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Abstract
Previous studies have demonstrated that ribbon synapses in the retina do not contain the t-SNARE
(target-soluble N-ethylmaleimide-sensitive factor attachment protein receptor) syntaxin 1A that is
found in conventional synapses of the nervous system. In contrast, ribbon synapses of the retina
contain the related isoform syntaxin 3. In addition to its localization in ribbon synapses, syntaxin 3
is also found in non-neuronal cells, where it has been implicated in the trafficking of transport
vesicles to the apical plasma membrane of polarized cells. The syntaxin 3 gene codes for four
different splice forms, syntaxin 3A, 3B, 3C and 3D. We demonstrate here using analysis of EST
databases, RT-PCR, in situ hybridization and Northern blot analysis that cells in the mouse retina
only express syntaxin 3B. In contrast non-neuronal tissues, such as kidney express only syntaxin
3A. The two major syntaxin isoforms (3A and 3B) have an identical N-terminal domain but differ
in the C-terminal half of the SNARE domain and the C-terminal transmembrane domain. These
two domains are thought to be directly involved in synaptic vesicle fusion. The interaction of
syntaxin 1A and syntaxin 3B with other synaptic proteins was examined. We found that both
proteins bind Munc18/N-sec1 with similar affinity. In contrast, syntaxin 3B had a much lower
binding affinity for the t-SNARE SNAP-25 compared to that of syntaxin1A. Using an in vitro
fusion assay we could demonstrate that vesicles containing syntaxin 3B and SNAP-25 could fuse
with vesicles containing synaptobrevin2/VAMP2, demonstrating that syntaxin 3B can function as
a t-SNARE.
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INTRODUCTION
Ribbon synapses are a specialized type of synapse found in photoreceptors and bipolar cells
of the retina, hair cells of the inner ear, and pinealocytes of the pineal gland. In contrast to
conventional synapses, which release neurotransmitter phasically, ribbon synapses tonically
release large amounts of neurotransmitter (Sterling and Matthews, 2005; Heidelberger et al.,
2005). Despite these differences in the physiology of neurotransmitter release,
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neurotransmitters are released by Ca2+ dependent exocytosis of synaptic vesicles in both
types of synapses. Fusion of synaptic vesicles with the presynaptic plasma membrane in
conventional synapses is dependent upon a set of SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins (Jahn and Scheller, 2006). SNAREs
participate in membrane trafficking in eukaryotic cells. These proteins are localized within
the cell to transport vesicle membranes, subcellular compartment membranes, and the
cytoplasmic side of the plasma membrane. SNAREs are classified according to the
membrane in which they primarily reside. Vesicle membrane SNAREs are referred to as v-
SNAREs and target membrane SNAREs are referred to as t-SNAREs. In conventional
synapses, synaptic vesicle fusion is dependent upon the synaptic vesicle associated v-
SNARE protein synaptobrevin 2 (also called VAMP2) and the plasma membrane associated
t-SNARE proteins syntaxin 1A and SNAP-25. These three proteins form a trimeric complex
that is thought to be involved in the correct targeting of vesicles to the synaptic plasma
membrane as well as play a role in the fusion reaction. The synaptic vesicle fusion reaction
is thought to be regulated by interactions between the SNARE complex and synaptic
proteins such as Munc18/N-sec1, synaptotagmin and the complexins.

In addition to a central role for syntaxin 1A in synaptic vesicles fusion, this protein has also
been implicated in an interaction with voltage-gated calcium channels, suggesting a role for
syntaxin 1A in regulation of the localization and activity of these ion channels (Sheng et al.,
1994; Catterall, 1999; Arien et al., 2003). Recently, interactions between syntaxin 1A and
other ion channels have also been described (Fili et al., 2001; Singer-Lahat et al., 2007).

Ribbon synapses in the retina contain SNAP-25 and synaptobrevin2/VAMP2 but they do not
contain syntaxin 1A (Brandstätter et al., 1996). Instead, they contain the related isoform
syntaxin 3 (Morgans et al., 1996; Sherry et al., 2006). Besides its presumed role in synaptic
vesicle fusion in ribbon synapses in the retina, syntaxin 3 has also recently been implicated
in the trafficking of rhodopsin in rod photoreceptors (Chuang et al., 2007). In contrast to its
expression in photoreceptors and bipolar cells, syntaxin 3 is not found in conventional
synapses in the retina and is also not detectable in the brain using Northern or Western blot
analysis (Bennett et al., 1993; Morgans et al., 1996; Sherry et al., 2006). However, syntaxin
3 is expressed at high levels in non-neuronal tissues like spleen, lung and kidney (Bennett et
al., 1993). In polarized epithelial cells syntaxin 3 has been shown to be involved in the
trafficking of vesicles from the trans-Golgi to the apical plasma membrane (Low et al.,
1998).

Originally, only one form of syntaxin 3 was isolated (Bennett et al., 1993), but further
screening of brain cDNA libraries from mouse brain lead to the isolation of cDNA clones
coding for three other syntaxin isoforms called syntaxin 3B, 3C and 3D (Ibaraki et al.,
1995). The isoform that was first isolated is consequently referred to as syntaxin 3A. The
four syntaxin 3 isoforms differ in their domain structure and biochemical properties (Ibaraki
et al., 1995). The distribution of these isoforms in different cell types has not been
investigated. Specifically, the syntaxin 3 isoform found in ribbon synapses of the retina has
not been previously characterized.

