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SV2, a Brain Synaptic Vesicle Protein
Homologous to Bacterial Transporters

Sandra M. Bajjalieh, Karen Peterson, Rajesh Shinghal,
Richard H. Scheller*

Synaptic vesicle protein 2 (SV2) is a membrane glycoprotein specifically localized to
secretory vesicles in neurons and endocrine cells. As a first step toward understanding the
function of SV2 in neural secretion, a rat brain complementary DNA (cDNA) that encodes
SV2 was isolated and characterized. Analyses of this cDNA predict that SV2 contains 12
transmembrane domains. The NH,-terminal half of the protein shows significant amino acid
sequence identity to a family of bacterial proteins that transport sugars, citrate, and drugs.
Expression of the SV2 cDNA in COS cells yielded a high level of SV2-like immunoreactivity
distributed in a reticular and punctate pattern, which suggests localization to intracellular
membranes. Its localization to vesicles, predicted membrane topology, and sequence
identity to known transporters suggest that SV2 is a synaptic vesicle—specific transporter.

Neurotransmitters are concentrated and
stored in small clear vesicles localized at the
synapse. Neuronal communication is mediat-
ed by the release of neurotransmitters from
these vesicles by means of vesicle fusion with
the plasma membrane. Molecular character-
ization of synaptic vesicle components has
identified proteins that contribute to several
aspects of vesicle functioning, including vesi-
cle interaction with cytoskeletal elements and
docking at active zones along the plasma
membrane (I-3). However, little is known
about the molecules that regulate the con-
tents of synaptic vesicles or effect the release
of transmitters during exocytosis.

Synaptic vesicle protein 2 (SV2) was iden-
tified with a monoclonal antibody prepared
against cholinergic vesicles from the electric
organ of the marine ray Discopryge ommata (4).
Immunolocalization by electron microscopy
revealed that this antibody recognizes an epi-
tope on the cytoplasmic face of synaptic ves-
icles. Biochemical evidence suggests that SV2
is a membrane-associated glycoprotein of ~80
kD. The SV2 epitope is present in fish,
amphibians, and mammals and is specifically
localized to neural and endocrine cells. Immu-
nohistochemical studies demonstrate that the
SV2 epitope is not limited to neurons that
contain a specific neurotransmitter but rather
is detected in all neuronal and endocrine cells
surveyed (4, 5). In the endocrine cell lines
AtT-20 and PC12, SV2 immunoreactivity
localizes to the Golgi apparatus and to the tips
of processes, where it is relatively concentrat-
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ed. Because of its cellular localization and
occurrence in a broad array of species, the
antibody to SV2 is widely used as a marker for
synaptic vesicles.

An important step toward understanding
the role of SV2 in synaptic transmission is the
determination of its amino acid sequence. To
isolate a cDNA that encodes the SV2 pro-
tein, we purified an immunoreactive peptide
fragment from rat brain synaptic vesicles (Fig.
1). Amino acid microsequencing of this frag-
ment yielded a 40-residue sequence (Fig. 3A,
boldface). Rat brain cDNA was amplified by
the polymerase chain reaction (PCR) with
primers based on the SV2 peptide sequence,
which resulted in a 96-nucleotide fragment
that encoded the first 31 amino acids of the
sequence (6). The cloned PCR product was
then used as a template in another PCR
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reaction to generate a radioactive nucleotide
probe of high specific activity. This probe was
used to screen a rat brain Lambda Zap II
library (Stratagene). Approximately 400,000
plaques were screened, yielding 12 positive
clones. One of these clones, containing a
3.8-kb insert, was used in subsequent studies.

To confirm that the isolated clone encodes
SV2 and to explore the cellular localization of
the protein product, we transiently expressed
the cDNA in COS cells, a transformed exo-
crine cell line. The SV2 cDNA was inserted
in both the forward (coding) and reverse
(noncoding) directions in the mammalian
expression vector pCMV. COS cells trans-
fected with constructs that contained the
cDNA in the forward direction expressed
high concentrations of SV2, as assayed by
fluorescent immunohistochemistry (Fig. 2).

Fig. 2. COS cell transfected with the construct
containing SV2 cDNA in the forward direction,
showing localization of SV2-like immunoreactiv-
ity. COS cells were transfected with SV2 cDNA
that had been subcloned into the pCMV ex-
pression vector and were fixed, permeabilized,
and incubated with the antibody to SV2 fol-
lowed by rhodamine-conjugated goat antibod-
ies to mouse IgG. Cells transfected with the
construct that contained SV2 cDNA in the re-
verse (noncoding) direction were not immuno-
reactive. Bar = 25 mm.

Fig. 1. Generation of a peptide fragment with A e B 3
the SV2 epitope for amino acid sequencing. (A) :
Synaptic vesicles (22) before (lanes 1 and 2)

and after (lanes 3 and 4) removal of extrinsically 97 = . i
associated proteins by incubation with 1 M KCI 66— 43-> B8
followed by 10 mM NaCO, (pH 11). Samples 43 = 20> 8 g
were subjected to SDS-polyacrylamide gel - s
electrophoresis (SDS-PAGE), and the separat- | 1 3 I

