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Fusion of synaptic vesicles is catalyzed by SNARE complex assembly which requires
that the SNARE proteins syntaxin-1A and -1B, two isoforms of syntaxin-1, switch from a
‘closed’ to an ‘open’ conformation. To test the physiological significance of this switch, I
analyzed mutant mice with a point mutation in syntaxin-1B which renders it predominantly
‘open’ in the syntaxin-1A null background. Whereas deletion of syntaxin-1A caused no
detectable phenotype, opening of syntaxin-1B produced lethal epilepsy, independent of the
presence of syntaxin-1A. Morphological and electrophysiological analyses revealed that
opening of syntaxin-1B impaired steps in exocytosis upstream of vesicle priming, but

enhanced Ca”"-triggering of fusion-pore opening downstream of priming, indicating that the
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conformational switch from closed to open syntaxin-1 controls the entry of vesicles into, and
their exit from the exocytosis reaction, leading to a model whereby vesicle priming is
initiated by the closed conformation of syntaxin-1, but executed by opening of syntaxin-1.

To understand the differential roles of syntaxin-1A and -1B, GFP-KI mice were
generated, which unexpectedly phenocopied KO mice, suggesting functional inactivation by
GFF-fusion. Interestingly, GFP-syntaxin-1A and -1B fusion proteins showed differential
binding properties to its major binding partners, Munc18-1 and other SNARE proteins. While
loss of syntaxin-1A resulted in no detectable phenotype, syntaxin-1B GFP-KI mice died at
P14 and showed major phenotype, such as unbalanced coordination of their body with
shortening of cerebellar purkinje cell layer and specific innervations on neuromuscular
junction synapse, suggesting possible mechanisms for lethality caused by loss of syntain-1B.

C,-domains are autonomously folded protein modules that generally function as Ca®'-
and phospholipid-binding domains, usually involved in membrane trafficking. A family of
evolutionarily conserved mammalian proteins, referred to as E-Syts (Extended
Synaptotagmin-like proteins), contains an N-terminal transmembrane region, and five (E-
Sytl) or three (E-Syt2 and E-Syt3) C-terminal C,-domains. In vitro phospholipid binding
assay showed the first C,-domain of E-Syt2 was capable of Ca*"-dependent phospholipid
binding, suggesting that E-Syts bind Ca®" via their first C,-domain in a phospholipid
complex. Expression of myc-tagged E-Syt proteins demonstrated localization to intracellular
membranes for E-Sytl and to plasma membranes for E-Syt2 and E-Syt3 in a C,C-domain-
dependent manner, revealing an unexpected mechanism by C,C-domain functions as a

targeting motif, independent of transmembrane region.
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Introduction

At the synapse, neurotransmitters are released from presynaptic terminals by synaptic
vesicle exocytosis (Katz, 1969). Synaptic vesicle exocytosis involves multiple steps: Vesicles
first dock at the active zone of the presynaptic terminal, are then primed to become Ca*'-
responsive, and finally are stimulated by Ca®" to release their neurotransmitter content.
Because Ca’'-triggering of release is very rapid (<0.4 msec), fusion of synaptic vesicles is
probably executed, at least in part, during the priming reaction. Thus priming is thought to
create a metastable state, allowing Ca”" to trigger release rapidly by inducing the final step in
fusion, fusion pore opening. Fusion of synaptic vesicles — like other intracellular fusion
reactions — is catalyzed by assembly of SNARE complexes, which at the synapse are
composed of the synaptic vesicle SNARE protein synaptobrevin/ VAMP, and the plasma
membrane SNARE proteins syntaxin-1 and SNAP-25 (reviewed in Brunger, 2005; Sorensen,
2005). SNARE complex assembly is mediated by a characteristic sequence, the SNARE
motif, which associates into a four-helical bundle (Sutton et al., 1998). Assembly of SNARE
motifs into SNARE complexes forces the participating membranes into close proximity,
thereby catalyzing fusion.

Synaptobrevin and SNAP-25 are relatively simple SNARE proteins largely composed
of SNARE motifs and a membrane attachment sequence (a transmembrane region for
synaptobrevin, and a palmitoylated sequence for SNAP-25; Jahn et al., 2003). Different from
synaptobrevin and SNAP-25, syntaxin-1 contains an additional N-terminal three-helical
domain (the Hap.-domain) that accounts for half of the protein (Fernandez et al., 1998). When

syntaxin-1 is not in the SNARE complex, it assumes a default ‘closed’ conformation in



20
which the H,p.-domain folds back onto the C-terminal SNARE motif (Dulubova et al., 1999;

Misura et al., 2000). The closed conformation of syntaxin-1 binds to Muncl8-1, an SM-
protein that is critical for membrane fusion (Hata et al., 1993; Garcia et al., 1994; Pevsner et
al., 1994; Verhage et al., 2000). When syntaxin-1 assembles into SNARE complexes, it has
to 'open' and can no longer bind Munc18-1. Since both Munc18-1 and SNARE proteins are
essential for synaptic vesicle fusion, both the closed and open conformation of syntaxin-1 are
presumably important for fusion.

At a synapse, application of hypertonic sucrose is thought to induce exocytosis of all
vesicles in the readily-releasable pool (RRP) of primed vesicles by a Ca’"-independent
mechanism (Rosenmund and Stevens, 1996). Hypertonic sucrose-induced exocytosis requires
SNARE proteins, Munc18-1, and the active zone proteins RIM and Munc13 (Augustin et al.,
1999; Schoch et al., 2001; Schulze et al., 1995; Verhage et al., 2000; Richmond et al., 2001;
Koushika et al., 2001; Calakos et al., 2004). Extensive genetic studies of syntaxin-1 were
performed in C. elegans and D. melanogaster (reviewed in Richmond and Broadie, 2002),
but no such analysis is available in vertebrates. In C. elegans, mutant syntaxin-1 with a two-
amino acid substitution that renders syntaxin-1 predominantly open and impairs Munc18-1
binding (the so-called LE-mutation; Dulubova et al., 1999) still allows syntaxin-1 to function
in synaptic vesicle priming and fusion, suggesting that the closed conformation of syntaxin-1
is not essential for fusion (Richmond et al., 2001). Interestingly, in these experiments the
mutant 'open' syntaxin-1 rescued the paralytic phenotype induced by deletion of RIM or

Muncl3, indicating that the closed conformation of syntaxin-1 with bound Muncl8 is
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inhibitory, and has to be opened by Munc13 and RIM in order to allow SNARE complex

assembly and fusion to proceed (Richmond et al., 2001; Koushika et al., 2001).

Vertebrates express two closely related isoforms, syntaxin-1A and -1B (Bennett et al.,
1992; Inoue et al., 1992), that have similar structures and are thought to function similarly in
synaptic vesicle exocytosis. In addition, syntaxin-1A was linked to a large number of other
functions, ranging from regulating neurotransmitter uptake over modulating Ca**-channels to
controlling CFTR function (see for example, Bezprozvanny et al., 1995; Sheng et al., 1996;
Naren et al., 1997; Sutton et al., 1999; Deken et al., 2000; Arien et al., 2003; Leung et al.,
2003; Sung et al., 2003; Condliffe et al., 2004; Hurley et al., 2004). However, no direct test
of these functions is available.

The precise role of Munc18 and the significance of its syntaxin-1 binding also remain
uncertain. In knockout (KO) mice and mutant Drosophila and C. elegans, Munc18-1 is
essential for all synaptic exocytosis (Verhage et al., 2000; Harrison et al., 1994; Weimer et
al., 2003). Moreover, in mouse chromaffin cells and in C. elegans synapses, deletion of
Munc18-1 impairs vesicle docking, whereas deletion of SNAREs did not alter vesicle
docking (Voets et al., 2001; Weimer et al., 2003). In contrast, synaptic vesicle docking was
not decreased in Munc18-1 deficient synapses in mice, although the synapses were unstable
and few synapses could be analyzed (Verhage et al., 2000). Viewed together, these
experiments suggest that Muncl8 may act upstream of SNARE proteins in docking of
vesicles, although the discrepancy between the morphology of Munc18-deficient chromaffin
cells and synapses remains unresolved. Moreover, these experiments demonstrate that

Munc18 does not serve as an inhibitor of SNARE complex formation in vivo because fusion
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is inactivated instead of enhanced, although Munc18 binding to syntaxin-1 precludes SNARE

complex formation and the experiments with open syntaxin-1 in C. elegans suggested that it
is inhibitory.

In the present study, I have examined the functions of synaptic syntaxin-1A and -1B
and their Munc18-binding using a genetic approach. I produced KO mice that lack syntaxin-
1A (syntaxin-1AX), and knockin mice that contain a point mutation in syntaxin-1B which
renders it predominantly open (syntaxin—lBOpen). I show that syntaxin-1A is not required for
exocytosis or survival, whereas syntaxin-1B represents an essential component of the
exocytotic machinery. I demonstrate that in syntaxin-1B°"* synapses, docking of vesicles is
not impaired, whereas in syntaxin-1B°"" chromaffin cells, it is severely decreased,
demonstrating that docking of these two types of vesicles follows distinct mechanisms. In
contrast, vesicle docking is unimpaired in either cell by SNARE deletions, confirming that
Munc18-binding to syntaxin operates upstream of SNARE complex assembly. In syntaxin-
1BP" synapses, the size of the RRP is decreased, presumably because the levels of SNARE
proteins and Munc18-1 are depressed, but primed vesicles in the RRP more easily undergo
both spontaneous and evoked exocytosis. My studies thus reveal that the switch of syntaxin-1
between closed and open conformations sets a precise energetic barrier to fusion, thereby
playing a critical role in regulating neurotransmitter release. My results suggest a model
whereby Muncl18-binding to syntaxin-1 functions in setting up vesicle priming which
produces a metastable vesicle state that involves SNARE complex assembly and partial
fusion of primed vesicles. According to this model, individual vesicles contain both

assembled and free SNARE proteins, with the relative preponderance of the assembled
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SNARE complexes determining the ease with which these vesicles will fuse. This model
provides an explanation for the role of Munc18 in fusion, suggests a mechanism by which an
upstream mutation in syntaxin-1 causes a downstream effect on Ca®'-triggering of fusion,

2+ . .
and accounts for the heterogeneous Ca” -responsiveness of vesicles.
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Materials and Methods

Generation of syntaxin-1A- and 1B-mutant mice

1. Construction of a syntaxin-1A knockout vector Two overlapping A clones
containing exons 2-9 of mouse syntaxin-1A were subcloned into p-Bluescript II SK by Notl
(pImStxA3 and plmStxAS). Furthermore a deletion clone of plmStxA3 was generated by
Kpnl digest and religation containing Exons 2 and 3 (plmStxA3Kpnldel). For vector
construction, first a BsiWI restriction site was introduced into Exon 2 at residue 10 by site-
directed mutagenesis with primers A+B (A: CAACCCTGTCCAGGCCCGTACGGCCAAG
GACAGCQG, B: CGCTGTCCTTGGCCGTACGGGCCTGGACAGGGTTG). Approximately
400 bp 5" of exon 2, a BstBI site was introduced by site-directed mutagenesis, destroying a
PmlI restriction site with primers C+D (C: GTGCACCCACACTTCGAAAAATATGCGTA
C; D: GTACGCATATTTTTCGAAGTGTGGGTGCAC). A single loxP site flanked by an
Aatll and a PmlI restriction site was subcloned into a unique BglII restriction site ~65 bp 3 of
exon 3 using oligonucleotides E and F (E: GAAGATCTGACGTCATAACTTCGTATAGCA
TACATTATACGAAGTTATCACGTGAGATCTTC; F: GAAGATCTCACGTGATAACTT
CGTATAATG TATGCTATACGAAGTTATGACGTCAGATCTTC). As a next step, a 2 kb
Kpnl fragment from plmStxA3 was subcloned into the Kpnl site of plmStxA3Kpnldel
containing a unique Mfel site in the middle. A Neomycin resistance gene cassette flanked by
flp sites and a loxP site at the 3" end of the Neomycin cassette was subcloned into the new
BstBI site of plmStxA3Kpnldel. Next a Xhol deletion clone of plmStxA3 was generated
using a unique Xhol restriction site about 3kb from the 3" end of plmStxA3 clone. An

oligonucleotide containing a unique Spel and Ascl site was subcloned into the Xhol site to be
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able to linearize the vector after completion using oligonucleotides G+H (G: CCGCTCGAG

CGGACTAGTCTTGGCGCGCCCCGCTCGAGCGG; H: CCGCTCGAGCGGGGCGCGC
CAAGACTAGTCCGCTCGAGCGQG).

An ECFP construct flanked by BsiWI sites with removed stop-codon and an artificial
6 residue ASG-linker and an artificial Exon 1 at the 3’end was constructed by PCR and
oligonucleotides I+J (I: GCCCGTACGGTGAGCAAGGGCGAGGAGCTGTTC; J: GGCCG
TACGGAGCTCCTGGGTTCGGTCCTTGGCGGATCCGGCGGATCCCTTGTACAGCTC
GCTCGTCCATGCCGAGAGTQG).

For final assembly of the vector an Notl-Mfel fragment from plmStxA3Kpnl del with
the above mentioned modifications was subcloned into the plmStxA3 Xhol deletion clone.
The ECFP-construct was put into the BsiWI site of Exon 2. Finally a diphteria toxin was
subcloned into the Notl site of the vector. The vector was verified by sequence analysis. The
vector was linearized by Ascl and electroporated into R-1 mouse embryonic stem cells.
Colonies were selected with G418. Resistant colonies were analysed for homologous
recombination by Southern blotting with an outside probe. Clones containing homologously
recombined genes were expanded, confirmed by southern blotting and used to generate mice
by blastocyst injection. To obtain Syntaxin-1A knockout mice were crossed against a
transgene mouse expressing Cre under control of a protamine promoter.

2. Construction of a syntaxin-1B knockin vector A single lambda clone containing
exons 2 to 10 was subcloned in overlapping fragments into pluescript II SK resulting in the
following clones plmStx1B5Bglll-94 using Notl and Bglll, plmStx1B1-2BamHI using

BamHI, plmStxI1B3-169EcoRI using EcoRI and plmStx1BBglll14 using Bglll. As a first
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step, a cassette containing a single loxP site flanked by a 5" BstBI site and a 3" Nhel site, an

artificial Exon 7 proceeded by about 20 bp of the 5" intron sequence and about 200 bp of the
3’intron sequence was constructed by PCR and oligonucleotides A+B (A: CCGTTCGAAAT
AACTTCGTATAGCATACATTATACGAAGTTATCGGCTAGCTCCTCTCTGGAGCGG
ACTCTG; B: CCATCGATGGACCCCGTGTGTCGTACTAG) introducing a 5" BstBI and a
3’Clal restriction site and subcloned into a TA-cloning vector (Invitrogen). A Sspl restriction
site was introduced into the Exon 7 PCR fragment by site-directed mutagenesis using Site
directed mutagenesis kit from Qiagen and oligonucleotides C+D (C: GAAAGCGGGAAGCT
GGCAATATTCACTGATGATGTGAGC, D: GCTCACATCATCAGTGAATATTGCCAG
CTTCCCGCTTTC). From the rat c-DNA the 3’end of Syntaxin-1B (residues 178-290) was
amplified by PCR removing the stop-codon and adding a 10 aminoacid GS-linker by
oligonucleotides E+F (E: GCAATATTCACGGACGACATCAAAATGGAC; F: CGAGCC
AGACCCACTACCTGAGCCGCTTCCCAAGCCCAGTGTCCCCCCAAT). EYFP was
modified by PCR to introduce a 3" Sspl restriction site by oligonucleotides G+H (G:
GGAAGCGGCTCAGGTAGTGGGTCTGGCTCGGTGAGCAAGGGCGAGGAGCTG; H:
CCGAATATTCTACTTGTACAGCTCGTCCATGCC) and subsequently subcloned into the
rat c-DNA fragment and later on into the artificial Exon7. Finally the cassette was completed
by subcloning of a Neomycin cassette flanked by to flp-sites and a 3" loxP site into the Clal
site of the cassette.

