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ELKS1 localizes the synaptic vesicle priming protein
bMunc13-2 to a specific subset of active zones
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Presynaptic active zones (AZs) are unique subcellular structures at neuronal synapses, which contain a network of spe-
cific proteins that control synaptic vesicle (SV) tethering, priming, and fusion. Munc13s are core AZ proteins with an
essential function in SV priming. In hippocampal neurons, two different Munc13s—Munc13-1 and bMunc13-2—medi-
ate opposite forms of presynaptic short-term plasticity and thus differentially affect neuronal network characteristics. We
found that most presynapses of cortical and hippocampal neurons contain only Munc13-1, whereas ~10% contain both
Munc13-1 and bMunc13-2. Whereas the presynaptic recruitment and activation of Munc13-1 depends on Rab3-inter-
acting proteins (RIMs), we demonstrate here that bMunc13-2 is recruited to synapses by the AZ protein ELKST, but not
ELKS2, and that this recruitment determines basal SV priming and short-term plasticity. Thus, synapse-specific inferac-
tions of different Munc13 isoforms with ELKS1 or RIMs are key determinants of the molecular and functional heteroge-

neity of presynaptic AZs.

Introduction

Neurotransmitter release at synapses is spatially restricted to
the active zone (AZ) compartment of axon terminals, where
synaptic vesicle (SV) docking, priming, and Ca**-triggered fu-
sion take place in a spatially and temporally highly coordinated
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manner (Wojcik and Brose, 2007; Siidhof, 2012). AZ proteins
control SV docking, priming, and fusion. They include (a) the
coiled-coil domain proteins ELKS (glutamic acid/leucine/ly-
sine/serine-rich protein; also called Rab6IP2, CAST [cytoma-
trix of the AZ-associated structural protein], or ERC [ELKS/
Rab6IP2/CAST family protein]; Monier et al., 2002; Ohtsuka et
al., 2002; Wang et al., 2002; Deguchi-Tawarada et al., 2004); (b)
Rab3-interacting proteins (RIMs; Wang et al., 1997), which are
Rab3 effector proteins that regulate synaptic transmitter release
and long-term synaptic plasticity (Castillo et al., 2002; Schoch
et al., 2002, 2006; Calakos et al., 2004; Kiyonaka et al., 2007;
Han et al., 2011; Kaeser et al., 2011; Ferndndez-Busnadiego
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et al., 2013); (c) Muncl13s (Augustin et al., 1999a,b), which
are essential SV priming proteins (Augustin et al., 1999b; Va-
roqueaux et al., 2002); and the scaffold proteins (d) Piccolo/Ac-
zonin, (e) Bassoon (tom Dieck et al., 1998; Wang et al., 1999;
Fenster et al., 2000), and (f) a-Liprins (Serra-Pages et al., 1998;
Ziirner and Schoch, 2009; Spangler et al., 2013). All known AZ
proteins contain sites for mutual binding, leading to multivalent
interactions that result in a complex AZ protein network (Betz
et al., 2001; Ohtsuka et al., 2002; Schoch et al., 2002; Wang et
al., 2002; Takao-Rikitsu et al., 2004).

The Munc13 proteins Munc13-1, ubMunc13-2, bMunc13-
2, and Munc13-3 are encoded by three genes (Unc13A/Uncl3B/
Unci13C). Munc13-1 and ubMunc13-2 have evolutionarily con-
served structures, including (a) an N terminus with a C, domain
(C,A) and a Ca?*/CaM-binding site, (b) a central tandem ar-
rangement of a diacylglycerol and phorbol ester—binding C, do-
main and a second C, domain (C,B), and (c) a C terminus with
a Munc13 homology or minimal Munc13 priming domain and
a third C, domain (C,C). bMunc13-2, a variant of Munc13-2
generated by a specific promoter and alternative splicing, and
Munc13-3 carry unrelated N termini, followed by central and
C-terminal parts that are conserved in all Munc13s (Brose et
al., 1995; Koch et al., 2000; Betz et al., 2001; Basu et al., 2005;
Stevens et al., 2005). Munc13s are essential SV priming pro-
teins. Knockout (KO) of all Munc13s in mouse neurons results
in a complete loss of fusogenic readily releasable SVs and a
total block of spontaneous and evoked synaptic transmission
(Varoqueaux et al., 2002). The priming function of Munc13s is
thought to be because of their ability to regulate the conforma-
tion of the t-SNAREs Syntaxin 1 and Syntaxin 2 (Richmond et
al., 2001; Ma et al., 2013; Yang et al., 2015).

The AZ-specific localization of different Munc13s and
their functional characteristics are thought to be key determi-
nants of the AZ restriction of transmitter release, the speed of
excitation secretion coupling, and short-term plasticity features
of individual synapses (Rosenmund et al., 2003). That different
Munc13s can determine different forms of short-term synaptic
plasticity is illustrated by studies on genetically manipulated
cultured glutamatergic hippocampal neurons. If such neurons
are engineered to contain only Munc13-1, they exhibit short-
term depression during high-frequency stimulation as their
main short-term plasticity feature. In contrast, expression of
bMunc13-2 or ubMunc13-2, which are the remaining Munc13
variants in Munc13-1 KO neurons, leads to frequency facilita-
tion and strong augmentation (Rosenmund et al., 2002). The
differential short-term plasticity features of different Munc13s
reflect protein-intrinsic functional differences (Rosenmund et
al., 2002) and are regulated by Ca**/CaM binding, diacylglyc-
erol binding, and Ca?*/phospholipid binding to the correspond-
ing regulatory domains (Rhee et al., 2002; Rosenmund et al.,
2002; Junge et al., 2004; Zikich et al., 2008; Shin et al., 2010).

Interestingly, Munc13s not only differ with regard to
the short-term plasticity features they determine but also can
be targeted to different synapse subpopulations. First corre-
sponding evidence was obtained in studies on mature cultured
glutamatergic hippocampal neurons, which express Munc13-
1, bMunc13-2, and ubMunc13-2. KO of Muncl13-1 in these
neurons, which normally exhibit short-term depression during
high-frequency stimulation caused by the dominant expres-
sion of Munc13-1, leads to a total shutdown of the majority of
synapses. Some 10% of the synapses remain normally active
but show frequency facilitation during and strong augmenta-

tion after high-frequency stimulation. This indicates that SV
priming in most synapses of hippocampal neurons is mediated
solely by Munc13-1, whereas only a small synapse subpopula-
tion (~10%) uses bMunc13-2 or ubMunc13-2 (Augustin et al.,
1999b; Varoqueaux et al., 2002). Such differential equipment
of synapses with different Munc13s, conveying different short-
term plasticity characteristics, may allow for target cell-specific
synaptic signaling and broad bandwidth signal propagation in
vivo and thus determine unique neuronal network characteris-
tics (Rosenmund et al., 2002).

The mechanisms that mediate the differential AZ tar-
geting of Muncl3 isoforms likely involve their different N
termini. Munc13-1 and ubMunc13-2 bind to the Zn?*-finger
domain of the AZ proteins RIM1a, RIM1p, and RIM2«a via
their conserved N-terminal C2 domains (Betz et al., 2001; Du-
lubova et al., 2005; Andrews-Zwilling et al., 2006; Kaeser et
al., 2008). RIMs play a crucial role in the control of synaptic
transmitter release and presynaptic forms of long-term poten-
tiation. RIM1a KO and RIM1/2 double KO (DKO) neurons
exhibit reduced SV priming and altered short-term synaptic
plasticity (Calakos et al., 2004; Kaeser et al., 2011), which
is reminiscent of the phenotype seen in Munc13-1-deficient
neurons (Augustin et al., 1999b; Rosenmund et al., 2002).
Interference with Munc13/RIM binding perturbs SV priming
(Betz et al., 2001; Dulubova et al., 2005; Deng et al., 2011),
indicating that this interaction has a regulatory function in SV
priming and that the two proteins act in the same presynaptic
regulatory pathway. This notion is supported by the findings
that Munc13-1 and ubMunc13-2 levels are reduced in the
brains of RIM KO mice (Schoch et al., 2002; Andrews-Zwill-
ing et al., 2006; Deng et al., 2011), that RIM binding influ-
ences the AZ recruitment of Munc13-1 (Andrews-Zwilling et
al., 2006), and that RIM binding disrupts Munc13-1 and ub-
Munc13-2 homodimerization, leading to the activation of the
SV priming function of Munc13-1 and ubMunc13-2 (Deng et
al., 2011). The AZ recruitment of Munc13-1 and ubMunc13-2
seems to be evolutionarily conserved, as RIM-binding is suffi-
cient for recruitment of Caenorhabditis elegans Unc-13 to the
AZ (Hu et al., 2013). Drosophila melanogaster Uncl3s, on
the other hand, have unique N-terminal structures (Bohme et
al., 2016). Likewise, the Munc13-2 splice variant bMunc13-2
has an N-terminal sequence that lacks a RIM-binding site and
is not related to mammalian Munc13-1 and ubMunc13-2 or
to any Unc-13/Uncl3 variants in C. elegans or Drosophila
(Brose et al., 1995; Betz et al., 2001), indicating that proteins
other than RIMs must be involved in the AZ targeting and
regulation of bMunc13-2.

We show here that the AZ protein ELKS|1 is involved in the
presynaptic recruitment and anchoring of bMunc13-2. ELKS1
belongs to the ELKS family of AZ proteins, which are encoded
by two genes, ERCI and ERC2 (Nakata et al., 1999; Ohtsuka
et al., 2002; Wang et al., 2002; Kaeser et al., 2009). ELKSs
form complexes with RIMs at AZs, directly interact with Bas-
soon, Piccolo (Takao-Rikitsu et al., 2004), and Liprin-a (Ko et
al., 2003), and are thought to contribute to and regulate an AZ
protein scaffold that provides a platform for the SV priming
machinery (Hagiwara et al., 2005; Siksou et al., 2007). The
physiological roles of ELKSs in neurons are complex and may
differ between orthologues of different species. For example,
elimination of the Drosophila ELKS orthologue Bruchpilot
(Brp), which contains an evolutionarily unique C terminus,
results in the disruption of the T-bar structure at presynaptic
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AZs, impaired neurotransmitter release, and mislocalization of
overexpressed Ca?* channels (Kittel et al., 2006; Wagh et al.,
2006). In contrast, elimination of C. elegans ELKS has only
mild phenotypic consequences (Deken et al., 2005), although it
is required for the expression of a gain-of function mutant form
of its interactor Syd2/Liprin (Dai et al., 2006), and deletion of
both ELKS genes in mice leads to decreased neurotransmitter
release through distinct mechanisms at different synapses. At
hippocampal inhibitory synapses, ELKSs boost presynaptic
Ca? influx to enhance transmitter release probability (Liu et
al., 2014), whereas at excitatory synapses, ELKS removal im-
pairs SV priming (Held et al., 2016). Deletion of ELKS2/CAST
alone has multiple but rather mild consequences, including an
increase of the pool of primed and readily releasable vesicles
(RRP) SVs at hippocampal inhibitory synapses (Kaeser et al.,
2009), altered AZ structure in ribbon synapses (tom Dieck et
al., 2012), and altered SV recycling at AZs in sympathetic supe-
rior cervical ganglion neurons (Mochida et al., 2016). Our study
characterizes a novel AZ targeting and anchoring mechanism
for bMunc13-2 that is mediated specifically by ELKS1 and
that recruits bMunc13-2 to a small subset of synaptic terminals
in hippocampal neurons.