MATERIALS AND METHODS
Animals

Adult C57BL6 mice were euthanized using CO2 using a protocol approved by the animal
welfare committee of the UT Houston Medical School. Tissues were then dissected out and
processed for the different procedures.
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Bioinformatics
EST database searches were performed using the BLAST program suite at the NCBI
website. The protein sequences were aligned using the ClustalW and Boxshade programs
using default settings at the Biology Workbench (http://workbench.sdsc.edu/).

GST (Glutathione S-transferase) pulldown
GST fusion proteins were expressed in Escherichia coli BL21 cells and purified using
gluthathione-sepharose beads. Mouse retinas were homogenized in buffer A consisting of 20
mM Hepes-NaOH pH 7.4, 0.2 mM PMSF, 2μg/ml aprotinin, 2μg/ml pepstatin, and 2μg/ml
leupeptin. After homogenization, an equal amount of buffer B (20 mM Hepes-NaOH pH
7.4, 0.2 M NaCl, 2% Triton X-100) was added and the homogenate was incubated at 4°C
with rotation for 30 min. The homogenate was then centrifuged for 1 hr at 20000 rpm at 4°
C in a JA-20 rotor and the supernatant used for binding experiments. The protein
concentration in the supernatant was adjusted by dilution to 0.1 mg/ml. Binding reactions
were performed with 150 μM CaCl or 2 mM EGTA. One ml of the extract was mixed with
the glutathione-sepharose beads for each binding reaction. The samples were then incubated
overnight at 4°C with rotation. After overnight incubation, the samples were centrifuged at
3000 rpm for 30 seconds. The supernatant was removed and the beads were washed 6 times
with cold wash buffer (20 mM Hepes-NaOH pH 7.4, 0.1 M NaCl, 1% Triton X-100) with
either 150 μM CaCl2 or 2 mM EGTA. After the washes, SDS reducing sample buffer was
added and the samples were analyzed by SDS-PAGE and western blotting.

In situ hybridization
Mouse cDNA clones coding for syntaxin 3A (image clone number: 3465516) and syntaxin
3B (accession number: BC024844, IMAGE clone number: 5357204) were used to generate
digoxigenin-labeled sense and antisense RNA probes using the kits from Roche. Antisense
probes containing the divergent C-terminal coding region and the 3' untranslated region
were generated from SacI cut plasmids and in vitro translation using T7 RNA polymerase.
Full-length sense control probes were generated in a similar way using EcoR1 (syntaxin 3A)
and Not I (syntaxin 3B) cut plasmids and T3 (Syntaxin 3A) and SP6 (Syntaxin 3B) RNA
polymerase. The probes were then used for in situ hybridization of 16 μm cryosections from
paraformaladehyde fixed mouse retina as previously described (Belizaire et al., 2004;
Yaylaoglu et al., 2005). Digital bright field images were captured from an Olympus BX51
upright microscope using an Olympus DP70 CCD camera with Olympus DPC controller
software. The figure was generated using Adobe Photoshop CS3 10.0 and Adobe Illustrator
CS3 13.0 (San Jose, CA) without changing the contrast or the intensity of the original
images.

In vitro fusion assay
Full-length syntaxin1A (rat) and His6SNAP25b (mouse) from plasmid pTW38 and VAMP2-
His6 (mouse) from pTW38 were expressed and purified as previously described (Parlati et
al., 1999). Full length syntaxin3b (mouse) from plasmid pJM485 and His6SNAP25b
(mouse) from plasmid pFP247 were co-expressed in BL21 (DE3) and purified by metal
chelate chromatography on an ÄKTAprime liquid chromatography system (Amersham).
The purified syntaxin1A/SNAP25 (syn1a/SN25) and the syntaxin3B/SNAP25 (syn3b/SN25)
complexes were then each mixed, (250μl (~1,400 μg) and 125μl (~638 μg) of protein
respectively) with A100 buffer (25mM HEPES-KOH, pH 7.4, 100mM KCl, 10% (w/v)
glycerol), 1% OG) to a final volume of 1ml and used to resuspend a lipid film of 1.5 μmole
1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine: 1,2-dioleoyl-sn-glycero-3-
phosphatidylserine (POPC:DOPS) in an 85:15 mole ratio. The neuronal v-SNARE VAMP2
(50μl, ~275 μg protein) was mixed with 50μl A100 buffer, 1% OG and used to resuspend a
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lipid film of 300 nmole POPC:DOPS:Rh-DPPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl):NBD-DPPE (1,2-Dioleoyl-sn-
Glycero-3-phosphoethanol-amine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)) in a 82:15:1.5:1.5
mole ratio. Liposomes were formed by detergent dilution and dialysis and isolated by
flotation in a discontinuous Accudenz step gradient (Accurate Chemicals) in A100 buffer
with 1 mM DTT as previously described (Weber et al., 1998; Scott et al., 2003).
Proteoliposomes were harvested from the 30-0% interface (400μl for t-SNARE liposomes
and 150μl for v-SNARE liposomes). Protein concentration in liposomes was determined by
an amido black protein assay and ranged from 0.34 to 0.51 mg/ml for syntaxin1a/SNAP25
liposomes, 0.50-0.71 mg/ml for syntaxin3b/SNAP25 liposomes, and 0.64 mg/ml for
VAMP2 liposomes. Lipid recovery was determined by tracer 3H-DPPC following flotation
and was ~78-82% for syntaxin1a/SNAP25 liposomes, ~81-88% for syntaxin 3B/SNAP25
liposomes and ~72-85% for synaptobrevin 2 liposomes. Fusion assays were performed as
previously described (Weber et al., 1998; Scott et al., 2003) with the following
modifications. All assays included 45 μl t-SNARE liposomes and 5 μl v-SNARE. All
components were mixed in a 96-well Fluoronunc polysorp plate (Nunc) on ice and incubated
overnight at 4°C. The plate was then removed from 4°C and immediately placed in a 37°C
fluorescent plate reader (Floroskan II, Labsystems). NBD fluorescence was measured
(excitation 460 nm, emission 538 nm) at 2 min intervals for 120 min at which time 10 μl of
2.5% (w/v) n-dodecylmaltoside (Roche) was added to determine absolute NBD
fluorescence. The kinetic data was normalized as a percent of total fluorescence as
previously described (Parlati et al., 1999; Scott et al., 2003).