In clone plmStx1B3-169EcoRI Exon 7 L165/E166 was mutated into alanins by site
directed mutagenesis also introducing a Sacll restriction site by oligonucleotides 1+J (I:

CTACTACCAATGAAGAAGCCGCGGACATGTTGGAAAGC; J: GCTTTCCAACATGT
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CCGCGGCTTCTTCATTGGTAGTAG). In a second round of mutagenesis a BstBI

restriction site was introduced into the intron proceeding Exon 7 (K: CACCCCC
GCCAGGGGTTCGAATCCTCTCTGGAGCGG; L: CCGCTCCAGAGAGGATTCGAA
CCCCTGGCGGGGGTG. Finally a Bglll site at the 3’end of plmStx1B3-169EcoRI was
mutated into a Clal site by oligonucleotides M+N (M: GTGTGTGTGTGTGTATCGATTG
ATCTGTGCCCATAC; N: GTATGGGCACAGATCAATCGATACACACACACACAQ).
Clone plmStx1bBgllI-14 was amplified by PCR introducing Clal restriction sites at both ends
by oligonucleotides O+P (O: CCATCGATTGATCTGTGCCCATACAGTGTA; P: CCATC
GATGCTGTCAGAGCTGGCTCAGAG). As a next step the BamHI fragment from
plmStx1B1-2 was subcloned in the plmStx1B3-169EcoRI clone modified as described
above. Then the Clal frament from the modified plmStx-1BgllI-14 clone was subcloned into
the new Clal site of the construct described above. For final assembly the cassette containing
the duplicated Exon 7 was subcloned into the BstBI site of the construct. Finally a diptheria-
toxin was subcloned into the 5 Notl site of the construct. The construct was verified by
sequence analysis. For electorporation in R-1 mouse embryonic stem cells the vector was
linearized by Kpnl. Colonies were selected with G418. Resistant colonies were analysed for
homologous recombination by Southern blotting with an outside probe. Clones containing
homologously recombined genes were expanded, confirmed by southern blotting and used to
generate mice by blastocyst injection. To obtain the open conformation of the Syntaxin-1B
gene mice were crossed against a transgene mouse expressing Cre under control of a

protamine promoter.
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Biochemical procedures

1. Syntaxin immunoprecipitations Total brain homogenates from mice at P30 were
prepared in buffer A (50 mM HEPES-NaOH pH7.2, 100 mM NaCl, 1 mM EDTA, proteinase
inhibitor cocktail [Roche]), mixed with an equal volume of extraction buffer (50 mM
HEPES-NaOH pH 7.2, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, proteinase inhibitor
cocktail [Roche]), and rotated at 4 °C for 1 hr. The homogenate was centrifuged at 100,000 g
and 4 °C for 1 hr. Protein-A and protein-G agarose beads (Stratagene) were washed with 50
mM HEPES-NaOH pH 7.2, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100 several times,
and 20 pl of beads were added to the solubilized proteins obtained in the supernatant from
the cenrtrifuged brain extracts. The samples were rotated at 4 °C for 1 hr, and centrifuged at
2,000 g at 4 °C for 3 min. The protein concentration of the supernatant was measured, and ~3
mg of protein were added to a tube containing washed protein A- and G-agarose (20 pl)
containing 15 pl of the syntaxin-1 antibody U6250. Samples were rotated at 4 °C for at least
2 hr to overnight, washed 6 times in buffer A containing 1% Triton X-100, and beads were
recovered by centrifugation. Proteins on beads were solubilized in sample buffer and
analysed by SDS-PAGE and quantitative immunoblotting.

2. Subcellular fractionations  Tissues of forebrain and cerebellum were collected
from 4 animals (P30) per genotype and homogenized in buffer A. The homogenate was
centrifuged at 100,000 g for 1 hr at 4 °C, and the levels of Munc18-1 and of syntaxin-1 in the
pellet and supernatant were measured by quantitative immunoblotting using

vasolincontaining protein as an internal control.
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3. Quantitative immunoblotting Total brain homogenates were prepared from mice

at P30 in buffer A and boiled 10 minutes after addition of SDS sample buffer. 40 pg proteins
were analyzed by SDS-PAGE and quantitative immunoblotting by using 121 -conjugated
secondary antibodies and Phosphorlmager detection with vasolin-containing protein (VCP)
or GDP dissociation inhibitor as internal controls as described (Rosahl et al., 1995; Schoch et

al. 2001; Chandra et al., 2005).

Electron microscopy

1. Adrenal cells Adrenal glands were removed from control and Syntaxin-1BOpen
littermates at embryonic day 18 and fixed for 2.5 h at room temperature with 2%
paraformaldehyde, 2.5 % glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). Adrenals were
then washed two times for 15 min with 0.1 M cacodylate buffer (pH 7.2), postfixed for 2 h at
room temperature with 1% OsO4 in 0.1 M cacodylate buffer (pH 7.2), dehydrated through a
series of increasing ethanol concentrations and embedded in Epon. Ultrathin sections were
collected on formvar-coated copper grids and stained with uranyl acetate and lead citrate.
Analysis of secretory vesicle distribution was done blinded for the genotype of the animal.
For each genotype the distribution of secretory vesicles was analyzed in serial ultrathin
sections (~ 90 nm) of 60 randomly selected chromaffin cells from three different animals
(and three different grids per animal). Chromaffin cells were selected at low magnification in
the JEOL 1010 electron microscope and subsequently examined at 20.000x magnification.
Only cells with a visible nucleus and clear-cut plasma membrane were taken into account.

Secretory vesicles were recognized by their round, dense core and had a diameter of



30

approximately 90 nm. Distances histograms were created for each genotype and the relative
frequency of vesicles was calculated according to the number of vesicles counted in this area.
In addition, the total number of vesicles was counted and the diameter of secretory vesicles
was analyzed.

2. Synapses  Cortical neurons were cultured from littermate syntaxin-lAKO/ 1BV
and syntaxin-1A%/1B®"" mice for 14 days in vitro, and fixed for 45 min with 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 at 37 °C (Deak et al., 2004).
Neurons were rinsed twice in buffer and postfixed in 0.5% OsO4, 0.8%
potassium ferricyanide (K3FeCNG6) in the same buffer for 30 min at room temperature. After
rinsing with distillated water, specimens were stained en bloc with 2% aqueous uranyl
acetate for 15 min, dehydrated in a graded series of ethanol to 100%, and embedded in
Poly/bed 812 (Polysciences Inc., Warrington, PA) for 24 hr. Thin sections (65 nm) were
post-stained with uranyl acetate and lead citrate, and viewed with a JEOL 1200 EX
transmission electron microscope at 80 kv accelerating voltage. Ultrastructural analyses were
conducted on randomly selected synapses on anonymized digitized electron micrographs at
300 dpi using MetaMorph software (Universal Imaging, West Chester, PA). Only
tangentially cut asymmetric synapses on postsynaptic spines (50%) or dendritic shafts (50%)
were included (n=3 independent cultures with 136 synapses (syntaxin-1B" ") or 108 synapses

Open

(syntaxin-1B~"™") for all parameters except for the synaptic vesicle distance from the active

zone (Fig. 3J) where we selected 25 synapses from each genotype (n=1189 vesicles for

Open

syntaxin-1BY" or =1359 vesicles for syntaxin-1B from a single culture). Statistical

significance among various groups was evaluated with Student’s t-test and the data
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distribution of cumulative frequency was evaluated with the Kolmogorov-Smirnov test (K-S

test).

Electrophysiology

Microisland cultures of mouse hippocampal neurons were prepared and maintained as
described previously (Bekkers and Stevens 1991, Pyott and Rosenmund, 2002). Briefly,
hippocampi were dissected from neonatal PO or P1 mouse brains in ice cold Hanks balanced
salt solution and incubated with papain solution for 1 hr at 37 °C with gentle shaking. Tissues
were mechanically dissociated by gentle trituration and were plated on prepared confluent
microisland astrocyte culture in serum-free B-27/Neurobasal A medium. Cultures were
incubated at 37 °C, with 5% carbon dioxide and 95% humidity for 9 days or longer before
being used for electrophysiological recordings. Approximately the same numbers of neurons
from respective genotypes were recorded after same number of days in vitro. The
experimenter was blind to the genotype. The standard extracellular medium contained (mM):
NaCl, 140; KClI, 2.4; HEPES, 10; glucose, 10; CaCl,, 4; MgCl,, 4, indicated otherwise. Patch
pipettes were pulled from thick-walled borosilicate glass capillaries and filled with the
internal solution containing (mM): phosphocreatin, 12; GTP-Na, 0.3; ATP-Mg, 4; MgCl,,
0.6; potassium-EGTA, 1; KCI 136; HEPES, 17.8 and 50 units/ml creatin-phosphokinase was
added. Osmolarity and pH were adjusted to ~300 mOsm and 7.4 respectively to maintain
physiological conditions during recording.

Neurons were somatically voltage-clamped in the whole-cell patch-clamp

configuration at a holding membrane potential of =70 mV. EPSCs were recorded every 5 s to



32

monitor the quality of voltage clamping and evaluate non-specific changes in EPSC
amplitude. Currents were filtered at 5 kHz and recorded using a patch-clamp amplifier
(Axopatch 200A; Axon Instruments, Union city, CA), and were digitalized at 10 kHz using
Digidata 1321A and Clampex 8.03 software and subsequently analyzed using Axograph 4.5
software (Axon Instruments).

Detection of mEPSCs was performed from data sets of 50 s or longer. Data were
analyzed with a template-based detection program (Axograph 4.5, Molecular Devices, CA).
Threshold for detection was set to 3.5 times the baseline standard deviation. Captured
mEPSCs of individual cells were averaged to determine mean amplitude and charge. These
values were also used to normalize evoked release and pool size to the number of quanta
released. By comparing the frequency of events to the number of vesicles in RRP,
spontaneous release activity was normalized for variation in size of RRP, which defined the
spontaneous release rate of individual vesicles and were expressed as (pool unit/s).

To determine the readily releasable pool (RRP), the charge induced by application of
hypertonic sucrose solution was measured as described in (Rosenmund and Stevens, 1996).
0.5 M sucrose added to the standard extracellular solution was extracellularly applied for
more than 3 s, using a application system with solution exchange times of less than 30 ms.
The integral of the fast, transient inward current component -after subtraction of steady state
component- was defined as total charge of the RRP. To determine vesicular release
probability, evoked responses and responses to hypertonic sucrose solutions were always
recorded successively from the same cell. The sustained component of the hypertonic

response was measured to estimate the vesicular pool turnover rate.
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Electron microscopy

1. Adrenal cells  Adrenal glands were removed from control and Syntaxin-1B%P"
littermates at embryonic day 18 and fixed for 2.5 h at room temperature with 2%
paraformaldehyde, 2.5 % glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). Adrenals were
then washed two times for 15 min with 0.1 M cacodylate buffer (pH 7.2), postfixed for 2 h at
room temperature with 1% OsO4 in 0.1 M cacodylate buffer (pH 7.2), dehydrated through a
series of increasing ethanol concentrations and embedded in Epon. Ultrathin sections were
collected on formvar-coated copper grids and stained with uranyl acetate and lead citrate.
Analysis of secretory vesicle distribution was done blinded for the genotype of the animal.
For each genotype the distribution of secretory vesicles was analyzed in serial ultrathin
sections (~ 90 nm) of 60 randomly selected chromaffin cells from three different animals
(and three different grids per animal). Chromaffin cells were selected at low magnification in
the JEOL 1010 electron microscope and subsequently examined at 20.000x magnification.
Only cells with a visible nucleus and clear-cut plasma membrane were taken into account.
Secretory vesicles were recognized by their round, dense core and had a diameter of
approximately 90 nm. Distances histograms were created for each genotype and the relative
frequency of vesicles was calculated according to the number of vesicles counted in this area.
In addition, the total number of vesicles was counted and the diameter of secretory vesicles
was analyzed.

2. Synapses The cultured cells were fixed for 45 min with 2% glutaraldehyde in 0.1
M sodium cacodylate buffer, pH7.4 at 37 °C. They were rinsed twice in buffer and then

postfixed in 0.5% OsOs4, 0.8% potassium ferricyanide (K3;FeCNg) in the same buffer for 30
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min at room temperature. After rinsing with distillated water, specimens were stained en bloc
with 2% aqueous uranyl acetate for 15 min, dehydrated in a graded series of ethanol to 100%
and embedded in Poly/bed 812 (Polysciences Inc., Warrington, PA) for 24 hr. Thin sections
(65nm) were post-stained with uranyl acetate and lead citrate, and viewed with a JEOL 1200
EX transmission electron microscope at 80kv of accelerating voltage kV with a final
magnification of 50,000x. All quantitative analysis were conducted on the digitized EM
negatives at 300dpi, using the MetaMorph software (Universal Imaging, West Chester, PA).
The sampled synapses were randomly selected from three independent cultures (14 d.i.v.)
with control (1A*°&1BY") and mutant (1A*°&1B°"®") in pair. The measurement was carried
out blindly without knowledge of genotyping. The all parameters are derived from the
asymmetric synapses on either postsynaptic spines (50%) or dendritic shaft (50%). Only
those synapses cut tangentially were included. I analyzed total 136 synapses from control,
and 108 synapses from mutant for the following measurement: number of docked vesicles,
length of PSD profile, number of total vesicles within boutons, areas of boutons and
postsynaptic spines. For the measurement of synaptic vesicle distance from the active zone, |
selected 25 synapses from each genotype total vesicles of 1189 (control), 1359 (mutant) from
a single culture. The statistical significance among various groups was evaluated with the
student t-test and the data distribution of cumulative frequency was evaluated with the

Kolmogorov-Smirnov test (K-S test).
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Results

Generation of syntaxin-1AX® and syntaxin-1B°**" mutant mice

To investigate the functional significance of the conformational switch in synaptic
syntaxins, I needed to overcome possible redundancy between syntaxin-1A and -1B. To
achieve this, gene targeting was used to inactivate expression of syntaxin-1A (which is less
abundant than syntaxin-1B; Foletti et al., 2000), resulting in syntaxin-1A*° mice (Fig. 1.1.A).
The 'LE’ point mutation that renders it predominantly open was also introduced into
syntaxin-1B (Dulubova et al., 1999; Fig. 1.1.A), resulting in syntaxin-1B°"*" mice. I then
crossed double-heterozygous syntaxin-1AX° and 1B°"*" mice, and systematically studied the
survival of littermate offspring that are hetero- and/or homozygous for the syntaxin-1A*°
and/or the syntaxin-1B°P*" alleles (Fig. 1.1.B), with the eventual goal of analysing syntaxin-
1B"*" mice on the background of the syntaxin-1A*°.

Homozygous syntaxin—lAKO mice exhibit no decrease in survival (Fig. 1.1.B), and
display no apparent behavioral abnormalities (data not shown). The expendability of
syntaxin-1A was unexpected in view of its high concentrations in brain, its proposed central
role in vesicle fusion (Jahn et al., 2003), and is many other proposed functions (see for
example, Bezprozvanny et al., 1995; Sheng et al., 1996; Naren et al., 1997; Sutton et al.,
1999; Deken et al., 2000; Arien et al., 2003; Leung et al., 2003; Sung et al., 2003; Condliffe
et al., 2004; Hurley et al., 2004). In contrast to syntaxin-lAKO mice, syntaxin-lBOpen mice
exhibited a lethal epileptic phenotype that killed the mice within 3 months (Fig. 1.1.B). The
presence or absence of the syntaxin-1AX° had no major effect on the phenotype of the

syntaxin-1B°P*" mutation; thus syntaxin-1A could not compensate for the syntaxin-1B°P®"
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mutation. Heterozygous syntaxin-1B°P" mutant mice displayed no apparent phenotype,

demonstrating that the syntaxin-1B°P*" mutation does not act as a dominant negative (Fig.
1.1.B). In spite of the distinct phenotypes of the syntaxin-1A and -1B mutant mice, it seems
likely that the two syntaxins are functionally similar, but that their mutations have differential
effects because syntaxin-1B is much more widely expressed than syntaxin-1A (Folletti et al.,
2000). As a result, loss of syntaxin-1A function would be tolerated, whereas loss of syntaxin-

1B function would not.
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Figure 1.1. Generation of syntaxin-1A knockout (1A%°) and syntaxin-1B open-
conformation mutant mice (1B°P®"): Effect on survival and synaptic protein
levels. (A) Schematic diagram of the mutagenesis strategy to generate mice
carrying the syntaxin-1A® and 1B°"®" mutant alleles. Numbered black rectangles
illustrate coding exons; yellow and red triangles denote loxP and flp recombination
sites, respectively (NEO = neomycin resistance gene cassette); asterisks mark sites
of point mutations, and letters identify selected restriction enzyme cleavage sites
(B=BamHI; Bg=Bglll; E=EcoRIl; K=Kpnl; M=Mlul; Nh=Nhel; X=Xhol). Scale bar
applies to all diagrams. (B) Survival of mice with various combinations of syntaxin-
1AYT, 1A%° 1BYT and 1B°P°" alleles. (C) and (D) Representative immunoblots of
synaptic proteins (C) and mean levels of synaptic proteins (D) from syntaxin-
1AYT1BYT, 1AYT/1BOPe" 1AK9/1BYT and 1AX®/1B°P®" mutant mice. Data of panel D
and of all subsequent figures containing averages are means + SEMs; asterisks
indicate statistically significant changes compared to the wildtype control.
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Molecular analysis of syntaxin-1 mutant mice

I next performed quantitative immunoblotting analyses of brain proteins from
littermate mice that were homozygous mutant for the syntaxin-1A*° and/or 1B°P*" alleles or
for their corresponding wild type alleles (Fig. 1.1.C). The syntaxin-1B°*" mutation
decreased syntaxin-1B levels ~75%, presumably because it destabilizes syntaxin-1B (Fig.
1.1.D). Both the syntaxin-1A®° and the syntaxin-1B°*" mutation decreased Muncl8-1
levels, inducing a ~45% decline of Munc18-1 in the double syntaxin-1A*%/1B°P*" mutant. In
addition, a small decrease in SNAP-25 levels was observed. No other major changes in

protein levels were detected (Table 1.1).
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Table 1.1. Protein quantitation of syntaxin-1AX® and syntaxin-1B°"*" mice:
total forebrain homogenates at P30.

