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Most core components of the neurotransmitter release machinery have
homologues in other types of intracellular membrane traffic, likely under-
lying a universal mechanism of intracellular membrane fusion. However, no
clear similarity between Munc13s and protein families generally involved in
membrane traffic has been reported, despite the essential nature of Munc13s
for neurotransmitter release. This crucial function was ascribed to a minimal
Munc13 region called the MUN domain, which likely participates in soluble
N-ethylmaleimide sensitive factor attachment protein receptor complex
(SNARE) assembly and is also found in Ca**-dependent activator protein
for secretion. We have now used comparative sequence and structural
analyses to study the structure and evolutionary origin of the MUN domain.
We found weak yet significant sequence similarities between the MUN
domain and a set of protein subunits from several related vesicle tethering
complexes, such as Sec6 from the exocyst complex and Vps53 from the
Golgi-associated retrograde protein complex. Such an evolutionary relation-
ship allows structure prediction of the MUN domain and suggests
functional similarities between MUN domain-containing proteins and
multisubunit tethering complexes such as exocyst, conserved oligomeric
Golgi complex, Golgi-associated retrograde protein complex, and Dsllp.
These findings further unify the mechanism of neurotransmitter release
with those of other types of intracellular membrane traffic and, in turn,
support a role for tethering complexes in soluble N-ethylmaleimide sensitive
factor attachment protein receptor complex assembly.

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

Extensive studies in diverse membrane compart-
ments of organisms ranging from yeast to humans
have shown that most types of intracellular mem-
brane traffic are governed by members of several

protein families, indicating the existence of a
conserved core machinery for intracellular mem-
brane fusion." These conserved proteins include
N-ethylmaleimide sensitive factor (NSF)/Secl8p,
soluble NSF attachment proteins (SNAPs)/Secl7p,
SNAP receptors (SNAREs), Secl/Muncl8 proteins,
and small GTPases from the Rab family.? Corre-
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Data Bank.

spondingly, the machinery that controls the release
of neurotransmitters by Ca*'-triggered synaptic
vesicle exocytosis contains members from each one
of these families and, in addition, includes specia-
lized components that confer the exquisite regula-
tion of this type of membrane fusion, which is
critical for brain function.” Proteins from the
Munc13/Unc13 family have commonly been con-
sidered as examples of such specialized factors,
since they have not been related to any protein
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families generally involved in membrane traffic.
However, genetic deletion of these proteins leads to
abrogation of all forms of neurotransmitter release
(spontaneous, sucrose-induced, and CaZ"-evoked
release)," ® and the severity of this phenotype
suggests an essential function that raises some
critical questions: Is this function specific to synaptic
vesicle fusion? Or is this function conserved in other
types of intracellular membrane traffic? And, if so,
which proteins perform this function in other
systems? It is also intriguing that most types of
intracellular membrane traffic depend on so-called
tethering complexes such as exocyst, conserved
oligomeric Golgi (COG), Golgi-associated retro-
grade protein (GARP), Dsllp complex, TRAPP,
and HOPS,” ? but no such complexes have been
clearly linked to neurotransmitter release.

The two major Munc13 isoforms in the mamma-
lian brain are Munc13-1 and Munc13-2.'" They share
a common domain content with two or three C2
domains (named C2A, C2B, and C2C) and a
diacylglycerol-binding C1 domain. Sequence ana-
lyses revealed the presence of two conserved regions
between C2B and C2C in Muncl3-related proteins
[Munc13 homology domains (MHD) 1 and 2]."" A
later study showed that the homologous region in
Muncl3 homologues extends beyond the MHD1 and
MHD2 domains to include most of the region
between C2B and C2C."? This extended homologous
region (named the MUN domain) forms an indepen-
dent folding unit and is required for vesicle priming.'*
This crucial function of the Munc13 MUN domain in
neurotransmitter release likely involves a role in
promoting assembly of SNARE complexes, since the
Muncl3-1 MUN domain binds to SNARE complexes
and syntaxin-1/SNAP-25 heterodimers.!3!4 MUN
domains are also present in the Ca”**-dependent
activator protein for secretion (CAPS), which may
have a related role in vesicle priming,”” and in
distantly related proteins from fungi and plants."
Secondary structural predictions and fold recognition
exercises suggested that the MUN domain mainly
consists of a-helices and may form helical repeats.!2
The three-dimensional structure and evolutionary
origin of the MUN domain remain unknown.