Northern Blot
Total RNA from mouse retina, brain, liver, and kidney was isolated using standard
procedures as described for RT-PCR. The Northern blot and hybridization was performed
using the NorthernMax Kit (Ambion) according to the manufacturer's protocol. A Sac I/NotI
fragment from the mouse syntaxin 3B EST clone corresponding to the 3’ untranslated region
of the syntaxin 3B mRNA was used for the hybridization. The probe was radioactively
labeled using the Random Prime Labeling kit from Roche.

Plasmid Construction
A Mouse EST clone (accession number: BC024844, IMAGE clone number: 5357204)
coding for full length syntaxin3B was used as a template to generate syntaxin 3B expression
constructs by PCR. The syntaxin3B GST fusion construct (pGST-sytx3B) was generated by
cloning the region coding for the cytoplasmic domain without the transmembrane domain
(residues 2-264) into the pGEX-KG expression vector using BamHI and EcoRI. For the full
length expression construct (pJM485) the coding region of syntaxin 3B was cloned using
Nco I and BamH I into pET28a (Novagen). All constructs were verified by direct
sequencing of the generated plasmids. The syntaxin 1 GST fusion construct containing the
cytoplasmic domain without the transmembrane domain (residues 4-267) have been
described before by Pevsner et al. (Pevsner et al., 1994a). The clones pTW34, pTW38 and
pFP247 were previously described by Parlati et al. (Parlati et al., 1999).

Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated from tissue of C57BL6 mice with Trizol reagent (Invitrogen) using
the manufacturer's protocol. cDNA was generated using the Transcriptor First strand cDNA
Synthesis kit (Roche). Two micrograms of total RNA from each tissue was used in this
reaction. The synthesized cDNA was then used for PCR. PCR products were separated on a
3.0% agarose gel. After visualization, the products were isolated from the gel, purified and
sequenced by Seqwright (Houston, TX).
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Primer sequences:

Syntaxin 3A

Exon 8 sense: GTTTATGGACATCGCCATGCTGGTGGAA.

Exon 10A antisense: CCCAGCAACACAACTACTACCACAATGA.

Syntaxin 3B

Exon 8 sense: GTTTATGGACATCGCCATGCTGGTGGAA.

Exon 11B antisense: AACAGTTGATTGGTGCCCTGTGTTGTGA.

Syntaxin 3C/D

Exon 2 sense: CCTTCATGGACGAGTTCTTCTCT

Exon 4 antisense TCTTGATCTCAGTTGTGAGCTGTT.

GAPDH: ATGACATCAAGAAGGTGGTG and CATACCAGGAAATGAGCTTG.

Western Blotting
Primary antibodies used were SNAP-25 (Cl 71.1) 1:10,000 from Synaptic Systems
(Göttingen, Germany) and Munc-18 (clone 31) 1:5000 from BD Transduction Labs. The
SNAP-25 antibody has been raised against full length recombinant rat SNAP-25B His6
fusion protein (Bruns et al., 1998). It recognizes an epitope between position amino acid 20
to 40 that is conserved between the splice forms SNAP-25 A and B from rat and mouse
(information from manufacturer). A specific band of approximately 25 kD was detected
using western blot analysis of mouse brain or retina extract in our lab. The Munc-18
monoclonal antibody was raised against a recombinant protein containing amino acids 381
-567 of the rat munc-18 (information from manufacturer). The specificity of the Munc-18
antibody for mouse tissue has been previously demonstrated (Verhage et al., 2000) using
western blot analysis of brain extracts from munc-18 knockout mice. A specific band of
approximately 68 kD was detected using western blot analysis of mouse brain or retina
extract in our lab. The secondary antibody used was HRP goat anti-mouse from Zymed.
Blots were developed using ECL plus kit from Amersham.