p-valoe: p-value: p-valoe: p-value:
LAWT 1A 1AWT 1AKS AWIRWT | AWTRWT | AWTgOwn | AKOpWT
1B%T 18vT 1B%= 1B%= vs. vs. vs. vs.
AEOEWT | AWTROwen | AKOROpen | AKOROpen
Syntaxin-1A T3M8 100£73 | 18102 11']23: 15502 0.004 0676 0.005 0.018
Syntadn- 1B 4191 oo | 6%% | '0%% | 24203 | o006 0.004 0.003 0,002
Syntadin-1 HPC-1 100£59 | 501456 | 609+49 | 176222 | 0002 0.000 0.004 0.013
Syntaxdn-1 1-379 100295 | so3e6s | I | 30216 0.063 0678 0.032 0213
Syntaxdin-1 16250 100£98 | 231£23 | 624276 | 189207 | 0014 0.003 0.018 0197
SNAP-25 Monocl 100247 ":_g T olerzeas | e9ses3 0,059 0.001 0.350 0.006
SNAP-25 P913 100£96 '31-3' * |s02:80 | 234281 0014 0.011 0822 0.079
Symaptelrevis 3 100291 '”I-z'“ ”;E‘ 1110e112 | 0441 0.157 0.133 0761
MunclS-1 Monoc! 100280 | 679246 | 625237 | 603213 0104 0.007 0 544 0.166
Munels-1 J370 100293 | 843231 | 777250 | 658212 0154 0.063 0132 0,008
Munels-1 J371 100:97 | 659223 | 625246 | 621224 | 0039 0.010 0.947 027
MunclS-1 K329 100288 | 785273 | 811243 | 599210 0175 0.067 0.004 0.108
MunelS-1 P592 100459 | 861438 | 725489 | 513449 | 0002 0.033 0053 0.011
Cull.phl:iI-A ID=60 81356 910+ 62 Tal+40 0123 0247 00ee 0.553
Synaptotaginin 1 100£55 | wszo9 [ BTE | w09s63 | o0a4s | 0975 0383 | 0709
RablA ’P.}?S* 16454 '”;g t | g2+57 | 0178 0.575 0.373 0.155
Rabphdlin 100£48 | 105824 | 102246 | 948224 0195 0728 0148 0.019
Synapsin 100£30 | 838232 '”.::t 522271 0027 0.047 0.013 0705
100 ¢ 981+
Syneptophysin 1 o e | m7£37 | 1esssizz | o2 0173 0112 0716
NSF 100292 | 104442 | 104285 | 46+ 81 0733 0.696 0.352 0.324
Synaptojanin 1 0y [ w636 | wer6n | w4s3s 0622 0.492 0518 0726
RIMla ’Inff 914257 | 103273 | s32270 0.519 0.787 0.253 08N
ELKS 0% | 1BE | 9% | yesn22 | 0367 | o072 | osee | oose
Liprin 100232 | 105488 | 103221 | 99297 0679 0 664 0627 0,662
Tomosyn ’Iﬂl"]* ‘:;; 1;:21 R IR TTPS TS 0.398 0,544 1,000 0.466
Vgt 1 e | 13273 | 101294 | 110234 0467 0.936 0419 0.360
109 4 108 4
Mint 1 wos70 [ 03 e 1032163 | 0695 0613 0797 0.592
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Previous studies showed that the syntaxin-1°°" 'LE' mutation decreases the
interaction of syntaxin-1 with Munc18-1 (Dulubova et al., 1999; Yamaguchi et al., 2002), but
the magnitude of the change in binding affinity was unknown. Using solution binding assays
(gel filtration, isothermal titration calorimetry, and analytical ultracentrifugation; see Figs.
1.2 and 1.3), I found that the 'LE' mutation still allows syntaxin-1 to form a stable complex
with Muncl8-1, but with a ~100-fold decreased affinity. Analytical ultracentrifugation
showed that Munc18-1 forms a weak homodimer in the absence of syntaxin-1 (K4 = 25+2
puM). In the presence of syntaxin-1, Munc18-1 and syntaxin-1 associate into a heterodimer
that exhibits a high-affinity for wildtype syntaxin-1 (K4 = 20+5 nM), but a low-affinity for

mutant syntaxin-1°7" (Kq =~ 2.2403 pM; Fig. 1.2.C).
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Figure 1.2. Analysis of recombinant syntaxin/Muncl18 complexes. (A) Gel
filtration analysis of recombinant syntaxin/Munc18 complexes. Elution profiles of
recombinant Munc18-1, or Munc18-1/ syntaxin 1Az243"" and Munc18-1/syntaxin
1A2.243°"°" complexes analysed by gel filtration on a Superdex S200 column.
Positions of molecular mass markers are shown on top. Both syntaxin 1A"T and
syntaxin 1A%*®" co-eluted as ~1:1 heterodimeric complexes with Munc18-1. (B)
Analysis of Munc18-1 homodimerization by sedimentation equilibrium analytical
ultracentrifugation. Munc18-1 (6 uM) was centrifuged at 13,000 rpm (black), 15,000
rom (red), and 23,000 rpm (green) at 4 °C until equilibrium had been reached. Data
in the top panel are fitted to the monomerdimer equilibrium model. Data in the
bottom panel display the differences between raw and fitted data. The fitted curves
are colored in blue. Calculated Ky value for the Munc18-1 dimer is 25.2 + 2 yM. (C)
Analysis of syntaxin-1/Munc18-1 heterodimerization by sedimentation equilibrium
analytical ultracentrifugation. Munc18-1 was mixed in a 1:1 (o) or 1:2 (A) molar ratio
with either syntaxin 1Az.243"" or syntaxin 1A;.243°P°" mutant. Samples were
centrifuged at 13,000 rpm (black), 15,000 rpm (red), or 23,000 rpm (green) at 4 °C
until equilibrium had been reached. Data in the top panels show the original data
fitted to a 2-component hetero-associating equilibrium model, while the bottom
panels display the residuals between observed data and fitted curves for the
syntaxin 1A"T and 1A°"®" complexes, respectively. The fitted curves are colored in
blue. Calculated Kd value for the Munc18-1/syntaxin complex is 0.020 £ 0.005 uM,
and for the Munc-18/syntaxin Open 'LE' mutant complex is 2.20 + 0.3 pM.
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Figure 1.3. Analysis of syntaxin/Munc18-1 binding by Isothermal Titration
Calorimetry (ITC). ITC binding isotherm for titration of Munc18-1 with syntaxin 1A,.
243 fragment. Data were analyzed with Origin for ITC v.7.0 (Microcal) using single-
site binding model. In agreement with the analytical ultracentrifugation data (Fig.
1.2.C), the calculated Ky for the wild-type syntaxin 1A / Munc18-1 interaction is
11.77+/-2.04 nM (average of 3 independent experiments).
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I next examined whether the syntaxin-1B°"*" mutation alters Munc18-1 binding to

syntaxin-1 in brain. Using subcellular fractionation of forebrain and cerebellum extracts from
wildtype syntaxin-1B (1B™") or syntaxin-1B°" mice (both on a syntaxin-1AX°
background), I found that pelletable Munc18-1 was decreased ~2-fold in syntaxin-1BP*"
mutant brains, whereas soluble Munc18-1 was not significantly altered (Figs. 1.4.A and
1.4.B). Thus the decrease in total Muncl8-1 levels (Fig. 1.1.D) is due to a decrease in
membrane-bound Munc18-1 (Fig. 1.4.B). I also tested whether the syntaxin-1B°"** mutation
alters the abundance of Muncl8/syntaxin-1B complexes in brain homogenates by
immunoprecipitation (Fig. 1.4.C). I solubilized brain proteins in Triton X-100, and measured
the amount of Munc18-1, SNAP-25, synaptobrevin-2, and synaptotagmin-1 that could be co-
immunoprecipitated with syntaxin-1B™" or -1B%"*" on the syntaxin-1A*° background. The
relative abundance of Munc18-1/syntaxin-1B?*" complexes was <25% of wildtype, whereas
the relative abundance of SNARE complexes was unchanged (Fig. 1.4.D). Since I
normalized the bound Munc18-1 in these experiments for the amount of immunoprecipitated
syntaxin-1B, and since syntaxin-1B accounts only for roughly half of the total syntaxin and is

Open mice, the absolute concentration of the

additionally decreased to ~25% in the syntaxin-1B
syntaxin-1B°P*/Munc18-1 complex is decreased in the syntaxin-1B°P*" mice to <<5% of
wild type levels. Note that this experiment cannot provide insight into the assembly of

SNARE complexes because the homogenates were prepared under conditions that favor

complete formation of SNARE complexes.
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Figure 1.4. Interaction of the open form of syntaxin-1B (1B°*®") with Munc18-1.

(A) and (B). Representative immunoblot (A) and quantitation (B) of subcellular
fractionation experiments analysing soluble vs. particulate Munc18-1 and syntaxin-
1B protein. (C) and (D) Representative immunoblot (C) and quantitation (D) of
immunoprecipitation experiments. Syntaxins 1A/1B were immunoprecipitated from

Trixon X-100 solubilized brain homogenates from syntaxin-1A°/1B"" and syntaxin-
1AX%/1BP*" mice. Immunoprecipitated syntaxin and co-immunoprecipitated Munc18-

1, SNAP-25, synaptobrevin-2, and synaptotagmin 1 were quantitated, and the co-
immunoprecipitated proteins were normalized for the amount of syntaxin-1 present.
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Effect of syntaxin-1B°**" mutation on vesicle docking

To determine whether syntaxin-1B?"" synapses exhibit structural changes, I
employed electron microscopy of neurons from littermate syntaxin-1B°P*" and -1B™" mice
lacking syntaxin-1A (Figs. 1.5.A and B). Overall, syntaxin-1B°"" mutant synapses did not
exhibit overt changes, but quantitations revealed a significant increase in the number of
docked vesicles (~25%; Figs. 1.5.C and D). This increase was confirmed by the large right
shift in the frequency distribution of the number of docked vesicles per active zone (Fig.
1.5.E). In addition, the size of the postsynaptic density (which equals the size of the
presynaptic active zone [Lisman and Harris, 1993]) was increased ~20% (Fig. 1.5.F); as a
result, although the total number of vesicles per active zone is increased, the density of
docked vesicles per active zone length is unchanged (Fig. 1.5.G). No other structural
parameter differed between syntaxin—lBOlDeIl and -1B™" synapses; in particular, the number
and intraterminal distribution of vesicles were unaltered (Figs. 1.5.H-K).

The increase in vesicle docking in syntaxin-1B°P*" synapses was surprising because
deletion of Muncl18-1 in mouse chromaftin cells (Voets et al., 2001), and of unc-18 in C.
elegans neurons (Weimer et al., 2003) impairs vesicle docking. Since in syntaxin-1B°P®"
synapses the abundance of the Munc18-1/syntaxin complex is decreased to <5% (Fig. 1.4.B),
a decrease in vesicle docking might have been expected based on the chromaffin cell
phenotype. To explore this discrepancy, I performed electron microscopy on chromaffin cells

from syntaxin-1BP"

mutant mice, using wild type, Munc18-1 deficient mice and — in a
separate experiment with a separate wild type control — synaptobrevin-2 deficient mice as

controls (Figs. 1.5.L and M). The analyses were performed at embryonic day 18. I found that
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different from synapses, syntaxin-lBOpen mutant chromaffin cells exhibited a dramatic
decrease in docking (>75%). This phenotype was similar to that of Muncl8-1 deficient
chromaffin cells, and both mutants did not exhibit a change in total vesicle numbers. In
synaptobrevin-2 deficient chromaffin cells, by contrast, docking was not impaired, but total

vesicle numbers were enhanced (Fig. 1.5.L and M).
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Figure 1.5. Increased vesicle docking in syntaxin-1BOPeN synapses. (A) and
(B) Representative electron micrographs from cultured neurons from syntaxin-1A KO
mice containing wildtype syntaxin-1B (A) or syntaxin-1BOPeN (B). (C) and (D)
Number of docked vesicles per active zone obtained in three inidividual experiments
(C; #1, n= 49 and 21 synapses from 1B"" and 1B°"" mice; #2, n= 55 and 38 ; #3, n=
32 and 49 ) and summary graph of the three experiments, p<0.01 (D). (E) Plot of the
cumulative distribution of the number of docked vesicles per active zone (statistical
significance with Kolmogorov-Simirnov test p <0.01). (F) Size of the postsynaptic
density (p <0.05); (G)-(H) normalized number of docked vesicles/length of
postsynaptic density (which correlates with the length of the active zone) (G),
number of vesicles per terminal (H) and density of vesicles in the terminal (). (J) Plot
of the cumulative distance of vesicles from the active zone. (K) normalized size of
postsynaptic spines (as area); (L) and (M) Distribution of chromaffin granules in
adrenal chromaffin cells from syntaxin-1B°**" mice and from Munc18-1 and
synaptobrevin-2 KO mice (each separately analyzed with wildtype control samples)
as a function of their distance from the plasma membrane (L), and total number of
chromaffin granules per cell (M; n = 60 chromaffin cells). Secretory vesicles were
categorized in four bins according to their distance from the plasma membrane. All
data shown are means + SEMs; asteriks indicate statistically significant differences
of p<0.001 as assessed with Student’s t test.
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Spontaneous neurotransmitter release in syntaxin mutant synapses

To examine synaptic transmission in syntaxin-mutant synapses, synaptic responses in
autapses formed by single hippocampal neurons cultured on microislands of glia cells were
recorded (Bekkers and Stevens, 1991). In all of these experiments, neurons from two sets of
littermate mice were compared: syntaxin-1AY" or -1A*° mice on a syntaxin-1B"'
background (to test the effect of the syntaxin-1A deletion on synaptic transmission), and
syntaxin-1B"" or -1B®"" mice on a syntaxin-1A*® background (to test the effect of opening
syntaxin-1B on synaptic transmission).

First, spontaneous synaptic events (mEPSCs for miniature excitatory postsynaptic
currents) were investigated in the presence of 0.3 uM tetrodotoxin (TTX). Syntaxin-1A*°
synapses displayed no significant change in the frequency, amplitude, or charge of mEPSCs
compared to syntaxin-1A"" synapses (data not shown). In contrast, syntaxin-1B°"*" synapses
exhibited a ~40% increase in mEPSC frequency with no significant difference in the charge
or amplitude of mEPSCs (Figs. 1.6.A-C). As the RRP size in the same synapses was
determined (see below), the ‘spontaneous vesicular release rate’ could be calculated by
dividing the mEPSC frequency by the number of vesicles in the RRP. The spontaneous
vesicular release rate was not altered in syntaxin-1A*® neurons, but increased >2-fold in

syntaxin-1B"*" synapses (Fig. 1.6.D).
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Figure 1.6. Spontaneous neurotransmitter release and hypertonic sucrose-
evoked release in syntaxin-1-mutant synapses. (A)- (D) Summary graphs of the
properties of spontaneous synaptic events.

Increased sensitivity to hypertonic sucrose of primed vesicles in syntaxin 1B°P*"
synapses

Hypertonic sucrose triggers exocytosis of primed vesicles by a Ca’'-independent
mechanism, and is commonly used to measure the size of the readily-releasable pool (RRP)
of vesicles (Rosenmund and Stevens, 1996). When a pulse of hypertonic sucrose (usually 0.5
M) is applied onto a synaptic terminal, the hypertonic solution shrinks the intracellular
volume by withdrawing water, resulting in an increasing transmembrane pressure that
induces vesicle exocytosis and a large transient postsynaptic inward current (Fig. 1.7.A). The
current transient is thought to reflect the size of the RRP, and is followed by a smaller steady-
state current that corresponds to the exocytosis of vesicles as they are being reprimed into the

RRP, and that is maintained as long as the hypertonic solution is present. Sucrose triggers the
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current transient with a latent period because the sucrose has to diffuse to the terminals and to
effect a pressure change in order to induce exocytosis.

Application of a 4 sec pulse of 0.5 M sucrose revealed no significant difference in the
size of the RRP between littermate syntaxin 1AYT and 1A*° mice (data not shown), but
uncovered a ~40% decrease in the RRP in syntaxin 1B synapses (Figs. 1.7.A and B).
Thus, the RRP in syntaxin 1B%"*" synapses is decreased even though the number of docked
vesicles was increased, arguing against the notion that the number of docked vesicles at a
synapse reflects the size of the RRP (Schikorski and Stevens, 2001).

The kinetics of sucrose-triggered release was examined because sucrose-induced
responses apparently set in earlier in syntaxin-1B®"" synapses than in syntaxin-1B""
synapses (Fig. 1.7.A). Indeed, integrating the EPSC transients showed that sucrose-induced
release was initiated in syntaxin-1B°P*" synapses before it started in syntaxin-1BY" synapses,
independent of whether release was plotted in absolute values or after normalization for the
total RRP charge (Fig. 1.7.C). Sucrose release began after a shorter latent period in the
syntaxin-1B®"" synapses with a significantly decreased time-to-peak (time-of-onset:
1BV'=0.59 + 0.02 s [n=53]; 1B®"=0.52 + 0.02s [68] (p=0.032); Fig. 1.7.D; time-to-peak:
1BV'=1.01 + 0.03 s [53]; 1B***"=0.91 + 0.02 s [68]; p=0.008; responses with a time-to-onset
of >1 s were excluded). In contrast, the half-widths of the responses were significantly
smaller in syntaxin-1B°"*" synapses (1BY'=0.38 + 0.02 s [53]; 1B?*"=0.31 + 0.01 s [68];
p=0.003), confirming the decrease in RRP size (Fig. 1.7.D).

A plausible explanation for the earlier onset of sucrose-triggered release is that the

effective ‘triggering’ concentration of sucrose is decreased, i.e. the energy barrier to fusion is
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lowered by the syntaxin-1B°" mutation. To test this hypothesis, vesicle release at lower
sucrose concentrations was measured (Fig. 1.7.E). The relative sucrose response, measured
as the fraction of the RRP released, that was triggered by 250 mM and 350 mM sucrose was
increased by 270% and 156%, respectively, in syntaxin-1B°"" synapses compared to
syntaxin-1B"" synapses (Fig. 1.7.F). To further characterize this effect, the maximal release
rates for each sucrose concentration were calculated. The transient component of each
response was integrated, normalized for the synaptic charge induced by standard 0.5 M
sucrose solution (e.g., see Fig. 1.7.C), and the maximal slope was fitted. At all sucrose
concentrations, the syntaxin-1B°P*" mutation significantly boosted the fractional release rate
(350 mM sucrose: 1BV'=0.40 + 0.04 pool unit/s [17]; 1B°**"= 0.90 + 0.10 pool unit/s [18];
p=0.0010; 250 mM sucrose: 1B"'=0.10 + 0.02 pool unit/s [17], 1B°*"=0.37 + 0.07 pool
unit/s [18]; p<0.0001; Fig. 1.7.G). These data demonstrate that primed vesicles exhibit a
decreased energy barrier for fusion in syntaxin 1B°P*" synapses.

