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Abstract

The Munc13 family of exocytosis regulators has multiple Ca2+-binding, C2 domains. Here, we 

probed the mechanism by which Munc13-4 regulates in vitro membrane fusion and platelet 

exocytosis. We show that Munc13-4 enhances in vitro SNARE-dependent, proteoliposome fusion 

in a Ca2+- and phosphatidylserine (PS)-dependent manner that was independent of SNARE 

concentrations. Munc13-4-SNARE interactions, under the conditions used, were minimal in the 

absence or presence of Ca2+. However, Munc13-4 was able to bind and cluster liposomes 

harboring PS in response to Ca2+. Interestingly, Ca2+-dependent liposome binding/clustering and 

enhancement of proteoliposome fusion required both Munc13-4 C2 domains, but only the Ca2+-

liganding aspartate residues of the C2B domain. Analytical ultracentrifugation measurements 

indicated that, in solution, Munc13-4 was a monomeric prolate ellipsoid with dimensions 

consistent with a molecule that could bridge two fusing membranes. To address the potential role 

of Munc13-4 as a tethering protein in platelets, we examined mepacrine-stained, dense granule 

mobility and secretion in platelets from wild-type and Munc13-4 null (Unc13dJinx) mice. In the 

absence of Munc13-4, dense granules were highly mobile in both resting and stimulated platelets, 

and stimulation-dependent granule release was absent. These observations suggest that dense 

granules are stably docked in resting platelets awaiting stimulation and that Munc13-4 plays a 

vesicle-stabilizing or tethering role in resting platelets and also in activated platelets in response to 

Ca2+. In summary, we show that Munc13-4 conveys Ca2+ sensitivity to platelet SNARE-mediated 
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membrane fusion and reveal a potential mechanism by which Munc13-4 bridges and stabilizes 

apposing membranes destined for fusion. (246 words)
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INTRODUCTION

Platelets are “first responders” to vascular injury playing a key role in maintaining vascular 

homeostasis. Damage to endothelial cells exposes signaling molecules (e.g. collagen and 

von Willebrand factor (VWF)) that bind platelet surface receptors and initiate thrombosis 

and hemostasis. Upon activation, platelets adhere to sites of damage, undergo a series of 

shape changes, and release a range of molecules from three types of granule stores. Dense 

granules (~7 per platelet) contain small molecules such as adenosine 5’-diphosphate (ADP), 

adenosine triphosphate (ATP), serotonin, and calcium that are important for platelet 

activation and vasoconstriction (1). Alpha granules are the most abundant (~50 per platelet) 

and contain polypeptides such as VWF, fibrinogen, fibronectin, and platelet factor 4 (PF4), 

which are important for platelet adhesion and aggregation (2). Finally, lysosomes, which are 

few in number, contain acid hydrolases that could aid in clot remodeling (2). The importance 

of platelet cargo secretion is seen in granular storage pool deficiencies such as Hermansky 

Pudlak Syndrome (HPS) and Gray Platelet Syndrome (GPS), in which platelets lack either 

dense or α-granule content, respectively (3–6). Patients with HPS display increased bleeding 

times, pigmentation defects, and lung fibrosis whereas GPS is characterized by 

myelofibrosis and a range of bleeding defects (6). In contrast to these deficiencies, 

hyperactive platelet secretion causes spurious thrombosis and increased risk for heart attack 

and stroke (7–10).

Much like synaptic transmission, platelet granule secretion is triggered by a rise in 

intracellular calcium concentration [Ca2+]i. Also like synaptic transmission, secretion is 

catalyzed by trans-interactions between soluble NSF attachment protein receptors 

(SNAREs) residing on secretory vesicles/granules (v-SNAREs) and on the plasma/target 

membrane (t-SNAREs). Formation of a cognate SNARE complex bridges fusing membranes 

and drives fusion and cargo release (11, 12). Platelets contain a variety of v-SNAREs and t-

SNAREs, but previous studies from our laboratory and others suggest that VAMP8 acts as a 

primary v-SNARE for granule secretion and heterodimer complexes comprising syntaxin-11 

and SNAP-23 are key t-SNARE complexes (13–17). Recently, VAMP7 and Syntaxin 8 have 

been shown to also contribute to platelet exocytosis (18, 19). While SNARE proteins are the 

core membrane fusion machinery, a host of regulatory proteins affect the timing, location, 

and Ca2+-sensitivity of secretion. Important regulators identified in platelets include 

members of the Sec1/Munc18 family, specifically Munc18b (20, 21), the small GTPase 

Rab27a (22), Tomosyn1/STXBP5 (23) and Munc13-4 (24–26). These proteins are thought to 

regulate vesicle “tethering” and “priming” prior to secretion, but their exact roles remain 

unclear. It is particularly interesting that little is known about the putative Ca2+-sensor(s) 

required for platelet secretion and function.
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In neuroendocrine cells, synaptotagmins act as Ca2+-sensors for secretion (reviewed in (27)) 

through their two Ca2+-binding C2 domains termed C2A and C2B. The C2 domains 

coordinate Ca2+-dependent interactions with SNARE proteins and anionic phospholipids 

(i.e. phosphatidylserine, PS) (see (27)). Though synaptotagmin-like proteins (Slp1, 4) have 

been found in platelets (28, 29), a mechanistic understanding of their roles is incomplete. 

Munc13-4, also contains two C2 domains and appears to play a central role in Ca2+-

triggered secretion from a number of cells of the hematopoietic lineage (24, 26, 30–33). In 

neutrophils, Munc13-4 is present in cytosol and on various membranes, but upon 

stimulation, it concentrates onto membrane fractions in a Ca2+-dependent manner (34). 

Recent reports showed that secretory vesicle motility decreases in neutrophils and RBL-2H3 

mast cells just prior to stimulated secretion suggesting that vesicles are “corralled” or 

stabilized at specialized sites just prior to membrane fusion (35, 36). Importantly, this vesicle 

stabilization is lost either in the absence of Munc13-4, or when Munc13-4-Rab27a 

interactions are disrupted (35, 36). In platelets, dense granule secretion is abolished in the 

absence of Munc13-4 while α-granule and lysosomal secretion are attenuated (24, 26, 33). 

Ren et al. showed that the secretion defect in platelets lacking Munc13-4 could be rescued 

by adding recombinant Munc13-4 and Ca2+ to permeabilized platelets. Data from Ren et al. 
also showed that secretion was directly proportional to the amount of Munc13-4 added. 

These data revealed a putative Ca2+-dependent role for Munc13-4 in platelets and identified 

Munc13-4 as a limiting factor, essential for platelet granule exocytosis (24). While clearly 

required, the molecular mechanism of Munc13-4 action remains unknown.