Previous electrophysiological studies on genetically engineered
hippocampal glutamatergic neurons provided indirect evidence
for the notion that only some 10% of synapses in these cells
operate with Munc13-2 (Rosenmund et al., 2002; Varoqueaux
et al., 2002). To obtain direct evidence for such synapse-
specific Munc13-2 recruitment, we studied the expression and
localization of bMunc13-2 and ubMunc13-2 in knock-in (KI)
mutant mice (Munc13-25YFP) expressing C-terminally EYFP-
tagged Munc13s (Kalla et al., 2006; Cooper et al., 2012). In
a first set of experiments, we analyzed the relative expression
levels of ubMunc13-2-EYFP (200 kD predicted molecular
weight) and bMunc13-2-EYFP (240 kD predicted molecular
weight) in cultured primary hippocampal neurons from
Munc13-2EYFP KT mice (Cooper et al., 2012). Proteins were
separated by SDS-PAGE along with recombinantly expressed
ubMunc13-2-EGFP and bMunc13-2-EGFP and analyzed by
Western blotting with anti-GFP antibodies and isoform-specific
antibodies. We found that bMunc13-2-EYFP predominates
among Munc13-2-EYFP proteins from Munc13-2EYF? mouse
hippocampal neurons (bMunc13-2-EYFP:ubMunc13-2-EYFP
ratio of 4.5:1; Fig. 1 A). Similar results were obtained with
lysates of hippocampal tissue from Muncl3-2EYF? KI mice
(bMunc13-2-EYFP:ubMunc13-2-EYFP ratio of 6:1; Fig. 1 A).
To compare the subcellular distributions of Munc13-1 and
bMunc13-2, we immunostained cultured autaptic hippocampal
neurons of Munc13-2EYFP mice using a rabbit polyclonal anti-
GFP antibody, a guinea pig polyclonal antibody to Munc13-1,
and a mouse monoclonal antibody to Bassoon (Fig. 1, B and C).
Corresponding analyses of Munc13-1- and Bassoon-positive
puncta, which mostly represent AZs, showed that 77% were
devoid of Munc13-2-EYFP whereas only 23% also contained
Munc13-2-EYFP (Fig. 1).

These data show that bMuncl13-2 is the dominant
Munc13-2 splice variant in the mouse hippocampus and that

only a subset of synapses in single, cultured, hippocampal neu-
rons are enriched with bMunc13-2.

The entire primary sequences of mammalian Munc13-1 and
ubMunc13-2 and C. elegans Unc-13-LR are homologous, in-
cluding an N-terminal RIM-binding domain (Betz et al., 2001;
Andrews-Zwilling et al., 2006). In contrast, bMunc13-2 and
Munc13-3 contain unrelated N termini, except for a short
coiled-coil motif that is 52% identical between bMunc13-2 and
Munc13-3 and conserved from fish to human (Fig. 2 A) but is
not present in Drosophila (Bohme et al., 2016). This indicates
a unique role of the N termini of bMunc13-2 and Munc13-3.

To identify proteins that bind to the bMunc13-2 N ter-
minus and might recruit bMunc13-2 to a defined subpopula-
tion of AZs, we performed yeast two-hybrid (YTH) screens
using a mouse embryo cDNA prey library, encoding Gal4 tran-
scriptional activation domain (GAD) fusion proteins, with the
bait construct pGBDC2-bMunc13-2(1-605), which encodes
a fusion protein consisting of the Gal4 DNA-binding domain
(GBD) in frame with residues 1-605 of bMunc13-2, GBD-
bMunc13-2(1-605). We isolated 13 positive clones, 8 of which
encode the C terminus of ELKSI, including its C-terminal
coiled-coil domain, GAD-ELKS1(771-976) (Fig. 2 A). Like the
corresponding region in ELKS2/CAST, this region of ELKS1
binds to RIMs via its C-terminal PDZ binding domain (Ohtsuka
et al., 2002; Wang et al., 2002). Two other bait constructs con-
taining the N-terminal coiled-coil motif of bMunc13-2, GBD-
bMunc13-2(1-305) and GBD-bMunc13-2(70-605), bound to
GAD-ELKS1(771-976) (Fig. 2 B), whereas two bait constructs
lacking the coiled-coil domain, GBD-bMunc13-2(188-605)
and GBD-bMunc13-2(1-605A145-187), did not.

These data show that the N-terminal coiled-coil domain of
bMunc13-2 (residues 145-187) interacts with the C terminus of
ELKS1 containing its C-terminal coiled-coil domain.

Because Muncl13-3 contains an N-terminal coiled-
coil domain that is homologous to the ELKS1-binding do-
main of bMuncl3-2, we tested if Munc13-3 also binds to
ELKSI1. However, a bait construct containing residues 1-304
of Munc13-3, GBD-Munc13-3(1-304), did not interact with
GAD-ELKS1(771-976) (Fig. 2 B). This was confirmed in sub-
sequent biochemical assays (not depicted) and indicates that
bMuncl13-2 and ELKSI interact very specifically, whereas
Munc13-3 may have other binding partners.

To verify our YTH data and study the isoform specific-
ity of the bMunc13-2-ELKS interaction, we performed cosed-
imentation experiments. We purified GST fusion proteins of
ELKS1, GST-ELKS1(771-976), or a corresponding fragment
of ELKS2, GST-ELKS2(751-969), immobilized them on
glutathione Sepharose beads, and examined their interaction
with a purified maltose-binding protein (MBP) fusion protein
of bMunc13-2, MBP-bMunc13-2(1-305). We found that only
GST-ELKS1(771-976), but not GST-ELKS2(751-969), bound
MBP-bMunc13-2(1-305) in a stoichiometric manner. Neither
MBP nor GST alone interacted with GST-ELKS1(771-976) or
MBP-bMunc13-2(1-305) (Fig. 2, C and D).

To test whether the interaction between ELKS1(771-976)
and bMunc13-2(70-204) occurs within cells, we measured
Forster resonance energy transfer (FRET) between EYFP
and ECFP fusion proteins in live hippocampal neurons at 6 d
in vitro (DIV), when hardly any synapses are formed yet and
neither full-length bMunc13-2 nor ELKSs are yet recruited

Synapse-type specific recruitrent of Munc13s
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Figure 1. Differential expression and subcellular
localization of Munc13-2 variants in mouse hippo-
campal neurons. (A) bMunc13-2 and ubMunc13-2
expression levels in mouse hippocampal neurons.
(Left) EYFPfused Munc13-2 isoforms were extracted
from cultured hippocampal neurons of Munc13-2EYF
KI mice. (Right) EYFPfused Munc13-2 isoforms were
immunoprecipitated from detergent exiracts of hip-
pocampal synaptosomes from Munc13-25Y% K mice.
Extracted proteins or immunoprecipitates (IP) were
separated by SDS-PAGE along with recombinant
bMunc13-2-EGFP and ubMunc13-2-EGFP (right two
lanes) and analyzed by Western blotting (WB) with
anti-GFP (top), anti-bMunc13-2 (middle), and anti-
ubMunc13-2 (bottom) antibodies. Two GFP-positive
bands appeared in samples from Munc13-28"F K|
hippocampal neurons (leff) and from hippocampal tis-
sue (right), whose molecular weights corresponded to
those of recombinant bMunc13-2-EGFP (arrowheads)
and ubMunc13-2-EGFP (arrows), respectively. The
band with larger molecular weight cross-reacted with
the anti-bMunc13-2 antibody, whereas the one with
lower molecular weight cross-reacted with the anti—ub-
Munc13-2 antibody. By densitometric quantification
of GFP signals on films using ImageJ, ratios of over
4.5:1 and 6:1 were determined between expression
levels of bMunc13-2-EYFP and ubMunc13-2-EYFP
in Munc13-26¥% K| neurons and in hippocampal tis-
sues, respectively. (B and C) Subcellular localization
of Munc13-2 in mouse hippocampal neurons. Cul-
tured autaptic hippocampal neurons from Munc13-
28" K| mice were immunostained for Munc13-1,
EYFP, and Bassoon. (B) The overview image of an
autaptic neuron shows that AZs containing Munc13-1
only (red) are much more abundant than AZs con-
taining Munc13-2-EYFP (green). Bar, 50 pm. (C) A
high-magnification image of the boxed image sec-
tion in B shows some AZs containing Munc13-1 and
Munc13-2-EYFP (arrowheads) among numerous AZs
containing only Munc13-1 (arrows). Only 23% of
puncta double positive for Munc13-1 and Bassoon
were also enriched for Munc13-2-EYFP (n = 1,942
synapses, n = 12 images). Bars, 10 pm.

to AZs. Single-cell FRET measurements showed significant
FRET signals generated by ECFP-bMunc13-2(70-204) and
EYFP-ELKS1(771-976) (Fig. S1 A) and an increase of donor
fluorescence after acceptor bleaching (Fig. S1 B). Normalized
FRET values obtained for ECFP-bMunc13-2(70-204)/EY-
FP-ELKS1(771-976) pairs in neurons were ~0.07 (n =25 cells,
three independent experiments; Fig. S1 C). This value is signifi-
cantly higher (approximately sevenfold) than the FRET value
obtained in cells coexpressing soluble ECFP and EYFP and rep-

resents 15% of the FRET signal (0.46 + 0.04, n = 15 cells, three
independent experiments) measured when the two fluorescent
protein moieties are linked by a 15—amino acid spacer (Fig. S1
C). The FRET intensity seen with ECFP-bMunc13-2(70-204)/
EYFP-ELKS1(771-976) pairs is similar to the one observed
with SNARE proteins (Verrier et al., 2008).

Our YTH, biochemical, and FRET data indicate that
bMunc13-2 and ELKSI interact directly, specifically, stoichio-
metrically, and within cells.
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Figure 2. bMunc13-2 and ELKS1 form a protein complex. (A) Domain structures of bMunc13-2 and ELKS1. The sequences covered by the bait vec-
tor pGBDC2-bMunc13-2(1-605) and the bMunc13-2-binding ELKS1 prey clone pGAD-ELKS1(771-976) obtained in the YTH screen are indicated.