A different approach to testing whether vesicles in syntaxin 1B°P*" synapses are
hypersensitive to sucrose is to measure the steady-state component of the sucrose-induced
response that follows the initial transient component (Fig. 1.7.H). The steady-state current
component is thought to reflect the continuous repriming and re-exocytosis of vesicles that
re-enter the RRP (Rosenmund and Stevens, 1996). No difference between syntaxin-1A"" and
-1AX° synapses was observed in the amplitude of the sustained component, or in the RRP
turnover rate (the mean amplitude divided by the charge of the RRP) during the sustained

Open

component (data not shown). In syntaxin-1B synapses, however, the absolute size of the

steady-state component was slightly but not significantly larger than in syntaxin-1B“'
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synapses (Fig. 1.7.1), whereas the fractional RRP turnover rate was enhanced >3-fold (Fig.

1.7.J). Since the effective sucrose concentration at wild type and mutant synapses is the
same, this result confirms that on average, a primed vesicle is significantly more sensitive to
hypertonic sucrose in syntaxin-1B°P" synapses than in syntaxin-1B"" synapses. Thus in
syntaxin-1B°P" synapses, there are fewer slots for readily-releasable vesicles, but these

. .. . . . WT
vesicles are more sensitive to osmotic pressures than in syntaxin-1B™ " synapses.
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Figure 1.7. Release evoked by hypertonic sucrose in syntaxin-1B°P®"
synapses. (A) Representative traces of postsynaptic responses elicited by
application of 0.5 M sucrose in syntaxin-1B"" and 1B°"*" synapses. (B) Mean size of
the transient EPSC induced by hypertonic sucrose. (C) Integration; (D) Plot of the
half-width vs. time-to-onset of the sucrose responses. (E) Representative traces of
responses induced by distinct sucrose concentrations. (F) Plot of the fraction of the
RRP released by different concentrations of sucrose (the RRP being defined as the
response to 0.5 M sucrose). (G) Plot of the vesicular release rate as a function of
sucrose concentration. (H) illustration of the measurements of steady-state sucrose
responses. (I) absolute steady-state sucrose responses. (J) vesicular turnover rate
during the steady-state sucrose responses.
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Evoked synaptic responses

To study Ca*'-triggered release in syntaxin-mutant neurons, EPSCs induced by 2 ms
somatic depolarizations (from -70 to 0 mV) were measured. There was no difference in the
EPSC amplitude or EPSC charge between syntaxin-1AY" and -1A®° neurons (data not
shown), or between syntaxin-1B"" and -1B°"" neurons (Figs. 1.8.A-C). I then determined
for each neuron the RRP size, and calculated the fraction of the RRP that is released by a
single depolarization (defined as the vesicular release probability Py,). I also observed no
difference in Py, between syntaxin—lAWT and -1AX° neurons (data not shown), but detected a
>2-fold increase in the P, in syntaxin-1B°"" neurons (Figs. 1.8.D), indicating that the
percentage of RRP released by an action potential increased in syntaxin-1B°P*" synapses
from ~10% to ~20%.

To test with an independent approach whether the syntaxin-1B°"*" mutation increases
the Py,, I monitored use-dependent synaptic depression during high-frequency stimulus trains.
Use-dependent depression depends mainly on the Py, although parameters such as Ca®'-
influx and Ca*"-accumulation also contribute (Zucker and Regehr, 2002). Use-dependent
depression manifests in two phases: a fast phase lasting 5-10 action potentials that reflects the
rate of RRP depletion (and therefore the P,,), and a slow phase that dominates after the fast
phase is exhausted and corresponds to the steady-state balance between RRP depletion and
refilling (Fig. 1.8.E and F). I detected no difference in use-dependent depression between
syntaxin-1A"" and -1AX© neurons (data not shown), but observed a massive increase in the

fast phase of use-dependent depression in syntaxin-1B°*" neurons (Figs. 1.8.E and F).
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Figure 1.8. Effect of syntaxin-1B°*®" mutation on Ca*-triggered release. (A) —
(D) Properties of synaptic responses elicited by isolated action potentials (APs). (E)
and (F) Properties of synaptic responses elicited by 10 and 20 Hz AP trains. (G) and
(H) Determination of the apparent Ca®*-affinity of release. Representative traces (G)
and amplitudes (H) recorded during the experimental paradigm used in which
EPSCs were monitored first in the standard ambient Ca/Mg concentration (4 mM
Ca/4 mM Mg), then in the test ambient Ca/Mg concentration (12 mM Ca/1 mM Mg in
this example), and finally again in the standard ambient Ca/Mg concentration to
control for rundown of responses. (B) Plot of the EPSC amplitudes (normalized to
the response in 12 mM CaZ2+) as a function of ambient Ca-concentration (all in 1 mM
Mg). The data were fitted to the equation y = m1/(1+(m2/m0)"m3 (m1 = maximal
potentiation; M2 = affinity in mM: and m3 = cooperativity of Ca-action), resulting in
the following parameters: m1 for 1BY" = 1.78, 1B%**" = 1.38; m2 = 1B"" = 2.13,
1BOP°" = 1.24 mM Ca; m3 for 1B"T = 1.51; 1B%*"=2.16.
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Next, the synaptic release probability P, (i.e., the probability that a synapse will

release neurotransmitters in response to an action potential) was measured in syntaxin-1BP*"
synapses, using the activity-dependent block of NMDA-receptor dependent EPSCs by the
irreversible NMDA-receptor antagonist MK-801 (Hessler et al., 1993; Rosenmund et al.,
1993; Fig. 1.9). There was no significant difference between syntaxin-1BY" and syntaxin-
1BP*" synapses, indicating that although the P, is increased in syntaxin-1B°P* synapses, the
synaptic P; is not altered, presumably because during low-frequency stimulation, the increase

in Py, compensates for the decrease in the RRP.
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Figure 1.9. Comparative analysis of the synaptic release probability Pr in
syntaxin 1BYT and 1B"*" synapses using the irreversible NMDA-receptor
blocker MK-801. The size of the normalized NMDA receptor-dependent EPSC is
plotted as a function of the stimulus number after addition of MK-801. The inset
shows the initial responses expanded in scale.
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Ca’*-dependence of neurotransmitter release

The release data suggest that the syntaxin-1B°"*" mutation simultaneously decreases
the size of the RRP and increases the releasability of primed vesicles in the RRP. Then it was
tested whether this extends to the apparent Ca*"-sensitivity of release. In these experiments, I
measured EPSCs at external Ca®’-concentrations of 1-12 mM (with a constant 1 mM
extracellular Mg*-concentration). To control for possible run-down of EPSC amplitudes
during the experiment, I determined control EPSCs in the standard external solution (4 mM
Ca®"/4 mM Mg®") before and after every test Ca’"-concentration, and normalized the test
EPSC amplitudes for the control responses (Fig. 1.8.F).

Examination of syntaxin-1A® and 1A"" neurons at a single test Ca*"-concentration
(12 mM Ca**/1 mM Mg*") showed the same 1.6-fold potentiation of the EPSCs in syntaxin-
1AY" and 1A*° neurons (data not shown), indicating that the Ca®" sensitivity of
neurotransmitter release is not significantly altered in syntaxin-1A° neurons. In syntaxin-
1B?*" synapses, however, the apparent Ca’'-sensitivity of synaptic responses was
significantly enhanced (Fig. 1.8.G). For example, the EPSC amplitudes were relatively
increased in the syntaxin-1B°"*" mutant at 1 mM extracellular Ca®* (EPSC ratio in 1 Ca®"/1
Mg*" vs. standard 4 Ca®"/4 Mg>": 1BV'=0.36 + 0.03 [16]; 1B°*"=0.52 + 0.04 [19] p=0.010),
whereas at 12 mM extracellular Ca**, the EPSC amplitudes were relatively decreased (EPSC
ratio in 12 Ca®"/1 Mg®" vs. standard 4 Ca>"/4 Mg*": 1BV'=1.70 < 0.09 [15]; 1B%"*"=1.38 +
0.04 [15], p=0.014). This increase was probably not due to more Ca*"-influx because somatic
Ca*"-current in the hippocampal neurons (data not shown) was not altered in syntaxin-1BP*"

neurons.
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Potentiation of synaptic responses by phorbol esters

A current hypothesis (Sudhof, 2004) suggests that Munc18-1 initiates and catalyses
vesicle priming by binding to syntaxin-1 in the closed conformation and mediating its
conversion into an open conformation in collaboration with Munc13-1, another essential
priming factor for synaptic vesicle exocytosis (Augustin et al., 1999). This hypothesis was
supported by the striking finding that in C. elegans, deletions of unc13 and of RIM (which
binds to Munc13; Betz et al., 2001) can be reversed by overexpression of syntaxin-1°P"
(Richmond et al., 2001; Koushika et al., 2001). To test whether the syntalxin-lBOpen mutation
affects Munc13-1 functionally, I measured phorbol ester-induced augmentation of synaptic
responses in syntaxin-1B°P*" -mutant mice. This augmentation is mediated by phorbol ester-
binding to Munc13’s (Rhee et al., 2002); thus, if Muncl3 acts by opening up syntaxin,
stimulation of Muncl3 by phorbol esters should have a decreased effect on release in
syntaxin-1B°P*" synapses. To test this hypothesis, I monitored the potentiation of synaptic
responses by 1 uM B-phorbolester dibutyrate (PDBu) during continuous low-frequency
stimulation. After obtaining stable baseline responses, I applied PDBu for 1 min, and
subsequently washed out the PABU for 5 min (Fig. 1.10.A). Amplitudes of EPSCs in PDBu
were normalized to the initial baseline, and the degree of potentiation was measured after
augmented responses reached steady state. PDBu caused a smaller degree of potentiation in
syntaxin-1BP*" synapses (1.45 + 0.05-fold [n=43]) than in control synapses (2.44 + 0.13 fold
[n=45]; p<0.0001). To determine whether the reduced potentiation in the syntaxin-1B°P"

synapses correlated with their increased release probability, I also measured the Py,, in the
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same cells, and found that the PDBu response was inversely related to the initial Py, (Fig.

1.10.B).
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Figure 1.10. Syntaxin-1BOpen mutation reduces potentiation of synaptic
responses by phorbol esters. (A) Normalized synaptic responses before, during,
and after application of 1 yM PDBu. (B) Plot of the degree of potentiation of synaptic
responses in a given neuron (y-axis) as a function of the vesicular release probability
Pvr in the synapses of the same neuron (x-axis). The inset shows the mean values
for these two parameters (1B"" = 45 neurons; 1B%*" = 43 neurons).
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Discussion

Synaptic exocytosis involves a reaction cascade that starts with vesicle docking which
is independent of SNARE proteins, followed by vesicle priming which requires SNARE
proteins, and ending in Ca**-triggered opening of the fusion pore which depends on the Ca**-
binding protein synaptotagmin 1 or 2 (reviewed in Sudhof, 2004). In the present study, I have
used a combined biophysical, genetic, and electrophysiological approach to investigate the
physiological significance of the conformational switch of syntaxin-1 from a closed to an
open form. My results confirm a critical role for syntaxin-1 in exocytosis that extends beyond
its function as a SNARE protein, and involves a role in preparing vesicles for priming as well
as in triggering fusion-pore opening of primed vesicles. Arguably my most important result
was the finding that opening syntaxin-1 directly enhances triggering of exocytosis by Ca*" or
by hypertonic sucrose. Thus, although the open conformation of syntaxin-1 clearly alters
steps upstream of SNARE complex assembly and priming as shown by the change in docked
vesicles in chromaffin cells, rendering syntaxin-1 predominantly open also dramatically
alters steps downstream of priming, as opening of syntaxin-1 lowers the energy barrier to
Ca*'-triggered fusion. To explain this finding, a model was proposed whereby priming is
initiated by the Munc18/syntaxin-1 complex and executed by SNARE complex assembly
such that it results in the variable assembly of SNARE complexes associated with individual
vesicles, with the number of assembled SNARE complexes inversely proportional to the
energy required to open the fusion pore. In conjunction with previous studies, my findings
thus lead to a picture of syntaxin function in synaptic exocytosis suggesting that SNARE

complex assembly is intimately linked both with the initiation of exocytosis (as reflected in
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the docking defect in neuroendocrine syntaxin-1B%P" cells) and with the final step in

exocytosis (as reflected in the increase in Ca*'-triggering in syntaxin-1B°"*" synapses).

Properties of the syntaxin-1B°*" mutation

The 'LE' mutation introduced to generate syntaxin-1B°"" mice likely alters the
conformational equilibrium of syntaxin-1 without altering other properties of syntaxin-1. The
'LE' mutation in syntaxin-1B°"" replaces only two residues in the linker sequence that
connects the two functional cytoplasmic domains of syntaxin-1, i.e., the Hy,.-domain and the
SNARE motif. Structurally, the linker sequence acts as a hinge that controls the
intramolecular interactions between the H.,.-domain and the SNARE motif, and the two
linker residues that I mutated in syntaxin-1B°P" stabilize these interactions (Dulubova et al,
1999; Misura et al., 2000). While my previous qualitative analysis indicated that this
mutation disrupts the closed conformation of syntaxin-1 and prevents Muncl8-1 binding
(Dulubova et al., 1999), the more quantitative data presented here show that this mutation
does not abolish the closed conformation, and does not negate Munc18-1 binding (Fig. 1.2 -
1.4). Instead, the syntaxin-1B°"" mutation shifts the equilibrium from the closed towards the
open conformation of syntaxin-1, suggesting that it decreases the abundance of

Munc18/syntaxin-1 complexes and favors SNARE complex assembly.

Role of closed syntaxin-1 in vesicle docking
I find that in syntaxin-1B®"" synapses, ~25% more synaptic vesicles are docked at

the active zone (Fig. 1.5.D), and the size of synaptic contacts is increased by ~20% (Fig.
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1.5.F). The moderate increase in the number of docked vesicle and the size of syntaxin-
1BP*" synapses is unlikely to be a compensatory effect because synaptobrevin-2 and RIM1a.
KO mice exhibit even larger decrease in the RRP but display no changes in either vesicle
docking or synapse size (e.g., sy; Schoch et al., 2002; Calakos et al., 2004; Deak et al., 2005).
Thus the increase in vesicle docking and synapse size is a specific consequence of opening
syntaxin-1B. In syntaxin-1B°"" chromaffin cells, by contrast, vesicle docking was decreased
by ~75% (Fig. 1.5.L). In agreement with previous studies showing that Munc18-1 is not
required for vesicle docking in synapses (Verhage et al., 2000) but is required for vesicle
docking in chromaffin cells (Voets et al., 2001; see also Fig. 1.5.L), these results reveal that
vesicle docking, as defined morphologically, involves distinct mechanisms in synapses and
chromaffin cells. My results differ, however, from those obtained in C. elegans synapses
suggesting where synaptic vesicle docking was prevented by unc-18 mutations (Weimer et
al., 2003), indicating that synaptic vesicle docking in C. elegans may be more similar to
chromaffin cells than to vertebrate synapses.

It seems likely that in synapses, the active zone protein scaffold captures vesicles
before the function of Munc18-1 prepares vesicles for priming, and that as a result Munc18-1
is not required for synaptic vesicle docking. Such a mechanism — that would be absent from
chromaffin cells which lack active zone proteins — would allow synapses to efficiently recruit
vesicles during high-frequency stimulus trains. In the absence of such a mechanism in
chromaffin cells, the function of Munc18-1 bound to syntaxin-1 appears to be a nucleating
event in recruiting and docking vesicles. However, the function of Munc18-1 in chromaffin

cell exocytosis, and by extension in all exocytosis, does not depend on assembly of SNARE
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complexes because in chromaffin cells, as in synapses, deletion of synaptobrevin (VAMP) —
the vesicular SNARE protein with which syntaxin forms a complex during fusion — does not
interfere with vesicle docking. These results thus show that in chromaffin cells, and by
extension in all fusion reactions, closed syntaxin-1 and Munc18-1 are required for a step in

fusion that operates upstream of SNARE complex assembly.

Munc18/syntaxin complex in vesicle priming

My data show that opening syntaxin-1 decreases the concentration of
Munc18/syntaxin complexes to <5% of wildtype levels (Fig. 1.4), and lowers the number of
primed vesicles in the RRP by ~45% (Fig. 1.7.B). This observation is consistent with
previous results suggesting that Munc18 initiates vesicle priming and provides evidence for
the hypothesis that the amount of Munc18/syntaxin-1 complexes determines the number of
slots for primed vesicles in the RRP. Since the number of docked vesicles is slightly
increased, and not decreased, in syntaxin-1B?*" synapses, our results argue against the
notion that the RRP corresponds precisely to docked vesicles (Schikorski and Stevens, 2001),
but agrees with studies in cerebellar synapses that documented a similar lack of a correlation
(Xu-Friedman et al., 2001). The fact that the RRP decrease is much less than the decline in
the levels of the Munc18/syntaxin-1 complexes agrees with the observation that 50% changes
in SNAP-25, synaptobrevin 2, or Munc18-1 in the corresponding heterozygous KO mice do

not in themselves induce a major change in the RRP (data not shown).

