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A Synaptic Vesicle Protein with a Novel Cytoplasmic
Domain and Four Transmembrane Regions

THOMAS C. SUDHOF,* FRIEDRICH LOTTSPEICH, PAUL GREENGARD,
EHRENFRIED MEHL, REINHARD JAHN

Complementary DNA and genomic clones were isolated and sequenced corresponding
to rat and human synaptophysin (p38), a major integral membrane protein of synaptic
vesicles. The deduced amino acid sequences indicate an evolutionarily highly conserved
protein that spans the membrane four times. Both amino and carboxyl termini face the
cytoplasm, with the latter containing ten copies of a tyrosine-rich pentapeptide repeat.
The structure of synaptophysin suggests that the protein may function as a channel in
the synaptic vesicle membrane, with the carboxyl terminus serving as a binding site for

cellular factors.

YNAPTIC VESICLES PLAY A CRUCIAL

role in neurotransmission. At the syn-

apse, neurotransmitters are stored in
synaptic vesicles and released by synaptic
vesicle exocytosis. Although these functions
must, to a large extent, be mediated by
proteins in the synaptic vesicle membrane,
the primary structure of none of these pro-
teins has been characterized. Monoclonal
antibodies have been used to identify an
integral synaptic vesicle membrane protein
named synaptophysin or p38 which consti-
tutes 6 to 8 percent of the synaptic vesicle
membrane protein but less than 0.1 percent
of total brain protein (I). In addition to
being a constituent of synaptic vesicles, syn-
aptophysin is also found in a subset of brain
coated vesicles, presumably as a result of
vesicle recycling after exocytosis (I, 2). As
one approach to the study of the molecular
basis of neurotransmitter release, we under-
took the molecular characterization of this
protein using recombinant DNA and bio-
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chemical techniques and present here the
primary structure of this integral synaptic
vesicle membrane protein.

Synaptophysin was purified from rat
brain cortex by monoclonal antibody affinity
chromatography (I). Purified protein was
proteolytically cleaved by trypsin and chy-
motrypsin, and peptides isolated by high-
performance liquid chromatography were
subjected to amino acid sequence analysis
(3). A nonredundant oligonucleotide probe
was designed from one of the three peptide
sequences obtained [MATDPENIIKEMP
(4), oligonucleotide sequence: ATGGC-
CACCGACCCCGAGAACATCATCAAG-
GAGATGCC] and was used to screen rat
brain and human retina complementary
DNA (cDNA) libraries (5). Of the 16 posi-
tive rat and 12 positive human clones isolat-
ed from the libraries, the majority proved to
encode synaptophysin based on sequence
analysis. RNA blots hybridized with probes
derived from these clones revealed a single
3.4-kb species in rat brain (Fig. 1) (6).

Two overlapping rat clones and the larg-
est human clone were selected for complete
DNA sequence analysis on both strands (7).
In all of these cDNAs an open reading frame
extended to the very 5’ end, indicating that
they did not contain the beginning of the
coding sequence. Multiple attempts at iso-
lating cDNA clones that extended more 5’

were unsuccessful. We therefore isolated rat
genomic clones for synaptophysin from a rat
genomic DNA library and used a novel
approach to identify the 5’ end of the
synaptophysin gene (8). The 5’ end of the
synaptophysin messenger RNA (mRNA)
from total rat brain RNA was sequenced
directly by primer-extension in the presence
of dideoxy nucleotides. An oligonucleotide
designed from the sequence obtained was
used to isolate the 5’ exon from the genomic
clone. From our determination of the com-
plete nucleotide sequence (7) we have de-
duced the protein sequence shown in Fig. 2.