Coiled-coil motifs were predicted by COILS/PCOILS. CC, coiled coil motif;

C1, C, domain; C2, C, domain. (B) The ELKS1 binding site in bMunc13-2

maps to the coiled-coil motif in the N terminus. Shown are the domain structures of bMunc13-2 and Munc13-3 and the representations of bait vectors
used in YTH binding assays with the ELKS1 prey vector pPGAD-ELKS1(771-976). (C) Isoform-specific binding of MBP-bMunc13-2(1-305) to GST-ELKS1
(771-976), but not to GSTELKS2(751-969), in cosedimentation assays. Proteins that bound to immobilized GST-ELKS1(771-976) were subjected to SDS-
PAGE and stained with Coomassie Brilliant blue. Note that MBP-bMunc13-2(1-305) bound to GST-ELKS1(771-976) robustly, whereas binding to GST-
ELKS2(751-969) was not detectable. Data are representative of three independent experiments. (D) Stoichiometric interaction of MBP-bMunc13-2(1-305)
and GST-ELKS1(771-976). A 3.5x higher amount of MBP-bMunc13-2(1-305), 0.14 mg/ml, was loaded to the GST-ELKS1(771-976) affinity matrix than
in the assay shown in C. Absorbance units of Coomassie Brilliant blue-stained MBP-bMunc13-2(1-305) versus GSTELKS1(771-976) in this experiment
were 12,056:11,428. Given that the molecular weights of the two proteins are ~80 kD and ~45 kD, MBP-bMunc13-2(1-305) and GST-ELKS1(771-976)
are interacting with an apparent 1:1.69 stoichiometry. The image of loaded MBP-bMunc13-2(1-305) (left) is from the same SDS-PAGE gel as the one for
stoichiometric interaction (right). Data are representative of two independent experiments.

Given that only ELKS1 and not ELKS2 binds to bMunc13-2
(Fig. 2), and in view of the fact that cultured hippocampal
neurons enrich only a subset of synapses with bMunc13-2
(Fig. 1 C), we next tested whether bMunc13-2 is differentially
associated with ELKS1 containing synapses in brain tissue. We
immunostained brain sections of wild-type (WT) mice and of
Munc13-2 KO, ELKS2 KO, and conditional ELKS1 KO mice
(ELKS17:Emx1-Cre) as negative controls with antibodies to
bMunc13-2, ELKS1, ELKS2, and Bassoon (Figs. 3, S2, and
S3). In ELKS17;Emx1-Cre mice, which show no obvious phe-
notypic changes in the cage environment, ELKS1 expression is
shut down in cortical and hippocampal neurons and glia cells
(Gorski et al., 2002). Prominent punctate bMunc13-2—positive
signals were detected in the cerebral cortex (Fig. 3, A and B), in
the hilus of the dentate gyrus (Figs. S2 and S3), and in the stra-
tum oriens of the hippocampal CA1 region (not depicted). In
the cortex, ELKS1 signals were rather widespread but showed
a very wide range of intensity and were distinctly enriched in
a subset of Bassoon-positive presynapses, where bMunc13-2
was colocalized with ELKS1 (Fig. 3 A). After thresholding at
a signal intensity level that was also seen at nonsynaptic sites
that presumably represent partly nonspecific staining, ~56% of

ELKSI-enriched structures coincided with bMunc13-2—pos-
itive structures (Fig. 3 C), and 76% of bMuncl3-2—positive
structures coincided with ELKS1-enriched structures. The dis-
tribution of ELKS2, on the other hand, was unrelated to that of
bMunc13-2, although most ELKS2-positive signals colocalized
with Bassoon-positive AZs (Fig. 3, B and C). Very similar ob-
servations were made in the hilus of the dentate gyrus (Fig. S3).

These results show that bMunc13-2 is preferentially re-
cruited to a subpopulation of AZs that are particularly enriched
in ELKS1 as compared with ELKS?2, indicating that the interac-
tion of bMunc13-2 with ELKS1 may be the basis for the hetero-
geneous distribution of bMunc13-2 to distinct synapse subsets
of forebrain neurons. The notion of a specific AZ enrichment of
bMunc13-2 by ELKSI is corroborated by the finding that many
Munc13-1-positive synapses in autaptic hippocampal neurons
contain little or no ELKS1 (Fig. S4; but see Liu et al., 2014;
Held et al., 2016 for somewhat different ELKS1 distribution in
mass cultures of hippocampal neurons).

Munc13-1/2 DKO neurons rescued with recombinant ub-
Munc13-2 exhibit facilitation during and moderate (two- to
threefold) augmentation after high-frequency stimulation trains
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Figure 3. bMunc13-2 is preferentially localized to ELKS1-enriched syn-
apses. (A and B) Localization of endogenous bMunc13-2, ELKS1, and
Bassoon (A) and of bMunc13-2, ELKS2, and Bassoon (B) in the WT mouse
cortex. Note that bMunc13-2 shows a similar distribution pattern to that
of ELKS1 with a restriction to a limited number of synapses (arrowheads
in A and B), whereas ELKS2 is accumulated in most Bassoon-positive AZs
(B). Bars, 5 pm. For images represented as heat maps, quantitative score
scales are presented at the bottom left of the respective image. (C) Quanti-
fication of the percentage ELKS1- and ELKS2-positive synapses containing
bMunc13-2. Data are means + SEM and were analyzed by Student's t test
(n=15images; ***, P < 0.001).

(Rosenmund et al., 2002). Munc13-1 deficient hippocampal
neurons, which express only Munc13-2, exhibit a similar short-
term plasticity phenotype, although the degree of augmentation
(7-10-fold) is higher than that observed in Munc13-1/2 DKO
neurons rescued with ubMunc13-2 (two- to threefold; Rosen-
mund et al., 2002). In contrast to Munc13-2 driven synapses,
Munc13-1-expressing synapses exhibit short-term depression
during and no or very little augmentation after high-frequency
stimulation (Rosenmund et al., 2002).

To study the role of bMunc13-2 and its ELKS1 interac-
tion in SV priming and short-term plasticity, we rescued au-
taptic hippocampal Munc13-1/2 DKO neurons in microisland
culture by overexpressing bMunc13-2-EYFP variants using
the Semliki Forest virus system (Figs. 4 and S5). This rescue
approach, which has been used by us in many previous stud-
ies, is particularly powerful in the context of structure—function
studies on Munc13s because Munc13-1/2 DKO neurons are
completely devoid of spontaneous and evoked synaptic trans-
mitter release despite normal synaptogenesis, so that the con-
trol baseline phenotype of Munc13-1/2 DKO neurons regarding
the parameters described here (Figs. 4 and S5) is “flat-line”
zero (Varoqueaux et al., 2002). Immediately obvious was that
neurons rescued with WT bMunc13-2-EYFP showed facilita-
tion during and very strong augmentation after high-frequency
stimulation trains. The degree of augmentation was similar to
that observed in Munc13-1 KO neurons (Rosenmund et al.,
2002), which mainly express bMunc13-2 (Fig. 1 A), and two to
three times higher than in Munc13-1/2 DKO cells rescued with
ubMunc13-2 (Junge et al., 2004; Shin et al., 2010; Fig. 4, D
and E; and Fig. S5 E), indicating that bMunc13-2 is indeed the
dominant Munc13-2 isoform in mature cultured hippocampal
neurons (see Fig. 1 for relative bMunc13-2/ubMunc13-2 ex-
pression levels, and see three paragraphs below for more details
on short-term plasticity features).

We next studied the role of ELKS1 binding to bMunc13-2
in the modulation of SV priming, synaptic strength, and syn-
aptic plasticity. Overexpression of bMunc13-2(A145-187)-
EYFP, which lacks the N-terminal ELKS1-binding sequence,
failed to rescue synaptic transmission in ~40% of Munc13-1/2
DKO neurons analyzed. The corresponding neurons showed no
spontaneous or evoked synaptic transmission, although expres-
sion levels of bMunc13-2(A145-187)-EYFP were only slightly
lower than the levels in functionally rescued neurons. This might
indicate that levels of bMunc13-2 anchored at AZs have to pass
a threshold for proper rescue activity, which is not reached in a
subset of neurons if the interaction of bMunc13-2 with ELKS1
is perturbed and bMunc13-2 is not properly recruited to AZs.
A similar phenotype was seen with rescue experiments using
RIM binding—deficient Munc13-1 variants (Betz et al., 2001).
Alternatively, a subset of neurons might use an additional, cell
type—specific AZ anchoring machinery that can partly substi-
tute for the ELKS1-mediated process (e.g., CAl vs. CA2/CA3
pyramidal cells, as granule cells are not present in our hippo-
campal autaptic cultures).

Neurons expressing bMunc13-2(A145-187)-EYFP and
showing synaptic transmission in response to an action po-
tential exhibited strongly reduced evoked excitatory postsyn-
aptic current (EPSC) amplitudes (0.37 = 0.04 nA, n = 84) as
compared with neurons expressing bMunc13-2-EYFP (0.83
+ 0.11 nA, n = 87, P < 0.0001; Fig. 4 A and Fig. S5, B and
C). Thus, removal of the ELKS1-binding region of bMunc13-2
leads to a strong reduction of evoked EPSC amplitudes. To test
whether this is caused by reduced SV priming, we estimated the
size of the RRP in neurons expressing bMunc13-2-EYFP or
bMunc13-2(A145-187)-EYFP by integrating the total charge
transfer of the transient component of the EPSC response
during the pulsed application of a hypertonic extracellular solu-
tion containing 0.5 M sucrose to the entire cell (Rosenmund
and Stevens, 1996). RRP sizes were also significantly smaller in
Munc13-1/2 DKO cells rescued with bMunc13-2(A145-187)—
EYFP (0.10 = 0.02 nC, n = 37) as compared with neurons
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Figure 4. ELKS1 binding of bMunc13-2 regulates synapse function. (A)
Mean evoked EPCS amplitudes in Munc13-1/2 DKO neurons expressing
bMunc13-2-EYFP or bMunc13-2(A145-187)-EYFP. For each cell, EPSC
amplitudes of 13-20 pulses at 0.2 Hz were averaged. Cells efficiently
rescued with bMunc13-2(A145-187)-EYFP (n = 84) showed signifi-
cantly smaller EPSC amplitudes than cells rescued with bMunc13-2-EYFP
(n = 87). (B) Mean RRP sizes in Munc13-1/2 DKO neurons expressing
bMunc13-2-EYFP or bMunc13-2(A145-187)-EYFP. Cells rescued with
bMunc13-2(A145-187)-EYFP (n = 37) showed a significantly smaller RRP
size than cells rescued with bMunc13-2-EYFP (n = 59). (C) Mean P,, from
Munc13-1/2 DKO neurons expressing bMunc13-2-EYFP or bMunc13-
2(A145-187)-EYFP. Cells rescued with bMunc13-2(A145-187)-EYFP
(n = 35) showed a P, similar to cells rescued with bMunc13-2-EYFP
(n = 59); Student's t test, P > 0.05. (D) Shortterm plasticity in Munc13-
1/2 DKO neurons expressing bMunc13-2-EYFP (n = 87) or bMunc13-
2(A145-187)-EYFP (n = 83). Neurons were initially stimulated at 0.2-Hz
stimulation frequency, and then a 10-Hz train was applied for 5 s. Fre-
quency facilitation of the EPSC was measured during the train, and aug-
mentation was measured 1.4 s after the train. Data were normalized to
the mean EPSC amplitude of the first nine data points at 0.2-Hz stimulation
frequency. Munc13-1/2 DKO cells rescued with bMunc13-2(A145-187)-
EYFP showed a significantly smaller facilitation and augmentation than
cells rescued with bMunc13-2-EYFP. (E) Changes in evoked EPSC ampli-
tudes, RRP sizes, and P,, at 1.4 s after a 10-Hz stimulation train. Data