RESULTS
Syntaxin 3 isoforms are generated by differential splicing of the syntaxin 3 gene

Full length cDNA clones coding for syntaxin 3A, 3BC and 3C as well as a partial clone
coding for syntaxin 3B have been previously isolated from mouse brain (Ibaraki et al.,
1995). We screened the mouse EST database and identified a cDNA clone that contained an
open reading frame coding for a full-length syntaxin 3B (IMAGE clone number: 5357204).
When the cDNA sequences coding for the four different syntaxin 3 isoforms were compared
with that of the mouse genome sequence a single copy gene that codes for all four different
syntaxin 3 isoforms was identified.

The four different isoforms of syntaxin 3 are generated by differential splicing. The
exonintron structure of the gene and the corresponding splice forms are depicted in figure 1.
The N-termini of syntaxin 3A and 3B are identical generated by the splicing of exons 1 to 8.
In contrast, the C-termini of syntaxin 3A and 3B differ and are generated by the splicing of
three different exons, 9A/B, 10A/B and 11A/B. As a consequence of this differential
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splicing the second half of the SNARE domains as well as the C-terminal trans-membrane
domains are different between syntaxin 3A and 3B. The syntaxin 3C isoform is almost
identical to syntaxin 3B, except its transcript contains the exon 3C instead of the exon 3AB.
In contrast, syntaxin 3D is generated by splicing together exons 3AB and 3C. This splicing
leads to a frame shift of the coding region, resulting in a stop codon at the beginning of exon
3C and subsequently, a truncated protein.

Tissue-distribution of the different syntaxin 3 isoforms
In order to analyze the tissue distribution of the four different syntaxin 3 isoforms, mouse
EST libraries were searched for the presence of the different syntaxin 3 isoforms. We used
BLAST to search the existing mouse EST databases for sequences corresponding to the
different syntaxin 3 isoforms. We identified 11 EST sequences containing the specific
coding region for syntaxin 3A. The majority of the syntaxin 3A ESTs were derived from
cDNA libraries generated from mammary gland/mammary gland tumors (5 clones) and
thymus (3). No syntaxin 3A ESTs from cDNA libraries of neuronal tissues, retina or eyes
were found. In contrast, 11 syntaxin 3B ESTs were identified that were all derived from
cDNA libraries from retina or whole eye. One syntaxin 3B EST was identified that derived
from a mammalian tumor library, but that clone seemed to be fused. Searches for syntaxin
3C did not identify any ESTs. Three ESTs from a brain cDNA library were identified using
a syntaxin 3D probe. These findings suggesr that syntaxin 3B is the isoform that is most
likely to be expressed in the retina. In order to confirm the hypothesis that syntaxin 3B is the
isoform expressed in the retina, RNA was isolated from mouse retina, brain and kidney, and
RT-PCR analysis was performed.

Specific primers were designed to amplify the different syntaxin 3 isoforms. The sequences
of all generated PCR products were confirmed by direct sequencing. The results of the
experiments are depicted in figure 2. Primers derived from exon 8 and exon 10A were used
to identify the presence of syntaxin 3A mRNA. Syntaxin 3A was not detectable in the retina,
weakly expressed in the brain and strongly expressed in the kidney. Primers derived from
exons 8 and exon 11B were used to detect both syntaxin 3B and 3C, since the C-termini of
syntaxin 3B and syntaxin 3C are identical. The analysis revealed a high level of expression
of syntaxin 3B/C in the retina, a low level of expression in the brain, and no detectable
expression in the kidney. In order to distinguish between the expression of syntaxin 3B and
syntaxin 3C, primers located in exon 2 and 4 were used. This PCR reaction generated three
different-sized products specific for syntaxin 3A/B, syntaxin 3C and syntaxin 3D. A PCR
product specific for syntaxin 3A/B was detected in the retina. No signal was detected for
syntaxin 3C or syntaxin 3D in the retina. In the brain, PCR products were produced for
syntaxin 3A/B, 3C and 3D at approximately equivalent low levels. In the kidney, only a
PCR product specific for syntaxin A/B was detectable.

Results of the EST database searches, combined with the RT-PCR data, resulted in distinct
expression patterns for the four syntaxin isoforms. These data indicate that syntaxin 3B is
the only isoform expressed in the retina. All four syntaxin isoforms were detectable in the
brain but probably expressed at low levels. This conclusion is consistent with the isolation of
cDNA clones coding for the four isoforms from libraries derived from mouse brain (Ibaraki
et al., 1995). Syntaxin 3A is the only isoform that is detectable in the kidney. This isoform is
expressed at high levels. This result indicates that syntaxin 3A is the major isoform
expressed in non-neuronal tissues consistent with the tissue origin of the syntaxin 3A EST
clones.

In order to compare the levels of syntaxin 3B mRNA expression in the retina with other
tissues, we performed Northern blot analysis using a probe from the 3' untranslated region of
the syntaxin 3B cDNA (Fig. 3). A signal corresponding to a message of approximately 3kB
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was seen in the retina (lane 1). No specific signal was detected in the brain, liver or kidney
(lanes 2 to 4). These data indicate that, in contrast to the retina, syntaxin 3B is expressed
only at very low levels in the brain, since it can only be detected with RT-PCR. This
experiment also confirms that the syntaxin 3B isoform is not expressed in non-neuronal
tissue.

