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is a presynaptic protein with a central function in the
preparation of synaptic vesicles (SVs) for fast exocytosis.'®°
Munc13—1 is expressed in the majority of neuronal subtypes in
the central and peripheral nervous system, as well as in some
neurosecretory cell types including chroma n cells or insulin-
releasing beta-pancreatic cells.”*“* In neurons, Munc13—1
resides in the active zone, a protein-dense compartment at the
presynaptic membrane where SVs undergo fusion, and it is
absolutely essential for synaptic transmission. At the molecular
level, Muncl3—1 catalyzes the formation of SNARE
complexes, that link the SV membrane with the presynaptic
plasma membrane, thus making SVs fusion-competent.“>*
Munc13—1 function sets multiple synapse properties, including
synaptic strength, the release probability of SVs, the rate of SV
replenishment after depletion, and synaptic plasticity.****~
In humans, genetic variations in the UNC13A gene are
associated with a neurodevelopmental syndrome,®* and
noncoding intronic variants are among the strongest genetic
risk factors for the neurodegenerative conditions amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia
(FTD).34,35

Alongside changes in its function, the arrangement of
Muncl3—1 molecules at the active zone has been deemed
critical for shaping synaptic transmission properties. In D.
melanogaster neuromuscular junction synapses, the Muncl13—1
ortholog Unc13a forms rings 70 nm around voltage-gated
Ca?* channels, contributing to the strong temporal coupling of
synaptic transmission and Ca?* influx triggered by an action
potential.***" Upon synapse silencing, Unc13a expression is
altered, with results pointing to an increase in the expression
levels of Unc13a® and/or compaction of the already-available
Unc13a,* both associated with a homeostatic increase in
synaptic strength. In mammalian synapses, Muncl3—1 is
arranged in nanoclusters and the number of nanoclusters is
positively correlated with the strength of glutamate release.*
Cryo-EM analysis and models based on the crystal structure of
Muncl13—1 promote the view that Muncl3—1 forms
hexameric rings surrounding one synaptic vesicle, acting in a
cooperative manner to drive fusion.*"*# These rings have not
been resolved in synapses yet, and, in general, tools are still
lacking to visualize dynamic changes of the Muncl3-1
nanoarchitecture in mammalian synapses.

Here, we present a novel CRISPR/Cas9 knock-in mouse
line (Unc13a°™4), in which we inserted a SNAP tag cassette at
the endogenous Uncl3a gene locus, to generate a Munc13—1
protein variant that is C-terminally fused to a SNAP tag
(Munc13-1-SNAP). We validate this mouse line and inter-
rogate neurons via confocal, stimulated emission-depletion
(STED) microscopy, and live cell imaging at confocal and
super-resolution. Due to the complex nature of cultured
neurons and brain tissue used, and because Muncl3—1 is a
protein with a moderate to low expression level,** we evaluated
the performance of several SNAP tag substrates for e cient
labeling. We tested the bright and stable far-red SNAP dyes
BG-JFg** and BG-SiR-d12,*° and, in addition, their
membrane impermeable variants, SBG-JFg,™> and SBG-SiR-
d12, the synthesis and characterization of which we present
here. Munc13—1 is a cytosolic protein and should not be
labeled by membrane impermeable dyes, but given that some
of our experiments were dealing with fixed and permeabilized
preparations, we hypothesized that the charge originally
installed to prevent membrane permeability may be useful in
reducing background levels by repulsion. We report here that
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SBG-SiR-d12 successfully labels Muncl13-1-SNAP in fixed
cultured neurons and brain slices, with excellent performance
in terms of brightness, specificity, and signal-to-noise ratio.
Labeling using SBG-JFg4s however, produced a substantial
degree of background. We conclude that repurposing SBG-
SiR-d12 for staining in permeabilized preparations is a
promising approach to enhance labeling quality in complex
samples, in cases where membrane permeability is irrelevant.
We also conclude that the Unc13a™A" mouse line enables the
detection of synapses and active zones at multiple scales in live
and fixed neurons, and thus may be used to characterize their
rapid dynamics and plasticity in vivo or in vitro.

