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Identification of Synaptophysin as a Hexameric
Channel Protein of the Synaptic Vesicle Membrane

Leo THOMAS, KrLAUS HARTUNG, DIETER LANGOSCH, HUBERT REHM,*
ErNST BAMBERG, WERNER W. FRANKE, HEINRICH BETZT

The quaternary structure and functional properties of synaptophysin, a major integral
membrane protein of small presynaptic vesicles, were investigated. Cross-linking and
sedimentation studies indicate that synaptophysin is a hexameric homo-oligomer,
which in electron micrographs exhibits structural features common to channel-
forming proteins. On reconstitution into planar lipid bilayers, purified synaptophysin
displays voltage-sensitive channel activity with an average conductance of about 150
picosiemens. Because specific channels and fusion pores have been implicated in
vesicular uptake and release of secretory compounds, synaptophysin may have a role in

these processes.

EUROTRANSMITTER RELEASE FROM

presynaptic nerve terminals is thought

to involve specialized vesicular com-
partments, synaptic vesicles, for both stor-
age and exocytosis of transmitter molecules
(1). Despite extensive investigation, the mo-
lecular mechanisms of accumulation and re-
lease of synaptic vesicle contents remain
obscure. Morphological (2) and recent elec-
trophysiological (3, 4) studies on other se-
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cretory systems, however, have provided
evidence for the involvement of defined
channels and “fusion pores” in these pro-
cesses. In particular, a proteinaceous pore of
diameter and conductance similar to that of
hexameric gap-junction proteins has been
inferred to initiate exocytosis of vesicle con-
tents (4).

Synaptophysin (p38) is a major integral
protein of the synaptic vesicle membrane (5,
6). It is expressed in central and peripheral
neurons as well as in neuroendocrine cells
(7, 8) and represents a major cytoplasmic
Ca’* binding site of synaptic vesicle prepa-
rations from rat brain (9). On the basis of
analysis of its primary structure deduced
from the cDNA sequence (10-12), it has
been proposed that synaptophysin spans the
vesicle membrane four times, with both its
NH,- and COOH-termini located on the
cytoplasmic surface. This transmembrane
topology is reminiscent of that of hexameric

gap-junction proteins (13), raising specula-
tions that homo-oligomeric forms of synap-
tophysin (74) also may form a transmem-
brane channel (10, 11).

Upon SDS—polyacrylamide gel electro-
phoresis (PAGE), brain synaptophysin ex-
hibits a relative molecular mass of 38 kD (5,
6), which is reduced to 34 kD on deglycosy-
lation (8, 9). Cross-linking of purified syn-
aptophysin preparations isolated by a new
chromatofocusing method (15) resulted in
five adducts of the 38-kD polypeptide of
apparent molecular masses of 72 kD, 110
kD, 145 kD, 180 kD, and 220 kD, all 5
kD (Fig. 1A) (16). On immunoblots, all
adducts were recognized by the monoclonal
antibody SY38 (Fig. 1A) (17), which reacts
with the cytoplasmic COOH-terminal re-
gion of synaptophysin (5, 10). Cleavage of
the oligomers obtained with the reversi-
ble cross-linking reagent N-sulfosuccinimi-
dyl(4-azidophenyl)-1,3’-dithiopropionate
(SSADP) reduced their apparent molecular
masses to 38 kD (Fig. 1B), showing that all
adducts comprised only synaptophysin
monomers. These data indicate that synap-
tophysin forms a hexameric complex in the
synaptic vesicle membrane.

Consistent with a hexameric structure of
synaptophysin is its molecular weight calcu-
lated from hydrodynamic properties (18).
Sedimentation on H,O and D,O sucrose
density gradients and gel exclusion chroma-
tography yielded a Stokes radius of 6.5 nm
and a sedimentation coefficient (S ) of
8.9S (Table 1). The molecular mass of 230
kD estimated from these values (19) is simi-
lar to that determined by SDS-PAGE for the
extensively cross-linked protein and that
predicted for a synaptophysin hexamer (228
kD).