Syntaxin 3 protein is found in all ribbon synapses of the retina. This type of synapse in the
retina is formed by rod and cone photoreceptors, as well as by bipolar neurons. Since
syntaxin 3B is the major isoform expressed in the retina, the mRNA should therefore be
expressed by photoreceptors and bipolar neurons. Expression of syntaxin 3A and 3B in the
retina was analyzed by in situ hybridization of specific probes derived from the 3'
untranslated region of the syntaxin 3A and 3B cDNA (Fig. 4). Sense probes for the same
region of mRNA were used as negative controls. The syntaxin 3B antisense probes
specifically labeled the outer nuclear layer (ONL), as well as cells in the inner nuclear layer
(INL). The ONL contains only cell bodies of the rod and cone photoreceptors confirming
that syntaxin 3B is expressed in these ribbon synapse forming cells. The INL contains cell
bodies of bipolar cells that form ribbon synapses as well as other cell types such as amacrine
cells. Since syntaxin 3B is specifically found in synaptic terminals of bipolar cells it is most
likely that the cell bodies labeled in the INL represent bipolar cells.

Some spotty labeling was also seen in the ganglion cell layer. This ganglion cell layer
labeling is most likely an artifact, since a similar signal was present in the sense control. No
specific signal was detectable using the syntaxin 3A antisense probe, indicating that the
expression level of this isoform in the retina is very low, consistent with the results of the
RT-PCR analysis. These results indicate that the syntaxin 3 isoform in ribbon synapses of
the retina is syntaxin 3B.

Domain structure of Syntaxin 3B
Protein sequences of the mouse syntaxin 3A and syntaxin 3B were aligned with that of
syntaxin1A, the isoform found in conventional synapses (Figure 5). Alignment shows that
syntaxin 1A, is more homologous to syntaxin 3B (66.6% identity) than it is to the non-
neuronal syntaxin 3A (61.2 % identity). Since the two syntaxin 3 isoforms differ only in the
second half of the SNARE domain and the transmembrane domain, these two domains were
compared. For syntaxin 3B, both of these domains are more similar to syntaxin 1A than to
syntaxin 3A. The second half of the SNARE domain of syntaxin 3B is 73.7% identical to the
same domain of syntaxin 1A, in comparison to only a 60.5 % identity between the domains
of syntaxin 3A and 1A. The highest homology between syntaxin 1A and 3B is in the
transmembrane domains (79.2 % identity). In contrast, the transmembrane domain of
syntaxin 3A is very different from syntaxin 1A, sharing only 38.5 % identity. Interestingly,
two cysteine residues in the transmembrane domain of syntaxin 1A which have been
implicated in the interaction between syntaxin 1A and the L-type calcium channel (CaV1.2)
(Arien et al., 2003), are also conserved in syntaxin 3B (C270,C271) but not in syntaxin 3A.

Interaction of syntaxin 3B with other synaptic proteins
The interaction of syntaxin 3B with proteins known to play a role in synaptic vesicle
exocytosis was characterized using pulldown experiments with recombinant proteins and
mouse retina extract. Recombinant syntaxin 3B was composed of GST fused to the
cytoplasmic domain of syntaxin 3B. Since the interaction of syntaxin 1A with many of the
proteins involved in exocytosis has been well characterized, GST fused to the cytoplasmic
domain of syntaxin 1A was used as a positive control. For a negative control, GST alone
was used. The fusion proteins were immobilized on glutathione beads and then incubated
with retina extract containing either 150 μM Ca2+ or 2 mM EGTA.
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Munc-18/n-sec1 is a soluble protein that has been shown to be essential for neurotransmitter
release (Verhage et al., 2000). Munc18/n-sec1 has been shown to interact with syntaxin 1A
(Hata et al., 1993, Pevsner et al. 1994b).

The pulldown experiment shows that Munc-18/n-sec1 from retina extract interacts with
GST-syntaxin 3B (Figure 6). This interaction is independent of the Ca2+ concentration.
Similar signal intensities on the Western blot indicate that the strength of native Munc-18/n-
sec1 interaction with recombinant syntaxin 3B is comparable to the strength of the
interaction between native Munc18/n-sec1 and recombinant syntaxin 1A.

One of the three constituents of the synaptic SNARE complex is the presynaptic plasma
membrane protein, SNAP-25. In vitro binding experiments have shown that SNAP-25 and
syntaxin 1A can form a heterodimer (Hayashi et al., 1994; Pevsner et al., 1994a). In
agreement with these experiments, SNAP-25 from retina extract can bind GST-syntaxin1A
(Fig. 7, lanes 3 and 4) in a Ca2+-independent manner. In contrast to the strong interaction
between SNAP-25 and GST-syntaxin 1A, the interaction between GST-syntaxin 3B and
SNAP-25 is much weaker (Fig. 7, lanes 1 and 2). This interaction is partially affected by
Ca2+ concentration with more SNAP-25 bound in elevated Ca2+ concentrations. The results
of this experiment suggest that SNAP-25 has a lower affinity for syntaxin 3B than syntaxin
1A.