Here, we look directly at the Ca2+-dependent role of Munc13-4 using an in vitro membrane 

fusion assay and real-time imaging of platelet dense granule secretion. We show that 

Munc13-4 conveys Ca2+-sensitivity directly to in vitro membrane fusion mediated by 

platelet t-SNAREs and v-SNAREs. We demonstrate that Munc13-4 binds to the anionic 

phospholipid phosphatidylserine in a Ca2+-dependent manner, but does not bind to platelet 

SNAREs in response to Ca2+. We further show that Ca2+-dependent Munc13-4-phospholipid 

interactions mediate vesicle aggregation in solution. These experiments mimic the vesicle-

stabilizing role of Munc13-4 shown in other hematopoietic cells, but uniquely demonstrate 

that in the absence of other cellular factors, Ca2+-Munc13-4 alone effectively stabilizes 

vesicles and stimulates SNARE-mediated membrane fusion. This is supported by our 

observations that mutating the C2 domain Ca2+-ligands in Munc13-4 abolishes Ca2+-

dependent Munc13-4 action in vitro. Finally, using time-lapse, 3-dimensional fluorescence 

microscopy, we show that dense granule secretion is ablated in platelets lacking Munc13-4, 

thereby confirming results from our previous studies, and further show that dense granules 

in Munc13-4−/− platelets are highly mobile in comparison to dense granules in wild type 

platelets. Moreover, granule mobility increases in response to Ca2+, suggesting that 

Munc13-4 plays a Ca2+-independent and Ca2+-dependent role in stabilizing vesicles prior to 

and during membrane fusion. These data show that Munc13-4 directly regulates Ca2+-

triggered, SNARE-mediated membrane fusion both in vitro and in platelets and highlight the 

importance of Munc13-4 action during membrane fusion and the final steps of granule 

secretion.
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EXPERIMENTAL PROCEDURES

Plasmids and protein purification

DNAs encoding the human Munc13-4 open reading frame (amino acids 1-1090) and all 

mutants were inserted into the pENTR/D-Topo vector (Invitrogen, Carlsbad, CA) and 

subcloned into the pDEST10 vector (Invitrogen). The pDEST10-Munc13-4 or mutant 

plasmids were then used to transform DH10Bac cells (Invitrogen) and the positive Bacmid 

was isolated to infect Sf9 cells to produce baculovirus. Infected Sf9 cells were collected 72 

hr later and His6-tagged, recombinant proteins were first purified by Ni2+-NTA agarose 

chromatography using standard procedures followed by gel-filtration chromatography on 

Superose 6 (GE Healthcare, Piscataway, NJ; in 25 mM HEPES/KOH pH 7.4, 150 mM KCl, 

2 mM β-mercaptoethanol). The full-length expression construct was modified by truncation 

to create ΔC2A (amino acids 274-1090) and ΔC2B (amino acids 1-910) or by site-directed 

mutagenesis using the QuickChange kit (Stratagene, Santa Clara, CA). The following 

mutations were created to eliminate calcium binding to the C2 domains: for C2A: D127N, 

D133N, D206N, D208N and D241N; for C2B: D941N, D947N, D1005N, D1007N, and 

D1013N. The protein preparations were >90% pure as evaluated by SDS-PAGE and 

Coomassie Blue staining (data not shown).

DNA encoding the open reading frames of rat Syntaxin 2 (amino acids 1-290; provided by 

J.M. Edwardson, University of Cambridge) and SNAP-23 (provided by E. R. Chapman, 

University of Wisconsin) was inserted into the pRSFDuet expression vector (Merck 

Millipore, Billerica, MA). All cDNA was checked for variants and corrected to wild-type 

sequence if necessary. DNA encoding mouse VAMP8 (amino acids 1-101; provided by Wan 

Jin Hong, Institute of Molecular and Cell Biology, Singapore) was inserted into the 

pPROEX expression vector (Life Technologies, Grand Island, NY). A stop codon was 

engineered into the pPROEX VAMP8 construct prior to the nucleotides encoding the 

transmembrane domain in order to express the cytoplasmic domain of VAMP8 (cdV8, amino 

acids 1-75). His6-tagged, recombinant t-SNARE heterodimers comprising Syntaxin 2 and 

SNAP-23 proteins and recombinant v-SNARE VAMP8 (or cdV8) protein were expressed 

and purified by Ni2+-NTA agarose chromatography as described (37). All t- and v-SNARE 

proteins were washed in buffer containing nucleases and high salt to remove bacterial 

contaminants and eluted in 25 mM HEPES, pH 7.4, 200 mM KCl, 1 mM DTT.

Preparation of protein free and SNARE-bearing vesicles

All lipids were obtained from Avanti Polar Lipids (Alabaster, AL). Reconstitution of t-

SNARE vesicles harboring Syntaxin 2 + SNAP-23 heterodimers and of v-SNARE vesicles 

harboring VAMP8 was carried out as described (37, 38). t-SNAREs were reconstituted using 

a lipid mix comprising 30% (mol/mol) 1-palmitoyl-2-oleoyl-phosphatidyl-ethanolamine 

(PE), 40% 1-palmitoyl, 2-oleoyl phosphatidylcholine (PC), and 30% 1,2-dioleoyl 

phosphatidylserine (PS). v-SNAREs were reconstituted using a lipid mix comprising 27% 

PE, 40% PC, 30% PS, 1.5% N-(7-nitro-2-1,3-benzoxadiazol-4-yl)-1,2-dipalmitoyl 

phosphatidyl-ethanolamine (NBD-PE, FRET donor) and 1.5% N-(lissamine rhodamine B 

sulfonyl)-1,2-dipalmitoyl phosphatidylethanolamine (Rhodamine-PE, FRET acceptor). 

Protein free vesicles were reconstituted similarly with omission of protein. PC was 
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substituted for PS when PS was omitted from vesicles. Protein free vesicles of a fixed 

diameter were reconstituted using standard lipid extrusion through 100 nm pore filters and a 

LIPEX 1.5–10 ml extruder (Northern Lipids Inc., Burnaby, BC, Canada).

Flotation assays

Flotation assays were carried out as described previously (39). Briefly, Munc13-4 protein 

was mixed with t-SNARE or v-SNARE vesicles lacking PS or with protein free vesicles 

with PS in reaction buffer (25 mM HEPES, pH 7.4, 200 mM KCl, 1 mM DTT) and a final 

volume of 150 μl. Reactions were carried out in 0.2 mM EGTA or 1 mM Ca2+. Samples 

were incubated at room temperature for 1 hr with shaking, mixed with an equal volume of 

80% Accudenz media (Accurate Chemical and Scientific, Corp., Westbury, NY) in reaction 

buffer, and layered with 35%, 30%, and 0% Accudenz in reaction buffer containing either 

0.2 mM EGTA or 1 mM Ca2+. Samples were centrifuged at 280,000 × g for 2.5 hr at 4°C. 

Vesicles were collected from the 0%/30% Accudenz interface and equal volumes from each 

reaction were analyzed by SDS-PAGE and stained with Coomassie Blue. Standards indicate 

the electrophoretic mobility of the proteins.

Reconstituted membrane fusion assays

Fusion assays were carried out as described (38). Briefly, each 75 μl reaction consisted of 5 

μl purified t-SNARE vesicles and 5 μl of purified, NBD- and Rhodamine-PE–labeled v-

SNARE vesicles plus 0.2 mM EGTA in 25 mM HEPES, pH 7.4, 200 mM KCl, 1 mM DTT. 