rescued with bMunc13-2-EYFP (0.23 + 0.03 nC, n = 59, P
< 0.005; Figs. 4 B and S5 D). In accordance with the parallel
changes in evoked EPSC amplitude and RRP size, Munc13-1/2
DKO neurons expressing bMunc13-2(A145-187)-EYFP had a
vesicular release probability (P,,; 3.4% + 0.7%, n = 35) similar
to neurons expressing bMunc13-2-EYFP (3.0% = 0.4%, n =
59, P > 0.05; Fig. 4 C). Considering that bMunc13-2-EYFP
and bMunc13-2(A145-187)-EYFP were expressed at similar
levels in rescued neurons (Fig. S5 A), the differences in evoked
EPSC amplitudes and RRP sizes between cells expressing
bMunc13-2-EYFP or bMunc13-2(A145-187)-EYFP indicate
that the recruitment of bMunc13-2 to the AZ by ELKS1 binding
might determine the levels of bMunc13-2 at AZs and conse-
quently SV priming activity and are consistent with a reduction
of the RRP in neurons lacking ELKS1 and ELKS2 (Held et al.,
2016). Alternatively, the A145-187 deletion might affect the in-
trinsic priming activity of bMunc13-2.

We next studied the short-term synaptic plasticity char-
acteristics of Munc13-1/2 DKO neurons rescued with either
bMunc13-2-EYFP or bMunc13-2(A145-187)-EYFP in more
detail. We examined evoked EPSC amplitudes during and after a
10-Hz action potential train, normalized to the mean amplitudes
obtained with seven stimuli evoked at 0.2 Hz before the 10-Hz
train. Munc13-1/2 DKO neurons rescued with bMunc13-2—
EYFP showed frequency facilitation during the 10-Hz train,
with EPSC amplitudes increasing fivefold (5.1 + 0.5-fold, n =
87). At 1.4 s after the 10-Hz train, neurons were again stimu-
lated at 0.2 Hz. At this point, Munc13-1/2 DKO neurons res-
cued with bMunc13-2-EYFP showed a 10-fold augmentation
of evoked EPSCs (10.3 + 1.1-fold, n = 87). In contrast, Munc13-
1/2 DKO neurons rescued with bMunc13-2(A145-187)-EYFP
exhibited strongly reduced facilitation (2.9 + 0.3-fold, n = 83, P
< 0.008) and augmentation (5.0 + 0.4-fold, n = 83, P < 0.0001;
Fig. 4, D and E; and Fig. S5 E). Interestingly, the time courses
of facilitation and augmentation and the augmentation/facilita-
tion ratios were similar in cells expressing bMunc13-2-EYFP
or bMunc13-2(A145-187)-EYFP (Fig. S5 F). Along with the
reduced RRP in bMunc13-2(A145-187)-EYFP-expressing
cells (Fig. 4 B), these data indicate that the altered short-term
plasticity features of cells expressing bMunc13-2(A145-187)-
EYFP are a direct consequence of a perturbed basal priming
activity and not caused by defects in Ca?*-dependent priming,
which are typically seen with Munc13 variants that carry muta-
tions in Ca?*-dependent regulatory domains (Rhee et al., 2002;
Junge et al., 2004; Shin et al., 2010).

We found previously that the augmentation of EPSCs in
Munc13-2—driven synapses after 10-Hz stimulation trains is
caused by increases of the RRP size and P, (Rosenmund et

are normalized to the values measured before the 10-Hz stimulation. Ir-
respective of the bMunc13-2 variants expressed, all three parameters are
increased in the augmented state. The degree of EPSC amplitude and RRP
size augmentation was significantly larger in cells expressing bMunc13-2-
EYFP as compared with cells expressing bMunc13-2(A145-187)-EYFP (n
= 83-87 for EPSC amplitude augmentation and n = 22-28 for RRP size in-
creases), whereas the increase in P,, in the augmented state was similar in

the two groups (n = 11-12). (F) Similar absolute P,, values at 1.4 s after a
10-Hz stimulation train in cells expressing bMunc13-2-EYFP or bMunc13-
2(A145-187)-EYFP (n = 11-12); Student's ttest, P > 0.05. Note that the

ELKS1 binding-deficient construct bMunc13-2(A145-187)-EYFP failed to
rescue synaptic transmission in ~40% of Munc13-1/2 DKO neurons ana-
lyzed. These neurons were not included in any of the analyses shown. ***,
P < 0.01, Student’s ttest. Data are means + SEM.
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Figure 5. AZ recruitment of bMunc13-2 depends on the presence of ELKS1. (A) Immunohistochemical analyses of somatosensory cortex of control (ELKS1%)
and ELKS1 conditional KO mice (ELKS1¥f;Emx1Cre) using anti-bMunc13-2 and anti-Bassoon antibodies. The low-magnification image of the control brain
shows discrete bMunc13-2-positive signals, whose number was reduced in the ELKS1 conditional KO sample. Arrowheads in the high-magnification images
indicate bMunc13-2—positive structures. Bars: (low magnification) 50 pm; (high magnification) 5 pm. For images represented as heat maps, quantitative score
scales are presented at the bottom left of the respective image. (B) Quantification of the percentages of bMunc13-2—positive puncta among Bassoon-positive
puncta in control and ELKS1 conditional KO mouse cortex. Areas for analyses were selected based on the Bassoon signal (n = 5 images, Student’s ttest, ***,
P < 0.001). (C and D) Frequency distributions of the intensity of bMunc13-2 signals in control mice (ELKS1#) and ELKS1 conditional KO mice (ELKS1/%;Emx1-
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al., 2002). We examined the changes of RRP size and P,, 1.4 s
after 10-Hz stimulation trains in Munc13-1/2 DKO neurons
rescued with bMunc13-2-EYFP or bMunc13-2(A145-187)—
EYFP. For this purpose, we estimated RRP sizes by applying
the hypertonic sucrose solution before and after 10 Hz stimu-
lation trains. In the augmented state, RRP sizes were increased
in both bMunc13-2-EYFP- and bMunc13-2(A145-187)-EY-
FP-expressing cells. However, the RRP size increase was sig-
nificantly larger in cells expressing bMunc13-2-EYFP (3.2 =
0.3-fold, n = 28, normalized to basal, nonaugmented RRP sizes)
than in cells expressing bMunc13-2(A145-187)-EYFP (2.2 +
0.4-fold, n = 22, P < 0.005; Fig. 4 E). We next assessed P,
changes in the augmented state in a subset of cells. P, values
immediately after the 10-Hz train were increased to similar de-
grees in cells expressing bMunc13-2-EYFP (3.2 + 0.3-fold, n =
12, normalized to basal, nonaugmented P,, values) or bMunc13-
2(A145-187)-EYFP (2.9 + 0.4-fold, n= 11, P > 0.05; Fig. 4 E).
Absolute P, values in each group were almost identical (9.5%
+ 0.7% for bMunc13-2-EYFP, n = 12, vs. 9.7% =+ 1.4% for
bMunc13-2(A145-187)-EYFP, n = 11; Fig. 4 F).

Our electrophysiological data show that the ELKSI-
binding region of bMunc13-2 is a major determinant of its
priming function at AZs. The reduced EPSC facilitation
and augmentation seen with the ELKS1 binding—deficient
bMunc13-2(A145-187)-EYFP is likely caused by impaired
bMunc13-2(A145-187)-EYFP accumulation at AZs and the
resulting defect in basal SV priming.

Given the selective interaction and colocalization of bMunc13-2
with ELKST (Figs. 2, 3, S1, S2, S3, and S4) and the profound
defects in the SV priming activity of bMunc13-2 upon muta-
tion of its ELKS1 binding site (Fig. 4), we next tested whether
ELKS1 is required for the AZ recruitment of bMunc13-2. For
this purpose, we crossed a newly generated ELKS 1" mouse line
(Liu et al., 2014) with an Emx1-Cre mouse line (Gorski et al.,
2002) to examine if ELKS1 elimination affects the AZ localiza-
tion of bMunc13-2. The number of presynaptic Bassoon-pos-
itive compartments exhibiting high levels of bMunc13-2 was
reduced in the cortex of ELKS1%;Emx1-Cre mice as compared
with ELKS1% controls (Fig. 5, A-D) and the hilus of the dentate
gyrus (Fig. 5 E). In principle, this finding could be explained
by two scenarios: impaired recruitment of bMuncl3-2 to a
specific subset of synapses or a general reduction of synaptic
bMunc13-2 levels. To distinguish between these possibilities,
we examined the distribution of the staining intensities of
bMunc13-2 spots in ELKS17;Emx1-Cre and ELKS1" brains
(Fig. 5, C and D). We found that ELKS1f control tissue con-
tains a small population of bMunc13-2 spots with high label-
ing intensity, which are absent in ELKS175;Emx1-Cre samples.
These results indicate that ELKS1 is necessary for proper AZ
recruitment of bMunc13-2 in the intact brain.