Next, the interaction between GST-syntaxins and synaptobrevin2/VAMP2 from retina
extract was examined. In this experiment we could not detect binding between GST-
syntaxin 1A or GST-syntaxin 3B and native synaptobrevin/VAMP2 (data not shown). The
results of this experiment are comparable to the finding of Matos and colleagues that
binding between synaptobrevin/VAMP2 from brain extract and GST-syntaxin 1A is not
detectable (Matos et al., 2003).

Syntaxin 3B can mediate vesicle fusion
To examine if syntaxin 3B can mediate vesicle fusion, a reconstituted liposome fusion assay
was utilized (Weber et al., 1998). In this in vitro fusion assay, the v-SNARE synaptobrevin/
VAMP2 was reconstituted into liposomes containing a mixture of two different fluorescent
lipids that contain the fluorophores rhodamine or NBD (7-nitro-2-1,3-benzoxadiazol-4-yl).
Under these conditions rhodamine will quench the fluorescence of NBD. The t-SNAREs
SNAP-25 and syntaxin 3B (or the positive control syntaxin1A), were reconstituted as a
preformed complex into liposomes containing no fluorescent lipids. The reconstituted v-and
t-SNARE liposomes were mixed together and incubated overnight at 4° C, allowing the
formation of interbilayer complexes without significant fusion (Parlati et al., 1999). The
fusion reaction was initiated by raising the temperature to 37 ° C. The dilution of lipids that
occurs when a v-SNARE liposome (donor) fuses with a t-SNARE liposome (acceptor)
results in dequenching of the fluorophore NBD. This increase in NBD fluorescence
(excitation 460 nm, emission 538 nm) is monitored at 2 minute intervals for 120 minutes.
Detergent is added in a final step to determine the maximum NBD fluorescence. The kinetic
data are normalized as a percent of maximum fluorescence as previously described (Parlati
et al., 1999; Scott et al., 2003).

As shown in figure 8A, vesicles reconstituted with SNAP-25 and syntaxin 3B can fuse with
vesicles reconstituted with synaptobrevin/VAMP2 (open circles). To ensure that fusion is
due to the interaction between synaptobrevin/VAMP2 and the t-SNARE complex, soluble
synaptobrevin/ VAMP2 lacking the transmembrane domain was included in the reaction as a
negative control. Inclusion of this protein results in inhibition of fusion (Fig. 8A, filled
boxes). Comparison of the rate of fusion for syntaxin3B containing t-SNARE vesicles and
syntaxin 1A containing t-SNARE vesicles indicates that these reactions proceed at different
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rates. Two distinct rates of fusion can be distinguished in this assay: the faster initial fusion
rate, thought to represent the fusion of SNARE complexes that have been formed during the
overnight incubation (Parlati et al., 1999) and the slower second rate, thought to represent a
combination of the rate of SNARE complex formation and the rate of the fusion reaction.
The initial fusion rate was determined in the 10 minute time interval between 4 and 14
minutes after raising the temperature to 37°C. Analysis of these data revealed that syntaxin
3B-containing vesicles have an initial fusion rate that is about 2.5 times slower than the
initial fusion rate of syntaxin 1A-containing vesicles (Fig. 8B). This slower rate of fusion is
not due to fewer SNAP-25/syntaxin 3B complexes, since the amount of SNAP-25/syntaxin
3B reconstituted into vesicles is comparable to the amount of SNAP-25/syntaxin 1A (Fig.
8C). Overall, the results of these in vitro fusion assays demonstrate that syntaxin 3 is a
functional t-SNARE that can catalyze vesicle fusion together with the neuronal SNAREs
SNAP-25 and synaptobrevin2/VAMP2.

DISCUSSION
We show here that syntaxin 3B is the only syntaxin 3 isoform that is expressed in retinal
ribbon synapses. Other syntaxin isoforms that get targeted to the plasma membrane (i.e.
syntaxins 1, 2 and 4) have been shown to be absent from retinal ribbon synapses (Sherry et
al., 2006). Therefore, we conclude that syntaxin 3B most likely mediates synaptic vesicle
exocytosis in ribbon synapses in the retina. Previous studies have shown that syntaxin 3 is
essential for vesicle transport from the trans-Golgi network to the apical membrane in
epithelial cells (Low et al., 1998; Sharma et al., 2006). These experiments used syntaxin 3
antibodies that did not distinguish between the different syntaxin 3 spliceforms as well as
recombinant syntaxin 3A. Due to the lack of antibody specificity, it remained unclear which
syntaxin 3 isoform is expressed in epithelial cells. We demonstrate here that syntaxin 3A is
the only isoform detectable in the kidney; therefore syntaxin 3A is the isoform involved in
epithelial cell membrane trafficking.