All components of the fusion reaction were prewarmed to 37 °C for 10 min separately 

before being mixed together at t = 0 min. Fusion was monitored as an increase in NBD 

fluorescence using a Bio-TEK FLx800 Microplate Fluorescence Reader and KC4 software 

(BioTek Instruments, Inc., Winooski, VT) with data acquisition every 30 sec during rapid 

Ca2+-induced fusion, and every 1.5–2.0 min during slower phases. After 60 min, 0.5% (w/v) 

n-dodecylmaltoside (Roche Applied Science, Indianapolis, IN) was added to maximally 

dequench the NBD fluorescence, yielding a maximum fluorescence signal. Raw 

fluorescence was converted to percentage of the maximum fluorescence as described (37). 

When included, Ca2+ was added to reactions manually around t = 20 min by pausing the 

microplate reader during Ca2+ addition to the appropriate wells, and restarting the 

microplate reader after the final Ca2+ addition.

Dynamic light scattering measurements

Protein-free liposomes were extruded using a 100 nm pore (see above). Liposome 

aggregation was used as a metric for granule tethering. Briefly, wild-type Munc13-4 or 

mutant Munc13-4 was mixed with liposomes having a composition of: 70% PC/30% PE or 

40% PC/30% PE/30% PS. Reactions contained 0.2 mM EGTA in reaction buffer and were 

analyzed in a DynaPro 99 instrument (ProteinSolutions, Inc., Charlottesville, VA) with a 

scattering angle of 90° for ~ 5 min in order to obtain baseline levels of aggregation. After 5 

min, Ca2+ (final concentration of 1 mM) was added as indicated and aggregation was 

measured again for ~ 5 min. Data were analyzed with Dynamics Software (Version 5.19.06). 

An increase in particle size was taken as evidence of liposome aggregation. Since no 

SNAREs are present, the liposomes do not fuse.
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Analytical ultracentrifugation

Sedimentation velocity experiments were performed in a Beckman XL-A analytical 

ultracentrifuge (Beckman, Fullerton, CA) using an An-60Ti rotor operated at 40,000 rpm 

and 4°C. Samples were run in 25 mM HEPES (pH 7.4), 150 mM KCl, 2 mM β-

mercaptoethanol with either 1 mM of added CaCl2 or EGTA. Data were fit with numerical 

solutions of the Lamm equation, implemented in the SEDFIT program (40, 41). 

Experimental s values (sT,B) were converted to standard s20,w conditions using Equation 1 

(42).

(1)

Here  is the partial specific volume (0.7385 ml/g) calculated from sequence composition 

using the SEDNTERP program (42), ρ is the buffer density (measured using a Mettler 

density meter, Mettler Toledo, Columbus, OH) and η the buffer viscosity, calculated from 

tabulated values using SEDNTERP.

Mice and genotyping

The genotype of each mouse was determined by PCR using DNA from a tail tip biopsy as 

described (24). All animal work was approved by the University of Kentucky IACUC.

Platelet preparation

Mice were euthanatized by CO2 inhalation. Blood was collected from the right ventricle and 

was mixed with sodium citrate to a final concentration 0.38%. The citrated blood was mixed 

with an equal volume of PBS, pH 7.4. Platelet rich plasma (PRP) was prepared by 

centrifugation at 250×g for 10 min. After adding 10 ng/mL prostaglandin I2 (Sigma) for 5 

min, the PRP was centrifuged at 500×g for 15 min and the platelet pellet was gently 

resuspended in HEPES/Tyrode’s Buffer (10 mM HEPES/NaOH, pH 7.4, 5.56 mM glucose, 

137 mM NaCl, 12 mM NaHCO3, 2.7 mM KCl, 0.36 mM NaH2PO4, 1 mM MgCl2) in the 

presence of 3 μg/mL of apyrase (Sigma) and 1 mM EGTA.

Time-lapse, three-dimensional (3D) fluorescence microscopy

Dense granules in wild-type or Unc13dJinx platelets mice were labeled with mepacrine (1 

μM, 15 min, at 37°C, Sigma, St. Louis, MO) and imaged in suspension by 3D fluorescence 

microscopy. Imaging was carried out on an Olympus ix80 inverted microscope with 

integrated high precision focus drive. Fluorescence excitation was provided by a rapid 

switching DG4 light source (Sutter Instruments, Novato, CA) attached by liquid light guide. 

The cooled CCD camera was a Hammamatsu ORCA R2, communicating to the host 

computer via firewire interface (Hammamatsu, SZK, Japan). The objective used for 3D 

acquisition was an APO N 65x 1.49 NA objective optimized for fluorescence (Olympus, 

Shinjuku, Tokyo, Japan). 3D stacks were taken with 5–6 sections 400 nm apart, at a 

frequency of 0.5Hz per 3D time point. Image analysis was done with Slidebook 5 software 

(Intelligent Imaging Innovations, Denver, CO). The rates of dense granule release were 
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assessed by measuring the loss of fluorescence following stimulation with 0.7 mM Ca2+ and 

A23187 (1 μM, Sigma). To examine granule movement, individual granules were selected 

from fields, based on the following criteria: (1) granule fluorescence is constant during the 

observation period (not released); (2) the platelet remains static in the field of view; and (3) 

the platelet does not impinge on the upper or lower boundaries of the 3D stack. Particle 

tracking was done with Slidebook’s particle tracking tool, and movement was based on the 

center of intensity for each granule. We plotted MSD (mean square displacement) against 

time, as according to the equation MSD (mean square displacement) = 6Dt, the slope is 

proportional to the diffusion coefficient (D). To stimulate platelets, the ionophore A23187 

was used because it results in a more even activation of platelets in a viewing field and is 

less subject to diffusional effects.

RESULTS

Munc13-4 stimulates membrane fusion in response to Ca2+

In hematopoietic cells, little is known about the sequence of molecular events that drive 

granule/plasma membrane fusion during Ca2+-triggered secretion. In some systems, fusion 

competent granules appear to be “docked” at fusion sites under resting Ca2+ concentrations 

and rapidly fuse with the plasma membrane in response to a rise in intracellular Ca2+. In 

platelets, upon Ca2+ activation, the serotonin secretion time course is rapid suggesting that 

the membrane fusion machinery is capable of sensing Ca2+ and quickly converting that 

signal into granule secretion (43, 44). We recapitulated Ca2+-dependent granule secretion 

using an in vitro membrane fusion assay comprising lipids, platelet SNAREs, and Munc13-4 

(Figure 1A). The v-SNARE VAMP8 was reconstituted into one population of vesicles that 

contained membrane-anchored fluorescence energy transfer (FRET) donor-acceptor pairs. 

The t-SNARE heterodimer comprising syntaxin 2 and SNAP-23 was reconstituted into 

unlabeled vesicles (Figure 1A). When combined at 37°C, fusion between the two vesicle 

populations leads to dilution of the FRET pair from bilayer mixing of the labeled and 

unlabeled vesicles. This dilution yields an increase in the donor fluorescence intensity over 

time and thereby serves as a metric of membrane fusion (Figure 1A) (45). Figure 1B shows 

reconstituted SNARE-mediated membrane fusion. Addition of excess amounts of the 

cytoplasmic domain of VAMP8 (cdV8) saturates the t-SNAREs, inhibits vesicle-bound t-

SNARE/v-SNARE interactions, and consequently inhibits membrane fusion. The cdV8 

control therefore demonstrates that the observed fusion is SNARE-dependent. Though 

syntaxin 11 is the dominant syntaxin t-SNARE for platelet exocytosis (17), syntaxin 2 was 

used as a surrogate. Syntaxin 11 lacks a transmembrane domain and is associated with 

membranes via thioester-linked acyl groups (46). We have yet to produce sufficient acylated 

syntaxin 11 for proteoliposome fusion assays (Zhang et al. unpublished).