A plot of the mean side-chain hydropho-
bicity of the protein sequence of synapto-
physin shows four 23 or 24 amino acid
stretches of high average hydrophobicity,
suggesting the presence of four transmem-
brane regions that are separated by short
hydrophilic sequences (Fig. 2). The four
transmembrane regions exhibit a limited se-
quence homology to each other and may
have arisen by gene duplication events. Syn-
aptophysin is known to be N-glycosylated
and disulfide linked (I). The only possible
N-glycosylation site (Asn-X-Ser or Asn-X-
Thr) in the amino acid sequence is found at
residues 53 to 55, between the first and
second transmembrane regions. Similarly,
cysteines are only found between the first
and second and between the third and
fourth membrane-spanning regions. There-
fore, the hydrophilic protein loops between
the first and second and between the third
and fourth transmembrane regions must ex-
tend into the intravesicular space, while the
NH,-terminal and COOH-terminal se-
quences of synaptophysin face the cytoplasm
(Fig. 3). Since the NH,-terminus is cyto-
plasmic, no signal sequence is observed. The
nucleotide and amino acid sequences of
synaptophysin are not significantly homolo-
gous to any reported sequence in the avail-
able data banks (9).

kb
-9.5

=75 Fig. 1. RNA blot analy-

sis of 5 pg and 20 pg of
total RNA from rat
brain hybridized with a
single-stranded ~ *?P-la-
bled DNA probe com-
plementary to nucleo-
tides 337 to 513 of the
rat synaptophysin cDNA
(7). Numbers on the
right give the positions
of RNA molecular size
standards. The blot was
exposed to film for 3
days at —70°C with an
intensifying screen.

. —24

-1.9
-15
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The model of Fig. 2 predicts that synapto-
physin has a cytoplasmic domain of 90
amino acids that contains ten copies of a
pentapeptide repeat. These repeats can be
aligned for maximum homology (Fig. 4).
Nine of the ten repeats begin with a tyro-
sine. Their high glycine and proline content
suggests that they form a rigid structure,
which is not an a-helix. We have some
experimental indications that this COOH-
terminal domain forms the major immuno-
genic epitope of synatophysin which is rec-
ognized by several independently raised
monoclonal antibodies. In agreement with
the model in Fig. 2 this epitope faces the
cytoplasm (10). Although glycine- and pro-
line-rich sequences have also been found in
other proteins (for example, synapsin I,
collagen and cytokeratins), none of these
contain repeats punctuated by tyrosines.
The size and unusual secondary structure of
the cytoplasmic domain of synaptophysin
raise the possibility that this domain may
serve to link synaptophysin to extravesicular
proteins during the lifetime of synaptic vesi-
cles.

The composite synaptophysin sequences
derived from the genomic and cDNA clones
contain no in-frame stop codon 5’ to the
proposed initiator methionine. Since the
NH,-terminus was blocked, no independent

N I®OVEr®Y p r[RL[E v Y F D), .
s

verification of the initiator methionine was
achieved. However, the amino acid compo-
sition of synaptophysin calculated from the
c¢DNA sequence and that determined experi-
mentally agree very well, and the calculated
and biochemically determined molecular
weights are similar (33.4 kD and 34.0 kD,
respectively) (11). Furthermore, the nucleo-
tides surrounding the proposed initiator
methionine exactly match the consensus
sites for initiator codons (12). These find-
ings suggest that the sequence is probably
full length.

Comparison of the nucleotide and protein
sequences derived from the human and rat
synaptophysin clones reveals a high degree
of conservation. The available amino acid
sequences are 95% identical. The differences
cluster in the intravesicular loops (90%
identity), while the transmembrane regions
and cytoplasmic portions are almost com-
pletely conserved (98% identity). All of the
amino acid substitutions between the two
sequences are conservative. Within the cod-
ing region, nucleotide sequence differences
are mainly found in the third position of
codons. The homology between the rat and
human nucleotide sequences extends into
the 3’ untranslated region. The cloned 3’
untranslated regions do not contain polya-
denylate tails or polyadenylation consensus
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Fig. 2. Model of the transmembrane structure of synaptophysin. Each amino acid is shown in single-
letter code (4), with positively charged amino acids boxed and negatively charged amino acids circled.
The position of the single N-linked glycosylation site is indicated by a branched line.
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sequences, suggesting that the clones were
derived by internal priming. Since RNA
blots indicate a mRNA size of 3.4 kb for
synaptophysin in rat brain (Fig. 1), a long 3’
untranslated region is probable. Neverthe-
less, the determined 3’ untranslated regions
of the rat and human complementary clones
are very homologous, including a 61-nucle-
otide stretch of identical sequence that con-
tains an AT-rich sequence similar to those
implicated in regulating mRNA stability (7,
13).