The closed conformation of syntaxin-1B controls fusion pore opening
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Although syntaxin-1B%P" synapses contain ~45% fewer release-ready vesicles (Fig.
1.7.B), these vesicles exhibit a >2-fold increase in spontaneous fusion (Figs. 1.6.C and D),
are hypersensitive to sucrose (Figs. 1.7.C, F, G, and J), and are more responsive to Ca’'. The
latter effect manifests in a >2-fold increase in the vesicular release probability P,, (Fig.
1.8.D), an almost 2-fold enhanced apparent Ca**-affinity of release (Fig. 1.8.G), and a ~2-
fold increase in use-dependent synaptic depression (Figs. 1.8.E and F). The striking fusion
phenotype of syntaxin-1B°"" synapses is not an indirect consequence of the decrease in
SNARE proteins and/or of the decline in the RRP in syntaxin-1B°*" synapses because KO
mice lacking SNARE proteins, RIM1a, or Munc13-1 exhibit more severe changes in the
levels of SNARE proteins and/or vesicle priming, but rather display a decrease in
spontaneous and evoked fusion (Augustin et al., 1999; Schoch et al., 2001; Verhage et al.,
2000; Washbourne et al., 2001). The fusion phenotype of the syntaxin-1B°"" mice is not
caused by an impairment of Munc18-1 function or Munc18-1 binding to syntaxin-1 because
inactivation of Munc18-1 also produces a phenotype in synaptic vesicle fusion opposite to
that of the syntaxin-1B°"" mutation (Verhage et al., 2000). Thus, the increased ease with
which vesicles in syntaxin-1B°"" synapses fuse is a direct consequence of the mutation.

Primed synaptic vesicles can be thought of as being suspended in an intermediate
energy state in which fusion was initiated, but an energy barrier prevents the progression of
fusion to fusion-pore opening. According to this view, Ca>" and hypertonic solutions induce
complete fusion by providing energy to overcome the barrier; when the barrier is lowered,
more primed vesicles fuse spontaneously, and lower amounts of energy are required to evoke

fusion. Our results demonstrate that opening up syntaxin-1 lowers the energy barrier of
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synaptic vesicles to fusion, i.e., the energy barrier to fusion is provided, at least in part, by the
closed conformation of syntaxin. Since — as revealed in the docking defect in syntaxin-1B°P"
chromaffin cells — syntaxin-1B°P*" acts upstream of SNARE complex assembly, the effect of
this mutation has on triggering fusion-pore opening, downstream of SNARE complex
assembly, was unexpected. How is it possible that such an upstream acting mutation alters
the downstream Ca”'-triggering of synaptic vesicle exocytosis? At least three hypotheses can
be envisioned to explain this effect:

1. Primed vesicles lack assembled SNARE complexes, and Ca®* or hypertonic sucrose
triggers fusion by opening up syntaxin-1 and inducing SNARE complex assembly. The
simplicity of this model is attractive, but existing evidence argues against it. It is difficult to
envision a molecular mechanism that would allow such a dramatic conformational change in
syntaxin-1 and assembly of the SNARE complex on the time scale of Ca*'-triggered release
(ca. 100 ps). Experimentally, it is known that complexins are required for Ca*'-triggering of
fusion (Reim et al., 2001). Since complexins only bind to assembled SNARE complexes
(McMabhon et al., 1995), this observation indicated that SNARE complex assembly must
occur prior to Ca*'-triggering. A variation of this model would be that primed vesicles are
associated with pre-assembled syntaxin/SNAP-25 heterodimers that would allow very rapid
SNARE complex assembly with free synaptobrevin on synaptic vesicles (Rickman et al.,
2006). However, for syntaxin/SNAP-25 heterodimers to assemble in this model, closed
syntaxin-1 would have to be opened, and thus the triggering step should not be altered by the

Open

syntaxin-1B™""" mutation.
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2. Primed vesicles are composed of two subpopulations, more excitable primed

vesicles with a lower energy barrier to fusion that are associated with ‘open’ syntaxin, and
less excitable primed vesicles with 'closed' syntaxin and a higher energy barrier to fusion. In
syntaxin-1B°P*" synapses, vesicles would thus be shifted from the less excitable to the more
excitable subpopulation, causing an overall increase in excitability. However, this hypothesis
has a major experimental and a major conceptual problem. Experimentally, this hypothesis
does not account for the fact that the syntaxin-1B°"" mutation not only shifts vesicles to a
greater degree of excitability within a preexisting range, but increases vesicle excitability in
absolute terms (Figs. 1.7.C, F, and G). Conceptually, although subpopulations of
"superprimed" or "immediately releasable" vesicles have been postulated in studies of
chromaffin cells and synapses in the Calyx of Held and the hippocampus (Voets et al., 1999;
Trommershiuser et al., 2003; Schliiter et al., 2006), this hypothesis would predict a much
more profound division of readily-releasable vesicles into two separate classes. The vesicles
in the RRP are heterogeneous in that they are triggered by different Ca*"-concentrations, but
fall into a continuum of responsiveness, not into distinct classes. The heterogeneity of
vesicles is not only due to differences in the distance of the vesicles from Ca*"-channels, but
also due to an intrinsic heterogeneity in terms of their 'fusability', as revealed by the fact that
some vesicles are more susceptible to sucrose than others. To rephrase the same argument in
different terms, the Ca*"-dependence of the vesicular release probability P, means that there
is no physically defined subpool.

3. A primed vesicle is linked to the active zone by multiple copies of SNARE proteins

that are in different states of SNARE complex assembly, creating partially fused states that
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depend on the number of assembled SNARE complexes. The phenotype of the syntaxin-

1B°P*" synapses would then be explained by the fact that the relative proportion of assembled
SNARES shifts to a larger number. Again, 'assembled SNARE complexes' could mean here
either truly assembled SNARE complexes, and/or assembled syntaxin/SNAP-25
heterodimers. This would create a continuum of vesicles in the RRP, and explain how
shifting to an open syntaxin lowers the energy barrier to fusion. Only this model fits the

available data, suggesting that it may be the most appropriate at present.

Lowered phorbol ester response in syntaxin-1B°P*" synapses

The ~3-fold reduction in synaptic potentiation by phorbol esters in syntaxin-1B°P"
synapses (Fig. 1.10.A) correlates precisely with the increase in vesicular release probability
in these synapses (Fig. 1.10.B). The decreased phorbol ester response is not a direct
consequence of the ~45% reduction in the RRP because RIM1a-deficient synapses exhibit a
similar decline in the RRP but display an increase, not a decrease, in phorbol ester-induced
potentiation of synaptic responses (Calakos et al., 2004). The most parsimonious explanation
for the occlusion of phorbol ester responses in syntaxin-1B°" synapses is that phorbol esters
facilitate the opening of syntaxin-1, which would agree with the fact that the syntaxin-1B%P"
mutation does not completely open syntaxin-1 (Figs. 1.2 and 1.3) or abolish the phorbol ester
response (Fig. 1.10.A). Since the major receptor for the phorbol ester-dependent potentiation
of release is Munc13 (Rhee et al., 2001), the occlusion of the phorbol ester response by
syntaxin-1B°P*" provides further evidence for the hypothesis that Munc13 acts on assembly

of SNARE complexes. This hypothesis is consistent with the observation that overexpression
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of syntaxin-1B°"" by-passes the deletion of unc-13 in C. elegans (Richmond et al., 2001),

and that Muncl3 is required for the SNARE-dependent priming of synaptic vesicles
(Augustin et al., 1999). In terms of our model 3 described above, this hypothesis implies that
phorbol esters acting on Muncl3 normally increase the number of assembled SNARE
complexes associated with a primed vesicle, and that this effect is partially occluded in the
syntaxin-1B°P" mutant synapses because the opening of syntaxin-1 has already achieved

such an effect.
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Chapter Il
Genetic approach to analyze the differential function of

syntaxin-1A and 1B
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Introduction

A general mechanism, driven by specific interactions between N-ethylmaleimide-
sensitive factor (NSF), soluble NSF attachment proteins (SNAP) and the soluble N-
ethylmaleimide-sensitive fusion protein attachment protein receptor (SNARE) proteins has
been proposed for membrane fusion in eukaryotic cells (1, 2). There are three SNARE
proteins, synaptobrevin-2, synaptosomal-associated protein of 25kDa (SNAP-25) and
syntaxin-1 (2, 3). While synaptobrevin-2 is associated with synaptic vesicle, SNAP-25 and
syntaxin-1 are with plasma membrane mostly in presynaptic active zone. In hypothesis, one
helix from synaptobrevin-2, two from SNAP-25 and one from syntaxin-1 form 4 a-helical
bundles called as ternary SNARE complex in order to catalyze the formation of fusion pore,
which causes to release the contents of synaptic vesicle, called chemical neurotransmitters
(4). While other SNARE proteins form a-helical bundles using most of their sequences,
syntaxin-1 has a relatively long N-terminal region, where three helices, called H,, H, and H,,
reside (4).

Isoforms of the three SNAREs, SNAP-25 (a, b), synaptobrevin (I, II) and syntaxin
I(1A, 1B) have been identified in neurons (5-7). In nerve terminals, those isoforms of
SNAREs show differential distribution patterns in some areas of central and peripheral
nervous system. Interestingly, syntaxin-1A and syntaxin-1B are usually co-localized with
synaptobrevin-1 and synaptobrevin-2, respectively, suggesting their differential / overlapping
roles in nervous system (8, 9). Also there have been some reports indicating differential /
overlapping expression pattern for syntaxin-1A and 1B (8, 9). Therefore, it is interesting to

pursue the research whether these two proteins play a redundant / distinctive role in vivo.
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Munc18-1 (also known as nSecl, Munc18-a, and rbSec 1) is a cytosolic protein of 68
kDa, a mammalian member of the Sec1/Munc18-related proteins (SM proteins) that shows a
specific expression in brain (10). Munc18-1 was first identified in brain based on its ability to
bind syntaxin with high affinity and was later cloned by homology screening based on its
similarity to Drosophila rop and C. elegans Unc18 (11-13). Most of known SM proteins
appear to interact specifically with syntaxin family members, raising the possibility that
perhaps SM protein is essential for the function of syntaxin family members (11, 14-16).
Since syntaxin-Munc18-1 complex is mutually exclusive of SNARE complex formation in
most species (14, 17, 18), although that hypothesis is still debating (19), it has been
suggested that Munc18-1 is a negative regulator for neurotransmission. In agreement with
this idea are studies showing a reduction of neurotransmitter release in Drosophila and squid
after introduction of the respective Munc18-1 orthologs Rop and s-Secl (20, 21). In contrast,
secretion is blocked in S. cerevisiae Seclp mutants and in Drosophila Rop null mutants and
synaptic transmission is completely inhibited in mouse Muncl8-1 null mutants (22-24),
suggesting a positive role for SM proteins in neurotransmission. Therefore, their exact
molecular function still remains elusive. In order to study the differential functions of
syntaxin-1A and 1B, it is essential to study their binding properties to Munc18-1 and other
SNARE proteins in vivo.

In this study, syntaxin-1A and 1B GFP-knock-in mice were generated and studied in
order to identify their distinct, but overlapping role in membrane traffic and
neurotransmission. However, unexpectedly, both GFP knock-in proteins become non-

functional, suggesting the mimics of knock-out. While it was recently reported there is a
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specific defect in long-term potentiation, consolidation of conditioned fear memory in

syntaxin-1A KO mice, we still do not understand the phenotype of syntaxin-1B knock-out
mice. Using advantages of syntaxin-1B GFP knock-in mice, I studied both the effect of
syntaxin-1B knock-out and differential functions of syntaxin-1A and 1B. Since syntaxin-1B
open-conformation mutant mice also shows the reduction of syntaxin-1B protein, but
epileptic seizure phenotype (see Chapter 1), it is interesting to know what the relationship
between these two knock-in mice is: open-conformation mice and loss-of-function mice of

syntaxin-1B.
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Materials and Methods

Generation of syntaxin-1A- and 1B GFP-KI mice

Targeting strategy to generate syntaxin-1A and -1B GFP-KI mice was described in Chapter I.

Weight and survival analyses
The offspring from each breeding were toe-tagged at postnatal day 7 (P7) and weight

measurements and survival analyses were performed on P7, P14, P21 and P28.

Densimetric quantitation

Total brains were collected from each mouse at the same age and homogenated using
detergent-free buffer. After complete homogenization, SDS sampling buffer was added to the
homogenized sample and boiled for 10 minutes. After boiling, the samples were passed
through the 27-gauge, 0.5-inch needle (BD Biosciences) for at least five times.

Once SDS-PAGE analysis is done, primary antibody was added accompanied with
antibody, such as VCP and GDI as a loading control. I'**-conjugated secondary antibody was

used and image was read and quantitated by phosphoimager.

Morphological analysis of brain
Anesthetized mice were perfused with 4% paraformaldehyde in phosphate buffer.
Brains were cryoprotected and cut on a cryostat (30-um sections). Sections were incubated

with the primary antibodies overnight at 4 °C, followed by secondary and secondary
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antibody-labeled PAP (peroxidase-antiperoxidase). Free-floating sections were mounted on

gelatin-coated slides with permount. Images were taken using standard microscope.

Morphological analysis of neuromuscular junction

Mice were sacrificed and diaphragm muscle was collected. Muscles were teased into
fine muscle and incubated with the primary antibodies, followed by secondary antibody and
Texas-red-conjugated o-bungarotoxin. After wash, muscle was whole-mounted using

permount. Images were taken using confocal-microscope.

Immunoprecipitation

Mouse brain homogenates with 0.5% Triton X-100 was pre-mixed with GFP
polyclonal antibody followed by protein A/G beads (Santa Cruz). Wash 6 times with
phosphate buffered saline and the bead binding proteins were analyzed by SDS-PAGE and

immunoblot and densimetric quantitation (described previously).
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Results

Generation of syntaxin-1A- and 1B GFP-KI mice and expression level of syntaxin-1A
and 1B proteins

To investigate the differential expression patterns of syntaxin-1A and -1B, ECFP or
EYFP cassette was introduced within exon 2 of syntaxin-1A or exon 7 of syntaxin-1B by
homologous recombination, so as to have the integrated cassette fused to N-terminus or C-
terminus of proteins, respectively (Fig. 2.1). For syntaxin-1B targeting construct, neomycin
cassette is not removed, because deletion of neomycin cassette did not recover expression
level of fusion protein (Fig. 2.1.B).

In order to evaluate the syntaxin-1 protein levels in syntaxin-1A*? and 1A*° /1BYF
lines, I prepared brain homogenates of WT, syntaxin-1A*° and 1A*° /1BS" mice. Most of
syntaxin-1 antibodies detect both syntaxin-1A and 1B but T3748, which specifically detects
syntaxin-1A (Fig. 2.2.A). Indeed, syntaxin-1A protein is not detected in syntaxin-1A KO
mouse brain and syntaxin-1B protein is almost not detected in syntaxin-1B GFP-KI mouse
brain (Fig. 2.2.A). Next, I immunoquantitated the protein levels of GFP-syntaxin-1 fusion
protein and WT syntaxin-1 protein independently. While GFP-syntaxin-1A fusion protein
level is more than three fold increased compared to WT syntaxin-1A protein, GFP-syntaxin-
1B fusion protein level is only about 10% of WT syntaxin-1B protein (Fig. 2.2.B). Since
GFP-syntaxin-1B fusion protein level is greatly decreased, this mouse line was also called as
‘hypomorph of syntaxin-1B’ line. Note that the residual protein in GFP-KI syntaxin-1B

homozygous mice is syntaxin-1A due to lack of specificity of antibody.
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Figure 2.1. Schematic diagram of targeting strategy to generate syntaxin-1A
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Figure 2.2. Expression of syntaxin-1 and GFP-syntaxin fusion protein in
syntaxin-1A®" and syntaxin-1B®™ mice. (A) Immunoblot analysis of total brain
homogenates from wt, syntaxin-1AX° and double KO (1AX°/1B®") animals at E18.5
stage (30 ug protein/lane) was performed. Blots were probed with various antibodies
to syntaxin-1 and VCP (as a loading control). (B) GFP-syntaxin-1A fusion protein is
more stabilized than GFP-syntaxin-1B fusion protein in vivo. Quantitative
immunoblot analysis of total brain homogenates from 3 GFP-KI mice and 3 littermate
wt mice was performed. Brain sample was collected at P30 from GFP-syntaxin1A Ki
line and collected at P14 from GFP-syntaxin 1B Kl line. Blots were probed with
antibodies to syntaxin-1 and VCP (as a loading control).
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B mice

Postnatal lethality of Syntaxin-1

I checked the survival of offspring on postnatal day 7, 14, 21 and 28 days from
intercrosses of double heterozygous mice for syntaxin-1A° and syntaxin-1B9" alleles.
Double homozygous mice are not included in this study due to perinatal lethality. Except for
double homozygous mice, the survival ratio from double heterozygous breeding is similar to
Mendelian ratio (Fig. 2.3.A). However, while syntaxin-1A knock-out mice shows no obvious
lethality, syntaxin-1B GFP knock-in mice start showing lethality on postnatal day 14 and no
longer survive until postnatal day 21 (Fig. 2.3.A). Syntaxin-1B GFP knock-in mice also show
severe growth retardation as shown in weight curve (Fig. 2.3.B). In accordance with survival

data, they show severe motor incoordination and unbalanced movement behavior at P14

(data not shown).
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Figure 2.3. Survival and weight studies of syntaxin-1AX° / syntaxin-1B®™ mice.
(A) Survival and (B) body weight analyses of double line mice of syntaxin-1AX°
(XRA) / 1B (XTB) were performed as a function of age at 1 week, 2 weeks, 3
weeks and 4 weeks after birth (Double homozygous mouse is not included in this
graph, because it died on the date of birth).
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Functional redundancy between syntaxin-1A and 1B protein and failure of GFP-

syntaxin-1A fusion protein to rescue perinatal lethality of syntaxin-1A®/1B¢"

In order to test the effects of loss of both syntaxin-1A and 1B proteins on mice
survival, the survival for litters from double heterozygous breeding of syntaxin-1AX%/1B F
mice at P7 was counted and compared to the Mendalian ratio. Again, while loss of syntaxin-
1A protein alone does not affect the observed lethality of mice, the absence of both syntaxin-
1A and 1B protein greatly reduced the postnatal survival of mice (Table 2.1). Interestingly,
while in the presence of syntaxin-1A protein, loss of syntaxin-1B protein does not affect the
survival ratio at P7, in the absence of syntaxin-1A protein, decrease in syntaxin-1B protein
significantly reduced the survival ratio at P7 (Table 2.1). These results suggest there might be
a functional redundancy between syntaxin-1A and 1B proteins.