We opted to generate a mouse model where endogenous
Muncl13—1 is C-terminally fused to a SNAP tag, with the two
protein modules separated by a short and flexible 9 amino acid
long linker (sequence: (GGS),; Figure 1A). Supporting our
design strategy, we relied on a previously generated knock-in
mouse line where an enhanced yellow fluorescent protein
(YFP) was added C-terminally to the Unc13a sequence.”® A
structural model of Muncl13—1-SNAP generated by Alpha-
Fold3*" (Figure 1B) predicts three important features; i.e., (1)
the addition of the SNAP tag likely does not change the
Munc13—1 structure, (2) the SNAP tag likely does not exhibit
protein—protein interactions with Munc13—1, and, impor-
tantly, (3) the C-terminal C2C domain likely remains
structured and accessible to protein—protein or protein—lipid
interactions, both of which are critical for Munc13—1 function
in SV priming and thus for setting the strength of
neurotransmission, **~>°

The Unc13a"T allele (Figure 1A) was targeted by site-
directed CRISPR-Cas9 mutagenesis. The correct integration of
the SNAP tag sequence was validated by long-range location
PCRs (see Materials and Methods and Supporting Information
for further information). In subsequent PCR analysis in
genomic DNA from wild-type (WT), heterozygous (Un-
¢13aVT/SNAP) “and homozygous (Unc13aSNAP/SNAPY knock-in
mice, we were able to amplify a DNA fragment spanning the
last Uncl3a exon and the SNAP tag cassette sequence
(Unc13asN4® allele), confirming correct integration and
enabling routine mouse genotyping (Figure 1C and Supporting
Information).

The resulting homozygous Unc13aNA" mice (Un-
132 ENAPIBIos) " \yere vigble and fertile and exhibited no
observable changes in survival, breeding performance, or cage
behavior. Monitoring the well-being of the mice to adulthood
(up to 8 months of age), we did not observe burden inflicted
by the genetic modification. Because Munc13—1 loss results in
perinatal lethality shortly after birth,”® we conclude that the
Munc13—1-SNAP fusion protein is functional.

Next, we evaluated the expression levels of Munc13—1 by
Western blot analysis in crude synaptosome fractions (P2)
from WT, heterozygous, and homozygous mouse brains. We
found a nonsignificant, mild reduction in the expression levels
of Munc13—1-SNAP in comparison to the Muncl3—1 WT
protein (Figure 1D, E). Interestingly, in samples from
heterozygous mice, the expression levels of the WT
Muncl13—1 protein appeared higher than that of the tagged
Muncl13—1 (Figure 1D, middle lane), which may indicate
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Figure 2. Validation of Munc13—1 localization in hippocampal neurons of Unc13a*N*Pmice. Example images of cultured hippocampal neurons
from WT (A) and Unc13asNP/SNAP mouse brains (B), immunolabeled with antibodies (Ab) against Munc13—1, the active zone marker Bassoon,
and MAP2 (scale bar: 5 um; inset, 2 pm). On the right: magnification of the regions indicated by white boxes in the merged image. Quantification
of (C) the fluorescence signal intensity arising from antibody labeling of Munc13—1 and (D) the fluorescence signal intensity arising from antibody
labeling of Bassoon in neurons from WT and Unc13a>NP/SNAP mice, from images as in A and B. (E) Colocalization of Munc13—1 within Bassoon-
labeled regions of interest, evaluated according to the Pearson’s correlation coe cient. In all violin plots, lines represent the median and 25% and
75% quartiles. Statistical significance was evaluated using a two-tailed Mann—Whitney test, n values represent the number of analyzed images,
which were obtained from 3 independent experiments per condition (see Table S1 for a summary of the parameters used during microscopy

experiments). A.U.: arbitrary units.