Deletion of RIMs leads to increased detergent solubility
of Munc13-1, likely because the AZ anchoring of Munc13-1

is perturbed in the absence of RIMs (Andrews-Zwilling et al.,
2006; Kaeser et al., 2008). To test if ELKS1 has an analogous
function as regards bMunc13-2 solubility, we fractionated Tri-
ton X-100 soluble and insoluble fractions of cortical synapto-
somes from ELKS1";Emx1-Cre mice and ELKS17 controls.
Using Western blotting, we then determined the distribution
of bMunc13-2, which usually partitions predominantly into
the insoluble fraction. The insoluble synapse marker PSD95
and the soluble Rab regulator RabGDI (Rab GDP dissociation
inhibitor) were used as controls for the insoluble and soluble
fractions, respectively. Along with a strong reduction of ELKS1
levels caused by the conditional KO, bMunc13-2 levels in the
insoluble synaptosome fraction were significantly reduced in
ELKS1";Emx1Cre samples as compared with the ELKS1%
control, whereas bMunc13-2 levels in the soluble fraction or in
the homogenate showed no differences between ELKS17;;Emx-
1Cre and ELKS1f samples (Fig. 6), indicating that the loss of
ELKS1 leads to defects in AZ anchoring of bMunc13-2.

These results show that ELKS1 is required for proper AZ
targeting and anchoring of bMunc13-2. Hence, the specific in-
teraction of bMunc13-2 with ELKS1 is likely a key determinant
of the heterogeneous distribution of bMunc13-2 to distinct syn-
apse subsets of forebrain neurons.

ELKSs bind to AZ components such as RIM, Bassoon, Pic-
colo, and o-Liprin, indicating that they may regulate AZ
assembly and/or the function of their binding partners. To fur-
ther examine whether proper AZ recruitment of bMunc13-2
depends on its interaction with ELKS1, EGFP-tagged full-
length bMunc13-2 or bMunc13-2(A145-187) lacking the
ELKS1-binding domain were expressed in Munc13-1/2 DKO
neurons using lentiviral expression. Neurons were fixed with
PFA and stained with antibodies to GFP, ELKS1, and Bas-
soon. In mature cultures (1620 DIV), bMunc13-2-EGFP was
accumulated at presynaptic terminals and colocalized with
Bassoon whereas bMuncl13-2(A145-187)-EGFP showed
less colocalization with Bassoon (Fig. 7). Interestingly, the
colocalization of ELKS1 with Bassoon was also slightly re-
duced in bMunc13-2(A145-187)-EGFP—expressing neurons
(Fig. 7 D). Further, analyses of the distributions of labeling
intensities of bMunc13-2-EGFP puncta revealed a reduced
intensity of EGFP labeling in Bassoon spots in bMunc13-
2(A145-187)-EGFP-expressing neurons as compared with
bMunc13-2-EGFP-expressing neurons (Fig. 7, E-G).

These data show that bMunc13-2 recruitment to and/or
anchoring at AZs is regulated by ELKS1. Furthermore, they in-
dicate a certain degree of interdependence between bMunc13-2
and ELKS1 with regard to AZ recruitment.

To further test whether ELKS1 binding regulates bMunc13-2
anchoring at AZs, we used FRAP and investigated the dy-

Cre) as measured in all bMunc13-2 spots (C) and in bMunc13-2 spots colocalized with Bassoon (D). Note that a small population of bMunc13-2 spots with
high bMunc13-2 labeling intensity is present in control, but not ELKS1 conditional KO, tissue. n = 372 for control mice and n = 53 for ELKS1 conditional KO
in C; n = 35 for control mice and n = 16 for ELKS1 conditional KO in D. (E) Immunohistochemical analysis of the hilus of the dentate gyrus of control mice
(ELKS17) and ELKS1 conditional KO mice (ELKS1#f;Emx1-Cre) with anti-bMunc13-2 (red) and anti-Bassoon (green) antibodies. The low-magnification images
of the control brains (insets) show discrete bMunc13-2-positive signals, whose number was reduced in the ELKS1 conditional KO sample. Arrowheads indicate
bMunc13-2—-positive structures. Bars: (low -magnification, insets) 50 pm; (high magnification) 5 pm. Data are means = SEM.
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namics of bMuncl3-2 localization in presynapses. When
bMunc13-2-EGFP or ELKS1 binding—deficient bMuncl3-
2(A145-187)-EGFP were expressed in mature mouse hip-
pocampal Munc13-1/2 DKO neurons (16-20 DIV) using a
calcium phosphate transfection, EGFP signals were often dis-
tributed diffusely along axons (unpublished data), indicating
that the overexpressed bMunc13-2 proteins had saturated the
endogenous AZ anchoring machinery.

To circumvent this, we additionally overexpressed re-
combinant ELKS1 containing a nested tdTomato sequence
(tdTom-ELKS1). When corresponding neurons were fixed and
stained for Bassoon, most puncta positive for both tdTomato
and bMunc13-2-EGFP partially colocalized with endogenous
Bassoon, whereas puncta positive for only EGFP did not, indi-
cating that overexpressed tdTom-ELKS]1 recruits recombinant
bMunc13-2-EGFP to the presynapse (Fig. 8 A). Interestingly,
bMunc13-2(A145-187)-EGFP was also enriched at the Bas-
soon-positive puncta when coexpressed with tdTom-ELKSI
(Fig. 8 A), indicating that excess ELKS1 has the potential to
recruit bMunc13-2 to AZs via alternative pathways.

For FRAP experiments, synaptic fluorescence of
bMunc13-2-EGFP or bMuncl3-2(A145-187)-EGFP co-
localized with tdTom-ELKS1 was bleached rapidly with
high-intensity laser illumination, and FRAP at bleached syn-
apses was examined using time-lapse confocal microscopy
to infer bMunc13-2 dwell times (Fig. 8, B and C). Puncta of
bMunc13-2-EGFP at bleached synapses recovered gradually
in two phases (Fig. 8, C-E), each of which contributed ~50%
of the total FRAP (t, = 2.75 min, 42%; t, = 57.9 min, 58%;
n = 31 synapses, nine cells). These data indicate the presence
of two different bMunc13-2 pools at AZs. Both pools recover
gradually after photobleaching, indicating that bMuncl3-2
is not recruited to AZs in discrete transport packages, as may

005 010 015
Normalized bMunc13-2

tion with fluorescent secondary antibodies
(LICOR). The signals were then normalized
to the ones obtained with anti-PSD95 (for B),
anti-RabGDI (for C), and antitubulin (for D) an-
tibodies. n = 5 for control and n = 3 for ELKS-
#/f:Emx1-Cre mice for B and C; n = 4 for control
and for ELKS”:Emx1-Cre mice for D; Student’s
ttest, **, P < 0.01 for B, P = 0.756 for C, and
P = 0.90 for D. Data are means + SEM.

Intensity

occur during neuronal differentiation (Shapira et al., 2003). Be-
cause the time constant of free passive diffusion is ~1 s, the
fast phase of bMunc13-2-EGFP FRAP likely reflects a solu-
ble pool of bMunc13-2-EGFP that enters the synaptic terminal
by “buffered” diffusion and that associates with low-affinity
binding sites. In contrast, the slowly recovering pool likely
represents bMunc13-2-EGFP that is anchored and partially
immobilized at the AZ. Although WT bMuncl3-2-EGFP
showed a FRAP with two phases of equal weight, the major
fraction of ELKS1-binding—deficient bMunc13-2(A145-187)—
EGFP at synaptic terminals recovered within the fast FRAP
phase, whose time constant was very similar to that seen with
bMunc13-2-EGFP (t, = 2.74 min, 73%; t, = 24.6 min, 27%; n
= 31 synapses, seven cells; Fig. 8 E).

Our FRAP data show that the N-terminal ELKS1-binding
region of bMunc13-2 is a critical determinant of bMunc13-2
mobility at AZs, further supporting the notion that proper AZ
anchoring of bMuncl13-2 depends on ELKSI binding. Ac-
cordingly, further analyses showed that FRAP of bMunc13-2—
EGFP at synapses containing high tdTom-ELKSI1 Ilevels
is slower and less pronounced than at synapses with low td-
Tom-ELKST1 levels (Fig. 9).

Presynaptic AZs are late evolutionary acquisitions, and the
currently known AZ proteins are not expressed in plants or
fungi and rarely found in nonneuronal tissues. As members of
the Munc13 family of SV priming proteins at AZs are essen-
tial for SV exocytosis (Augustin et al., 1999b; Varoqueaux et
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Figure 7. ELKS binding regulates the recruitment of bMunc13-2 to AZs in cultured hippocampal neurons. (A and B) Munc13-1/2 DKO neurons expressing
the indicated bMunc13-2-EGFP fusion constructs. Neurons were costained for GFP, ELKS1, and Bassoon. bMunc13-2-EGFP expressed in Munc13-1/2
DKO neurons formed punctate structures and colocalized with immunostained Bassoon (A), whereas bMunc13-2(A145-187)-EGFP puncta showed
only partial colocalization with Bassoon (B). Note that ELKS1 showed colocalization with Bassoon in A and B. Bars, 5 pm. (C and D) Quantification of
the fractions of EGFP-positive (C) and ELKS1-positive (D) Bassoon spots in neurons expressing bMunc13-2-EGFP or bMunc13-2(A145-187)-EGFP. n >
25,000 spots were analyzed for EGFP, ELKS1, or Bassoon. Student's t test (**, P < 0.01; *, 0.01 < P < 0.05). (E) Tukey box and whisker plot for mean
intensities of EGFP and Bassoon signals (Bsn) in Bassoon spots of cultured neurons expressing bMunc13-2-EGFP (green) or bMunc13-2(A145-187)-EGFP
(red). Boxes represent values from upper and lower quartiles, horizontal lines represent medians, vertical lines cover 99% of all values, and outliers are
represented as filled circles. Bassoon puncta intensities show a slight reduction in bMunc13-2(A145-187)-EGFP-expressing neurons as compared with
Munc13-2-EGFP-expressing neurons (5.441 + 0.016, n = 16,850 in Munc13-2-EGFP-expressing neurons; 5.391 + 0.015, n = 18,208 in Munc13-
2(A145-187)-EGFP-expressing neurons; *, P = 0.0173). EGFP signals show a stronger intensity reduction in bMunc13-2(A145-187)-EGFP-expressing
neurons than Munc13-2-EGFP-expressing neurons (0.991 + 0.010, n = 16,850 in Munc13-2-EGFP-expressing neurons; 0.770 + 0.007, n = 18,208 in
Munc13-2(A145-187)-EGFP-expressing neurons; ***, P < 0.001). (F) Frequency distributions of EGFP signal intensities in Bassoon spots in bMunc13-2—
EGFP- (green) or bMunc13-2(A145-187)-EGFP-expressing (red) neurons. Note that bMunc13-2-EGFP-expressing neurons have a small fraction of Bas-
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al., 2002), their specific localization at AZs (Figs. 1, 3, 5, 7,
8,9, S2, S3, and S4; Betz et al., 1998; Rhee et al., 2002) is a
key determinant of the AZ restriction, speed, and efficacy of
neurotransmitter release.