Ultrastructural analysis of negatively
stained preparations of synaptophysin that
had been solubilized in Triton X-100 and
purified revealed a largely homogeneous
population of particles of mean diameter of
7.8 nm (Fig. 2). In regions of shallow
staining, a number of these randomly orient-
ed particles exhibited a “rosette-like” struc-
ture with a central 1- to 2-nm density of
heavy metal deposition, apparently resulting
from filling of a central depression with
uranyl salt (Fig. 2, inset). This appearance is
reminiscent of the negative staining pictures
of the 8- to 8.5-nm particles of hepatic gap
junction protein preparations (20). The
structure also resembles the 9- to 10-nm
“doughnut-shaped” particles or rosettes re-
ported for detergent-solubilized prepara-
tions of the Na* channel protein (21) and
the nicotinic acetylcholine receptor (22)
from fish electric organ. Similar 8-nm parti-
cles have also been described for a delipi-
dized protein preparation proposed to me-
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diate acetylcholine release through the pre-
synaptic plasma membrane and termed “me-
diatophore” (23). These ultrastructural ob-
servations are consistent with synaptophysin
having a molecular mass of about 200 to
250 kD. Hence, in addition to its predicted
transmembrane topology, synaptophysin
also shares ultrastructural features with the
elementary membrane unit (or “hemi-chan-
nel”) of gap junctions, the connexon (20).
This similarity prompted us to investigate a
possible channel or pore activity of this
protein.

When purified synaptophysin was recon-
stituted into liposomes, fusion of the latter
to planar lipid bilayers (24) induced chan-
nels of an average conductance of 154 + 11

pS (Fig. 3A) (25). The open probability of
the channels increased with positive voltage,
whereas at negative potentials no channel
activity was observed (Fig. 3C). In parallel
experiments, liposomes prepared without
synaptophysin did not display any channel
activity. Fusion of purified synaptic vesicle
preparations from rat brain, however, also
produced channels of comparable conduc-
tance. The channels observed with reconsti-
tuted synaptophysin preparations were un-
likely to result from contaminating protein
because addition of the specific monoclonal
antibody to synaptophysin, SY38 (5), pro-
duced a consistent alteration of channel
properties (Fig. 3B). Whereas the elemen-
tary conductance of the channel decreased
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Fig. 1. Cross-linking of synaptophysin. (A) Purified synaptophysin was subjected to SDS-PAGE under
nonreducing conditions cither without (lanes 2 and 6) or with (lanes 3 to 5 and 7 to 9) prior treatment
in the dark with 0.5 mM SSADDP, followed by exposure to one (lanes 3 and 7), three (lanes 4 and 8), or
ten (lanes 5 and 9) flashes of light. Lanes 1 to 5 were silver-stained. Lanes 6 to 9 were transferred to
nitrocellulose, and oligomers of synaptophysin were visualized by reaction with monoclonal antibody
SY38. (The monomeric form of synaptophysin is poorly visible on the immunoblot because of
prolonged blotting times required for efficient transfer of high molecular weight adducts). Triangles on
the right indicate the different immunoreactive adducts of synaptophysin. Molecular masses (in
kilodaltons) of marker proteins (lane 1) are on the left. (B) Purified synaptophysin was cross-linked
with SSADP as in (A), and the resulting adducts were separated by SDS-PAGE under nonreducing
conditions. The entire lane was cut out, incubated with 100 mM DTT for 45 min at room temperature,
and placed on top of a second gel. After electrophoresis, silver staining showed six spots of molecular
mass 38 kD (indicated by triangles at the bottom). Molecular masses (in kilodaltons) of marker proteins
are shown on the left.

Fig. 2. Electron microscopy
of purified synaptophysin. A
drop of a Triton X-100-
solubilized  synaptophysin
solution was placed on a
freshly glow-discharged car-
bon-coated grid. The vol-
ume of the drop was re-
duced by soaking from the
margin and was restored by
addition of 1% glutaralde-
hyde (in 40 mM sodium ca-
codylate buffer, pH 7.2). Af-
ter 30 s, the fixative was
removed by repeated rinsing
in distilled water. The speci-
mens were then negatively
stained in 2% aqueous ura-
nyl acetate and examined in
a Siemens 101 electron mi-
croscope. The preparation consists of roundish particles of mean diameter 7.8 nm (range: 5.5 to 8.6),
some of which reveal a central hollow region filled with uranyl acetate (inset). Scale bars represent 100
nm and 200 nm (insct), respectively.
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from 154 = 11 to 101 * 4 pS, the mean
channel opening time was prolonged, and
fewer channel opening events (about 40%
of control) were seen. Control experiments
confirmed the specificity of this effect: (i) a
monoclonal antibody specific for the chlo-
ride channel-forming postsynaptic glycine
receptor did not affect channel activity; and
(i) in bilayers containing gramicidin chan-
nels, the SY38 antibody had no effect. Con-
sequently, we conclude that synaptophysin
is a hexameric protein capable of forming
transmembrane channels.