slightly reduced stability of the tagged protein in the presence
of the WT form. This phenomenon has also been reported for
the Munc13—1-eYFP fusion protein,*® and should be
considered when working with heterozygous mice. Next, we
established the expression of the SNAP tag cassette in samples
from heterozygous and homozygous Unc13a*N? mice (Figure
1D), and excluded the presence of truncated Muncl3-—1-
SNAP protein fragments, highlighting the stability of the
tagged protein variant (Supporting Information, Figure S2).
Finally, we found no change in the expression level of the
major Muncl3—1 interacting proteins Syntaxin 1A/B and
RIM1 (regulating synaptic membrane exocytosis protein 1), as
well as in the levels of Synapsin 1 in synaptosomal fractions
from Unc13aSNAP/SNAP mouse brains and WT  littermate
samples (Figure 1F). To confirm that the Munc13—1-SNAP
fusion protein is fully functional, we conducted an electro-
physiological analysis of synaptic transmission in glutamatergic
excitatory neurons obtained from WT or Unc13aSNAP/SNAP
littermate brains. We did not observe statistically significant
changes in the pattern or in the magnitude of synaptic
transmission parameters, with the exception of a statistically
significant increase in the frequency of miniature excitatory
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postsynaptic currents frequency (Supporting Information,
Figure S1). We conclude that the genetic integration of a
SNAP tag at the C-terminus of Munc13—1 does not lead to
overt changes in Munc13—1 function or expression.

To provide additional evidence to support the proper
expression of Munc13—1-SNAP in Unc13a®*" neurons, we
performed immunocytochemical analysis in hippocampal
neuron cultures from littermate WT and Unc13aSNAP/SNAP
mouse brains (Figure 2A, B; Table S1). We immunolabeled
the neurons with (1) an antibody against the Munc13—1
protein, (2) an antibody against Bassoon, a presynaptic active
zone marker, and (3) an antibody against MAP2, to label the
dendritic extensions of the neuron. We quantified the
expression levels of Munc13—1 in WT and in Unc13aSNAP/SNAP
samples based on the Muncl3—1 signal intensity within
regions of interest defined by the Bassoon signal, and found no
changes between samples (Figure 2C). We also quantified the
intensity of the signal arising from the labeling of Bassoon and
found no di erences between the two genotypes (Figure 2D),
indicating that the expression of Munc13—1-SNAP does not
change the expression levels of Bassoon. To evaluate whether
Munc13—1-SNAP is correctly localized in the active zone, we
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Figure 3. Development of SBG-SiR-d12 and validation of the SNAP tag functionality in cultured, fixed hippocampal Unc13a™A" neurons. (A)
Chemical structures of silicone rhodamine variants for SNAP tag labeling, including SBG-SiR-d12 developed here. (B,C) Example images of fixed
cultured hippocampal neurons from WT (B) and Unc13a*NAP/SNAP (C) mouse brains, immunolabeled with the SNAP tag compounds BG-JFg,e,
SBG-JFg6 BG-SiR-d12, and SBG-SiR-d12, as well as with antibodies (Ab) against Munc13—1, Bassoon, and MAP2 (scale bar: 10 um; inset, 2
pum). The location of the magnified regions below each image are indicated by the white box in the merged image. (D) Quantification of the
fluorescence signal intensity arising from Munc13—1-SNAP labeling by BG-JFg4, SBG-JFg46, BG-SiR-d12, SBG-SiR-d12, in neurons from WT and
Unc13aSNAP/SNAP mice. (E) Colocalization of signals arising from simultaneous Munc13—1 labeling by an anti-Munc13—1 antibody and via the
SNAP tag, using Pearson’s correlation coe cient. In the violin plots, lines represent the median and 25% and 75% quartiles. In all figures, n
represents the number of images analyzed, and a two-sided Kruskal—Wallis test followed by Dunn’s test for multiple comparisons was used to
determine statistical significance. Data was obtained in three independent experiments (Table S1). A.U.: arbitrary units.
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