With rapidly increasing numbers of protein
sequences and structures in current databases and
the development of powerful similarity search and

structure prediction tools, more subtle homologous
relationships between protein families can be
revealed by comparative sequence and structural
analyses. In this study, we show that the MUN
domain is homologous to a set of protein subunits in
several related multisubunit tethering complexes,
including exocyst, COG, GARP, and Dsl1p complex.
These findings uncover what is likely to be a key
missing link between the mechanisms of neuro-
transmitter release and those of other types of
intracellular membrane traffic, allowing structure
prediction of the MUN domain, and suggesting
functional similarities between Muncl3, CAPS, and
tethering complexes.

Sequence similarity searches and structure
prediction for the MUN domain

Previous studies have not revealed homologous
relationships between the MUN domain and known
protein domain families. PSI-BLAST'® searches
using the MUN domain from mouse Muncl3-1
[gene identification (gi) number: 158706507, resi-
dues 859-1531] as the query found weak yet
significant sequence similarities (e-value<0.001) to
Sec6 and Vps53, which are subunits of the tethering
complexes exocyst and GARP, respectively. PSI-
BLAST searches from Sec6 and Vps53 homologues
also found MUN domains with significant e-values
(<0.001). Using Muncl3s and other MUN domain-
containing proteins as queries, the profile—profile
comparison-based program HHsearch'” also con-
sistently found Pfam'® families of subunits from
tethering complexes, such as exocyst, COG, GARP,
and the Dsllp complex, as top hits to the regions
corresponding to the MUN domain. For example,
the MUN domain from mouse Munc13-1 found Sec6
(Pfam entry: PF06046) with a probability score of 98;
the MUN domain-containing protein gil22326641
from Arabidopsis thaliana found exocyst subunits
Sec6 (score: 99.6), Sec3 (Pfam entry: PF09763; score:
93.9), Exo70 (Pfam entry: PF03081; score: 93.0), and
Secl5 (Pfam entry: PF04091; score: 90.5); Dsllp
complex subunit RINT1_TIP1 (Pfam entry:
PF04437; score: 86.7); and COG subunit COG4
(Pfam entry: PF08318; score: 77.9).

Multisubunit tethering complexes mediate ini-
tial interactions between vesicles and the target

Fig.1. Multiple sequence alignment of domain C and domain D of the MUN domains and tethering complex subunits.
This alignment was constructed using the PROMALS3D program®' with manual adjustment according to available 3D
structures and secondary-structure predictions. The proteins are identified by their National Center for Biotechnology
Information gi numbers. Their grouping is suggested by boxes around the gi numbers. Common names for some
experimentally characterized proteins follow the gi numbers. PDB IDs for sequences with known structures are shaded and
shown after the common names. Nonpolar residues in positions with mainly hydrophobic residues are shaded in yellow.
Conserved residues in the MUN-domain-containing proteins are shown in red and bold letters, and corresponding residues
in proteins from vesicle tethering complexes are shown in black and bold letters. Starting and ending residue numbers
(italic), as well as sequence lengths (in brackets), are shown. Insertion regions between the aligned blocks are replaced by the
numbers of residues. The long insertion regions with the C2 domains in fungi MUN domain-containing proteins are
indicated. Consensus secondary-structure predictions for the MUN domains are shown above the alignment and marked
from h1 to h9 for the nine major helices in domain C and domain D of tethering complex subunits such as Exo70 and Tip20p.
Species names are represented by two-letter abbreviations and colored as follows: metazoan, blue; fungi, orange; and
plants, green. Species name abbreviations are as follows: At: A. thaliana; Ce: C. elegans; Ci: Ciona intestinalis; Dm: Drosophila
melanogaster; Mm: Mus musculus; Nc: Neurospora crassa; Ot: Ostreococcus tauri; Sc: Saccharomyces cerevisiae; Sp: S. pombe.
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membrane.'” Although their exact functions remain
unclear, they could be important to ensure mem-
brane fusion specificity and possibly catalyze key
reactions in the fusion events. Both sequence
analyses”® and 3D structure determinations®'**
have revealed distant similarities between many
subunits of four tethering complexes: exocyst (con-
sisting of Sec3, Sec5, Sec6, Secl0, Secl5, Exo70,
and Exo84; functioning in exocytosis), COG (con-
sisting of COG1, COG2, COG3, COG4, COGS,
COG6, COG7, and COGS; functioning in the Golgi),
GARP (consisting of Vps51, Vps52, Vps53, and
Vps54; functioning in endosome to Golgi transport),
and Dsllp complex (consisting of Tip20p/RINT-1,
Sec20, and Dsl1p/ZW10; functioning in Golgi to ER
retrograde transport). Three other multisubunit
tethering complexes, TRAPI, TRAPII, and HOPS,
are evolutionarily unrelated to exocyst/COG/
GARP/Dsl1p.*

