proteins Secl, Sly1, Vps33,
and Vps45 may prevent promiscuous SNARE assembly along various trafficking and
secretory pathways while catalyzing correct SNARE assembly only within the appropriate
protein complexes [29,31]. How does Unc13 fit into this picture?

Disruption of Unc13 function typically leads to a large reduction in the number of fusion
competent vesicles (the readily releasable pool or RRP) [12,13,18,32,33]. The core domain
of Unc13 was originally proposed to catalyze the assembly of t- and v-SNARES by
stabilizing the ‘open’ state of syntaxin 1, thereby priming SVs for fusion (Figure 1D) [34].
Subsequent structural and functional studies have provided a detailed molecular model for
the interaction of the Munc13-1 MUN domain and syntaxin 1 together with Munc18-1
[5,7,10,32,35,36]. Interestingly, in vitro SNARE proteoliposome fusion studies did not
require Unc13 [37], suggesting that these proteins are not needed for SNARE assembly and
membrane fusion despite their essential nature in vivo. Over the past few years, a more
refined picture of SNARE assembly and its regulation has emerged in which Unc13 and an
SM protein (Munc13-1 and Munc18-1 in mouse for instance) act together to coordinate and
protect proper SNARE assembly in the face of constitutive SNARE disassembly driven by
the ATPase NSF and SNAP (Figure 2) [3-5,10,36]. Given that SNAREs have the potential to
assemble into numerous types of unproductive complexes, [6,38,39], ‘de-priming’ may serve
as an effective proof-reading mechanism by selecting for correctly oriented and assembled
SNARE complexes with optimal stoichiometry. In this scenario, the culling of mistaken and
promiscuous SNARE complexes ultimately leads to the impressive performance of the
SNARE fusion machinery when challenged with calcium. One recent study supports this
picture by demonstrating that the severe synaptic transmission defects of Munc18-1 and
Munc13-1 mouse mutants can be rescued to some extent by the impairment of NSF, perhaps
reflecting less stringent disassembly conditions surrounding the release machinery and
allowing suboptimal SNARE assembly and SV fusion [40]. Moreover, quantitative electron
microscopy (EM) revealed a complete loss of morphologically docked SVs (within 3 nm of
the plasma membrane) in AZs of cultured neurons lacking Munc13-1 [41]. A similar
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docked defect was observed using SNARE mutants, supporting the concept that
morphologically docked and primed SVs are tethered by partially assembled SNARES
resulting from the combined actions of Munc13-1 and Munc18-
1.Thus,afailuretoassembleSNAREsmay account for much of the RRP defects observed when
Unc13 function is impaired.

Munc13-1 as a hub for release site assembly

Is the opening of syntaxin the only function of Unc13? The answer is almost certainly no:
studies examining syntaxin mutants that bypass the requirement for Unc13 opening function
still reported profound defects in synaptic transmission and nervous system function
[4,34,42]. There is not a lot of Unc13 within a presynaptic terminal: an estimated 50-60
copies reside in the active zone of a hippocampal presynaptic terminal [43]. quantitative
mass spectrometry study discerned its half-life (~ 1.3 days in cultured neurons) to be
considerably shorter than many of its fellow presynaptic proteins such as SNAREs,
Synaptotagmin 1, Munc18-1, VGCCs, and the AZ proteins Bassoon and Piccolo [44].
Moreover, several groups have identified Unc13 degradation as a critical determinant of
synaptic strength and suggest that the regulation of its turnover can serve as a form of
synaptic plasticity [45-47]. Thus, Unc13 may be a limiting reagent for some aspect of
synaptic transmission beyond its catalytic role in SNARE assembly. Of particular interest, a
fascinating recent study utilized super-resolution imaging and quantal analysis approaches to
ascertain a quantitative relationship between the number of SVs available to fuse upon
calcium entry (the readily releasable pool or RRP), the number of release sites, and the
nano-scale organization of Munc13-1 in AZs of cultured hippocampal neurons [43]. At a
typical presynaptic boutons examined in this study, Munc13-1 is organized into 5-6 clusters
(about 45 nanometers in diameter), each containing about nine copies of Munc13-1. These
Munc13-1 nanoassemblies correspond to individual release sites as well as the RRP. Even
when expressed together with syntaxin 1 in non-neuronal cell lines and artificially recruited
to the plasma membrane, Munc13-1 spontaneously assembled into similar clusters together
with syntaxin. Syntaxin has a tendency to cluster with plasma membrane PI1(4,5)P2, and
Munc13-1 also interacts with PIP via its highly conserved C2B domain along with its
previously mentioned syntaxin interactions [48-51]. Perhaps these three molecules provide
the minimal ingredients of a self-assembling macromolecular complex that can then nucleate
a proper release site (Figure 3A&B). In this scenario, Uncl3 serves as the focal point for
recruitment of plasma membrane, vesicular, and cytoplasmic components of the release site,
befitting its ancient and essential role in regulated secretion.