The present data show that during evolution, different
Munc13s acquired different mechanisms for their specific AZ
targeting and anchoring. The C-terminal two thirds of all mam-
malian Munc13 sequences, the R modules, are conserved from
Drosophila (Unc13) and C. elegans (Unc-13). They contain
a C, domain, a C, domain (C,B), two Munc13 homology do-
mains, and a C-terminal second C, domain (C,C; Koch et al.,
2000). In C. elegans, the Unc-13 R module is associated with
one of two types of N termini, the M module or the L. mod-
ule (Kohn et al., 2000). Although the M module represents a
unique sequence that is not found in mammalian Munc13s, the
L module is homologous to the N termini of Munc13-1 and
ubMunc13-2. These contain another C, domain (C,A) and a
Ca?*/CaM-binding motif, which determine RIM-dependent AZ
recruitment and regulation, fast neurotransmitter release, and
Ca?*/CaM-dependent short-term plasticity in C. elegans and
mammals (Betz et al., 2001; Junge et al., 2004; Andrews-Zwill-
ing et al., 2006; Deng et al., 2011; Kaeser et al., 2011; Hu et
al., 2013). Thus, the LR-form of Unc-13 has been under strong
evolutionary selection pressure, whereas the M module was lost
during evolution, likely because it is neither selectively targeted
to nor anchored at AZs (Nurrish et al., 1999).

The organization of the mammalian Munc13-2 gene is
similar to that of C. elegans unc-13. Two promoters drive the
expression of a widely expressed ubMunc13-2 variant and a
largely brain-specific bMunc13-2 variant. The ubMunc13-2 N
terminus is homologous to the Unc-13 L module and to the N
terminus of Munc13-1, whereas bMunc13-2 contains a novel N
terminus instead of the L module. The two different Munc13-2
N termini are spliced into a common C-terminal sequence,
which is similar in all Munc13s. Like bMunc13-2, Munc13-3
contains a novel N terminus that is different from all other
Munc13 sequences apart from a short coiled-coil motif that is
52% identical to the ELKS1-binding motif in bMunc13-2 and
conserved at least from fish to Homo sapiens. We show here that
stoichiometric binding of this motif to ELKS1 (Fig. 2) mediates
a novel ELKS1-dependent AZ targeting process for bMunc13-
2, but not for Munc13-3, which does not bind ELKS]1.

It thus seems that in the case of the bMunc13-2 N termi-
nus, parallel evolution created a sequence motif that allows for
a novel AZ anchoring mechanism via ELKS1 binding, which
is analogous to the RIM-mediated mechanism that anchors ub-
Munc13-2 and Munc13-1 to AZs and regulates their activities
(Betz et al., 2001; Junge et al., 2004; Andrews-Zwilling et al.,
2006; Deng et al., 2011). In this regard, the type of bMunc13-
2-ELKSTI interaction described in the present study appears to
be a more recent evolutionary acquisition, whereas the interac-
tion between Munc13-1 or ubMunc13-2 and RIMs is phyloge-
netically older. This notion is supported by genetic studies in
C. elegans, which showed that Unc-13 and Unc-10 (RIM), but
not Unc-13 and ELKS, act in the same SV priming pathway
(Koushika et al., 2001; Deken et al., 2005).

The evolutionary selection pressure to conserve AZ an-
choring of Munc13-like proteins and a striking parallelity of
corresponding selection processes are also evident with regard
to Drosophila Munc13 proteins. As is the case for C. elegans
Unc-13 and mammalian Munc13-2, the Drosophila unc-13 locus
generates two Unc13 variants, Unc13A and Unc13B, with iden-
tical R modules but different N termini, which result from the
alternative use of two large exons. Fascinatingly, the N termini
of Drosophila Unc13A and Uncl13B are not related to those
of mammalian bMunc13-2 and ubMunc13-2 (or of C. elegans
Unc-13 MR and Unc-13-LR). Nevertheless, Brp, the Drosophila
homologue of ELKSs, binds directly to the Unc13A N terminus
and recruits Unc13A to AZs, although this interaction involves
an N-terminal region of Brp that is not related to the ELKS1
region that we identified as the bMunc13-2 interaction domain.
In other words, evolution created an AZ recruitment mecha-
nism in Drosophila that functionally resembles the bMunc13-2
interaction with ELKS1 described in the present study and
even involves the same protein types but uses completely dif-
ferent primary sequences and hence a different binding mech-
anism (Bohme et al., 2016).

Hippocampal neurons express Muncl3-1 and bMuncl3-2,
and synapses of such neurons exhibit synaptic depression if
they contain Muncl3-1, whereas frequency facilitation and
augmentation characterize synapses containing bMunc13-2
(Fig. 4; Rosenmund et al., 2002). Interestingly, individual
cultured hippocampal neurons equip the majority of their
synapses with Munc13-1 alone and only a subset of synapses
with Munc13-1 and bMunc13-2 (Fig. 1). Likewise, only a
small subset of synapses in hippocampus and cortex recruit
bMunc13-2 (Figs. 3 and S3). Such differential distribution of
Munc13s may determine the synaptic output mode of neurons
in a synapse-specific manner by conveying different short-term
synaptic plasticity characteristics and may thus directly affect
neuronal network function.

We discovered a mechanism by which synapses can be
equipped with either Munc13-1 alone or with Munc13-1 and
bMunc13-2. According to our earlier findings, Munc13-1 re-
cruitment to and anchoring at AZs depends on RIMs (An-
drews-Zwilling et al., 2006). Instead, AZ recruitment and
anchoring of bMunc13-2 requires ELKS1 (Figs. 5 and 6), so
that bMunc13-2 accumulates at a subset of synapses that are
distinctly enriched in ELKS1 (Figs. 3 and S3), but not at the
many other synapses with lower ELKSI levels. The upstream
processes that lead to the particular enrichment of ELKS1 at
defined subsets of synapses remain unknown but likely involve
extracellular and trans-synaptic signaling, such as via cell adhe-
sion proteins (Takahashi et al., 2011).

Different axon terminals of one and the same neu-
ron can exhibit different forms of short-term plasticity (e.g.,
depending on the target cell they contact within a neuronal
network; Reyes et al., 1998). Such synapse-specific differ-
ences in short-term plasticity can in principle have multiple

soon spots with high EGFP intensity. n = 16,850 for bMunc13-2-EGFP-expressing neurons and n = 18,208 for bMunc13-2(A145-187)-EGFP-expressing
(red) neurons. (G) Scatterplots showing relationships between mean intensities of EGFP and Bassoon signals in bMunc13-2-EGFP- (green) or bMunc13-
2(A145-187)-EGFP-expressing (red) neurons. Mean infensities were quantified from Bassoon and EGFP colocalizing spots. n = 1,549 for bMunc13-2—
EGFP-expressing neurons and n = 895 for bMunc13-2(A145-187)-EGFP-expressing (red) neurons. Data are means + SEM.
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Figure 8. ELKS binding anchors bMunc13-2 to AZs in cultured hippocam-
pal neurons. (A) Representative three-channel images of neurons express-
ing bMunc13-2-EGFP (top two rows) or bMunc13-2(A145-187)-EGFP
(bottom two rows) together with tdTom-ELKS1. Neurons were fixed and
stained with an anti-Bassoon antibody. Note that most of the recombinant
bMunc13-2 signals colocalizing with tdTom-ELKS1 were accumulated at
Bassoon-positive AZs (arrowheads). Bars, 5 pm. (B) Overview of axonal
terminals imaged in the FRAP experiment in C. The region of interest for the
FRAP experiment is indicated by the white box. Bar, 5 pm. (C) Images of
a representative FRAP experiment with bMunc13-2-EGFP in Munc13-1/2
DKO neurons. The synapse was bleached, and images were obtained at
2-min intervals for the first 10 min after bleaching and subsequently at 5-min
infervals. Images are shown at 10-min intervals after the first 10 min. (D)
Time course of FRAP at the synapse shown in C. (E) Mean FRAP time course
of the indicated bMunc13-2-EGFP constructs at synapses in Munc13-1/2
DKO neurons. The fluorescence recovery of bMunc13-2(A145-187)-
EGFP was faster as compared with that of bMunc13-2-EGFP. Solid lines

molecular causes, ranging from differences in the type or
abundance of presynaptic voltage-gated ion channels to het-
erogeneities in the composition of the SV priming and release
machinery, including Munc13s (Bao et al., 2010). However,
how such molecular and functional differences are gener-
ated at the level of individual presynapses is unknown. Based
on the data presented here, we propose that the ELKSI1-
bMunc13-2 interaction is a core component of a novel mo-
lecular mechanism by which differences in presynaptic
function can be brought about.

We used a FRAP approach to study the turnover of bMunc13-2
and bMunc13-2(A145-187) at AZs. For optimal performance
of the assay, we had to coexpress tdTom-ELKS1 along with
the bMunc13-2 variants. Although this is a caveat that has to
be considered in certain contexts (e.g., regarding absolute AZ
dwell times), our approach reliably detected differences in AZ
dwell times between bMunc13-2 and its ELKS1-binding—defi-
cient mutant. Our FRAP data indicate that the residence time of
bMunc13-2 at AZs is rather short (t = 57.9 min; Fig. 8). Sim-
ilar turnover rates were observed for the Drosophila Muncl3
homologue Dunc-13 at neuromuscular synapses (Aravamu-
dan and Broadie, 2003; Speese et al., 2003) and for mam-
malian Munc13-1 (Kalla et al., 2006). The AZ dwell time of
bMunc13-2 is dependent on ELKS1 binding and reduced if this
interaction is perturbed (Fig. 8) or synaptic ELKS1 levels are
low (Fig. 9). This indicates that ELKS1, which interacts directly
or indirectly with almost all other known AZ proteins and plays
a key role in AZ function (Liu et al., 2014; Held et al., 2016),
physically anchors bMunc13-2 at AZs. It thus appears that the
proteinaceous cytomatrix at AZs is created by protein—protein
interactions of substantial affinity, which are still readily revers-
ible in some cases. The high turnover rate of Munc13s at AZs
may represent an important basis for the fast and reversible ad-
justment of transmitter release efficacy and synaptic strength.

