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Extended Data Fig. 2 | Clinical and/or genetic information for patients 3  
and 4. a, Photographs of patient 3 harboring a pathogenic homozygous variant 
c.523+6 T > C in intron 7 of UNC13A. b, UNC13A c.523+6 T > C variant exhibits a 
strong, deleterious splicing impact leading to exon 7 skipping (a.u., arbitrary 
units). c, d, Neurophysiologic findings at Nasalis muscle in repetitive nerve 
stimulation (RNS) recordings. c, Decrementing response (19.7%) induced by  

low-frequency (3 Hz) repetitive nerve stimulation. d, Incrementing response 
(17.8%) induced by high-frequency (20 Hz) repetitive nerve stimulation. The 
findings are compatible with a compromised presynaptic neuromuscular 
junction function. e, A three-generation pedigree illustrating two affected 
cousins, patients 4a and 4b, harboring identical pathogenic homozygous 
variants p.(R202H) in UNC13A.
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Extended Data Fig. 3 | Minigene in vitro analysis of three UNC13A intronic 
variants. a, b, UNC13A c.767+1 G > T (intron 9) and c.4073+1 G > A (intron 34) 
variants inherited in compound heterozygous state exert strong, deleterious 
impact on UNC13A exon 9 (a) and exon 34 splicing (b), respectively. c, an UNC13A 

c.2186+5 G > A variant (intron 18) inherited in a homozygous state revealed 
strong, deleterious impact on UNC13A exon 18 splicing. All events are predicted 
to cause mis-splicing and downstream nonsense-mediated mRNA decay. a.u., 
arbitrary units.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Electrophysiological characterization of UNC13AR799Q 
and UNC13AN1013S in Unc13a/b DKO neurons reveals no evidence for variant 
pathogenicity. a-l, Data obtained from neurons expressing UNC13AWT (gray) or 
UNC13AR799Q (brown). a, Example traces of spontaneous miniature excitatory 
postsynaptic currents (mEPSCs), and b, quantification of mEPSC frequency and 
c, mEPSC amplitude. d, Example traces and e, quantification of the charge 
transfer during a single action-potential evoked excitatory postsynaptic currents 
(eEPSCs). f, Example traces and g, quantification of the readily-releasable pool of 
SVs by application of hypertonic sucrose. h, Average vesicular release probability 
p̄vr. i, Changes in eEPSC amplitude in response to PDBu application during a 

0.1 Hz action potential stimulation recorded in UNC13AWT (gray) or UNC13AR799Q 
(brown) expressing neurons. j,k, Averaged time courses of normalized eEPSC 
amplitudes, before, during and after a high-frequency action potential train at 
10 Hz (j) or 40 Hz (k), for the indicated genotypes. l, Replenishment rate constant 
calculated based on a single-pool model58 for neurons of the indicated 
genotypes. m-x, similar data for neurons expressing UNC13AWT (gray) or 
UNC13AN1013S (purple). Bars and circles in a-h, l, m-t and x represent means and 
values for individual neurons, respectively. Error bars, s.e.m. Statistical analysis: 
two-tailed Mann-Whitney test. See Supplemental table 2 and 3 for further details.

http://www.nature.com/naturegenetics
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Extended Data Fig. 5 | Landscape of the UNC13A disorder. a, Illustrations of 
the synapse (left) and the core molecular machinery of the active zone (right). 
Variations in the genes encoding for these proteins are cause for SNAREopathy 
disorders. b, Spectrum of pathogenic variants, patterns of inheritance and 
associated phenotypes reported for genes encoding neuronal SNAREs and 
associated AZ proteins. Frequency of diverse disease-causing variants and their 
patterns of inheritance are shown based on the data in the Human Gene Mutation 
Database (HGMDv.4.1). Size of circles corresponds to the frequencies of reports 
in the literature with respective numbers labelled. Spectrum of associated 
phenotypes derived from clinical synopses in OMIM, GeneReviews and HGMD 

is shown with light blue boxes for each gene. AD, autosomal dominant; AR, 
autosomal recessive; ASD, autism spectrum disorder; CNV, copy number 
variant; DD, developmental delay; ID, intellectual disability; LGD, likely gene 
disrupting. c, Summary of the key data defining the UNC13A condition, stratified 
according to the three subtypes defined in the present study. d, Summary of 
the key experimental findings for each of the characterized disease variants. 
The data is normalized to the respective control (dotted vertical lines) to allow a 
comparison of magnitudes and directions of variant-associated changes. SEMs 
were calculated by Gaussian error propagation. Data for the P814L variant are 
obtained from24. N.A; not analyzed, N.D; not determined.