Uncl3 as a calcium channel coupler

Avre the nucleation of release sites and syntaxin opening the only functions of Unc13?
Probably not. A defining feature of synaptic transmission is the tight coupling between
calcium entry via voltage-gated calcium channels (VGCCs) and the subsequent exocytosis
triggered by calcium binding to sensors such as Synaptotagmin 1 (Sytl) [2,52]. Although the
molecular mechanisms that coordinate release sites and VGCC co-localization are not yet
understood, several lines of evidence suggest that Unc13 plays a role in the organization and
regulation of calcium coupling. One of the well-studied binding partners of Munc13-1 (via
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its C2A domain) is the AZ protein RIM1 [53]. RIML1 serves as a release-site tether for
VGCCs, and RIM-VGCC interactions depend on which splice variant of av2.1 (P/Q type) is
expressed [54,55]. This transcriptional decision may tune calcium coupling [56,57]. In
addition, RIM1 binds the channel-interacting proteins known as RIM-binding proteins
(RBPs), and these proteins also serve an important organizational role in calcium coupling
[58-60]. Recent work at the fly neuromuscular junction (NMJ) demonstrated two distinct
VGCC arrangements specified by fly Unc13A and Unc13B isoforms, differing only in their
N-terminal domains [60-62]. Depending on which Unc13 isoform was present, VGCCs
were estimated to be either 70 or 120 nanometers from the release site, and this topography
relied on either Bruchpilot and RBP or Syd-1 and Liprin- . Functionally, the two
arrangements generated distinct short-term synaptic plasticities, demonstrating the
importance of detailed VGCC positioning near the sites of fusion as well as the potential
significance of variable Unc13 N-terminal domains across paralogs and across species
(Figure 3C&D). Comparisons of AZ proteins and EM studies of the AZ across several
model organisms indicate a deep organizational conservation across metazoa [60].
Consistent with this picture, work in C. elegans on the two major isoforms of UNC-13
differing in their N-terminal domains (Figure 1C) demonstrated that these isoforms
subserved distinct calcium-coupling roles at the neuromuscular junction [63,64]. Finally, one
study recently described a novel interaction between the C2B domain of Munc13-1 and the
synprint domain of VGCCs at hippocampal synapses, and this interaction modulated
channel gating, underscoring an intriguing possibility that the fusion apparatus itself may
regulate the VGCCs driving fusion [65]. This sort of feedback can generate novel forms of
use-dependent plasticity and may provide a source of functional diversity across synapses.
Thus, while we currently lack a detailed picture of the release site architecture and its
variation across synapses, Unc13 will likely serve as a keystone in the coupling of calcium
influx to neurotransmitter release.