Increasing amounts of purified Munc13-4 protein were added to the proteoliposome fusion 

reactions and after 20 min, Ca2+ (1 mM) was added. Ca2+ addition had only a limited effect 

on SNARE-mediated fusion in the absence of Munc13-4. In contrast, addition of Ca2+ to 

reactions containing Munc13-4 resulted in a dramatic increase in membrane fusion that was 

dependent on the amount of added Munc13-4 (Figure 1B–D). As observed with other C2 

domain containing proteins (39), omission of phosphatidylserine (PS) from SNARE-bearing 
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vesicles had little effect on SNARE-mediated membrane fusion, but abolished the ability of 

Munc13-4 to stimulate fusion in response to Ca2+ (Figure 3A).

Substituting wild type Munc13-4 with a mutated Munc13-4, in which the Ca2+-coordinating 

aspartates in both the C2A and C2B domains were converted to asparagines, resulted in a 

loss of Ca2+-dependent membrane fusion (Figure 1E). Truncated versions of Munc13-4 that 

lacked either the C2A domain or the C2B domain were also unable to stimulate SNARE-

mediated membrane fusion in response to Ca2+ (Figure 1F). Interestingly, in the context of 

full-length Munc13-4, only mutations of the Ca2+-ligands of C2B ablated Ca2+-dependent, 

Munc13-4-stimulated membrane fusion;Munc13-4 retained Ca2+-dependent activity when 

only the Ca2+-ligands in C2A were altered (Figure 1G). These results suggest that the C2B 

domain is required for Ca2+-dependent Munc13-4 activity, but also hint at a cryptic Ca2+-

independent requirement for the C2A domain. Taken as a whole, these data demonstrate that 

Munc13-4 can act as a Ca2+-sensor for platelet SNARE-mediated membrane fusion in vitro 
and that both the C2A and C2B domains are important.

Characterization of Ca2+-dependent Munc13-4 interactions

C2 domains (e.g. in phospholipase A2, protein kinase C, and synaptotagmin) serve as Ca2+-

dependent phospholipid-binding moieties (47). In some cases (i.e., synaptotagmin (27)), C2 

domains coordinate Ca2+-dependent interactions with SNAREs. To determine the relative 

importance of phospholipids and/or SNAREs to the Ca2+-dependent, Munc13-4-stimulated 

membrane fusion, we employed a co-floatation assay (Figure 2A) (37, 38). Purified 

Munc13-4 was incubated with SNARE-bearing or protein-free liposomes in the absence or 

presence of Ca2+. Reactions were layered on a density gradient and vesicles were purified by 

“floating” them to the top of the gradient via centrifugation. For this experiment the 

SNARE-bearing vesicles contained only phosphatidylcholine (PC) and phosphatidyl-

ethanolamine (PE); neutral phospholipids that do not bind C2 domains (48). Thus, co-

floatation of Munc13-4 with SNARE-bearing vesicles is a true metric of SNARE-Munc13-4 

binding. To monitor Munc13-4 lipid interactions, the protein free vesicles contained 

phosphatidylserine (PS), a known Ca2+-dependent effector of C2 domains(48) and a 

component of the t-SNARE and v-SNARE proteoliposomes used in the fusion assays in 

Figure 1.

In Figure 2B, only low levels of Munc13-4 were found associated with t-SNARE and v-

SNARE vesicles in both the absence and presence of Ca2+. These data suggest that 

Munc13-4 binds SNAREs to some extent, but under the conditions tested, does not show a 

robust increase in SNARE binding in response to Ca2+. Conversely, Munc13-4 binding to 

protein-free vesicles containing PS dramatically increased in response to Ca2+. Since trans 
SNARE complexes catalyze membrane fusion in a Ca2+-independent manner (11, 49), these 

data suggest that the Ca2+-dependent Munc13-4-phospholipid binding is a key part of the 

Munc13-4-stimulated, SNARE-mediated membrane fusion observed in Figure 1.

To explore further the role of Munc13-4-PS binding we altered the percentage of PS in the 

SNARE bearing vesicles, while keeping the SNARE copy number constant. If the protein-

lipid interaction is truly important then the concentration of PS should directly correlate with 

the ability of Munc13-4 to stimulate membrane fusion in response to Ca2+. As shown in 
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Figure 3A, the level of membrane fusion between v-SNARE and t-SNARE vesicles alone 

was not significantly affected by altering the amount of PS over a range of 15–30%. 

Munc13-4 did not stimulate fusion appreciably when vesicles contained only 15% or 20% 

PS. Increasing PS to 25% and then to 30% greatly enhanced Munc13-4’s ability to stimulate 

fusion. We note that it was difficult to obtain vesicles with PS percentages higher than 30% 

because, in our hands, the higher concentrations of PS caused phospholipid precipitation 

during reconstitution.

To investigate the importance of Ca2+-dependent, Munc13-4 -PS interactions in the fusion 

assay, we performed a series of reciprocal experiments in which the SNARE copy number in 

vesicles was altered while the PS concentration was kept constant. It was shown previously 

that altering the copy number of SNAREs on vesicles used in the reconstituted membrane 

fusion assay directly affected the ability synaptotagmin, another C2 domain-containing, 

Ca2+-dependent regulator of membrane fusion, to stimulate membrane fusion (37). The 

experiments in Tucker et al. demonstrated that synaptotagmin acts, at least in part, through 

direct Ca2+-dependent SNARE interactions (37). Applying the same principle, we reasoned 

that if Ca2+-dependent, Munc13-4/SNARE interactions are important for Munc13-4 

stimulated fusion, then altering the copy number of either v-SNAREs or t-SNAREs, while 

keeping the PS and Munc13-4 concentrations constant, should also correspondingly affect 

fold-stimulation above fusion obtained between v-SNARE and t-SNARE vesicles alone. In 

Figure 3B and C, increasing the copy number of v-SNAREs in vesicles, while keeping the 

copy number of t-SNAREs constant, did not affect the fold stimulation for a given 

concentration of Munc13-4. A similar result was seen when changing the copy number of t-

SNAREs in vesicles while keeping the copy number of v-SNAREs constant (Figure 3C right 

panel). These data reveal that the dominant factor affecting Munc13-4’s enhancement of 

membrane fusion is the PS concentration and not the SNARE concentration.