The structures of Exo70 of the exocyst complex
and Tip20p of the Dsllp complex™ revealed a
similar arrangement of four domains (A-D) forming
right-handed superhelices. In Ex070, these four
domains are arranged in a linear way and adopt a
rod-shaped structure. In Tip20p, the different orien-
tation between the four domains results in a curved,
hook-like structure. Structures of the C-terminal
regions of exocyst subunits Sec6” and Sec15* have

23-25

resemblance to domains C and D of Exo70 and
Tip20p, while structures of the C-terminal region of
Ex084” and N-terminal region of Dsllp*® show
similarities to domains A and B of Exo70 and Tip20p.
Another protein with a similar structure is the cargo-
binding domain of the yeast myosin V,*’ which has a
related function in tethering yeast secretary vesicles
to actin filaments. In the Structural Classification of
Proteins database,” the superhelical motif of Exo70
is classified in the ‘cullin-repeat-like’ superfamily of
the ‘a—a superhelix’ fold.

Multiple sequence alignments®' of MUN domains,
Sec6, Vps53, Secl5, and Tip20p, suggested the
presence of domains A, B, C, and D in MUN
domains (Supplementary Fig. 1). The regions corre-
sponding to domains C and D in MUN domains are
more conserved than regions corresponding to
domains A and B. Figure 1 shows the alignment of
domains C and D in MUN domains and representa-
tive tethering complex subunits (Sec6, Vps53, Exo70,
Sec15, and Tip20p). Secondary-structure predictions
and hydrophobicity patterns suggested the presence
of nine major helices in MUN domains correspond-
ing to the ones observed in domains C and D of
Tip20p (the last helix is not present in the yeast Exo70
with solved structure).

A structural model of the C-terminal region
(domain C and domain D) of the MUN domain

Fig. 2. Stereo diagrams of the structural model of domain C and domain D of the MUN domain from mouse Munc13-1.
Side chains of conserved residues (highlighted in red letters in Fig. 1) are shown as sticks. N- and C-termini are marked.
Long loops are omitted with dotted lines connecting the end points. These diagrams are made using the program PyMOL.
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from mouse Muncl3-1 was generated according to
the Sec6 structure [Protein Data Bank (PDB) ID: 2fji]
by MODELLER *2 We calculated sequence
conservation® for the MUN domains and mapped
the top 10 most conserved residues (Fig. 1, red
columns) onto this structural model (Fig. 2). These
conserved residues form several spatial clusters.
Residues W1161 and L1215 are two interacting
large hydrophobic residues. In the structure of Sec6
with only domains C and D (PDB ID: 2fji), these two
residues are half buried. In the structure of Tip20
where all four domains are present (PDB ID: 3fhn),
residues in these two positions are buried in the
interface of domain B and domain C and, thus,
contribute to the interaction and orientation between
these two domains. Residues D1180, S1197, and
Y1241 are buried in the core of domain C. They are
close to each other and may form specific interactions
using their polar side chains. Conserved negatively
charged residues occupy the position of the buried
D1180 in both MUN domains and Sec6 but not in
other related tethering complex subunits (Fig. 1). The