Uncl3 roles in priming and post-priming, and plasticity

Avre calcium-coupling, release-site nucleating, and syntaxin-opening the only functions of
Unc13? Unlikely. Disruption in either release-site nucleation or syntaxin opening will
decrease the RRP, but several mutations in Unc13 have been associated with changes in the
probability that a vesicle fuses (P,) independent of the RRP size [32,66,67]. Moreover, one
of the original defining features of the Unc13 family is the presence of a phorbol ester-
binding C1 domain positioned next to a C2B domain that binds PIP, and calcium (Figure 4)
[66,68]. Studies on synaptic modulation by phorbol esters as well as recordings from
neurons harboring Munc13-1 with a mutated C1 domain suggested that Munc13 and
phorbol esters could alter Pv separately from the RRP [66,67,69]. Outstanding recent
structural and functional work by the Rizo and Rosenmund labs and colleagues recently
delineated this region of Munc13-1, revealing an interaction between the 1- 2B module and
the neighboring MUN domain [49,70]. Moreover, two recent functional explorations of this
interface have helped develop a new picture of calcium and lipid regulation of Unc13
[71,72]. In this model, C1-C2B module exerts an inhibitory effect on some aspect of Unc13
function (affecting Pv rather than the docking/priming function of Unc13). Elevations in
calcium and DAG release this inhibitory control and boost release probability through an as
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yet unknown mechanism, perhaps reminiscent of conventional PKCs (Figure 4) [71,73]. Of
note, a point mutation in human Unc13A at a critical and deeply conserved proline in this
C1-C2B interface with the MUN domain was found to be associated with severe autism and
motor impairment, underscoring the importance of this regulatory process in synapse
function [72].

What is the physiological significance of Ca/DAG enhancement of a post-priming Unc13
function other than accounting for much of the phorbol ester effect at many synapses?
Perhaps the enhanced Unc13 state is the molecular correlate of a long-studied form of
presynaptic short-term plasticity (post-tetanic potentiation or PTP) [74] Several groups have
proposed to distinguish low and high probability subsets of vesicles as primed and ‘super-
primed’ respectively [75,76]. Parallels between PTP, super-priming and phorbol ester
enhancement suggest that disinhibited Unc13 may correspond to the super-primed state. The
connection between changes in initial release probability and short-term plasticity in these
cases is not yet understood, but Unc13 will likely provide a useful molecular handle on this
class of synaptic plasticity. Finally, work on the calmodulin-binding domains of Munc13-
1/2 also indicate a role for Munc13 in a distinct form of use-dependent plasticity (affecting
RRP replenishment rather than Pv in this case) [77]. As is the case with VGCC coupling,
distinct variants of Unc13 have been associated with different forms of short-term plasticity
and neuromodulation [77]. Together, these examples demonstrate how modulatory domains
(such as the CaM-interacting domain and C1-C2B) register prior synaptic activity and
neuromodulation to adjust vesicle priming and release probability, thereby endowing the
synapse with numerous forms of short-term plasticity.

Concluding Remarks

Over the past several years, studies from an assortment of approaches and perspectives have
placed Unc13 in a pivotal role at the synapse as briefly summarized above. Is Unc13
function absolutely synonymous with synaptic transmission? Not entirely - while Unc13s
trace back to the dawn of animals, there are examples even in mammals of highly
specialized synapses that appear to function independent of Unc13s. For example, auditory
hair cells secrete neurotransmitter in a highly regulated calcium-dependent manner with no
reliance on Munc13 [78], while deletion of ubMunc13-2 in photoreceptor and bipolar cell
ribbon synapses (the only Munc13 isoform present in those cells) has surprisingly little
impact on synaptic transmission [79]. These may be cases of independent synapse evolution
where conventional and ribbon synapses do not share a common origin. Perhaps the
exceptions prove the rule: the cellular role of Unc13 is overwhelmingly associated with the
emergence of exquisitely regulated chemical synapses that wire together complex nervous
systems. And while the present to-do list of Unc13 functions seems extensive thus far, it may
prove short-sighted to conclude that all Unc13 functions have been cataloged in this review.
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Highlights
Nearly all forms of synaptic transmission rely on Unc13 function
Unc13 likely arose prior to the emergence of neurons and synapses
Unc13 functions together with SM proteins to guide proper SNARE assembly
Release site construction and calcium channel coupling are both controlled by Unc13

Unc13 endows synapses with several forms of short-term plasticity
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Figure 1.