Munc13-4 clusters vesicles in a Ca2+-dependent manner

Given the apparent importance of Munc13-4 PS interactions, the next series of experiments 

sought to probe the mechanism of how Ca2+-dependent, Munc13-4-PS interactions could 

stimulate membrane fusion. It was suggested that Munc13-4 serves as a “tether” that 

stabilizes secretory vesicles prior to fusion with the plasma membrane (35, 36). Whether this 

function is Ca2+-dependent, lipid-dependent or both, remains unclear. If Munc13-4 can 

tether secretory vesicles to the plasma membrane in response to Ca2+, then in the 

reconstituted system, we would expect SNARE-free vesicles to form large grape-like 

clusters in the presence of Munc13-4 and Ca2+. Using protein-free liposomes, we directly 

tested this using dynamic light scattering to measure the size of clusters formed in the 

absence or presence of Ca2+ and Munc13-4. We reasoned that in the absence of Ca2+/

Munc13-4, vesicles would be monodispersed in solution and of uniform size. If Munc13-4 is 

a tethering factor, in the presence of Ca2+, the distribution of particle sizes in solution would 

shift to higher order species.

From the histograms in Figure 4A, in the absence of Munc13-4 and Ca2+, vesicles in 

solution are distributed unequally among two populations—a small population with a size 

centered around 10 nm, and the vast majority of vesicles in a population centered around 90 
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nm, consistent with the extruder size used (left panel). The size distribution remained 

unchanged when Ca2+ was added to the reactions. The same was true when Munc13-4 was 

added to vesicles lacking the anionic phospholipid PS (Figure 4A middle panel). In contrast, 

when Munc13-4 and Ca2+ were added to vesicles containing PS, large vesicle aggregates 

formed in solution with a size centered around 10,000 nm, representing the detection limits 

of our instrument. These data are quantitatively represented in Figure 4B. We note that 

limiting amounts of Munc13-4 were used for this experiment because Munc13-4 in excess 

clusters essentially all of the vesicles in solution causing them to precipitate (data not 

shown). This phenomenon likely explains why increasing Munc13-4 concentrations above a 

certain threshold in the fusion reaction resulted in decreased membrane fusion (Figure 1B). 

We repeated the vesicle clustering experiments using the Ca2+-ligand mutants described in 

Figure 1. The results mimicked those of the fusion reaction; Munc13-4 failed to cluster 

vesicles in response to Ca2+ when the aspartates were mutated to asparagines either in both 

the C2A and C2B domains or in the C2B domain alone (Figure 4C). Mutating the Ca2+-

ligands in the C2A domain alone did not affect the ability of Ca2+-Munc13-4 to aggregate 

vesicles. These data suggest that clustering vesicles, i.e. “tethering” vesicles destined for 

fusion, is a major function of Ca2+-Munc13-4 in the reconstituted system; however, these 

data do not rule out the possibility that Munc13-4 is also “doing work” on membranes 

during fusion (e.g. bending or destabilizing lipid bilayers of apposed membranes).

Hydrodynamic properties

The ability of Munc13-4 to aggregate liposomes in a Ca2+- and PS-dependent manner raised 

the possibility that it might bridge two membranes. We examined the shape and oligomeric 

state of the protein by analytical ultracentrifugation in the presence or absence of Ca2+, to 

determine if its structure provides clues to its function. The c(s) spectra of s20,w values, 

calculated with SEDFIT, are given in Figure 5. Our Munc13-4 preparations sedimented as 

single dominant species with s20,w ~5 × 10−13 s, with minor components at lower and higher 

s-values. Parallel analysis of c(M) distributions returned Mr = 118,285 ± 14,205 (mole 

fraction = 0.705) in the presence of Ca2+ and Mr = 112,464 ± 12,743 (mole fraction = 0.66) 

in the presence of EGTA. These values are consistent with the monomer molecular weight 

Mr = 107,742 calculated from the sequence of the recombinant protein. The program 

SEDNTERP (42) was used to calculate frictional ratios from observed s20,w values, 

returning f/f0 = 1.58 ± 0.12 in EGTA buffer and 1.56 ± 0.11 in Ca2+ buffer, respectively. 

These values deviate from f/f0 ~1.2, expected for hydrated, spherically-symmetrical globular 

proteins (50, 51). Modeling the protein as a prolate ellipsoid, with hydration of 0.3g/g-

protein, typical for water-soluble proteins (52, 53), returned an axial ratio a/b = 7.35 ± 1.1, a 

semi-major radius a = 13.14 ± 0.65 nm and semi-minor radius b =1.82 ± 0.07 nm (Figure 5, 

inset). Thus the major axis of these molecules appears to be long enough (2a ~ 26 nm) to 

allow Munc13-4 to bridge between vesicle and plasma membranes to facilitate docking.

Platelet granule motility increases in response to Ca2+ in the absence of Munc13-4

Our in vitro data suggest that Munc13-4 could be a tethering factor, positioning secretory 

granules and bridging the two fusing membranes. Thus, Munc13-4 might be expected to link 

granules to potential fusion sites, in vivo, and thereby its deletion would be expected to 

affect granule distribution and stability. To address this in platelets, we monitored dense 
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granule secretion from control platelets and those lacking Munc13-4 (Unc13dJinx platelets 

(24)) using time-lapse, 3-dimensional fluorescence microscopy. It is well established that 

secretion from platelet dense granules is nearly abolished in the absence of Munc13-4 (24, 

26, 33). The absolute requirement of Munc13-4 for dense granule secretion provided an 

ideal scenario for studying the role of Munc13-4 during secretion. By using mepacrine to 

fluorescently label platelet dense granules (54), we were able to monitor the kinetics of 

platelet dense granule secretion and to track granule motion both before and during 

activation with the ionophore, A23187, and Ca2+.

We first compared dense granule secretion between control platelets and Unc13dJinx 

platelets by recording whole platelet fluorescence loss in response to activation. Figure 6A 

shows fields of either control or Unc13dJinx platelets, pre- and post-activation. The 

fluorescent puncta in the images represent dense granules loaded with mepacrine. It is clear 

that the number of puncta decreases in response to Ca2+/A23187 in the control platelets but 

not in the Unc13dJinx platelets. Figure 6B highlights this observation by displaying images 

of two control platelets at different times after activation; by t=51 sec nearly all of the 

puncta, i.e. granules, are gone. The mean-relative-fluorescence versus time was plotted for 

control and Unc13dJinx platelets in Figure 6C. Secretion from control platelets is nearly 

complete within the first 10 sec following activation. In stark contrast, almost no loss of 

fluorescence occurred in Unc13dJinx platelets after 2 min. These data support previous 

findings that almost no dense granule secretion occurs in the absence of Munc13-4 (24, 26, 

33).

We sought to determine whether the lack of dense granule secretion in Unc13dJinx platelets 

correlated with a lack of vesicle stabilization prior to granule-plasma membrane fusion and 

whether this stabilization had both Ca2+-independent and Ca2+-dependent components. We 

tracked individual granules in control and Unc13dJinx platelets via their center of intensity in 

three dimensions and plotted the mean-squared displacement (MSD) versus time. As shown 

in Figure 6D, even prior to stimulation, dense granules in control platelets are essentially 

motionless (D = 31.7 × 10−6 μm3/s) whereas dense granules in Unc13dJinx platelets are 

highly mobile (D=0.002 μm3/s). These data suggest Munc13-4 is required for a Ca2+-

independent vesicle stabilization step prior to secretion. Upon activation, dense granules in 

control platelets show little additional movement which is attributed largely to the fast rate at 

which they secrete their content. In contrast, the mobility of dense granules in Unc13dJinx 

platelets increases in response to Ca2+ suggesting that Munc13-4 is also required for a Ca2+-

dependent vesicle stabilization step prior to secretion. These data reveal that Munc13-4 plays 

a distinct Ca2+-dependent role in vesicle stabilization that is required for platelet granule 

secretion.