99

residue D1200 in helix 2 is a conserved exposed polar
residue that could be important for mediating MUN
domain interactions with other proteins. C1262 and
N1266 in domain C are located at the interface
between domain C and domain D. N1266 is also
conserved in the Sec6 family. In the Sec6 structure, the
side chain of this Asn residue is hydrogen-bonded to
the main-chain atoms in the turn region of helix 6 and
helix 7 in domain D. This interaction could be
important for maintaining the relative orientation
between domains C and D. Residues W1388 and
F1482 are two interacting large hydrophobic residues
in the structural core of domain D.

Sequence grouping, phyletic distribution, and
domain architecture of MUN domain-containing
proteins

Phylogenetic analysis using MOLPHY>* sug-
gested clear separation of five major groups of
MUN domain-containing proteins with distinct
domain contents and phyletic distributions (Fig. 3).

158706507 Mus musculus Munc13-1
148670537 Mus musculus Munc13-2
124487217 Mus musculus Munc13-3
198435342 Ciona intestinalis Gai-c1 -

Metazoan group 1

6665667 Drosophila melanogaster
&7 71997504 Caenorhabditis elegans Unc-13
M 5E0906474 Mus musculus CAPS-1
100 198436344 Ciona intestinalis Metazoan group 3
54——85681027 Drosophila melanogaster 2SI
133931077 Caenorhabditis elegans Unc-31
79 62243588 Mus musculus Munci3-4
B 47| 187957352 Mus musculus BAP3
85 221330936 Drosophila melanogaster Metazoan group 2
L 198433362 Ciona intestinalis “c2 WEONE-'c2-
96 193210334 Caenorhabditis elegans
25145549 Caenorhabditis elegans AEX-1
100 68 82 151945378 Saccharomyces cerevisiae
1 19115838 Schizosaccharomyces pombe Fungi group
28 85110917 Neurospora crassa - c2
19113392 Schizosaccharomyce pombe Gitl
100 15226107  Arabidopsis thaliana
82| _imsasoazzl Arabidopsis thaliana Plant group
98] L 22326641 Arabidopsis thaliana —
116000485 Ostreococcus tauri
100 84579825 Mus musculus Sec6

[ )
0.1 substitutions/site

19922552 Drosophila melanogaster
39540475 Saccharomyces cerevisiae Sec6p

73
— 19387172  Arabidopsis thaliana

Sec6 family

Fig. 3. Phylogenetic tree of representative MUN domains and Sec6 proteins (as an out group) by MOLPHY.**
Sequence groups are marked on the right with domain architecture diagrams shown. The dashed outline of the first C2

domain in metazoan group 1 suggests that it is absent in some proteins. JTT amino acid substitution mode

15 was used.

Only positions with gap fraction less than 50% were selected for tree building. The local estimates of bootstrap

percentages were obtained by the RELL method,*

as implemented in the program ProtML of MOLPHY (-R option).

Branch support values above 90 are shown in red numbers. A smular tree supporting the separation of five major groups
of MUN domains were obtained by using the PHYML program® with the JTT amino acid substitution model and with
rate variation across sites modeled by a discrete gamma distribution.
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We also found divergent MUN domain-containing
proteins in Dictyostelium discoideum and Trichomonas
vaginalis but not in other protists. On the other hand,
tethering complexes exocyst and GARP subunits have
a wider species distribution® than MUN domain-
containing proteins. MUN domain-containing pro-
teins probably originate from duplication of one
exocyst/GARP subunit, for example, Sec6 or Vps53.
Addition of C2 domains in metazoan and yeast MUN
domain-containing proteins suggested that they
have specialized roles in regulating Ca**-dependent
exocytosis. Indeed, the function of exocyst in neural
cells does not seem to overlap with synaptic vesicle
exocytosis.*®