The present study shows that the perturbation of ELKS1 bind-
ing to bMunc13-2 has substantial consequences. First, ELKS1
binding—deficient bMunc13-2 is not properly targeted to AZs
(Fig. 7). Second, endogenous bMunc13-2 is not properly re-
cruited to AZs if ELKS1 is genetically eliminated (Figs. 5
and 6). Third, the synaptic turnover rate of bMunc13-2 is in-
versely correlated to synaptic ELKS1 levels (Fig. 9), and the
synaptic turnover rate of ELKS1 binding—deficient bMunc13-
2(A145-187) is faster than that of WT bMunc13-2 (Fig. 8).
Fourth, even when overexpressed at very high levels, ELKS1
binding—deficient bMunc13-2(A145-187) fails to functionally
rescue transmitter release in Munc13-1/2 DKO neurons in many
of the cells tested (Figs. 4 and S5). Fifth, even upon successful
rescue of transmitter release in Munc13-1/2 DKO neurons, ex-
pression of ELKS1 binding—deficient bMunc13-2(A145-187)
leads to aberrant SV priming and changes in synaptic short-
term plasticity (Figs. 4 and S5).

are mean traces measured for the two constructs. Dashed lines are results
of fitting with two exponential curves. Data for bMunc13-2-EGFP are from
31 synapses (nine cells), and data for bMunc13-2(A145-187)-EGFP are
from 31 synapses (seven cells). Data are means + SEM.
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Although it is possible that additional interactions of
bMunc13-2 with AZ proteins, involving regions outside the
ELKS1 binding motif described in the present study (i.e., resi-
dues 145-187 of bMunc13-2), contribute to the AZ recruitment
of bMunc13-2 (Fig. 8 A), our data show that (a) AZ accumulation
and anchoring of bMunc13-2 has to surpass a critical threshold
level to allow for efficient SV priming to occur and that (b) the
bMunc13-2-ELKSI1 interaction described here plays a substan-
tial role in this AZ accumulation process. Further, the reduced
evoked EPSC amplitudes, RRP, facilitation, and augmentation
observed in Munc13-1/2 DKO neurons expressing bMunc13-
2(A145-187) despite very high expression levels (Figs. 4 and
S5) show that the mere presence of bMunc13-2 in the proximity
of AZs is not sufficient to reconstitute full functionality. Rather,
bMunc13-2 has to be functionally integrated into the AZ scaf-
fold, and its absolute levels within AZs determine basal priming
activity and, consequently, short-term plasticity.

As far as AZ recruitment and ultimate functional con-
sequences are concerned, the ELKS1-bMunc13-2 interaction
described here is analogous to the RIM—Munc13-1 and RIM—
ubMunc13-2 interactions (Betz et al., 2001; Andrews-Zwill-
ing et al., 2006). RIM binding—deficient variants of Munc13-1
either do not or only partially rescue the priming deficit in
Munc13-1 KO neurons (Betz et al., 2001), and in RIM1a KO,
RIM1/2 DKO, and Munc13-1 KO neurons, short-term plas-
ticity characteristics are changed from a mainly depressing to
a partly facilitating and augmenting phenotype (Rosenmund et
al., 2002; Calakos et al., 2004; Deng et al., 2011; Kaeser et al.,
2011). As with bMunc13-2, these observations indicate that the
presynaptic levels of Munc13-1 have to pass a certain thresh-
old level and that Munc13-1 has to be integrated into the AZ
protein network for proper function. Importantly, though, RIMs
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Figure 9. Turnover of bMunc13-2 at AZs depends on ELKS1
levels. (A) Overview of axonal terminals imaged in the FRAP
experiment in B. The regions of interest for the FRAP experi-
ment are indicated by white boxes (a and b). Bar, 5 pm. (B)
Representative images of tdTom-ELKS1 (top) and bMunc13-2—
EGFP (second panels from top) before bleaching and recov-
ery of EGFP signals along the time course at synapses with
high (a) or low (b) tdTom-ELKS1 levels. (C) Mean FRAP time
courses of bMunc13-2-EGFP at synapses with high (black, n
= 22) or low (red, n = 22) levels of tdTom-ELKS1. Note the
more rapid recovery of bMunc13-2-EGFP at synapses with
low levels of tdTom-ELKS1 in B and C. Data are means + SEM.
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regulate the function of Munc13-1 and ubMunc13-2 beyond
AZ recruitment and anchoring by reversing the autoinhibitory
homodimerization of Munc13-1 and ubMunc13-2, which is me-
diated by the N termini of the respective Munc13s (Dulubova
et al., 2005; Deng et al., 2011). It is unlikely that ELKS1 exerts
a similar effect on bMunc13-2, because the dimerization motif
of Munc13-1 and ubMunc13-2 is not conserved in bMunc13-2.

Consistent with the data presented here, cultured hippo-
campal neurons of ELKS1/2 DKO exhibit diverse effects on SV
priming. Whereas excitatory hippocampal neurons show a 40%
reduction in RRP size upon ELKS1/2 DKO (Held et al., 2016),
no RRP deficit is observed at inhibitory synapses in the same
mutants (Liu et al., 2014). Our current dataset indicates a role of
the ELKS 1-bMunc13-2 interaction in SV priming but does not
explain all effects of ELKSs in SV priming. Complete loss of
Munc13-2 from cultured GABAergic or glutamatergic hippo-
campal neurons does not cause changes in SV priming because
Munc13-1 function dominates in these neurons (Varoqueaux et
al., 2002). Instead, Munc13-2 loss causes functional changes
in synaptic efficacy and plasticity only in defined microcircuits
and subsets of synapses in situ, such as in the CA3 region of the
hippocampus (Breustedt et al., 2010). It is therefore not unex-
pected that aberrant recruitment of bMunc13-2 in the absence
of ELKS1 as shown in the present study (Figs. 5 and 6) does not
lead to substantial changes in overall SV priming and that the
consequences of ELKS1 deletion for bMunc13-2 localization
and function can only be seen if detailed and synapse-specific
analyses are performed (Figs. 5 and 6), if bMunc13-2 is studied
in isolation (i.e., in the absence of other Munc13s; Figs. 4 and
S5), or if defined microcircuits and subsets of synapses are ex-
amined (Breustedt et al., 2010). In addition, it is possible that
the present and previous studies have partly underestimated the
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relevance of ELKS C-terminal sequences for synaptic transmis-
sion, because both ELKS genes contain sequences that express
f isoforms containing these C-terminal sequences at low abun-
dance (Kaeser et al., 2009; Liu et al., 2014) and that are not
removed in our ELKS1 and ELKS2 KO mice.

In any case, further studies on the functional role of the
ELKS1-bMunc13-2 interaction in the brain will require de-
tailed analyses of specific synaptic contacts and microcircuits
in ELKS1 or bMunc13-2 KO mice to show which synaptic
signaling processes depend upon the proper AZ recruitment of
bMunc13-2 by ELKS1 and which of the many examples of pre-
synaptic functional heterogeneity, particularly regarding short-
term plasticity, depend upon the ELKS 1-bMunc13-2 interaction.

Antibodies

A polyclonal guinea pig anti-bMunc13-2 antibody was generated
using GST-fused rat bMunc13-2(1-305) (GenBank accession no.
NM_022862) as the antigen. Anti-ELKS1 and anti-ELKS?2 rabbit poly-
clonal antibodies were raised against GST-fused rat ELKS1(73-185)
(GenBank accession no. NM_170788.2) and rat ELKS2(63-181)
(GenBank accession no. NM_170787.1), respectively. Antibodies were
affinity purified from the respective antisera using antigen proteins cou-
pled to HiTrap NHS-activated HP columns (GE Healthcare). Mouse
monoclonal (clone SAP7F407) anti-Bassoon antibody was from Enzo
Life Sciences. Guinea pig polyclonal anti-Bassoon and anti-Munc13-1
antibodies were from Synaptic Systems. Rabbit polyclonal and mouse
monoclonal anti-GFP (clone 3E6) antibodies were from MBL and Mo-
lecular Probes, respectively.

Mouse lines

Munc13-1 and Munc13-2 KOs (Augustin et al., 1999b; Varoqueaux et
al., 2002), ELKS2 KOs (Kaeser et al., 2009), the Emx 1Cre mouse line
(Gorski et al., 2002), and the ELKS1"f mouse line (Liu et al., 2014)
were published previously.

Immunocytochemistry and immunohistochemistry

Primary hippocampal neurons in autaptic culture were prepared
from Munc13-2EYFP KT mice (Cooper et al., 2012), We used a mod-
ified version of the microisland culture system (Burgalossi et al.,
2012), where astrocytes were cultured on a separate coverslip to
allow for medium conditioning while avoiding immunostaining
background contributed by astrocytes. First, dissociated neurons
were plated on 6-well plates with 32-mm-diameter glass cover-
slips that had been coated with poly-L-lysine using a stamp with
an array of 400 um x 400 pm microsquares. 2-3 d later, ~200-
mm? coverslip fragments with cultured astrocytes were placed into
the same wells with the neuron cultures. Autaptic neurons were
fixed with 4% paraformaldehyde in PBS and immunostained with
a rabbit polyclonal anti-GFP antibody, a guinea pig polyclonal
anti-Munc13-1 antibody, and a mouse monoclonal anti-Bas-
soon antibody for staining of Muncl13-2-EYFP, Munc13-1, and
Bassoon. Autaptic neurons were stained with a rabbit polyclonal
anti-ELKS1 antibody, a guinea pig polyclonal anti-Munc13-1 anti-
body, and a mouse monoclonal anti-Bassoon antibody for staining
of ELKS1, Munc13-1, and Bassoon. Primary cultured Munc13-1/2
DKO neurons expressing bMunc13-2-EGFP (Banker and Cowan,
1977) were fixed with cold methanol (—20°C) and immunostained
with a mouse monoclonal anti-GFP antibody and a guinea pig
anti-Bassoon antibody to label AZs, or with a rabbit anti-ELKS1

antibody. Primary cultured Munc13-1/2 DKO neurons expressing
bMunc13-2-EGFP and tdTom-ELKS1 (Banker and Cowan, 1977)
were fixed with 4% paraformaldehyde in PBS and immunostained
with a mouse monoclonal anti-Bassoon antibody. Tissue sections
prepared from control, Munc13-2 KO (Varoqueaux et al., 2002),
ELKS2 KO (Kaeser et al., 2009), and ELKS17;Emx1-Cre (Gorski
et al., 2002; Liu et al., 2014) mice were fixed with cold methanol
(=20°C) and immunostained with anti-ELKSI, anti-ELKS2, or
anti-bMunc13-2 antibodies, together with a mouse monoclonal an-
ti-Bassoon antibody (Stressgene).

YTH screens and binding assays

YTH vectors encoding the GBD in frame with the proteins of inter-
est were constructed in pGBDC2. A YTH screen using a mouse em-
bryo cDNA prey library in a modified pGAD vector, which encodes
GAD fusion proteins, and pGBDC2-bMunc13-2(1-605), which en-
codes GBD-bMunc13-2(1-605), as bait were performed as described
previously (James et al., 1996). Binding regions were mapped using
pGBDC2-based bait vectors encoding corresponding fragments of
bMunc13-2 or Munc13-3 (GenBank accession no. NM_173146) and
pGAD-ELKS1(771-976) as prey.