These results demonstrate that the struc-
tural similarities between synaptophysin and
gap junction channel proteins reflect com-
mon functional properties of these mem-
brane proteins. Specifically, the conductance
values for synaptophysin are in the same
range as those reported for coupled cells and
reconstituted gap junction protein prepara-
tions (about 100 to 200 pS) (26) and con-
siderably larger than those of tetrameric and
pentameric channel proteins (27). It should,
however, be noted that there are also
marked differences between synaptophysin
and gap junction proteins. First, the amino
acid sequences of liver gap junction protein
(13) and synaptophysin (10-12) exhibit little
homology (13 to 15% identical residues,
depending on alignment). Second, no gap
junction channel shows the voltage depen-
dence of opening found here for reconstitut-
ed synaptophysin. Third, in contrast to syn-
aptophysin, gap junction proteins are not

Table 1. Physical characteristics of synaptophy-
sin. Synaptophysin was solubilized as described
(15) except that 10 mM sodium phosphate, pH
7.4, 150 mM KCl, and 1.5% (w/v) Triton X-100
were used. Gel-exclusion chromatography was
performed on Sephacryl S-300 cquilibrated with
10 mM sodium phosphate, pH 7.4, and 150 mM
KCl containing 0.1% (w/v) Triton X-100. Both
crude and purified synaptophysin preparations
gave the same clution profile. Sucrose gradient
centrifugation in H,O and D,0O was as described
(9), with the same buffer as for gel-exclusion
chromatography. The partial specific volume of
the protein was calculated as 0.732 ml/g from the
predicted amino acid sequence (10). The data are
the mean * SD of four (Stokes radius) and of two
(S20.w) independent experiments.

Parameter x * SD
Stokes radius (nm) 6.51 = 021
Partial specific volume 0.76 + 0.02
(mlg)
Sedimentation coefficient 892 + 0.19
(SZO.W)
Total molecular mass 276 +23
(kD)
Frictional ratio 149 = 0.05
Weight fraction of 0.835 + 0.096
protein (g/g)
Molecular mass of 230 + 8
protein (kD)
REPORTS 10§I
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glycosylated. These differences may reflect
specialized functions of these transmem-
brane channels.

The channel-forming properties of synap-
tophysin suggest that this protein may trans-
locate low molecular weight compounds
across the vesicle membrane. In analogy to
the Ca?*-regulated channels of plant vacu-
oles (28), synaptophysin may allow solute or

metabolite exchange between cytoplasmic.

and vesicular compartments. Alternatively,
synaptophysin may be implicated in trans-
port processes across two apposed lipid bi-
layers, as is the case for gap junction pro-
teins. For example, homophilic binding be-
tween synaptophysin molecules could facili-
tate equilibration of vesicular contents prior
to quantal release (29). A more tempting
hypothesis emerges from the discovery of
fusion pore formation as the initial event of
exocytosis (3, 4). Correspondingly, synapto-
physin might couple to a channel protein
(vesicle-docking protein) of the presynaptic
membrane. Concurrent formation of a pore
connecting the synaptic vesicle interior and
the synaptic cleft may eventually result in
neurotransmitter release or vesicle-plasma
membrane fusion (30). Transmembrane
channels similar to the mediatophore isolat-
ed from Torpedo presynaptic membranes
(23) are possible candidates for the hypothe-
sized vesicle-docking proteins.
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The Presence of Fibroblast Growth Factor in the Frog
Egg: Its Role as a Natural Mesoderm Inducer

DAviD KIMELMAN¥*, JUDITH A. ABRAHAM, TAPIO HAAPARANTA,
THOMAS M. PALIsi, MARC W. KIRSCHNER¥

A complementary DNA clone corresponding to a 4.2-kilobase transcript that is present
in the Xenopus oocyte and newly transcribed in the neurula stages of development has

been isolated. This m

er RNA encodes a 155—amino acid protein that is 84%

identical to the human basic fibroblast growth factor (bFGF). When expressed in
Escherichia coli and purified, the Xenopus FGF induced mesoderm in animal cell
blastomeres as measured by muscle actin expression. Immunoblots with an antibody to
a Xenopus FGF peptide show that the oocyte and early embryo contain a store of the
FGF polypeptide at high enough concentrations to induce mesoderm. The presence of
FGF in the oocyte, together with the apparent lack of a secretory signal sequence in the
protein, suggest that the regulation of mesoderm induction may involve novel
mechanisms that occur after the translation of FGF.