Besides its presumed role in synaptic vesicle fusion in ribbon synapses, syntaxin 3 has been
recently implicated in the trafficking of rhodopsin in rod photoreceptors (Chuang et al.,
2007). This study did not distinguish between the different isoforms and used recombinant
syntaxin 3A to demonstrate a biochemical interaction between SARA, a rhodopsin
interacting protein, and syntaxin 3A. However, we have shown that photoreceptors express
syntaxin 3B and not syntaxin 3A. Further binding studies using recombinant syntaxin 3B
and SARA will be required to confirm that these two proteins can also interact. In this same
study, short hairpin (sh) RNA against syntaxin 3A was used to demonstrate that syntaxin 3
is involved in the trafficking of rhodopsin. The shRNA target sequence was located in the
region of the syntaxin3A mRNA transcript which encodes its N-terminal domain. As stated
previously, the N-terminal region of syntaxin 3A and 3B is identical. Therefore, it is likely
that the shRNA would also affect the syntaxin3B found in the photoreceptors. However the
authors of the study only demonstrated the efficiency of the shRNA for syntaxin 3A but not
for syntaxin 3B. Further experiments will therefore be required to clarify the role of syntaxin
3B in the trafficking of rhodopsin in rod photoreceptors.

We decided to further investigate the role of syntaxin 3B in synaptic vesicle exocytosis
through the characterization of its interaction with native SNARE proteins. In these studies
we show that syntaxin3B can bind specifically to Munc18 and SNAP-25 from mouse retina
extract. Recombinant syntaxin 3B bound less SNAP-25 than syntaxin 1A, suggesting a
difference in binding affinities between the two syntaxin isoforms. To examine the effect of
syntaxin 3B on the kinetics of membrane fusion, in vitro liposome fusion assays were
performed. These assays indicate that vesicles containing syntaxin 3B and SNAP-25 can
efficiently fuse with vesicles containing synaptobrevin2/VAMP2. However, the initial rate
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of fusion catalyzed by the syntaxin3B containing t-SNARE vesicles is approximately half
the rate of fusion for syntaxin 1A containing t-SNARE vesicles. It should be pointed out that
the fusion rates observed in the liposome fusion assay are much slower than the rates
observed for synaptic vesicle exocytosis. This is probably due to the fact that the fusion of
synaptic vesicles is modulated by a variety of other proteins, such as synaptotagmin,
complexins and Munc18/n-sec1. Therefore, it is difficult to compare the fusion rates
observed in our experiments to the rates of synaptic vesicle exocytosis in vivo. Nevertheless,
it is interesting to note that the fusion rate measured in ribbon synapses differs from the
fusion rate measured in non ribbon-type synapses. The rate constant of synaptic vesicle
fusion in ribbon synapses of goldfish rod bipolar cells (Heidelberger et al., 1994) has been
determined to be approximately half of the rate constant of synaptic vesicle fusion in the rat
calyx of Held (a non ribbon synapse) (Schneggenburger and Neher, 2000). Direct
comparison of these two fusion rates is problematic because these experiments were
performed using two different species. However, the different biochemical properties of the
syntaxins found in these two synapse types might contribute to the differences in vesicle
fusion rate.

What could be the molecular basis for the difference in SNAP-25 binding and fusion rates
between syntaxin 1A and syntaxin 3B? It is known that syntaxin 1A can exist in an open or
closed conformation (Dulubova et al., 1999). Only the open conformation can interact with
SNAP-25. In the closed conformation the N-terminus interacts with the SNARE domain and
prevents interaction with other SNARE proteins. A likely explanation for the decreased
SNAP-25 binding and reduced fusion rate of syntaxin3B is that more syntaxin 3B in the
closed conformation than syntaxin 1A. This idea is consistent with the fact that the N-
terminal domain of syntaxin 3B is the part of the protein that is most divergent from the
corresponding region of syntaxin 1A. In addition to conformational differences between
syntaxin 1A and 3B, other proteins specific to the synapse type could affect rate of fusion in
vivo. Syntaxin 3B may require another co-factor to bind SNAP-25 efficiently and catalyze
fusion. Potential candidates for such a factor would be the complexins, a group of four
related proteins (complexins I, II, III and IV) that bind the SNARE complex. The
complexins are essential for Ca2+ regulated synaptic vesicle exocytosis (McMahon et al.,
1995; Reim et al., 2001; Chen et al., 2002). Interestingly, ribbon synapses in the retina
contain a set of complexin isoforms distinct from conventional synapses. Ribbon synapses
of the retina contain complexins III and IV, while complexins I and II are found in
conventional synapses (Reim et al., 2005). Since the three dimensional structure of the
synaptic SNARE/complexin I complex is known we compared the part of syntaxin 1 that
interacts with complexin 1 (residues 214-232) to the corresponding region in syntaxin 3B.
All the residues of syntaxin 1 that interact directly with complexin 1 (M215, D218, L222
and M229) are conserved in syntaxin 3B (Chen et al., 2002), indicating that syntaxin 3B
may also interact with complexin 1. Furthermore pulldown experiments using immobilized
GST-complexins and retina extract have demonstrated that complexins I, III and IV can bind
syntaxin 3 from retina (i.e. syntaxin3B) (Reim et al., 2005). Therefore, it is likely that
complexins 3 and 4 interact with syntaxin 3B to catalyze efficient vesicle fusion.
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Fig. 1. Different syntaxin 3 isoforms are generated by differential splicing of the syntaxin3 gene
A. The exon/intron structure of the gene is depicted with exons labeled by numbers.
Differentially spliced exons are depicted in different colors that correspond to the
differential spliced mRNAs depicted below: exon 3AB, yellow; exon 3C, green, exon 9A,
10A, 11A, blue; exon 9B, 10B, 11B, red. B. Structure of the mRNAs of the different
isoforms of syntaxin 3. The position of the different exons in the mRNA is depicted. The
same colors as in A. are used to label the different exons. The position of the stop codons at
the end of the translated regions are marked by an asterisk. The domain structure of the
syntaxin3A protein is shown underneath the corresponding mRNA. The different domains
are of the protein are marked: HA, HB and HC domains (HA, HB, HC), SNARE domain
(SNARE), transmembrane domain (TM).