Expression vectors and protein expression

Bacterial expression vectors encoding GST and MBP in frame with
various sequences of ELKSs and bMunc13-2 were constructed in
pGEX-4T-1 (GE Healthcare) or pMalC2 (New England Biolabs, Inc.).
Recombinant proteins were expressed in and purified from Escherichia
coli strain BL21DE3 using glutathione—Sepharose 4B (GE Healthcare)
or amylose resin (New England Biolabs, Inc.). Lentivirus expression
vectors encoding bMunc13-2 variants in frame with a C-terminal
EGFP tag were constructed in a modified FUGW vector contain-
ing a synapsin promoter instead of a ubiquitin promoter (Lois et al.,
2002). The lentiviral construction vectors pMD2.G and pPCMVARS.2
were gifts from D. Trono (Ecole Polytechnique Fédérale de Lausanne,
Lausanne, Swizerland; Follenzi and Naldini, 2002; Barde et al., 2010;
Hsia et al., 2014). Semliki Forest virus expression vectors encoding
bMunc13-2 variants in frame with a C-terminal EGFP tag were con-
structed in pSCA1 (DiCiommo and Bremner, 1998). Mammalian ex-
pression vectors encoding bMunc13-2 variants with EGFP or EYFP
sequences attached at their C termini were constructed in pEGFP-N1
or pEYFP-N1 (BD) as described previously (Betz et al., 1998), and
vectors encoding bMunc13-2 and ELKS variants with EGFP, ECFP,
or EYFP attached at their N termini were constructed in pEGFP-C2,
pECFP-C1, or pEYFP-C1 (BD). A mammalian expression vector en-
coding rat ELKS1 (Wang et al., 2002) with a nested tdTomato sequence
between residues 140 and 141 (... SMASTVP-dtTomato-HSLRQ . . .)
of ELKS1 was constructed in pCMVS5. Primary cultures of hippocam-
pal neurons were prepared and transfected using the calcium phosphate
method (Dresbach et al., 2003) or infected with lentivirus (Follenzi and
Naldini, 2002; Barde et al., 2010) to express recombinant proteins and
used for immunocytochemistry.

Biochemical assays

For GST cosedimentation assays, 20 or 70 pg purified MBP-
bMunc13-2(1-305) was incubated with 20 pg GST-ELKS1(771-976)
(GenBank accession no. AF340028) or GST-ELKS2(751-969) (Gen-
Bank accession no. AY356530) immobilized on 50 ul glutathione—Sep-
harose 4B beads for 14 h at 4°C in A-buffer (20 mM Tris/HCI, pH 7.5,
1 mM EDTA, 1 mM DTT, 150 mM NaCl, 0.2 mM PMSF, 1 pg/ml apro-
tinin, and 0.5 pg/ml leupeptin) containing 0.1% Triton X-100 (Roche).
Beads were then washed with the same buffer, and bound proteins were
analyzed by SDS-PAGE and Coomassie Brilliant blue staining. For
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immunoprecipitations, synaptosomes prepared from Munc13-2EYFP KT
mouse hippocampi were solubilized at protein concentrations of 3 mg/
ml in A buffer containing 0.8% sodium cholate (Wako Pure Chemical
Industries) and incubated on ice for 30 min. After diluting the sample
with the same volume of A-buffer containing 1% Triton X-100, all sub-
sequent procedures were performed as described previously (Betz et
al., 1998) using antibodies to GFP (Abcam).

FRET and FRAP analyses

For FRET analysis, primary rat hippocampal neurons were trans-
fected with plasmids encoding ECFP-bMunc13-2(70-204) and
EYFP-ELKS1(771-976) or with the positive control construct
pECFP-15AA-EYFP encoding an ECFP-EYFP fusion protein with
a 15-residue linker. Cells coexpressing ECFP and EYFP were used
as a negative control. After expression for 96 h, FRET measurements
were performed as described previously (Neculai et al., 2005). For
FRAP imaging experiments shown in Fig. 8, neurons were cultured
on a glass-bottom culture dish (ibidi) and incubated in a Hepes-buft-
ered growth medium, pH 7.4, without perfusion. Neurons were ob-
served using a confocal laser scanning microscope (ZEISS LSM 510
Meta) with a 40x oil-immersion objective lens (numerical aperture,
1.3). The system was controlled by ZEISS Zen software combined
with the Multiple Time Series macro (ZEISS). The temperature of the
culture dish and objective lens were adjusted to 37°C by Tempcon-
trol 37-2 digital (ZEISS). An argon laser was used to excite EGFP
at 488 nm, and a long-pass 505-nm filter was used to read the fluo-
rescence emissions. To correct focal drift during imaging, we used
the autofocus macro of the ZEISS LSM software and averaged seven
frames scanned at seven different focal planes spaced at 1.0-um in-
tervals. Images were collected at 512 x 512—pixel resolution (pixel
size, 0.22 x 0.22 um). Synaptic fluorescence of bMunc13-2-EGFP or
bMunc13-2(A145-187)-EGFP colocalized with tdTom-ELKS1 was
imaged in live neurons. EGFP puncta colocalizing with tdTomato
signals were bleached. Photobleaching was achieved by transiently
increasing the excitation power to 30-50%, scanning only the synap-
tic boutons of interest 50 times (total of 160 ps per pixel). For FRAP
experiments shown in Fig. 9, neurons on a glass-bottom culture dish
(ibidi) in the growth medium were monitored with a Nikon Eclipse
Ti microscope equipped with hardware autofocus (Perfect Focus), a
spinning-disk confocal unit (W1; Yokogawa Electric Corporation),
and an Andor FRAPPA unit used for bleaching. During imaging,
the humidity, temperature, and CO, concentration of the culture
were maintained at 95-98%, 37°C, and 5%, respectively. Fluores-
cence generated by transduced neurons was observed with a 100x
oil-immersion objective lens (numerical aperture 1.49) upon 488-nm
and 561-nm sequential laser excitation for the EGFP and tdTomato
fluorophores, respectively. Z-drift was automatically compensated
during the acquisition of 1,024 x 1,024—pixel images (pixel size,
0.129 x 0.129 pm). XY-drift was compensated with NIS Elements
version 4.50. The intensity of tdTomato relative to prebleaching
EGFP was estimated from 148 bleached synapses. FRAP of EGFP
from synapses representing the top and bottom 15% of the relative
tdTomato intensities (n = 22 for each) were collected to assess FRAP
at synapses with high and low levels of tdTom-ELKS1.

Neuron cultures and electrophysiology

Autaptic cultures were prepared as described previously (Jockusch et
al., 2007; Burgalossi et al., 2012). bMunc13-2-EGFP variants were
expressed using the Semliki Forest virus system. Cells were infected
at 10-14 DIV and measured 48 h after infection. Infected cells were
identified by their EGFP fluorescence. Sucrose pulse experiments were
performed by applying 0.5 M sucrose in standard extracellular solution

(Rosenmund and Stevens, 1996). Data are expressed as mean + SEM.
Significance was determined using Student’s ¢ test.

Subcellular fractionation of mouse cerebral cortex

Cerebral cortices were isolated from mice of the corresponding gen-
otypes, and synaptosome fractions were prepared based on published
procedures (Kawabe et al., 2010) with slight modifications. In brief,
cortices were homogenized and fractionated by ultracentrifugation
using a discontinuous sucrose density gradient. Then, 2.5 mg of purified
synaptosomes was incubated in the presence of 1% Triton X-100 at 4°C
for 30 min, and the insoluble fraction was sedimented by centrifugation
(32,800 g, 20 min). The pellet of insoluble material was resuspended in
the starting volume of extraction buffer, and identical volumes of solu-
ble and insoluble fractions were separated by SDS-PAGE, transferred
to polyvinylidine fluoride or nitrocellulose membranes, and analyzed
by Western blotting. Data are expressed as means + SEM, and signifi-
cance was determined using Student’s # test.

Image acquisition, analysis, and statistics

All images for statistical analyses of immunostained brain sections and
cultured neurons were acquired with 20x, 40x, or 63x immersion objec-
tive lenses using Leica confocal laser scanning microscopes (Leica AOBS
SP2 or Leica SP5 equipped with hybrid detectors; Leica Biosystems).
Optical sectioning was achieved with a 1 airy unit pinhole setting. The
acquisition settings were optimized to avoid underexposure and oversat-
uration effects and kept equal throughout image acquisition of one set of
control vs. mutant samples. Other images were acquired using an Olympus
BX61 microscope with 40x or 60x objective lenses. The exposure time
was kept identical throughout image acquisition of one set of control
versus mutant samples. Signals from cultured neurons for colocalization
studies were acquired at Nyquist limit sampling rate and deconvolved by
Huygens deconvolution software version 15.1 (Scientific Volume Imag-
ing). All thresholding and analyses were performed with identical settings
for a given set of images acquired from control versus mutant samples.
Localized Gaussian blur or background subtraction were implemented
using IMARIS 8.30 (Bitplane) or Fiji (Schindelin et al., 2012) to reduce
noise and/or uneven background signals to ultimately ensure more accu-
rate local maxima detection for spot and mask generation. When centers
of two 3D spots were closer than 150 nm in cultured neurons or 200
nm in tissues, they were judged as colocalized spots by IMARIS 8.30
(Bitplane). Alternatively, colocalizing spots were identified with Fiji via
pixel-by-pixel multiplication of binarized versions of the two respective
stainings. Kaleidagraph (Synergy Software), Instat, or Prism 5 (GraphPad)
software was used for statistical analyses. Two independent groups with
similar sample numbers were compared with Student’s # test. More than
two groups were compared with one-way analysis of variance test, and
Tukey—Kramer multiple comparisons test was applied for comparisons
of two groups. Data are expressed as means + SEM (***, P < 0.001; **,
0.001 <P <0.01; *,0.01 <P <0.05).

Online supplemental material

Fig. S1 shows data of the FRET analysis of the bMunc13-2-ELKS1
interaction in neurons. Fig. S2 shows the validation of the specificity of
antibodies to ELKS1, ELKS2, and bMunc13-2 for immunohistochem-
ical staining. Fig. S3 shows the preferential recruitment of bMunc13-2
to ELKS1 enriched synapses in the hippocampus. Fig. S4 shows data
on the degree of colocalization of ELKS1 and Munc13-1 in autaptic
hippocampal neurons. Fig. S5 shows data on the expression levels of
the bMunc13-2 constructs used for electrophysiological experiments
and additional electrophysiological data on the synaptic role of the in-
teraction between bMunc13-2 and ELKS1.
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