Since syntaxin-1A*%/1B9F mice showed a perinatal lethality, I tested whether GFP-
Syntaxin-1A fusion protein can rescue that lethality. To investigate that, the double line of
syntaxin-1A9*/1B"" was generated and the survival ratio at P7 from the double
heterozygous breeding was counted and compared to the results from line of syntaxin-1A°
/1B*? breedings. Unexpectedly, the survival results from both lines are not significantly
different each other (Table 2.1), suggesting that N-terminal GFP-fusion makes syntaxin-1A

protein non-functional in vivo.
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Table 2.1. Survival tables of mice of syntaxin-1A° / 1B® and syntaxin-1A®" /
1B® P lines. Survival analysis was performed from double heterozygous breeding of
syntaxin-1A%° / 1B" (A) and syntaxin-1A®™" / 1B®™" (B) at 1 week after birth.

A

XRA[+/+) XRA(+-) XRA(H) XRA[+/+) XRA[+) XRA(--) XRA(+/+) XRA[+) XRA[--)
XTB(++) | XTB(++) | XTBi++) | XTB(=t) | xTBE+1) | xTBE+) | 3By | xmBUY | xTBW)
Expected
atio 625% | 12.5% | 6.25% | 125% | 25% | 12.5% | 625% | 12.5% | 6.25%
Observed
:;ri;e 578% | 13.9% | 9.8% | 156% | 254% | 196% | 578% | 4.0% | 0%
= N=173
B
XFA[+H+) | XFAELD) | XFar) | xFAEe) | XFAal) | xFAL) | XFApm | xFAs) | xFAWD
XTB(++) XTB(++) XTB(+f+) XTB(+-) XTB(+-) XTB{+-) XTB(/) XTB({-/) XTB{H)
Expected
o 6.25% | 12.5% | 6.25% | 125% | 25% | 12.5% | 625% | 12.5% | 6.25%
Observed
:;ri‘;e 132% | 215% | 83% | 11.8% | 27.1% | 104% | 42% | 28% | 0%

* N=144
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Protein quantitation of syntaxin-1AX° /1B®F" mice

The severe lethality of syntaxin-1B GFP-KI line intrigues me to try to check the
changes of other synaptic marker protein levels. In order to investigate this question, at least
three whole brain homogenates were prepared from WT, syntaxin-1A*°, and syntaxin-1B“""
mice at P14 and immunoquantitation experiment was performed using antibodies to a variety
of synaptic marker proteins, such as SNARE proteins, active zone proteins etc. In contrast to
the results from open-conformation mice, which show the reduced protein level of SNAP-25
(see Chapter I), SNARE protein levels are not disturbed in syntaxin-1B%" mice (Fig. 2.4,
Table 2.2). However, the protein level of Munc18-1, which is the major binding partner of
syntaxin-1, is decreased about 50% (Fig. 2.4, Table 2.2). Therefore, it was noticed that the

level of Munc18-1 protein is more decreased in syntaxin-1B GFP-KI than that of syntaxin-

1B open-conformation mice (unpublished data).



94

A B

WT |IEGFP-K!| 1AKO

W —— Sytaxin-]  * T o L

—_— Syntaxin-1A #

50

— s— | Synitaxin-1B *

525

— — | l-)

Syntaxin-1A
-]
Syntaxin-18
Munc18-1

S — Muncl18-1

W———Tomosn ¢ o) T

— — | 50501
E & ¥ i
S a— [1abphilin 0

50

50

Complexin-A

Synaptobevin-2
Synaptotagmin-1

L& & JLGLELY
A — | S)naptophysin-1

Synaptotagmin-1

Rim-1a =
i
W —— g%
3 &
— - oo
s mﬂ ynaptojanin-1

vep | [wr [l wecrex  [Jlako

50

Rab3a

Figure 2.4. Protein quantitation of syntaxin-1AX® / syntaxin-1B®™ mice. (A) At
least 3 of total brain extracts were prepared at P14 for each genotype and
quantitative western blot analyses were performed using a variety of antibodies,
which are related to synapse. Panel (B) shows representative diagram of
quantitation.
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Table 2.2. Protein quantitation table of syntaxin-1AX° / 1B mice line.

1AwT 1AW 1AxC p-vahwe: p-vahue:
1BwT 1Bt 1B™T AWTR Tz, AWTRAT AWTR Ty, AEORWT
Syniardin-1A T374E lo£10s g36LED 25201 0154 0007
Syniann-1B 4191 10x75 27401 110%21 0.003 0105
Synian-1 HPC-1 lo+114 412451 To2x1l 0.004 0.034
Syniandn-1 1579 l0+&1 675137 532 0.004 0005
Symitdn-1 116250 1043 BRTL2E 39930 0058 0.003
SNAP-25 1m+77 l10ta0 106 ta7 0255 0505
Synapinhrevin-I 10 £7 4 jack ] 1me+72 02sl 0a27
Mamel8-1 Monoel l0+47 458133 8lEtam 0.0001 0.053
BMamcl3-1 B0 lmo+12s 744155 F7Eta3 0072 0255
Mamcl8-1 571 lo+zn TOR 38 E0E2 0014 0700
Mhmcl8-1 K523 10£14.7 035%11 21915 0056 0510
Bunclg-1 F552 lm+121 71etas 216190 0.058 0511
Complexin- A 1m+3a 964142 925+ED0 0482 0564
Synapiniagmin 1 lm+10s geatan 32150 0348 0571
Eah3A lootaz 107136 227193 0511 0=01
Rahphilin 1m+ss 954145 lmEt1z2s 0474 0795
Synapsin lm+102 27A155 281112 0220 0767
Synapiophysin 1 lntas 872168 g78X92 0114 0233
NSF lo+74 10583 116 X166 0 A0z 0310
Synapinjanin 1 lmo+ss 891xa1 71155 0204 0583
EIMlx lo0x4s lo2t4m 247161 0718 0417
ELKS lm+e7 116115 lM2tas 0268 0555
Lipxin lotss 932183 ek o ) 0577 09
Synapingyzin-1 ln+e2 gaaton 112485 0478 0245
Vhat 1 10+16l | 1004109 l'ﬁf"li 099 0gm
CASK lo+a4 lm+2s 1M Es51 0182 0571
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Differential binding of GFP-syntaxin-1A and -1B fusion proteins to other SNARESs and

Munc18-1

The fact that N-terminal GFP-syntaxin-1A fusion protein is non-functional is
surprising, because I have already shown that GFP-syntaxin-1A fusion protein level is
increased compared to WT syntaxin-1A. One possibility to explain this problem is that the
GFP-fusion might inhibit the interaction of other binding partners, such as other SNAREs
and Munc18-1, to syntaxin-1 in vivo and followed by observed non-functionality of proteins.
In order to solve this question, immunoprecipitation experiment was performed using the
whole brain homogenates from either syntaxinl A-GFP KI or syntaxin-1B-GFP KI mice line.
Both GFP-syntaxin-1A and 1B fusion proteins still shows the interaction with other SNAREs
and Munc18-1 in vivo (Fig. 2.5.A-B). However, it was shown that the binding property of
GFP-fusion proteins between 1A and 1B is different. GFP-syntaxin-1B fusion protein shows
significantly reduced binding affinity to synaptobrevin-2 and Muncl8-1, while shows
slightly increased binding property to SNAP-25 compared to GFP-syntaxin-1A fusion

protein (Fig. 2.5.C).
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Figure 2.5. Binding experiment using GFP-syntaxin-1 fusion protein.
Immunoprecipitation experiment against GFP antibody was performed using 0.5%
Triton X-100 soluble brain homogenates from GFP-KI syntaxin-1A (A) and 1B (B)
homozygous line. (C) Quantitative immunoblot analyses against antibodies to
munc18-1, SNAP-25 and synaptobrevin-2 were performed.
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GFP-syntaxin-1 fusion proteins show normal synaptic staining

The one possibility for observed non-functionality of GFP-syntaxin-1 fusion proteins
might be due to aberrant localization of fusion proteins in vivo. To test this possibility,
immunostaining on brain saggital section was performed using antibodies to synaptic
markers, such as synaptotagmin-1, Rab3A and the signal pattern was compared to staining
for GFP antibody. Pre-immune serum for GFP antibody was used as a negative control. The
immunostaining pattern and comparison to synaptic markers indicate that both GFP-
syntaxin-1A and 1B fusion proteins show normal synaptic staining (Fig. 2.6), suggesting that

the observed non-functionality of fusion proteins are not due to aberrant localization.
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Figure 2.6. Brain structure analysis and morphological analysis of GFP-fusion
protein expression of syntaxin-1AX® / syntaxin-1B® mice. Hippocampal and
cerebellar immunostaining from GFP fusion Syntaxin-1A (A) and -1B (B) Kl mice
were performed. Brain saggital sections were collected for peroxidase
immunostaining for each syntaxin-1A®" and syntaxin-1B®" mice and their WT
littermate control. The antibodies to synaptotagmin-l and rab3A were used as a
positive control, while antibody to PIS was used as a negative control. DG = dentate
gyrus; MF = hippocampal mossy fiber synapse; GL = granular layer; PL = purkinje
cell layer; ML = molecular layer



101
BGFP

Decrease in cerebellar purkinje cell layer in syntaxin-1 mice

Since cerebellum plays a pivotal role in movement and balancing of whole body and
also syntaxin-1B“" mice shows fragile movement and balance, I decided to look at
morphology of cerebellum more carefully, especially morphology of purkinje cell, because it
was reported that human inherited ataxia is related to disorders of purkinje cell degeneration
(25). Brain saggital section of syntaxin-1B“" mice were prepared and stained with
antibodies to calbindin, one of markers of cerebellar purkinje cell, and compared to WT
littermate control. While there is no obvious change in terms of overall size of cerebellum,

the layer of cerebellar purkinje cell was significantly decreased compared to WT littermate

(Fig. 2.7).

A WT B Syn1BGFPIGFP

N/

B .
. [ 4 N
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Outer Layer Inner Layer QOuter Layer Inner Layer

Figure 2.7. Abnormal morphology of purkinje cell of syntaxin-1B®™" mice.

Immunoperoxidase staining was performed on syntaxin-1B®" knock-in mice using
antibody to calbindin, specific marker of cerebellar purkinje cell.
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Morphology of neuromuscular junction (NMJ) of syntaxin-1A°™ and syntaxin-1B®"

mice

Since neuromuscular junction synapse is ideal system for identification of individual
synaptic terminal, I tested whether GFP-syntaxin-1A or 1B fusion protein is targeted /
localized in synaptic terminal of NMJ by using immunostaining of GFP. Immunostaining for
syntaxin-1 showed a typical synaptic terminal staining as a control in both WT and GFP-
syntaxin-1A knock-in mice, as expected (Fig. 2.8). However, surprisingly, while GFP-
syntaxin-1B fusion protein is innervated well in the synaptic terminal of NMJ, GFP-syntaxin-
1A fusion protein is not (Fig. 2.8). This suggests syntaxin-1B, not syntaxin-1A plays an

essential role in at least synapse of NMJ.

1 AGFP/GR?

1 BSFP/GF?

1 AGFPIGFP= p3() 1 BSFPISFP = P12 Scale bar = 5um

Figure 2.8. Exclusive expression of GFP-syntaxin-1B fusion protein in synapse
of neuromuscular junction. Immunofluorescent staining against GFP antibody of
neuromuscular junction synapse using diaphragm muscle was performed on

Syntaxin-1BGFF> knock-in mice. Scale bar at the right column depicts 5 um and applies to
all sections.
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Discussion

Synaptic exocytosis is executed by a series of processes, such as vesicle docking,
priming, Ca*"-evoked fusion and endocytosis for recycling of vesicles (26). It was originally
reported that syntaxin-1 plays a pivotal role specifically in Ca®"-evoked fusion by
participating SNARE core-complex (1-4). In this study, I used GFP-fusion syntaxin-1A/1B
knock-in mice in order to understand their distinct/ overlapping roles in synapse/brain in
vivo. Originally, I introduced this knock-in gene in hope of mimicking/ rescuing WT
syntaxin-1. However, it turns out that both N-terminal fusion GFP-sytnaxin-1A and C-
terminal fusion GFP-syntaxin-1B are at least not fully-functional compared to WT (Table
2.1), suggesting that adding GFP-tag interferes the normal function of syntaxin-1.

Lethality of syntaxin-1B°™

Syntaxin-1B"" mice died around P14 (Fig. 2.3A) and showed an unbalanced
movement. This lethality is somewhat surprising, because syntaxin-1A*® mice do not show
any phenotype in terms of survival and basic electrophysiological properties (27) and I
thought this non-lethality of syntaxin-1A*° is due to redundancy of syntaxin-1A and 1B.
This differential lethality between syntaxin-1AX® and 1B line suggests either their
differential localization or their differential basic properties, such as differential interaction

affinity to other binding partners so on.

Non-functionality of GFP-syntaxin-1 fusion protein
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As previously discussed, I found out that adding GFP-tag on N-terminal syntaxin-1A

causes syntaxin-1A non-functional (Table 2.1). There can be several explanations for this
question. Firstly, GFP-fusion protein can be mis-localized in vivo. Secondly, there might
reside very important sequences for normal function of syntaxin-1 in N-terminal part. The
first hypothesis does not seem true, because as shown in immunostaining experiment on
brain section, both N-terminal GFP fusion of syntaxin-1A and C-terminal GFP fusion of
syntaxin-1B show normal synaptic staining (Fig. 2.6). Therefore, I think the second
hypothesis can be at least one of the explanations for non-functionality of GFP-fusion
protein. Because there seems that N-terminal part of syntaxin-1A is important for
phosphorylation of syntaxin-1A and also this part is essential for the interaction with

Munc18-1 confirmed by in vitro binding analysis and FRET analysis (unpublished data).

Impaired morphology of cerebellar purkinje cell
I found that the length of layer of cerebellar purkinje cell is significantly decreased in

syntaxin-1B“""

(Fig. 2.7). The resolution for standard microscopic level can not confirm
whether that phenomenon is due to shortening of dendritic length or to other reason.
However, since cerebellar purkinje cells send inhibitory projections to the deep cerebellar
nuclei, and constitute the sole output of all motor coordination in the cerebellar cortex, this

shortening of cerebellar purkinje cell layer should affect the electrophysiological properties,

associated with motor coordination and balance of body.
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Therefore, even though I don’t know the mechanism of this shortening of purkinje
cell layer yet, this change of morphology should be one of the reason why syntaxin-1B"

mice show motor incoordination, fragile movement and balance.

Lack of innervation of GFP-syntaxin-1A fusion protein into NMJ

Neuromuscular junction (NMJ) development is regulated by reciprocal interaction
between presynaptic (nerve terminal and Schwann cell) and postsynaptic (muscle cell)
components (28). In order to identify whether GFP-syntaxin-1A/B fusion proteins are
innervated into nerve terminal or not, GFP-immunostaining experiment was performed on
both knock-in mice. I found out only GFP-syntaxin-1B fusion protein is innervated into
NMJ, not syntaxin-1A (Fig. 2.8). Since lack of innvervation might cause the deficiency in
communication with muscle cell, the specific innervation of syntaxin-1B into NMJ suggests
that abnormality of GFP-fusion protein in NMJ might be one of the reasons for observed

GFP

phenotype of syntaxin-1B mice. However, in order to pursue this question more

specifically, the NMJ electrophysiology might be required.
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Chapter 111
E-Syts: A Family of Plasma Membrane C,-domain

Proteins with an Unusual Targeting Mechanism
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Introduction

C,-domains were identified as a conserved sequence motif in protein kinase C isoforms (1),
and shown to represent autonomously folded Ca**-binding domains in synaptotagmin-1 (2, 3). C,-
domains are now recognized as the second most common Ca”*-binding module in the proteome after
the much smaller, but more frequently occurring EF-hand module (4). All C,-domains are composed
of a stable 8-stranded [-sandwich that contains flexible loops at the top and bottom, with ‘top’ and
‘bottom’ defined by reference to the synaptotamin-1 C,A-domain, the first C,-domain whose atomic
structure and Ca®*-binding mode were determined (5, 6).