http://www.nature.com/naturegenetics
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Extended Data Fig. 6 | UNC13A disease variants do not affect UNC13A stability 
in HEK293FT cells. a, A GFP-P2A-UNC13A-FLAG (top) is cleaved in cells to 
produce two fragments (bottom), GFP and UNC13A-FLAG. b, An example blot 
including total protein stain (up), an anti-FLAG immunoblot (IB; middle), 
and an anti-GFP immunoblot (down) from one of four experiments used to 
determine the expression level of UNC13A-FLAG with or without disease variants 

in comparison to that of GFP. c, Changes in the ratio of UNC13A-FLAG to GFP 
intensity were statistically not significant, which agrees with the notion that 
disease variants do not interfere with UNC13A stability. Circles represent four 
independent biological replications. Error bars represent ± SEM. Statistical 
anaylsis: Kruskal-Wallis test.

http://www.nature.com/naturegenetics
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Extended Data Fig. 7 | Molecular Dynamics (MD) simulation predicts variant-
specific reorganization of the UNC13A C1 domain. The C1 domain structure 
is maintained by a zinc-cluster104. Two Zn2+ ions are coordinated each by one 
histidine and three cysteine residues105. C587, in which a disease variation was 
found, and H554 (H567 in the rodent UNC13A homolog; Fig. 5d) are Zn2+-
coordinating residues. The finding that the C587F variant has a minor effect on 
basal synaptic transmission properties is surprising, because knock-in mouse 
neurons expressing a H567K mutation that abolishes PDBu/DAG binding14,15,49 
have impaired synaptic transmission properties. To understand the cause of 
this difference, we compared the effect of H554K and C587F on the structural 
integrity of the human UNC13A C1 domain using molecular dynamics (MD) 
simulations. The human UNC13A models comprising the C1, C2B, and MUN 
domains (residues 505 to 985) were predicted with Alphafold289 using the 
UniProt sequence Q9UPW8 as input. We ran five independent 1 µs-long MD 

simulations for the WT protein, H554K, C587F, and for other disease variants 
as controls (see materials and methods). a, Averaged dipole moments of the C1 
domain during the last 250 ns of five simulations (black dots). We did not observe 
unbinding of the Zn2+ ion or unfolding of the domain within the simulation time 
period. b, Representative snapshots of the Zn2+ ion binding pocket in the WT 
UNC13A C1 domain and in the UNC13A C1 domain carrying the C587F and H554K 
substitutions, after 1 µs MD simulations (‘relaxed’) compared to the initial state. 
The Zn2+ ion is represented by as a blue sphere. The adjacent E586 replaces F587 in 
the coordination of the Zn2+ ion, but not K554. c, The averaged minimal distances 
between Zn2+ and E586 of the last 250 ns of five independent MD simulations 
(black dots). The structural and electrostatic changes observed in MD simulations 
support the notion that C587F exerts a different effect on the C1 domain structure 
than H554K, although both abolish PDBu sensitivity. In a and c the standard 
deviation is indicated by black bars. Averages are highlighted as gray dots.
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Extended Data Fig. 8 | The UNC13A R202H disease variant leads to reduced 
synaptic strength and enhances short-term facilitation and augmentation. 
Recordings in autaptic hippocampal neurons were made in the presence of 2 mM 
Ca2+/2 mM Mg2+ in the extracellular solution. a, EPSC charge, b, RRP size and c, the 
average vesicular release probability p̄vr  are reduced in UNC13AR202H-expressing 
neurons. Note that p̄vr  was unchanged under the experimental conditions in  
Fig. 3. d, Potentiation of the EPSC amplitude by the DAG analog PDBu is stronger 

in UNC13AR202H-expressing neurons. e,f, Stronger facilitation during and larger 
augmentation after AP trains at 1 Hz or 10 Hz are observed in neurons expressing 
UNC13AR202H. Note that before and after the high frequency trains, EPSCs were 
probed at frequency of 0.2 Hz, and not at 0.1 Hz as in the rest of the manuscript. 
Bars and circles in a-d represent means and values for individual neurons, 
respectively. Error bars represent ± SEM. Statistical anaylsis: two-tailed 
Mann-Whitney test.

http://www.nature.com/naturegenetics
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guardians were obtained by the respective research teams and institutions for data use and publication, including 
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Sample size Sample size calculations for each of the recorded parameters were not performed prior to these experiments. In general, for the 
electrophysiological experiments presented, we were interested in detecting large and therefore likely biologically significant effects, i.e. 
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Data exclusions In electrophysiological experiments, all data which fulfilled the quality criteria (e.g. leak current etc) was included in the analysis. No 'outliers 
detection' or related procedures were applied. 