ESODERM IN VERTEBRATE EM-
M bryos is induced in the ectoderm

by signals emanating from the
underlying endoderm (1). Such inductive
signals are probably responsible for much of
the tissue patterning in vertebrate orga-
nisms. Although these inductive interactions
are well documented by transplantation and
ablation experiments, the specific signals
have been very difficult to characterize. Ho-
mologs of several growth factors may be the
signaling molecules; basic and acidic fibro-
blast growth factors (bFGF and aFGF, re-
spectively), transforming growth factor—82
(TGF-B2), and a partially purified low mo-
lecular weight growth factor are potent in-
ducers of mesoderm in Xenopus (2-4). At
physiological concentrations these growth
factors induce the synthesis of muscle gene
products and the formation of morphologi-
cally identifiable mesodermal tissues in ecto-
dermal cells of the animal cap. Transcripts
encoding molecules related to FGF and
TGF-B could be found in the early embryo
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(3, 5). One of these transcripts encodes a
protein (Vg-1) that is a member of the
TGF-B superfamily but is distinct from ei-
ther TGF-B1, which can enhance the FGF-
mediated induction of mesoderm (3), or
TGF-B2. Early embryonic transcripts also
encode a peptide that is very similar to a
COOH-terminal portion of the mammalian
bFGFs used in the mesoderm induction

Fig. 1. (A) DNA probes used for RNA blots and
screening of the cDNA libraries. The 1.3-kb
cDNA isolated previously (3) is shown, with the
potential splice acceptor site and the open reading
frame region homologous to the third exon of the
mammalian bFGFs indicated. The TGA signifies
the stop codon, coincident with the site of transla-
tion termination in human and bovine bFGF (6,
9). Probe 1 is a 105-bp Mnl I fragment. Probe 2,
which consists of the entire cDNA clone, is a 1.3-
kb Eco R1 fragment. Probe 3 is a 175-bp Pvu II-
Ssp I fragment. (B) Analysis of RNA from vari-
ous stages of Xernopus development. Polyadenylat-
ed RNA was isolated from 50 oocytes or embryos
at different stages (22). The RNA was separated
on a 1% formaldehyde-agarose gel and blotted
onto Hybond-N (Amersham). The membrane
was hybridized as previously described (3) with
probe 3 labeled with 32P (3000 Ci/mmol), and the
filter was.washed and exposed for 2 weeks. The
sizes of the three transcripts (4.2, 2.1 and 1 kb)
were determined relative to A Hind III markers
loaded in a parallel lane on the gel and separately
hybridized to a A\ DNA probe.

assays. Complementary DNA (cDNA)
clones containing FGF sequences, however,
all appeared to be copies of unspliced mes-
sages, so it was unclear if the encoded
protein sequence was indeed translated as
part of a complete FGF-like molecule (3).

Below we describe a cDNA clone, corre-
sponding to a 4.2-kb transcript present in
the Xenopus oocyte and at later stages, en-
coding a 155-residue protein that is closely
related to human bFGF and that can induce
the synthesis of muscle actin mRNA in
animal cap explants. In addition, we show
that the unfertilized egg contains an FGF
polypeptide, suggesting that the regulation
of induction may involve post-translational
events.

We previously isolated a Xenopus oocyte
c¢DNA that contained sequences similar to
the human and bovine bFGF genes (3). This
clone hybridizes to a 1-kb RNA that is
present in the oocyte and in the midblastula
to neurula stages. Although this RNA is
large enough to encode a protein the size of
bFGF, it lacks sequences similar to the first
and second exons of human bFGF (6) and
contains only a short open reading frame
encoding a polypeptide domain homolo-
gous to the third exon of mammalian bFGFs
[Fig. 1A, (3)]. It is unlikely that this RNA
could encode a truncated form of FGF, since
there are no in-frame potental translation
initiation (ATG) codons upstream of the
small coding region. In RNA blot analysis, a
probe derived from the presumed noncod-
ing sequences 5’ of the FGF third exon (Fig.
1A, probe 1) hybridized to the 1-kb mRNA,
as expected if the cDNAs represent copies of
this mRNA. The existence of this major
noncoding RNA is intriguing and is cur-
rently the subject of further study.

With a probe corresponding to the entire
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