DISCUSSION

In this manuscript, we probed the mechanisms by which Munc13-4 mediates membrane 

fusion and platelet exocytosis. We show that Munc13-4 enhanced SNARE-mediated, 

proteoliposome fusion in a Ca2+- and PS-dependent manner that was not directly dependent 

on SNARE concentration. The fusion enhancement was dependent on the two C2 domains 

of Munc13-4 but required only the Ca2+-liganding ability of the C2B aspartate residues. 
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Munc13-4 showed minimal binding to proteoliposomes containing SNAREs unless both PS 

and Ca2+ were present. Additionally, Munc13-4 caused the clustering of protein-free 

liposomes when Ca2+ and PS were included. This clustering activity again required 

specifically only the Ca2+-liganding aspartate residues of C2B. Our data suggest that 

Munc13-4 can tether two lipid bilayers together in a manner that is both PS- and Ca2+-

dependent and that this tethering enhances the formation of fusogenic SNARE complexes. 

To understand the potential in vivo function of Munc13-4, we examined dense granule 

mobility and secretion in platelets from wild-type and Unc13dJinx mice. In the absence of 

Munc13-4 the granules were highly mobile in both resting and stimulated states and granule 

content was not secreted. These data yield new insights into platelet cell biology and 

activation. First they imply that mepacrine-stained dense granules are “docked” in the 

resting platelet awaiting stimulation, which may account for the rapidity of dense granule 

cargo release (44). Second they show that Munc13-4 plays a tethering role not only in 

activated platelets but also in resting platelets where Ca2+ levels are low.

SNAREs and Munc13-4 are required for platelet granule secretion (13–16, 18, 19, 24, 26), 

but little is known about the step-by-step order of events that culminate in Ca2+-activated 

fusion of granules with the plasma membrane. Previous work from our lab showed that 

platelet dense granule secretion is ablated in the absence of Munc13-4 while α-granule and 

lysosomal secretion persist at attenuated rates (24). Thus, Munc13-4 is explicitly required 

for dense granule secretion. The data, presented here, suggest that dense granules reside in a 

docked/tethered state, close to the final stages of secretion. This heightened state of 

“readiness” requires Munc13-4 and allows dense granules to respond to a Ca2+-trigger more 

rapidly than other platelet granule stores. Consistently, dense granule content is released 

more rapidly than is the content from α-granules or lysosomes (44). The rapid release of 

such molecules as ADP is critical for successful thrombosis and appears to constitute a 

feedback, paracrine factor for complete activation of α-granules and lysosome release (25, 

26, 55, 56). Our finding that Munc13-4 is required for immobilizing dense granules offers 

new insights into the mechanisms of dense granule exocytosis and suggests that they exist in 

a “docked/tethered” state that is poised for release. This mechanism appears to be similarly 

used for lytic granules in cytotoxic T lymphocytes were loss of Munc13s increases granule 

mobility (57). Our data also account for the robust bleeding and hemostasis defect observed 

in the Unc13dJinx mice that lack the protein (24, 26, 58, 59) and are congruent with the 

phenotype observed in humans harboring mutations in UNC13D, the human homologue of 

Munc13-4 (60, 61). We addressed the role of Munc13-4 in response to Ca2+, and in doing so 

revealed a role for Munc13-4 in unstimulated platelets. Future studies of Munc13-4 in 

resting conditions are required to shed light on this role of Munc13-4.

Reconstituted liposomes are an established tool for studying SNAREs and regulatory 

proteins involved in membrane fusion (11, 49). This system allowed us to analyze the role of 

Munc13-4 and its C2 domains in the final stages of granule secretion involving fusion 

between the vesicle membrane and the plasma membrane. We showed that Munc13-4 

enhances SNARE-dependent, vesicle fusion in a Ca2+-dependent manner that was 

specifically dependent upon Munc13-4 – liposome interactions and the Ca2+-liganding 

aspartates of the C2B domain (Figure 1). The extent of fusion enhancement was independent 

of SNARE density and correlated with the amount of PS in the liposomes. We were unable 
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to detect a SNARE requirement for the Munc13-4-liposome association under the conditions 

we used in our assays employing t-SNARE complexes comprising syntaxin 2 and SNAP-23. 

This differs from Boswell et al. (62) who reported Ca2+-independent interactions between 

Munc13-4 and four different, syntaxins (1, 2, 4 and 11) using GST-cytoplasmic domain 

fusion proteins, and Ca2+-dependent interactions between Munc13-4 and liposome-

embedded t-SNAREs comprising syntaxin 1 and SNAP-25. Perhaps the differences between 

our observations and those in Boswell et al. reflect innate preferences in Munc13-4 binding 

among different t-SNARE pairs in response to Ca2+. Detailed SNARE-specificity studies are 

needed to clarify this. However, it should be noted that we were also unable to detect 

Munc13-4/syntaxin interactions by co-immunoprecipitation from platelet extracts, though 

Rab27/Munc13-4 interactions were readily detected (data not shown). Protein-free liposome 

aggregation can be a metric of granule/plasma membrane tethering prior to fusion. 

Consistent with our fusion data, both C2 domains were important for liposome aggregation 

as were the Ca2+-liganding aspartates of C2B. Aggregation, like SNARE-mediated fusion, 

was dependent on Ca2+ and PS. Similarly, Boswell et al. (62) did show that PS was a 

required component for Munc13-4 liposome binding, however, in contrast to Boswell et al. 
our studies suggest that Munc13-4/SNARE interactions are not likely a primary requirement 

for the Ca2+-dependent role of Munc13-4. Taken together, our data suggest that the ability of 

Munc13-4 to interact with acidic phospholipids in a Ca2+-dependent manner is central to its 

role in tethering membranes and promoting SNARE-dependent fusion. Our data demonstrate 

directly that Munc13-4 helps juxtapose apposing membranes to stimulate membrane fusion 

in response to Ca2+.

Our in vitro experiments recapitulate some of the steps just upstream of membrane fusion, 

i.e., tethering. Neither fusion enhancement nor aggregation required Rab27 under the 

conditions used, though we did not test whether the Rab augmented either. From studies of 

knockout mice and biochemical analyses, Munc13-4 and Rab27 interact and are both 

important for platelet exocytosis (22, 24, 26, 63). In platelets, the ΔC2B mutant fails to 

rescue secretion from permeabilized Unc13dJinx platelets (24, 62). This mutant contains the 

Rab27a/b-binding site (amino acids 280-285 (35)) therefore this N-terminal region of 

Munc13-4 interacts with lipids, small-GTP binding proteins, and perhaps with other proteins 

important for exocytosis. These interactions, in the absence of the Ca2+-dependent functions 

of C2B, are insufficient for platelet secretion suggesting a heterobifunctional mechanism for 