C,-domains come in two topological variations that are circular permutations of each other
(reviewed in Ref. 6). In type I C,-domains, e.g. those of synaptotagmin-1, the B-strands are arranged
in a linear manner and the C- and N-termini emerge at the top of the domain (5). In contrast, in type 11
C,-domains as first found in the phospholipase Cé C,-domain (7), the N-terminus of the C,-domain is
formed by B-strand #2, and the C-terminus by B-strand #1, and the N- and C-termini emerge at the
bottom of the C,-domain. In all C,-domains that bind Ca%, Ca’®" binds exclusively to the top loops,
coordinated by a set of five conserved aspartate or asparagine residues (8). Although the Ca**-binding
modes of all C,-domains are the same, their precise Ca*"-binding properties differ, with some C,-
domains such as those of synaptotagmin-1 exhibiting a low intrinsic Ca*"-affinity that is boosted
several orders of magnitude by the presence of phospholipids (2, 8). In contrast, other C,-domains
such as those of rabphilin display a high intrinsic Ca**-affinity even in the absence of phospholipids
(9). Not all C,-domains bind Ca’". A subset of C,-domains lacks the residues involved in Ca*'-
binding, making Ca”*"-binding impossible (e.g., see refs. 10, 11). More surprisingly, in some C,-
domains the canonical Ca*"-binding residues are present, but the domains nevertheless do not bind
Ca” because a subtle change in the orientation of the B-strands makes it impossible for the top loops

to actually coordinate Ca>" (e.g., see the C,B-domain of synaptotagmins 4 and 11; ref. 12).
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Most Ca**-dependent and even some Ca**-independent C,-domains bind to phospholipids as
first described for the synaptotagmin-1 C,A-domain (2, 3) and the Pten C,-domain (10). However, not
all C,-domains interact with phospholipids. Several Ca**-independent C,-domains constitute protein
interaction domains, as revealed in the crystal structure of the Munc13-1 C,A-domain in a complex
with the RIM zinc finger domain (13). Moreover, at least in synaptotagmin-1, Ca**-binding to the C,-
domains triggers their interaction not only with phospholipids, but also with SNARE complexes as a
target protein, suggesting a multifaceted functional activity at the phospholipid/protein interface (14,
15) and demonstrating that the same C,-domain can bind to both a protein and phospholipids
simultaneously.

C,-domains are primarily found in proteins that function in membrane traffic and/or signal
transduction, with synaptotagmins and protein kinase C as the prime examples. In membrane
trafficking proteins, C,-domains are generally present in multiple copies (although there are some
proteins with only a single C,-domain), whereas signal transduction proteins usually have a single C,-
domain. Membrane-trafficking C,-domain proteins are often attached to membranes by a mechanism
that is independent of the C,-domain, either directly via a transmembrane region (TMR), as most
clearly demonstrated for synaptotagmins (14), or indirectly via a binding protein, as shown for
rabphilin (16). In contrast, in signal transduction proteins the C,-domains generally appear to function
to localize the protein to the membrane, as shown, for example, for protein kinase C (17) or Pten (10).
Few C,-domain proteins are conserved in yeast, for example the phosphatidylserine decarboxylase
Psd2p (reviewed in Ref. 18), protein kinase C (19), and the ubiquitin ligase Rsp5p (20).

Three families of putative trafficking proteins containing multiple C,-domains and a single
transmembrane region have been described: synaptotagmins, ferlins, and MCTPs (21-23). In addition,
the sequence of a fourth type of protein with multiple C,-domains and a single TMR was reported

from rat adipocytes (25). Interestingly, this adipocyte protein is evolutionarily related to a family of
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membrane proteins in yeast containing three C,-domains that were called tricalbins (24). Tricalbins
may thus be noteworthy because they may represent the only proteins resembling synaptotagmins that
are conserved in yeast, although the properties and expression of these proteins and their mammalian
counterparts have not been examined.

In the present study, I follow up on these observations, and define a family of homologous
proteins that I refer to as E-Syts for extended synaptotagmins because of their similarity to
synaptotagmins. E-Syts differ from yeast tricalbins to which they are related in that they are Ca®'-
binding proteins. E-Sytl contains five C,-domains and is localized to intracellular membranes,
whereas E-Syt2 and E-Syt3 contain three C,-domains and are localized to the plasma membrane. The
most interesting property of E-Syts, however, may be the mechanism by which E-Syt2 and E-Syt3 are
targeted to the plasma membrane because this targeting does not depend on their TMR. Instead, it is
determined by the Ca**-independent third C,C-domain of these proteins. Thus E-Syts represent a
family of Ca**-binding membrane proteins that form a heterogeneous group of proteins, two of which

are targeted to the plasma membrane by a novel mechanism.
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Materials and Methods

Cloning, sequence analyses and Data Bank Searches

E-Syts were first analyzed by databank searches of genomic and cDNA sequences.
Their full-length human sequences were then assembled by sequencing of expressed-
sequence tag (EST) clones, and submitted to GenBank (accession numbers DQ993200,

DQ993201, and DQ993202).

Expression and purification of recombinant Glutathione S-Transferase (GST)-fusion
Proteins

The cDNA sequences encoding various domains of the human E-Syts were amplified
by PCR, subcloned into pGEX-KG vector, and expressed and purified as recombinant GST-
fusion proteins essentially as described (19). The following GST-fusion proteins were
produced: E-Sytl X C,AB (residues 91-600), E-Sytl C,A (residues 278-449), E-Sytl C,E
(residues 918-1104), E-Syt2 X C,AB (residues 147-658), E-Syt2 X C,A (residues 147-511),
E-Syt2 X (residues 147-387), E-Syt2 C,A (residues 340-511), E-Syt2 C,AB (residues 340-

658), E-Syt2 C,B (residues 500-658), E-Syt2 C,C (residues 736-921).

Construction and expression of vectors encoding various myc-tagged E-Syt fusion
proteins

The following gene constructs were subcloned into pCMVS5 vector with an N-
terminal myc-tag, and transfected into HEK293 cells for subcellular localization

experiments: E-Sytl full-length (residues 1-1104), E-Syt2 full-length (residues 1-921), E-
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Syt3 full-length (residues 1-886), E-Sytl ATM (residues 92-1104), E-Syt2 ATM (residues

150-921), E-Syt3 ATM (residues 73-886), E-Syt2 deletion constructs (residues 1-810, 1-458,

1-240, 240-921, 458-921, 755-921), E-Sytl deletion construct (residues 965-1104) and E-

Syt3 deletion construct (residues 748-886).

RT-PCR analysis

Human Normal Tissue cDNA Panel obtained from PrimGen was used for PCR
reaction by several pairs of primers. For E-Sytl PCR, GCTCACGCAAAGCCAGACCCAG
and GAAGGGCCAGACCTGGGCCAC primers, for E-Syt2 PCR, GACCACCAACACTCA
GCTCAAG and GCTTGTTTCTCTGCGAGCTG primers, for E-Syt3 PCR, CTCTGTAC
CTTCGTGGTGCG and GTCCTCAGGTGGATGCTC primers were used. PCR reaction of

GAPDH was used as a loading control.

Phospholipid binding assay

Phospholipid binding assays were carried out with purified soluble GST-fusion
proteins in buffer A (50 mM HEPES-NaOH, pH 6.8, 0.1 M NaCl, and 4 mM sodium EGTA).
The GST-fusion C, domain proteins were incubated with liposomes of defined phospholipid
composition in buffer A containing variable amounts of CaCl, or MgCl, to provide defined
concentrations of free Ca®", Mg®" respectively (calculated using EqCal for Windows software
from Biosoft, Ferguson, MO). In order to produce liposomes, dried phospholipids (obtained
from Avanti Co.) were resuspended in buffer A containing 0.5 M sucrose and sonicated. The

resulting "heavy" liposomes were then isolated by centrifugation. After the incubations of C,


http://www.jbc.org/cgi/redirect-inline?ad=Avanti
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domain proteins with liposomes, liposomes with bound C, domain proteins were re-isolated
by centrifugation essentially as described (27, 28), and bound proteins were precipitated,
resuspended in 30 pl of 2x SDS sample buffer, and analyzed by SDS-PAGE and Coomassie-

blue staining.

Immunostaining and confocal imaging

HEK293 cells plated on cover slips in 12 well plates were transfected with E-Syt
expression and control vectors using FUGENE (Roche Applied Science). Two days after
transfection, cells were washed in PBS and fixed with 3.7 % formaldehyde in PBS. After
fixation, cells were blocked and non-permeabilized or permeabilized by 3 % non-fat milk
without or with 0.1 % NP-40 in PBS, respectively. Cells were then incubated with both
monoclonal antibodies against the myc epitope (Santa Cruz Biotechnology) and FITC-
conjugated phalloidin (Molecular Probes) for 1 hour, washed three times with PBS, and
reacted with Alexa-488 labeled secondary antibody (Invitrogen) for 1 hour. After three time
washes with PBS, cells were briefly immersed in water, and mounted with Vectashield
(Vector Laboratories). Images were acquired on a Leica TCS2 laser-scanning confocal

microscope using a 62 x oil objective.

Subcellular fractionation and drug treatment
Transfected HEK293 cells were washed with PBS, collected, and homogenized two days
after transfection. Homogenates were centrifuged at 500 x g for 20 min to obtain a postnuclear

supernatant that was centrifuged at 100,000 x g for 1 hour to isolate the cytosolic fraction from pellet
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fraction. The pellet was resuspended with buffer containing 1 % Triton X-100 and permeabilized with
rocking for 1hr. After permeabilization, it was centrifuged at 100,000 x g for 1 hour to isolate Triton
X-100 soluble fraction from Triton X-100 insoluble fraction. Latrunculin-A (Biomol), Nocodazole

(Biomol) and DMSO were applied one day after transfection and cells were harvested 24 hours later.

Miscellaneous procedures
SDS-PAGE and immunoblotting were performed using standard procedures (29, 30).

Immunoblots were developed by enhanced chemiluminescence (Amersham Biosciences).
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Results

Structure and expression of E-Syts

I identified E-Syts by databank searches for C,-domain proteins that contain a TMR
(31). Analyses of vertebrate sequences revealed that mammals contain three evolutionarily
conserved and closely related E-Syt proteins that are distantly homologous to yeast tricalbins
(24). One of these proteins, named here E-Syt1, was originally described by Morris et al. (25)
as an anonymous membrane protein isolated from intracellular vesicles. I employed
expressed sequence-tag (EST) clones to assemble full-length sequences for E-Sytl, E-Syt2
and E-Syt3, and verified their primary structures by sequencing multiple independent clones
and comparing the resulting sequences with database entries. The domain structures of E-
Syts emerging from these analyses are shown in Fig. 3.1 and an alignment of the human E-
Syt sequences and their worm and insect homologs is depicted in Fig. 3.2.

The domain structure of E-Syts consists of a short, non-conserved N-terminal
sequence, a single N-terminal TMR, a conserved domain that is different from any other
sequence in the databanks (here referred to as ‘X’), and either five C,-domains (E-Sytl) or
three C,-domains (E-Syt2 and E-Syt 3). The ‘X-domain’ exhibits no noticeable features or
homologous domains. The TMR, X-domain, and C,A-domain closely follow each other
without a discernable linker sequence separating them. In contrast, the C,A- and C,B-
domains in all E-Syts are connected by a short variable linker sequence (~20 residues), and
the C,B- and C,C-domains by a long variable linker sequence (>100 residues). Apart from
the X-domain, the C,-domains, and the linker sequences, E-Syts have no recognizable

domains, suggesting that their functions are mediated by the X- and C,-domains. In E-Sytl,
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the third and fourth C,-domains (the C,C- and C,D-domains that are absent from E-Syt2 and

E-Syt3) are highly homologous to the first and second C,-domains (the C,A- and C,B-
domains), respectively (Fig. 3.2). This suggests that evolutionarily, the C,C- and C,D-
domains were duplicated in E-Syt 1 (Figs. 3.1 and 3.2).

All E-Syt C,-domains are composed of a type 2 topology as defined originally
for the phospholipase C6 C,-domain (7). In all mammalian, worm, and insect E-Syts, only
the C,A-domain contains the canonical Ca®"-binding residues in the ‘top’ loops (the loops
between B-strands #2/3, #4/5, and #6/7). In contrast, the other C,-domains lack several of the
critical Ca**-binding aspartate/asparagine residues in these loops, suggesting that they are
unlikely to bind Ca?". The sequences of the C,-domains do not otherwise contain a
particularly noticeable feature except for the presence of a relatively long sequence in the
‘top’ loop between B-strands 2/3 in the C,B-domains of the vertebrate E-Syts, suggesting that
this loop may have a more extensive structure. Interestingly, this long loop sequence is

alternatively spliced at least in E-Sytl and E-Syt2 (Fig. 3.2).
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Figure 3.1. Structures of E-Syts. Note that the C,C- and C,D-domains of E-Syt1

are highly homologous to the C,A- and C,B-domains of all E-Syts (T = TMR).
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Figure 3.2. Alignment of E-Syts. Alignment of the human E-Syt1 (E1), E-Syt2 (E2),
and E-Syt3 (E3) sequences with each other and with the Drosophila (Dm), mosquito
(Ag), and C. elegans (Ce) E-Syt sequences. Residues shared by the majority of
sequences are shaded in a domain-specific manner (yellow = extra-cytoplasmic
sequence; gray = TMR; blue = juxtamembranous E-syt domain; red = C,-domains).
In the C,-domains, the approximate locations of the (B-strands are indicated below
the sequence. Aspartate, asparagine, and glutamate residues that correspond to
residues involved in ligating Ca?* in synaptotagmin-1 C,-domains are shown in white
on a black background. Note that in E-Syt1, the C,A- and C,;B-domains are
duplicated, resulting in a total of five C,-domains in which the C,A- and C,C-, and
the C,B- and C,D-domains are equivalent, and aligned with each other (E1’ = E-Syt1
sequences starting with the C,C-domain aligned with the C,A-domains of the other
E-Syts). The long N-terminal sequence of the Mosquito E-Syt is not shown.
Sequences are numbered on the right.
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To determine the tissue distribution of E-Syt expression, I performed RT-PCR analyses on
various human tissues using E-Sytl-, E-Syt2-, and E-Syt3-specific primers and a normal human
tissue cDNA panel (from PrimGen, Inc.). I observed ubiquitous expression of all E-Syts, with an

enrichment of E-Syt2 and E-Syt3 in cerebellum (Fig. 3.3).
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Figure 3.3. Expression patterns of E-Syts determined by RT-PCR of RNA from
human adult tissues. RT-PCR analysis was performed for E-Syt1, E-Syt2 and E-
Syt3 using single-stranded cDNA generated from various human adult tissue RNA
samples as indicated (obtained from PrimGen). While E-Syt1 is expressed
ubiquitously, E-Syt2 and E-Syt3 are expressed primarily in cerebellum. GAPDH was
used as an RT-PCR control to ensure the integrity of the samples.
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Phospholipid binding by E-Syt2

Apart from the TMR, X-domain, and the C,-domains, E-Syts have no recognizable
domains, suggesting that their function is mediated by their C,- and X-domains tethered to a
membrane. Although the sequence analyses suggested that the C,A-domain of E-Syts can
bind Ca®", not all C,-domains with a typical Ca*"-binding motif in fact bind Ca*" (e.g., see
ref. 11). Moreover, although most Ch-domains that bind Ca*" also form Ca**-dependent
phospholipid complexes, not all Ca**-binding C,-domains in fact do that, whereas some C,-
domains that do not bind Ca*" bind phospholipids in a Ca**-independent manner (e.g., see
ref. 10). Thus, to investigate whether the E-Syt C,-domains have a potential for Ca®'-
dependent and/or Ca**-independent interactions with phospholipids, I produced a series of
recombinant proteins containing various fragments from E-Syt2 expressed as GST-fusion
proteins (Fig. 3.4). I tested the binding of these protein fragments to liposomes composed of
25% phosphatidylserine (PS) / 75% phosphatidylcholine (PC) in the absence or presence of
divalent cations, using a sensitive centrifugation assay because the pull-down assay that we
originally developed does not detect weak interactions, such as the binding of the
synaptotagmin-1 C,B-domain (27). I detected no phospholipid binding in the absence of
divalent cations or in the presence of Mg®" with any E-Syt2 fragments. In contrast, fusion
proteins of the C;A-domain with either the X-domain, or the C,B-domain, or both, bound to
liposomes in a Ca*'-specific manner. Although the only common denominator of these
different E-Syt2 fragments was the presence of the C;A-domain (Fig. 3.4), the isolated C,A-

domain by itself only weakly bound to phospholipids in a Ca**-dependent manner (Fig.
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3.5.A), possibly because the fragment used did not exactly include the precise domain

boundaries.
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Figure 3.4. Ca**-dependent phospholipid binding by various fragments from E-
Syt2. Recombinant GST-fusion proteins containing the parts of E-Syt2 indicated on
the right were employed in phospholipid binding assays. The recombinant proteins
were incubated in the absence of divalent cations, in 1 mM Ca®*, or in 1 mM Mg?*
with  liposomes composed of 25% phosphatidylserine (PS) [/ 75%
phosphatidylcholine (PC) (w/w). Liposomes were pelleted by centrifugation, and
bound proteins were analyzed by SDS-PAGE and Coomassie staining.
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I next examined the apparent Ca®"-affinity and the phospholipid-specificity of Ca*'-

dependent phospholipid binding by the E-Syt2 X C,AB-domain fragment (Fig. 3.5). Binding
was observed between 1 to 10 uM free Ca*", similar to that observed for the synaptotagmin-1
C,-domains. Different from the synaptotagmin-1 C,-domains, however, E-Syt2 Ca®'-
dependent phospholipid binding was not specific for negatively charged phospholipid, but
also detectable with liposomes composed of neutral phospholipids (PE and PC; Fig. 3.5.B),

although negatively charged phospholipids exhibited a higher apparent Ca**-affinity.
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Figure 3.5. Ca®*- and phospholipid-dependence of membrane-binding of E-
Syt2. (A) To measure the Ca*-dependence of phospholipid binding, purified
recombinant GST-fusion proteins containing either the E-Syt juxtamembranous ‘X’
domain together with the C,A- and C,B-domains (X-C,AB), or only the C,A- or C,C-
domain from E-Syt2, were incubated with liposomes composed of 25%
phosphatidylserine (PS) / 75% phosphatidylcholine (PC) in the presence of the
indicated concentrations of free Ca®". Proteins bound to the liposomes were
analyzed by centrifugation followed by SDS-PAGE and Coomassie-blue staining. (B)
Phospholipid-dependence of Ca?*-dependent membrane binding of the E-Syt2 X-
C,AB-domains. Phospholipid binding of a GST-fusion protein containing the E-Syt2
X-C,AB-domains was tested at the indicated Ca®*'-concentrations and in the
presence of 1 mM Mg?* (as a negative control) in liposomes with the four different
phospholipid compositions shown on the right (PS, phosphatidylserine; PIP,
phosphatidylinositol phosphate; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine).
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Subcellular localization of E-Syts

To determine the subcellular localization of E-Syts, I raised antibodies to various E-
Syts using recombinant protein fragments, but was unable to generate antibodies of
sufficiently high affinity to detect endogenous E-Syt proteins in various tissues (data not
shown). Thus, to circumvent this problem, I produced expression vectors for all three E-Syts
in which the full-length coding region was subcloned into a pCMVS5 vector with an N-
terminal myc-epitope tag. In addition to vectors encoding full-length myc-tagged E-Syts, I
also constructed vectors in which the N-terminal extracytoplasmic sequences and TMR were
deleted from the coding region, resulting in the expression of myc-tagged E-Syt proteins that
contained only the cytoplasmic sequences. Expression of all these proteins from the
respective vectors was confirmed by immunoblotting in transfected HEK293 and COS cells
(data not shown).