CURTIS et al. Page 13

J Comp Neurol. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Syntaxin 3B is the syntaxin 3 isoform expressed in the retina
A. RT-PCR analysis of the expression of different syntaxin isoforms in different tissues.
Arrows mark the position of the specific bands generated by the indicated primers (P2, P4,
P8, P10A). Asterisks mark nonspecific PCR products. B. The location of the PCR primers in
relation to the mRNAs of the different syntaxin 3 isoforms is indicated. The different exons
are marked and the predicted coding region is shaded.
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Fig. 3. Analysis of the tissue distribution of syntaxin3B mRNA
Top panel: Expression of syntaxin 3B mRNA in different tissues was analyzed by Northern
blot using a probe specific for syntaxin 3B. Bottom panel: Total RNA separated on
denaturing/formaldehyde gel and stained with ethidium bromide. The presence of distinct
ribosomal 28S and 18S bands demonstrates that the RNA is not degraded.
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Fig. 4. Syntaxin 3B is expressed in ribbon synapse- forming neurons in the retina
Antisense riboprobes (left panel) specific for the syntaxin 3A (top panel) and syntaxin 3B
(bottom panel) were used to analyze the mRNA distribution in the mouse retina by in situ
hybridization. The different layers of the retina are labeled on the left [outer nuclear layer
(ONL), outer plexiform layer (OPL), Inner nuclear layer (INL), inner plexiform layer (IPL)
and ganglion cell layer (GCL)]. Sense probes were used as negative controls (right panel).
Antisense probes for syntaxin 3B label the cell bodies of neurons in the ONL and the INL.
Scale bar = 100 μm
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Fig. 5. Sequence alignement of the different syntaxin isoforms
The protein sequences of mouse syntaxin 3A, syntaxin 3B and syntaxin 1A have been
aligned for maximal homology. Sequences are identified on the left and residues numbered
on the right. Residues that are conserved in all three isoforms are labeled with green
background. Residues conserved between two of the syntaxin isoforms are labeled with
yellow background. Conservative exchanged residues are labeled with blue background. The
position of the differential spliced exons is marked above the sequence. The positions of the
hydrophobic interacting layers are numbered in relation to the glutamine (Q) of the central 0
layer.
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Fig. 6. Munc-18/n-sec1 binds to both syntaxin 1A and syntaxin 3B
Lane 1: Retina extract alone. Lanes 2-3: For a negative control, GST bound to glutathione-
sepharose beads was incubated with extract that had either 150 μM calcium or 2 mM EGTA
added to it. Lanes 4-7: Retina extract with either 150 μM calcium or 2 mM EGTA was
incubated with the indicated GST-fusion proteins (GST-syntaxin 1A and GST-syntaxin 3B).
Membrane was probed with an antibody to GST to ensure that the amount of fusion protein
in each pulldown was comparable (results below Munc-18/n-sec1 blot).

CURTIS et al. Page 18

J Comp Neurol. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7. SNAP-25 binds weakly to syntaxin 3B
Lane 1: Retina extract alone. Lanes 2-3: For a negative control, GST bound to glutathione
sepharose beads was incubated with extract that had either 150 μM calcium or 2 mM EGTA
added to it. Lanes 4-7: Retina extract with either 150 μM calcium or 2 mM EGTA was
incubated with the indicated GST-fusion proteins (GST-syntaxin 1A and GST-syntaxin 3B).
Membrane was probed with antibody to GST to ensure that the amount of fusion protein in
each pulldown was comparable (results below SNAP-25 blot).
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Fig. 8. Syntaxin 3B/SNAP-25 forms a functional SNARE complex
A. Liposomes containing either syntaxin 1A/SNAP-25 (filled circles) or syntaxin 3B/
SNAP-25 (open circles) t-SNARE complexes were mixed with v-SNARE liposomes
containing synaptobrevin/VAMP2. Background levels of fusion were determined by
including soluble synaptobrevin/VAMP2 (VAMP2 w/o TMD, filled box) to reactions
containing syntaxin 3B/SNAP-25. Lipid mixing was monitored as an increase in NBD
fluorescence for 120 minutes. Fusion is represented as percent maximum fluorescence
obtained following detergent solubilization of the liposomes. B. Histogram showing initial
fusion rate from 4 to 14 minutes of the t-SNARE liposomes containing either syntaxin1A/
SNAP-25 or syntaxin 3B/SNAP-25. C. Five microliters of liposomes containing each
complex were run on a 12% SDS-PAGE gel and stained with Coomassie blue.
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