Metazoan group 1 includes experimentally charac-
terized mammalian Munc13-1, Munc13-2, Munc13-3,
and the Unc-13 protein from Caenorhabditis elegans.
These proteins are expressed in the nervous systems
and are important for priming synaptic vesicles for
fusion. Proteins in this group are detected only in
metazoan species, such as vertebrates, insects, and
the base groups Ciona and Trichoplax. They have a C1
domain that is absent in the other four groups. The
MUN domain is bounded by two C2 domains (C2B
and C2C in Munc13-1). An additional N-terminal C2
domain (C2A) is present in mouse Muncl3-1 and
ubiquitous Munc13-2 but is absent from mouse
Muncl3-3. Proteins from lower metazoan species
such as Ciona and Trichoplax also lack the N-terminal
C2A domain, suggesting that the addition of C2A in
mouse Munc13-1 and Munc13-2 is a late evolutionary
event.

Metazoan group 2 is typified by the mammalian
Munc13-4 proteins. Muncl3-4 is important for
calcium-dependent exocytosis of dense core gran-
ules in various types of cells.””* Munc13-4 orthologs
are also restricted to the metazoan species including
the base groups such as Ciona and Trichoplax. They
have similar domain architecture to metazoan group
1, with the MUN domain sandwiched by two C2
domains; however, they lack the C1 domain. Many
species such as mouse, Drosophila, C. elegans, and
Trichoplax have two Munc13-4-like proteins. In
mouse, the BAl-associated protein 3*!' is closely
related to Muncl3-4. In C. elegans, AEX-1 is a
divergent copy of Muncl3-4. AEX-1 is found in
postsynaptic muscles and retrogradely regulates
presynaptic neural activity.42’43

Metazoan group 3 contains the CAPS proteins.**
These proteins are also restricted to the animal
kingdom, including deep branches such as Ciona
and Trichoplax. CAPS proteins are expressed in the
nervous system and are critical for the priming
and refilliné of reliable pools in dense core vesicle
exocytosis.”” *’ Recent data have also suggested a
role in synaptic vesicle priming.'> They have one
C2 domain and one pleckstrin homology (PH)
domain N-terminal to the MUN domain. The PH
domain in CAPS-1 binds phosphatidylinositol 4,5-
bisphosphate and is responsible for membrane
localization of CAPS.**** A PH domain is also
present in exocyst subunits Sec3”” and Exo84.”!
Interestingly, Sec3 also binds phosphatidylinositol

4,5-bisphosphate,” and its PH domain is located
in the N-terminal region responsible for this
binding.

The fungi group consists of Muncl3 orthologs
from fungi, which have been annotated as hypothe-
tical proteins or ‘C2-domain-containing proteins’.
They have one C2 domain inserted inside the MUN
domain. Such an insertion is located between
domain C and domain D (after helix 4, Fig. 1). The
functions of fungi MUN domain-containing pro-
teins are unclear. Most fungi species have only one
MUN domain-containing protein. One exception is
Schizosaccharomyces pombe, which has two such
proteins. The divergent one (Gitl) is important for
glucose activation of adenylate cyclase.>?

The plant group consists of Muncl3 orthologs
from plants and green algae. MUN domains in these
proteins have been classified as DUF810 (DUEF:
domain of unknown function) in the Pfam database.
Lineage-specific expansion is observed in this
group. For example, A. thaliana has five copies of
these proteins. These proteins are about 1000
residues long, with the MUN domains located at
the C-termini. The N-terminal regions about 350
residues mainly consist of helices. No C2 domains or
other known domains are found in this group of
proteins. The functions of plant MUN domain-
containing proteins await experimental studies.

Implications of functional similarity between
MUN domain-containing proteins and tethering
complexes