From the primary sequence of synapto-
physin, a plausible model of the protein
emerges (Fig. 2). Each synaptophysin sub-
unit has four membrane-spanning regions
with a rigid COOH-terminal domain ex-
tending into the cytoplasm. Previous bio-
chemical studies with cross-linking reagents,
sucrose-gradient centrifugation, and nonre-
ducing gel electrophoresis indicate that sev-
eral synaptophysin subunits are linked to
each other by disulfide bonds or noncova-
lent forces (or both) to form a trimer or a

AN A
[

-2.04

Hydrophobicity

T T
o 10 200 280
Amino acid number

Fig. 3. Hydrophobicity plot of rat synaptophysin.
The mean residue hydrophobicity was calculated
by a computer program with the use of the
algorithm of Kyte and Doolittle (15) with a 19—
amino acid window and is displayed as a function
of residue number. The positions of the trans-
membrane regions are drawn as horizontal lines
labeled M1 to M4.
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Fig. 4. Repeated sequence in the cytoplasmic
domain of rat synaptophysin. The sequence re-
peats are aligned for maximum homology with
the residue numbers given on the left.
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tetramer. This association would result in
the presence of 12 to 16 transmembrane
regions per synaptophysin homomultimer, a
structure very suggestive of a membrane
channel. Remarkably, all of the transmem-
brane regions of synaptophysin are very
hydrophobic, with only two containing sin-
gle charged amino acids. This charge distri-
bution decreases the possibility that synap-
tophysin is a channel for ions. The hydro-
phobicity plot and the proposed subunit
structure of synaptophysin are very similar
to those of the gap junction proteins (14).

In summary, the primary structure of
synaptophysin suggests that the protein may
form a synaptic vesicle-specific membrane
channel, with a cytoplasmic domain instru-
mental in the interactions of synaptic vesi-
cles with cytoplasmic factors.
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Lymphotoxin Is an Important T Cell-Derived
Growth Factor for Human B Cells

JouN H. KEHRL,* MELCHOR ALVAREZ-MON, GITA A. DELSING,

ANTHONY S. FAuct

Two different assays for B cell growth factors (BCGF) and an antibody against
lymphotoxin were used to show that the presence of lymphotoxin in conditioned
media derived from normal activated T cells and in a partially purified BCGF accounts
for a substantial portion of their B cell growth-promoting activity. A competitive
binding assay confirmed the presence of significant amounts of lymphotoxin in the
partially purified BCGF. Recombinant lymphotoxin enhanced the proliferation of
activated B cells and augmented B cell proliferation and immunoglobulin secretion

induced by interleukin-2.

HE ROLE OF VARIOUS SOLUBLE FAC-

tors in the regulation of human B

lymphocyte proliferation is some-
what controversial. When activated in vitro
with the polyclonal B cell mitogen Staphylo-
coccus aurens Cowan 1 (SAC), human B
lymphocytes undergo an initial round of
proliferation (1); however, this proliferation
is short-lived unless exogenous growth fac-
tors are added to the cultures. On the basis
of this observation an assay was developed
for the detection of human B cell growth
factors (BCGEF) (2). Nevertheless the nature
of many of the factors that enhance B cell
proliferation in this assay remain uncharac-
terized. Interleukin-2 (IL-2) is one of the

growth factors contained in the superna-
tants conditioned by phytohemagglutinin
(PHA)-activated T cells. Although IL-2 en-
hances the proliferation of SAC-activated B
cells (3), an antibody to the IL-2 receptor
inhibited only 20% to 30% of the BCGF
activity present in a T cell supernatant con-
ditioned by PHA-activated T cells (4). Re-
cently, we showed that the monocyte prod-
uct tumor necrosis factor-a (TNF-a), has
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