Munc13-4. The positioning of C2 domains at either end of Munc13-4 indicates that 

Munc13-4 could bridge two fusing membranes and thus facilitate tethering and SNARE-

mediated fusion. Our AUC analysis showed that, in solution, monomeric Munc13-4 was an 

elongated, prolate ellipsoid with a semi-major axis length of 26 nm, which is sufficient to 

span between two membranes that are linked by SNAREs. Both C2 domains are important, 

but only one requires calcium-binding for function. The C2A-containing, ΔC2B mutant 

inhibits secretion from permeabilized platelets (24) and only one C2 domain (C2B) must 

bind Ca2+; therefore, it seems plausible that the two C2 domains play distinct roles. This is 

often the case with other C2 domain containing proteins like synaptotagmins (see discussion 

below). Given that Rab27 is likely to be present on granules, one could envision that the 

Ca2+-binding C2B domain is interacting with the plasma membrane and promoting SNARE 

mediated fusion in response to Ca2+. The Rab27 interaction is not essential in our 
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reconstituted assay systems since Munc13-4 alone can interact with PS-containing 

liposomes and does not require a Rab27-dependent targeting to specific membranes (i.e., 
granules). Previous reports showed that individual domains (i.e. MHD or C2A) of a different 

Munc13 protein, Munc13-1, can dimerize (64, 65) or hetero-dimerize with fragments of α-

RIM (65). These studies used purified domains of Munc13-1 comprising only portions of the 

whole protein; thus, it is difficult to extrapolate these previous findings to the interactions 

occurring in full-length Munc13-4. Using clear-native gel electrophoresis, Boswell et al. 
suggested that Munc13-4 might dimerize (62). Our data (Fig. 6) are the only direct, 

hydrodynamic analysis of full-length Munc13-4, and although they are strongly consistent 

with monomeric Munc13-4 as the dominant state under our solution conditions, higher 

oligomers may be possible at increased protein concentrations or in a crowded 

microenvironment, such as might occur at sites of fusion. Constraining Munc13-4 to span 

between plasma and vesicle membranes might increase its effective concentration to the 

point where multimerization could occur. This will need to be evaluated in future 

biophysical studies.

Our results imply a potential Ca2+ sensing role for Munc13-4 in platelets, that is, perhaps, 

downstream of granule docking. Our data are consistent with divergent roles for the two C2 

domains of Munc13-4, specifically relevant to their Ca2+ binding. Several other C2-domain-

containing proteins have also been detected in platelets (i.e., Slp4, DOC2, and 

synaptotagmin (28, 29, 66)), thus there are potential Ca2+ sensors which could affect 

secretion. It is interesting to note that many proteins with 2 C2 domains show distinct roles 

for each. For example, a Ca2+-binding role for the C2B domains of synaptotagmins has been 

shown to be important for neuronal secretion (39, 67, 68). At this stage it is naïve to claim 

that Munc13-4 is the only relevant Ca2+ sensor for platelet exocytosis. However, our data do 

point to two intriguing aspects of Munc13-4’s role in dense granule release that show it 

contributes to the activation of platelet secretion. First, Munc13-4 is important for granule 

immobilization/tethering even in resting platelets. Given the low intra-platelet concentrations 

of free Ca2+, one would assume that this tethering function is not completely Ca2+-

dependent. Second, upon stimulation, which includes an increase in intra-platelet Ca2+, the 

tethered granules fuse and their cargo is released. No significant release of dense granule 

cargo (mepacrine) is seen in the absence of Munc13-4. This could be simply due to the lack 

of tethered granules or because Munc13-4 performs a second, Ca2+-dependent process that 

is important for SNARE-mediated fusion. C2 domains in other proteins have been shown to 

insert into bilayers presumably to promote membrane fusion (69, 70). At this stage, our 

experiments do not differentiate these two possibilities. What our data do demonstrate is that 

Munc13-4 juxtaposes vesicle membranes, stabilizes granules before and during platelet 

secretion, and stimulates membrane fusion in response to Ca2+ suggesting that Munc13-4 

could contribute to a calcium response that activates granule release. This is essential for the 

rapid release of paracrine, dense granule cargo (i.e. ADP) and is thus critical for hemostasis.
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ABBREVIATIONS

Soluble NSF Attachment Protein Receptor

SNAP-23 Synaptosomal Associated Protein-23

Unc Uncoordinated

Munc Mammalian Uncoordinated

VAMP vesicle associated membrane protein

STXBP5 syntaxin binding protein 5

PS phosphatidylserine

PC phosphatidylcholine

NBD-PE N-(7-nitro-2-1,3-benzoxadiazol-4-yl)-1,2-dipalmitoyl 

phosphatidyl-ethanolamine

Rhodamine-PE N-(lissamine rhodamine B sulfonyl)-1,2-dipalmitoyl 

phosphatidylethanolamine

VWF von Willebrand factor

PF4 platelet factor 4

HPS Hermansky Pudlak Syndrome

GPS Gray Platelet Syndrome (GPS)

FRET fluorescence energy transfer

PCR polymerase chain reaction

MSD mean square displacement

GST glutathione S transferase

AUC analytical ultracentrifugation
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SUMMARY STATEMENT

Platelet exocytosis, mediated by SNAREs and Ca2+-dependent regulators, is critical for 

hemostasis. Munc13-4 binds membranes in a Ca2+- and PS-dependent manner and acts as 

a tethering factor for pre-docked platelet dense granule secretion to mediate rapid 

response to vascular damage. (40 words)
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Figure 1. Munc13-4 Stimulates SNARE-mediated membrane fusion in response to Ca2+

(A) Illustration depicting the in vitro reconstituted membrane fusion assay. Fusion of v-

SNARE (VAMP8; v) vesicles containing a donor and acceptor FRET pair with unlabeled t-

SNARE vesicles (syntaxin 2/SNAP-23; t) results in dilution of the FRET pair. Membrane 

fusion is measured as an increase in donor fluorescence over time. (B) Reconstituted 

membrane fusion assays were carried out using a 1:1 t:v-SNARE vesicle ratio. Recombinant 

Munc13-4 was added as indicated. Reactions were carried out in 0.2 mM EGTA. Ca2+ was 

added to a final concentration of 1 mM at t = 20 min. Samples lacking Ca2+-addition 
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(−Ca2+) were also included. As a control, the cytoplasmic domain of VAMP8 (+cdV8, 10 

μM) was added to inhibit SNARE-mediated fusion (gray line). Fusion was monitored for 60 

min at 37°C, normalized to the maximum donor fluorescence signal (% Max. fluorescence), 

and plotted as a function of time. (C) The final extent of fusion at each Munc13-4 

concentration tested in panel B was normalized to the final extent of fusion obtained in 

samples lacking Munc13-4 (Fold Stimulation) and plotted as a function of Munc13-4 

concentration. (D) Fusion reactions containing 0.4 μM Munc13-4 were carried out as in 

panel B. The final concentration of Ca2+ added at t=20 min was varied from 1 μM to 1 mM. 

The final extent of fusion was normalized as in B and plotted as a function of the Ca2+ 

concentration. (E) Fusion reactions were carried out as in panel B using recombinant 

Munc13-4 in which the Ca2+-coordinating aspartic acid residues in the C2 domains were 

substituted with asparagine residues. Error bars represent the standard error from n≥3. (F) 
Experiments were repeated using recombinant Munc13-4 lacking the Ca2+-coordinating 

C2A (ΔC2A, left panel) or C2B (ΔC2B, right panel) domain. Data are representative of n>3. 