More than 15 years ago, research from diverse
systems led to the general belief that most types of
intracellular membrane traffic are governed by
similar core machineries with conserved members
from a few of protein families.”® This belief has
been reinforced over the years, and it is now clear
that membrane traffic at most intracellular com-
partments involves SNAREs, Secl/Muncl8 pro-
teins, NSF/Sec18p, SNAPs/Secl7p, and small
GTPases such as Rabs. Correspondingly, members
from each one of these families have been impli-
cated in neurotransmitter release.’ However, it was
puzzling that Muncl3/Unc13s play such crucial
roles in neurotransmitter release,*® and yet they
had not been found to have any similarities with
factors generally involved in other forms of mem-
brane traffic. Conversely, traffic at most membrane
compartments was known to involve at least one
multisubunit tethering complex such as exocyst,
COG, GARP, Dsllp complex, TRAPP, or HOPS, but
no such complex had been implicated in neurotrans-
mitter release. Our analyses now uncover a similarity
between distinct subunits of several of these com-
plexes (exocyst, COG, GARP, and Dsllp complex)
and the MUN domain, which is at the heart of the
key function of Muncl3s in vesicle priming. These
results allowed us to predict the structure of the
MUN domain and suggest that the function of
Muncl3s may be at least partially related to those of
tethering complexes, further unifying the mechanism
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of neurotransmitter release with those of other forms
of intracellular membrane traffic.

The evolutionary relationship established here
suggests that insights into MUN domain function
may be derived from what is known about tethering
complexes, and vice versa. The overall concepts of
tethering or docking refer to establishing long-range
interactions between two membranes to bring them
into proximity and facilitate their eventual fusion.
Such long-range interactions can involve binding of
the tethering complexes to proteins that reside in
each membrane, including Rabs, coats, or SNARES,
which provides a f1rst level of specificity for
membrane fusion.” ” Interestingly, recent studies
have suggested a role for Uncl13 in vesicle docking in
C. elegans.>* Conversely, docking was normal in
central synapses of Munc13-1 knockout mice, and
the strong impairment of release observed i in these
mice suggested a role in vesicle priming.* It is
plausible that redundant docking mechanisms at
central synapses may explain this potential
contradiction;®> however, regardless of the potential
role of Munc13/Unc13s in docking, it is most likely
that these proteins play a role downstream of
docking. Functional evidence strongly suggested
that Munc13/Unc13s are involved in SNARE com-
plex assembly,” which was further supported by
the observation that the Munc13-1 MUN domain
binds to SNARE complexes and syntaxin-1/SNAP-
25 heterodimers.'*'* This observation suggests that
tethering complexes may have a role not only in
tethering per se but also in downstream events that
lead to SNARE complex assembly, a notion that has
been supported for some tethering complexes.”
Intriguingly, binding of the Munc13-1 MUN domain
to SNARE complexes requires membrane anchoring
of the complexes, suggesting that the MUN domain
binds to both SNAREs and membranes.'® Similarly,
tethering complexes exocyst, COG, GARP, Dsllp
complex, and HOPS bind to SNAREs and/or
membrane lipids.*

All these observations show that there are indeed
common themes in the functions of the MUN
domain and of tethering complexes, although it
also seems clear that they play multiple roles and it
is plausible that not all these roles may be shared
among the MUN domain and different tethering
complexes. It is also worth noting that there is
con51derable variability in the nature of tethering
complexes.'” HOPS and TRAPP are not evolutiona-
rily related to exocyst, COG, GARP, and Dsllp
complex; while these latter four complexes are
clearly related given the homology between some
of their subunits, they also exhibit clear differences
in the number of subunits. It is likely that these
differences arose because of specific regulatory
requirements of fusion in the specific membrane
compartments where they function. However, a
common theme is that these complexes normally
contain several subunits, raising the possibility that
the Munc13 MUN domain may also function as part
of a large complex that includes related proteins
(e.g., CAPS).

Clearly, much research will be required to fully
understand how MUN domains and tethering
complexes function, but the connection established
here leads to multiple predictions that can now be
tested experimentally. For instance, it will be
interesting to examine whether fragments of the
MUN domain corresponding to the individual
domains of tethering complexes of known struc-
tures can fold autonomously. Such fragments
would be valuable to dissect which sequences of
the MUN domain are involved in different types
of interactions, including interactions with the
SNAREs'*'* or putative mtramolecular interactions
with the Munc13-1 N- termmus that could pro-
vide a link to RIMs and Rab3.”® Moreover, it will
also be interesting to investigate whether interac-
tions mapped within the MUN domain are
conserved in tethering complexes, or vice versa.
These experiments will be crucial to further under-
stand how conserved are the mechanisms of
membrane docking and fusion at different mem-
brane compartments.
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