To immunolocalize the various E-Syts, I transfected HEK293 cells with the
expression vectors and stained the cells with anti-myc epitope antibodies either without or
with permeabilization (Fig. 3.6). This experiment was designed to test whether E-Syts are
plasma membrane proteins because plasma membrane localization would expose their N-
terminals, myc-tagged sequences on the cell surface, and thus make them accessible to
immunolabeling without permeabilization. As a positive control, I transfected the cells with
N-terminal myc-tagged synaptotagmin-7 that is quantitatively deposited into the plasma
membrane (32); as a negative control, I used N-terminal myc-tagged filamin A, an
intracellular protein. All samples were labeled with both anti-myc antibody and FITC-

conjugated phalloidin that reacts with the actin cytoskeleton in cells.
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I made three principal observations with this approach. First, E-Sytl was not detected

in transfected unpermeabilized cells, but became visible after permeabilization of the cells. In
these cells, E-Syt1l was found to be localized in unidentified intracellular membranes that did
not resemble the Golgi apparatus, endoplasmic reticulum, lysosomes, or mitochondria (Fig.
3.6).

Second, E-Syt2 and E-Syt3 were fully stained on the cell surface in unpermeabilized
transfected cells, and appeared to be completely inserted into the plasma membrane because
permeabilization did not uncover additional intracellular staining for these E-Syts (Fig. 3.6).
This localization is striking for a transfected cell in which the transfected proteins must be
massively overexpressed, suggesting that the transfected protein is not retained in the
endoplasmic reticulum or Golgi apparatus but quantitatively transported to the cell surface.

Third, the apparent localization of E-Syts surprisingly did not change upon removal
of the TMR. Although E-Syt2 and E-Syt3 without a TMR could no longer be detected on the
cell surface in nonpermeabilized cells as expected, they were still found to be quantitatively
associated with the plasma membrane (Fig. 3.6). Thus the localization of E-Syt2 and E-Syt3
into close proximity to the plasma membrane is not dependent on the TMR as in other

proteins.
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Figure 3.6. Subcellular localization of E-Syts in HEK293 cells. HEK293 cells
transfected with expression vectors encoding the proteins indicated on the left of the
panels were analyzed by anti-myc antibody (red) and phalloidin staining (green) and
fluorescence microscopy. Cells were stained without permeabilization in buffer
lacking detergents or in buffer containing 1% Triton X-100 (indicated as ‘non-
permeabilized’ and ‘permeabilized’ on the right). Transfected proteins were: A,
synaptotagmin-7 (Syt-7); B, filamin-A; C and D, E-Syt1 either as a full-length protein
(E-Syt1) or as a truncated protein lacking the N-terminal TMR (E-Syt1ATMR); E and
F, E-Syt2 either as a full-length protein (E-Syt2) or as a truncated protein lacking the
N-terminal TMR (E-Syt2ATMR); and G and H, E-Syt3 either as a full-length protein
(E-Syt3) or as a truncated protein lacking the N-terminal TMR (E-Syt3ATMR). All
expressed proteins contain an N-terminal myc-epitope tag, and all
immunofluorescence labeling was performed with anti-myc antibodies. Images were
captured by confocal microscopy; in each set, the right panel shows the merged
image, with overlapping staining indicated in yellow (Non-Perm. = Non-
Permeabilized, With Perm. = With Permeabilized; calibration bars = 5 ym).
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Plasma membrane targeting of E-Syt2 and E-Syt3 is mediated by its C-terminal C,-

domain

To investigate which sequences target E-Syt2 and E-Syt3 to the plasma membrane
even in the absence of the TMR, I produced E-Syt2 deletion constructs that contained an N-
terminal myc-epitope and were analyzed by transfection into HEK293 cells (Fig. 3.7). I
found that deletion of only the C,C-domain abolished the plasma membrane localization of
E-Syt2, even when E-Syt2 still contained a TMR. In contrast, partial or complete deletion of
the X-domain or the C,A-domain had no effect on the plasma membrane localization of E-
Syt2 (Fig. 6).

These results suggested that the C,C-domain of E-Syt2 is necessary for its plasma
membrane localization, whereas the TMR, X-domain, and C,A-domain are not. To determine
whether the C,C-domain of E-Syt2 is sufficient for plasma membrane localization, and
whether this property is shared with the C-terminal C,-domains of other E-Syts, I examined
the localization of isolated C-terminal C,-domains in transfected HEK293 cells (Fig. 3.8).
Both the E-Syt2 and the E-Syt3 C,C-domains were localized to the plasma membrane,
whereas the E-Sytl C,E-domain was not, thus mirroring the localizations of the full-length
proteins. It is thus unexpected that although the C-terminal C,-domains of E-Sytl, E-Syt2,
and E-Syt3 share a high degree of sequence homology (Fig. 3.2), only the latter two include

targeting information that deposits them on the intracellular surface of the plasma membrane.
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Figure 3.7. Subcellular localization of E-Syt2 deletion mutants in transfected
HEK?293 cells. (A) Schematic diagram of the E-Syt2 deletion constructs and
summary of their subcellular localization in transfected HEK293 cells (on right; PM =
plasma membrane; Cyt = cytoplasmic). Numbers display residue numbers at the N-
and C-terminus of the various fragments. (B) Confocal images of HEK293 cells
transfected with various constructs as indicated on the left, permeabilized, and
stained with myc antibodies (red) and fluorescent phalloidin (green); merged images
are depicted on the right (yellow = red/green overlap). Scale bar at the bottom of the
right column depicts 5 ym and applies to all sections.
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E-Syt2 C2C E-Syt1 C2E
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Figure 3.8. The C-terminal C,-domain of E-Syt2 and E-Syt3 but not E-Sytl is
sufficient for plasma membrane localization. Confocal images of HEK293 cells
transfected with myc-tagged C-terminal C,-domains of E-Syt1, E-Syt2 and E-Syt3,
permeabilized, and stained with myc antibodies (red) and fluorescent phalloidin
(green); merged images are depicted on the right (yellow = red/green overlap). Scale
bar at the bottom of the right column represents 5 ym and applies to all sections.
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Effects of dirsupting the actin or microtubule cytoskeleton on the plasma membrane

localization of E-Syt2
To investigate how it is possible for the E-Syt2 and E-Syt3 C,C-domains to be
localized to the plasma membrane, I evaluated their biochemical properties. For these
experiments, | used the E-Syt2 fragment containing the C,B- and C,C-domains because this
fragment is strongly expressed in HEK293 cell. Fractionation of transfected HEK293 cells
expressing the C,B-/C,C-domains of E-Syt2 revealed that the C,B-/C,C-domain fragment
was insoluble even after extraction of the cells with 1% Triton X-100 (Fig. 3.9.A). This result
suggested a possible relation of E-Syt2 to the cytoskeleton which is also Triton X-100
insoluble, prompting us to test the effects of disrupting the actin cytoskeleton with
Latrunculin, or the microtubule cytoskeleton with Nocodazole, on the solubility of the E-Syt2
C,B-/C,C-domain fragment. Cells were treated for 24 hours with high doses of Latrunculin-
A or Nocodazole, harvested, and extracted with 1% Triton X-100. However, neither
treatment altered the insolubility of the E-Syt2 C,B-/C,C-domain fragment (Fig. 3.9.A), in
spite of the fact that at least in the case of Latrunculin-A, the actin cytoskeleton was
disrupted as shown by phalloidin staining (Fig. 3.9.B). Thus the E-Syt2 C,B-/C,C-domain
fragment is not simply anchored to the plasma membrane via the cortical cytoskeleton.
The results described above suggest that the E-Syt2 C,B-/C,C-domain
fragment is not simply attached to the plasma membrane via a lipid interaction or a
mechanism dependent on the cytoskeleton. To confirm that under these same conditions used
for the biochemical analysis, the C,B-/C,C-domain fragment is in fact localized to the plasma

membrane, | performed immunolocalization experiments under exactly the same conditions
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as those used for the biochemical studies (Fig. 3.9.B). The results unequivocally demonstrate
that under all treatment conditions, the C,B-/C,C-domain fragment was quantitatively
associated with the plasma membrane. Thus, both the biochemical fractionation and the
immunolocalization experiments suggest that the plasma membrane localization of the C,B-
/C2C-domain fragment of E-Syt2 is dependent on neither lipids nor the cytoskeleton, but

must be mediated by a novel mechanism.
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Figure 3.9. Disruption of the actin or microtubule cytoskeleton does not alter
plasma membrane localization of an E-Syt2 C,B-/C,C-domain fragment. (A)
Subcellular fractionation of E-Syt2 C,B-/C,C-domain fragment (see Fig. 7).
Transfected HEK293 cells expressing the C,B-/C,C-domain fragment were treated
with DMSO alone or with latrunculin or nocodazole for 24 hrs, lysed, and separated
by centrifugation into a cytosolic fraction, a Triton X-100 solubilized fraction, and a
Triton X-100 insoluble fraction. Samples were analysed by immunoblotting for the E-
Syt2 fragment (top) and for actin and the actin-binding protein filamin A as a control.
(B) Transfected HEK293 cells expressing E-Syt2 C,B-/C,C-domain fragment were
either left untreated, or treated for 24 hrs with DMSO, latrunculin, and nocodazole.
Cells were then fixed, permeabilized, and analyzed by staining for E-Syt2 and
phalloidin. Note that the latrunculin treatment almost completely abolishes phalloidin
staining, demonstrating that actin filaments are severed in these cells. Scale bar at
the bottom of the right column (5 pum) applies to all sections.
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Discussion

I here describe a family of membrane proteins with multiple C,-domains, referred to
as E-Syts because like synaptotagmins, these proteins contain an N-terminal TMR and C-
terminal cytoplasmic C,-domains. With the E-Syts, four families of evolutionarily conserved
membrane proteins containing C,-domains that bind Ca’" have now been defined:
synaptotagmins, ferlins, MCTPs, and E-Syts (22, 31, 33). All of these proteins contain a
single TMR and of multiple C,-domains, from two C,-domains for synaptotagmins to at least
six C,-domains for ferlins. E-Syts share other properties with synaptotagmins, ferlins, and
MCTPs: two of the three E-Syt isoforms are localized to the plasma membrane, as are some
of the synaptotagmin and ferlin isoforms, and E-Syts are ubiquitously expressed, although
enriched in brain, as again shown for some synaptotagmin and ferlin isoforms. However, two
of these protein families — synaptotagmins and E-Syts — contain an N-terminal TMR,
whereas the other two — ferlins and MCTPs — contain a C-terminal TMR. Moreover, as
described here, E-Syts differ from the other proteins with multiple C,-domains and a single
TMR in three key properties:

1. The cytoplasmic sequences of E-Syts include an additional, highly conserved domain
that is not found in other proteins with multiple C,-domains, here referred to as the
‘X-domain’ for want of a better name (Fig. 3.1).

2. E-Syts are the only proteins with a single TMR and multiple C,-domains that are
conserved in yeast where they are closely related to ‘tricalbins’. However, although
the overall domain structures of E-Syts and tricalbins are similar and they both share

a conserved ‘X-domain’, their C,-domains exhibit significant differences. Most
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importantly, in all E-Syts the C,A-domain contains a signature Ca**-binding motif

that is characteristic of Ca®"-binding C,-domains and that mediates Ca*"-binding

(Figs. 3.4 and 3.5), whereas in tricalbins, in spite of their name, none of the C,-

domains contains a Ca*"-binding motif, making it highly unlikely that they bind Ca®".

3. Although the C,A-domain of E-Syt2 appears to mediate Ca*"-dependent phospholipid
binding, the defining properties of C,-domains as first described for the C,A-domain
of synaptotagmin-1 (2, 3), its Ca*"-dependent phospholipid binding properties are
unusual compared to those of other proteins containing a single TMR and multiple

C,-domains. The E-Syt2 phospholipid-binding specificity is such that it does not

require negatively charged phospholipids but also works with neutral phospholipids

(Fig. 3.5.B). Moreover, the isolated C;A-domain does not appear to work efficiently

but only exhibits a significant amount of Ca**-dependent phospholipid binding when

expressed in conjunction with either the ‘X-domain’ or the C,B-domain (Fig. 3.4), a

property that I do not currently understand.

Overall, the characteristics of E-Syts suggest that E-Syts are Ca*"-regulatory proteins
that function in conjunction with membranes. At present, the functions of E-Syts are unclear,
but both synaptotagmins and ferlins are involved in the Ca*’-dependent regulation of
exocytosis (reviewed in Refs. 22 and 34), suggesting that MCTPs and E-Syts may also have
a role in membrane traffic. It is likely that E-Syts perform an important role because they are
evolutionarily conserved, and because yeast tricalbins appear to be essential for survival (24).
Moreover, the distinct localizations of E-Sytl vs. E-Syt2 and E-Syt3 point to distinct

functions, consistent with their different domain structures, but detailed genetic and cell-
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biological studies will be required to determine the functions of E-Syts, and compare them to
those of synaptotagmins, ferlins, and MCTPs.

In addition to characterizing the structures and biochemical properties of E-Syts, I
studied their subcellular localizations. As assayed with myc-tagged proteins, E-Sytl is
localized to intracellular membranes whereas E-Syt2 and E-Syt3 are quantitatively deposited
into the plasma membrane (Fig. 3.6). Unexpectedly, the intracellular vesicular localization of
E-Sytl and the plasma membrane localization of E-Syt2 and E-Syt3 were independent of
their TMRs. Experiments with various fragments of E-Syt2 showed that its C,C-domain is
both necessary and sufficient for its plasma membrane localization (Fig. 3.7). Although all of
these results were obtained with exogenously expressed myc-tagged E-Syts because the low
levels of endogenous protein and the low sensitivity of my antibodies which did not allow
localization of endogenous proteins, the results are internally consistent as the isolated C,C-
domain of E-Syt3 was also localized to the plasma membrane, whereas the C;E-domain of E-
Sytl was localized to intracellular membranes (Fig. 3.8). Thus the localization of E-Syts is
mediated by their C-terminal C,-domains.

The role of C-terminal C,-domains of E-Syts in directing their localization is
surprising, as I am not aware of a previous example in the literature where a C,-domain
directs the localization of a protein, suggesting that the mechanism described here is novel.
This mechanism presumably involves interaction of the E-Syt2 C,C-domain with another
plasma membrane protein, similar to the interaction of the Munc13 C,A-domain with RIM
(13), as suggested by two observations. First, the E-Syt2 C,B-/C,C-domain, localized to the

plasma membrane, is detergent-insoluble, and thus not phospholipid-bound (Fig. 3.9.A).
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Second, although the detergent-insolubility of the E-Syt2 C,B-/C,C-domain suggests a

possible role for the cytoskeleton in its localization, drugs that disrupt either the actin or the
microtubule cytoskeleton did not alter the plasma membrane localization or insolubility of
the E-Syt2 C,B-/C,C-domain fragment (Figs. 3.9.A and 3.9.B). Together, these results
suggest that although the E-Syt2 and E-Syt3 TMR is anchored in the plasma membrane (as
evidenced by the extracellularly exposed N-terminal sequence), E-Syt2 and E-Syt3 are
involved in an independent interaction with the plasma membrane via their C-terminal C,C-
domain that presumably binds to a detergent insoluble, as yet unidentified plasma membrane
component. This binding likely not only mediates the targeting of E-Syt2 and E-Syt3 to the
plasma membrane, but is also probably involved in their unknown functions at the plasma

membrane.
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