Domain organization and evolution of Unc13 proteins. A. Cartoon of the canonical Uncl3
protein family member (e.g. mouse Munc13-1, worm UNC-13L, or human Unc13A). Scale
bar indicates relative number of residues comprising each of the protein domains. B.
Heuristic evolutionary organization of representative Unc13 homologs from several
metazoan phyla as well as unicellular organisms. Unicellular organisms in gray/black, early
branching animals lacking true neurons and muscle in red, and animals possessing neurons
in green. Holozoa encompass metazoa and their closest unicellular relatives such as
choanoflagellates. This Unc13 distribution across Holozoa suggests that the ancestral protein
arose prior to the emergence of nervous systems. The relative phylogenetic position of
Ctenophora is not clear [80]. Here, Ctenophora are grouped with other animals possessing
nervous systems (green). C. Several isoforms of neuronal Unc13 are shown for mouse (Zop),
fly (middle), and worm (bottom). D. Cartoon depicting a possible role for Munc13-1 and
Munc18-1 in catalyzing SNARE assembly and synaptic vesicle (SV) docking and priming.
Note that several critical presynaptic proteins such as SNAP25, Synaptotagmin 1, Rab3, and
numerous AZ proteins have been omitted for clarity.
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Figure 2.
Munc13 and Munc18 protect SNARE complexes from disassembly by NSF. A & B.

Inappropriate SNARE complexes (e.g. two Syntaxins with one SNAP25 or VAMP2
assembling in an antiparallel orientation with syntaxin 1) are rapidly disassembled by NSF
(pink) and SNAP (brown). Note that SNAP25 has been omitted for simplicity. C. SNARE
complexes assembled while bound to Munc13-1 (orange) and Munc18-1 (green) are
protected from NSF and are correctly oriented. D. Vesicle fusion proceeds efficiently upon
calcium elevation when all SNARE complexes have assembled appropriately as guided by
Munc13-1 and Munc18-1.

Curr Opin Neurobiol. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Dittman Page 15

A Spontaneous assembly of PIP2/Syntaxin 1 B ( Recruitment of AZ proteins and VGCCs to assemble
clusters and recruitment of Unc13 a functional release site with docked SV
@ PSP,
©  Syntaxin 1
e Syt

a VGCC
f Unctds

RIM;I!RBP
AZ Proteins

presynaptic plasma membrane

C [ Shorter coupling distance ] D [ Longer coupling distance j

(Ca* o H

Figure 3.
Nucleation of release site assembly by Uncl3, PIP,s, and Syntaxin. A. Plasma membrane

Syntaxin 1 (blue/yellow) and P1(4,5)P, (pink) tend to coalesce into a nanodomain that can
recruit Uncl3 (orange) via PIP, interactions with its C2B domain as well as via SNARE
binding to the MUN domain. B. Unc13 nanoassemblies recruit other AZ proteins (b/ue and
red) to create a functional release site. C & . Distinct Unc13 isoforms together with AZ
proteins couple voltage-gated calcium channels (VGCCs) at different distances from the
calcium sensor Synaptotagmin 1 (Sytl, green). Calcium ions entering the presynaptic
terminal indicated in red.
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Figure 4.
Model for relief of autoinhibition by calcium and DAG. Cartoon of the canonical Unc13

with C1-C2B module interacting with the plasma membrane (PM) via C2B-PIP,
interactions. This module also interacts with the MUN domain, stabilizing an inhibited state
that corresponds to low release probability (Pv). Elevated calcium and DAG drive membrane
translocation of the C1-C2B module thereby relieving autoinhibition and enhancing release
probability. This may correspond to a super-primed state. Substitution of a conserved proline
in the C2B-MUN Linker (b/ue “P”) destabilizes the inhibited state and has been associated
with severe neurological disorders [71,72].
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