Replication Data was collected from two or more cultures. In the vast majority of experiments, data was independently obtained by two experimenters 
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Replication (Figure 3 - in different laboratories, in Figures 4-7 by different experimenters), to ensure reproducibility of the observations. Approximately 
equal numbers of WT and Munc13-1-variant recordings were obtained during each measurement day. 

Randomization Randomization was not used in this study, as it is not relevant in the experiments described here.

Blinding Blinding was not used in this study. Instead, for each of the variants, recordings were performed by two or three independent experimenters 
and across two or three different labs, and all phenotypes were confirmed.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Antibody; Source; Dilution used; RRID; Identifier; clone ID (when relevant)   

Ab 1. Mouse monoclonal GFP; Merck Millipore; 1:250; AB_94936; MAB3580, Clone ID: N/A 
Ab 2. Rabbit polyclonal VGLUTl; Synaptic Systems; 1:1000; AB_887877; 135 302  
Ab 3. Guinea pig polyclonal Shank 2; Synaptic Systems; 1:250; AB_2619861; 162 204  
Ab 4. Chicken polyclonal MAP2; Novus Biologicals; 1:1000; AB_2138178; NB300-213   
Secondary Abs for immunostaining  
Ab 5. Goat anti-Mouse Alexa 488; Thermo Fisher; 1:2000; AB_2534088; A11029  
Ab 6. Goat anti-Rabbit Alexa 633; Thermo Fisher; 1:2000; AB_141419; A21071  
Ab 7. Goat anti-Guinea Pig Alexa 568; Abeam; 1:2000; AB_2864763; Abl 75714  
Ab 8. Goat anti-Chicken Alexa 405; Abeam 1:1000; AB_2890171; Ab175674   
Primary antibodies for Western Blot analysis  
Ab 9. Polyclonal rabbit anti-FLAG; Sigma-Aldrich; 1:2000; AB_ 439687; F7425  
Ab 10. Monoclonal mouse anti- Green Fluorescent Protein (1E4); Enzo Life Sciences; 1:1000; A11. ADI-SAB-500-E; Clone ID: 1E4 
 
Secondary antibodies for Western Blot analysis  
Ab 12. Peroxidase AffiniPure Goat Anti-Mouse lgG (H+L), Jackson immunoResearch; 1:5000; AB_2307392; 115-035-146  
Ab 13. Peroxidase AffiniPure Goat Anti-Rabbit lgG (H+L), Jackson immunoResearch; 1:30000 AB_2307391; 111-035-144 

Validation Ab 1. Mouse monoclonal GFP; Merck Millipore; 1:250; AB_94936; MAB3580 
Recognizes a protein tag 
Website information: Antibody validated for use in ELISA, IC, IH & WB. 
In this study: immunostaining signal was absent in a non-transfected control (Figure 2c, 2e) 
 
Ab 2. Rabbit polyclonal VGLUT1; Synaptic Systems; 1:1000; AB_887877; 135 302 
Website information: Antibody was validated using KO samples, citations can be found in https://sysy.com/product/135302#list 
 
Ab 3. Guinea pig polyclonal Shank 2; Synaptic Systems; 1:250; AB_2619861; 162 204 
Website information: Antibody was validated using KO samples (PMID: 2997098) 
 
Ab 4. Chicken polyclonal MAP2; Novus Biologicals; 1:1000; AB_2138178; NB300-213 
Website information: Knockdown Validated (PMID: 32294442). More publications in https://www.novusbio.com/products/map2-
antibody_nb300-213?srsltid=AfmBOorEtC2sqRWpEaMtjX36c2y8L3tkHsKuvStTIAsTiKx6DkunwKBB#reviews-publications 
 
Ab 9. Polyclonal rabbit anti-FLAG; Sigma-Aldrich; 1:2000; AB_ 439687; F7425 
Recognizes a protein tag 
In this study: validated in this study by targeting a non-transfected control using western blot (Supplementary figure 4b) 
 