(G) Experiments were repeated using recombinant Munc13-4 in which the Ca2+-

coordinating aspartic acid residues in the C2A (C2AmB, left panel) or C2B (C2ABm, right 

panel) were substituted with asparagine residues (C2AmB = D127N, D133N, D206N, 

D208N, D241N; C2ABm = D941N, D947N, D1005N, D1007N, D1013N). Data are 

representative of n≥3.
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Figure 2. Munc13-4 interacts with lipids, but not with SNAREs in a Ca2+-dependent manner
(A) Diagram of the flotation assay used to monitor binding interactions (see also Materials 

and Methods). Recombinant Munc13-4 (2.0 μM) was incubated with either t-SNARE 

vesicles harboring SNAP-23 and Syntaxin 2 (T), v-SNARE vesicles harboring VAMP8 (V), 

or protein free vesicles (PF) containing PS for 30 min at room temperature in the absence or 

presence of Ca2+ (1 mM). The lipid composition of the protein free vesicles was 40% PC, 

30% PE and 30% PS. The lipid composition of the t- and v-SNARE vesicles was 70% PC 

and 30% PE. Note: the t- and v-SNARE vesicles did not contain PS. Reactions were layered 

with decreasing concentrations of Accudenz buffer and subjected to centrifugation. Vesicles, 

and any components bound to the vesicles, floated to the 0%–30% Accudenz interface, were 

collected, and analyzed by SDS-PAGE. Unbound protein remained in the lower layers. (B) 
SDS-PAGE analysis of the floatation experiment diagramed in panel A. Proteins were 

visualized by staining with Coomassie blue. Gel is representative of n≥3.
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Figure 3. Ca2+-Munc13-4 stimulated fusion is dependent upon the PS concentration of vesicles, 
but not on SNARE copy number
Reconstituted membrane fusion assays were carried out as described in Figure 1 (A) 0.4 μM 

Munc13-4 was added to reactions as indicated and t- and v-SNARE vesicles harboring 

increasing concentrations of PS were used. PC concentrations were adjusted to 

accommodate the increase in PS concentration. Traces are representative from n≥3. (B) 
Membrane fusion assays were carried out using v-SNARE vesicles with increasing copy 

numbers of VAMP8; t-SNARE vesicles remained unchanged and were the same as described 

in Figure 1. Vesicles harbored 30% PS. (C) (left) Data from panel B were normalized as 

described in Figure 1C and plotted as Fold Stimulation above – Munc13-4 (-Ca2+). Error 
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bars represent the standard error from n≥3. (right) Experiments in panel B were repeated 

using t-SNARE vesicles with increasing copy numbers of syntaxin 2-SNAP-23 heterodimer 

and plotted as described previously; v-SNARE vesicles remained unchanged and were the 

same as described in Figure 1. (lower panels) Equal amounts of low, intermediate, and high 

copy v-SNARE and t-SNARE vesicles were analyzed by SDS-PAGE followed by staining 

with Coomassie blue.
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Figure 4. PS-containing vesicles form large aggregates in the presence of Ca2+-Munc13-4
(A) Protein free vesicles comprising 40% PC/30% PE/30% PS (PC/PE/PS) or 70% PC/30% 

PE (PC/PE) were mixed with buffer in a cuvette that was placed into the chamber of a 

DynaPro 99 instrument pre-heated to 37°C. Ca2+ (1 mM) was added to reactions after 

measurements stabilized (~ 1 min). The size distribution of particles within the cuvette was 

measured prior to (red) and after (blue) Ca2+ addition and plotted as a histogram. Munc13-4 

(0.3 μM) was included in reactions as indicated. Conditions mimicked the conditions used 

for in vitro membrane fusion assays. (left) Both before and after Ca2+ addition, vesicles 

harboring PS exist as individual particles sized mainly between 80 and 100 nm. (middle) In 

reactions including Munc13-4, vesicles lacking PS exist as individual particles sized mainly 

between 80 and 100 nm both before and after Ca2+ addition. (right) In reactions including 

Munc13-4, PS-harboring vesicles exist as individual particles sized mainly between 80 and 

100 nm before Ca2+ addition, but following Ca2+-addition, the fraction of PS-harboring 

vesicles that exist as individual particles decreases and large vesicle aggregates form with 

sizes exceeding 10 μm. (B) Data from panel A were grouped into three categories: particles 

with diameters less than 10 nm (black), 10 nm to 100 nm (white), and greater than 100 nm 

(gray). The fraction of particles within each group (% total population) was plotted for 

reactions prior to and after Ca2+ addition. Experiments were repeated using recombinant 

Munc13-4 in which the Ca2+-coordinating aspartic acid residues in the C2A and C2B 

domains were substituted with asparagine residues (C2AmBm). Data are representative from 

n≥3. (C) Experiments were repeated using recombinant Munc13-4 in which the Ca2+-
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coordinating aspartic acid residues in only the C2A (C2AmB) or C2B (C2ABm) domain 

were substituted with asparagine residues. Data are representative of n≥3.

Chicka et al. Page 27

Biochem J. Author manuscript; available in PMC 2017 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Sedimentation velocity analysis of Munc13-4 proteins
Measurements were made in Ca2+-buffer (red curve) and EGTA-buffer (black curve). C(s) 

distributions were calculated using the program SEDFIT. Translational frictional ratios, f/f0, 

were calculated with SEDNTERP, using mean s20,w values of the major species as input. 

Frictional ratios were used to estimate the dimensions of hydrodynamically-equivalent 

prolate ellipsoids, using the  method implemented in SEDNTERP and a hydration value of 

0.3g/g-protein. (inset) The black ellipsoid shows the proportions of the protein alone, and the 

grey shell shows the extent to which this degree of hydration changes the dimensions of 

semi-major (a) and semi-minor (b) radii.
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Figure 6. Munc13-4 stabilizes dense granules in platelets before and after the Ca2+ trigger
(A) Images of fields showing fluorescent-labeled dense granules in platelets from control 

and Unc13dJinx mice before (pre-Ca2+) and after (post-Ca2+) stimulation using the 

ionophore A23187. The box encases two control platelets shown in panel B. (B) Images of 

control platelets from panel A at t=0, 11, 31, and 51 sec. (C) The relative fluorescence 

intensity of whole platelets from control (●) or Unc13dJinx (○) mice was plotted versus 

time, following stimulation with 0.7 mM Ca2+ and A23187 (1 μM) at t=0 sec. Data represent 

the mean −/+ SEM for n=30 platelets. (D) Individual granules in platelets from control 

(●,○) and Unc13dJinx (■,□) mice were tracked over time on the basis of their center of 

intensity, in three dimensions. The mean-squared displacement of 50 granules was 

calculated and plotted versus time in unstimulated samples(●, ■) or samples stimulated 

with 0.7 mM Ca2+ and A23187 (1 μM; ○, □) at t=0 sec. The average mean-squared 

displacement D of the control and Unc13dJinx samples is indicated on the graph. Error bars 

represent SEM. We note that data for the stimulated condition was collected for only 40 sec 

because most granule secretion from control platelets was completed by this time.
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