Ab 10. Monoclonal mouse anti- Green Fluorescent Protein (1E4); Enzo Life Sciences; 1:1000; ADI-SAB-500-E 
Recognizes a protein tag 
In this study: validated in this study by targeting a non-transfected control using western blot (Supplementary figure 4b) 
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Ab 4. Chicken polyclonal MAP2; Novus Biologicals; 1:1000; AB_2138178; NB300-213   
Secondary Abs for immunostaining  
Ab 5. Goat anti-Mouse Alexa 488; Thermo Fisher; 1:2000; AB_2534088; A11029  
Ab 6. Goat anti-Rabbit Alexa 633; Thermo Fisher; 1:2000; AB_141419; A21071  
Ab 7. Goat anti-Guinea Pig Alexa 568; Abeam; 1:2000; AB_2864763; Abl 75714  
Ab 8. Goat anti-Chicken Alexa 405; Abeam 1:1000; AB_2890171; Ab175674   
Primary antibodies for Western Blot analysis  
Ab 9. Polyclonal rabbit anti-FLAG; Sigma-Aldrich; 1:2000; AB_ 439687; F7425  
Ab 10. Monoclonal mouse anti- Green Fluorescent Protein (1E4); Enzo Life Sciences; 1:1000; A11. ADI-SAB-500-E; Clone ID: 1E4 
 
Secondary antibodies for Western Blot analysis  
Ab 12. Peroxidase AffiniPure Goat Anti-Mouse lgG (H+L), Jackson immunoResearch; 1:5000; AB_2307392; 115-035-146  
Ab 13. Peroxidase AffiniPure Goat Anti-Rabbit lgG (H+L), Jackson immunoResearch; 1:30000 AB_2307391; 111-035-144 

Validation Ab 1. Mouse monoclonal GFP; Merck Millipore; 1:250; AB_94936; MAB3580 
Recognizes a protein tag 
Website information: Antibody validated for use in ELISA, IC, IH & WB. 
In this study: immunostaining signal was absent in a non-transfected control (Figure 2c, 2e) 
 
Ab 2. Rabbit polyclonal VGLUT1; Synaptic Systems; 1:1000; AB_887877; 135 302 
Website information: Antibody was validated using KO samples, citations can be found in https://sysy.com/product/135302#list 
 
Ab 3. Guinea pig polyclonal Shank 2; Synaptic Systems; 1:250; AB_2619861; 162 204 
Website information: Antibody was validated using KO samples (PMID: 2997098) 
 
Ab 4. Chicken polyclonal MAP2; Novus Biologicals; 1:1000; AB_2138178; NB300-213 
Website information: Knockdown Validated (PMID: 32294442). More publications in https://www.novusbio.com/products/map2-
antibody_nb300-213?srsltid=AfmBOorEtC2sqRWpEaMtjX36c2y8L3tkHsKuvStTIAsTiKx6DkunwKBB#reviews-publications 
 
Ab 9. Polyclonal rabbit anti-FLAG; Sigma-Aldrich; 1:2000; AB_ 439687; F7425 
Recognizes a protein tag 
In this study: validated in this study by targeting a non-transfected control using western blot (Supplementary figure 4b) 
 
Ab 10. Monoclonal mouse anti- Green Fluorescent Protein (1E4); Enzo Life Sciences; 1:1000; ADI-SAB-500-E 
Recognizes a protein tag 
In this study: validated in this study by targeting a non-transfected control using western blot (Supplementary figure 4b) 
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Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T (ATCC-CRL-3216), human embryonic kidney, commercially available

Authentication The cell line was not authenticated.

Mycoplasma contamination Mycoplasma contamination was not detected.

Commonly misidentified lines
(See ICLAC register)

Not relevant

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Mice: We used mice at embryonic day 18 (E18) to prepare primary hippocampal neuronal cultures 
Strain: Unc13a/b double knock-out mice (MGI Unc13atm1Bros and Unc13btm2Bros) - made in the lab of co-authors of this 
study (Dr. Nils Brose). Adult mice were kept under IVC/SPF conditions, at 12h/12h light/dark cycle, at room temperature of 
22 +/-2°C, and humidity levels of 55 +/-10%. 
C. elegans: Control strains used: N2, unc-13(nu641). unc-13(nu641) harbors a C-terminal mScarlet in the unc-13 locus. 
CRISPRmodified strains were outcrossed at least four times and the relevant genomic region was sequenced to confirm the 
target mutation.

Wild animals No wild animals were used

Reporting on sex Mice: Sex was not considered and both female and male embryonic mice were used to make cultures 
C. elegans: hermaphrodite worms were used

Field-collected samples The study did not invlove samples collected from the field.

Ethics oversight The use of the Unc13a/b knockout mice were approved by the responsible local government organizations in Germany 
(Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit; 33.19-42502-04-15/1817 and 
33.19-42502-04-20/3589, and Landesamt für Gesundheit und Soziales; G106/20)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants
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