ed proteins were transferred to PVDF paper
(Immobilon; Millipore). Proteins in lanes 1 and 3 .
were stained with Coomassie blue, whereas those in lanes 2 and 4 were incubated sequentially with
the monoclonal antibody to SV2 and '25|-labeled antibodies to mouse immunoglobulin G (IgG) and
then subjected to autoradiography. The samples in lanes 3 and 4 contain an identical proportion of
the total vesicle preparation as the samples in lanes 1 and 2. The samples shown represent less
than 1% of the total material processed in preparative gels. (B) The region of the PVDF membrane
that contained SV2 immunoreactivity [lanes 3 and 4 in (A)] was removed and incubated with
cyanogen bromide (60 mg/ml in 70% formic acid). The resulting peptide fragments were separated
by SDS-PAGE, transferred to PVDF paper, and either stained with Coomassie blue (lane 1) or
processed for anti-SV2 immunoreactivity as in (A) (lane 2). The sample shown represents ~5% of
the total used to obtain the amino acid sequence. Positions of the molecular mass marker proteins
are shown to the left of each panel in kilodaltons.
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Cells transfected with constructs that con-
tained the cDNA in the reverse direction did
not react with the antibody to SV2. These
data demonstrate that the isolated clone en-
codes SV2. Immunolabeling in the SV2-ex-
pressing COS cells was reticular and punctate
(Fig. 2). This pattern contrasts with the uni-
form labeling observed with proteins ex-
pressed in the plasma membrane, which sug-
gests that COS cells segregate SV2 to internal
membranes and intracellular vesicles. In
Northern (RNA) analyses, the SV2 clone
hybridized to RNA of ~4 kb from rat brain
and spinal cord but not to RNA from rat
muscle, lung, heart, liver, or kidney, confirm-
ing the neuronal specificity of SV2 (7).

The nucleotide sequence of the SV2
cDNA was determined for both strands. The
sequence contains a 2226-bp open reading
frame that predicts a protein of 82.7 kD. The
first methionine in the sequence is down-
stream of several in-frame stop codons and is
flanked by a Kozak consensus sequence (8),
which suggests that it is the NH,-terminus of
the protein. Although the amino acid se-
quence predicted by the cDNA apparently
does not contain a signal sequence, hydropa-
thy analyses revealed at least 12 hydrophobic
stretches long enough to be membrane-span-
ning domains (Fig. 3A), which suggests that
SV2 is an integral membrane protein. The
NH,-terminal portion of the protein is highly
charged and contains several stretches of acid-
ic residues, which may implicate this region in
Ca?* binding (9). Three consensus sequences
for N-glycosylation are present in the long
hydrophilic region between putative trans-
membrane domains 7 and 8. These sites are
likely to be glycosylated, given that tunicamy-
cin, which prevents the addition of N-linked
sugars, decreases the electrophoretic mobility
of SV2 in endocrine cells (4). A model of the
predicted membrane topology of SV2 is
shown in Fig. 3B.

A FASTA (10) (Genetics Computer
Group, Madison, Wisconsin) search of the
GenBank database revealed that SV2 is ho-
mologous to bacterial and fungal transporters
of sugars, citrate, and drugs. Similarity was
also found between SV2 and a mammalian
facilitated glucose transporter that is homolo-
gous to bacterial transporters (11).. BESTFIT
(12) (Genetics Computer Group) alignment
of 12 different transporters with SV2 revealed
that they are 19 to 26% identical and 48 to
56% similar to SV2. To determine whether
these similarities were statistically significant,
we compared 100 randomizations of three of
the sequences to SV2. The quality of nonran-
dom matches was 6.9 to 7.4 standard devia-
tions above the average quality of randomized
matches, which suggests that the similarities
between SV2 and these transporters are sig-
nificant. The similarity between SV2 and the
transporters was especially apparent between
amino acids 150 and 385 of SV2, a region
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that contains the first six transmembrane do-
mains.

Of particular interest in the sequence com-
parison of the transporters and SV2 (Fig. 4)
are similarities in the regions between mem-
brane domains 2 and 3, 6 and 7, and a region
spanning membrane domains 4 and 5. Previ-
ous analysis of sugar transporters identified
conserved sequences in these regions and led
to the definition of a sugar transporter motif
(13). This motif is common in bacterial sugar/
H™ cotransporters and mammalian facilitated

Fig. 3. (A) The predicted amino A
acid sequence of SV2 (15). The
sequence obtained from the im-
munoreactive peptide fragment is 51

glucose transporters. It is also present in bac-
terial and fungal citrate/H* cotransporters
and in some drug resistance proteins (14).
The motif consists of the RXGRR sequence
(where X is any amino acid) at SV2 amino
acids 228 to 232, the PESPR domain at SV2
amino acids 355 to 359, and a diffuse
motif, RX;GX;GX ,PXYX,EX.RGXQX.G,
at SV2 amino acids 262 to 303 (15) (Fig. 4).
In SV2, there are two substitutions in the
third motif, a Phe for Pro and a Cys for Glu.

The proteins responsible for the transport

1 MEEGFRDRAA FIRGAKDIAK EVEKHAAKKV VEKGLDRVQDE YSRRSYSRFE

EEEDDDDFPA PADGYYRGEG AQDEEEGGAS SDATEGHDED DEIYEGEYQG

shown in bpld. Pl—{tative mem- 101 IPRAESGGKG ERMADGAPLA GVRGGLSDGE GPPGGRGEAQ RRKDREELAQ
brane-spanning regions are un- 1
. REQWTLYF VLGLALMADG VEVFVVGEVL PSAl
derlined and numbered above 7' @YETILRECE HGRES e
the sequence, and circles above 201 DSNKGMLGLI VYLGMMVGAF LWGGLADRLG RRQCLLISLS VNSVFAFFSS
. . . 4

thg seqguence |nd|9ate potentlal 251 EVOGYGTFLF CRLLSGVGIG GSIPIVFSYF SEFLAQEKRG EHLSHLCMFH
N-linked glycosylation sites. (B) 5 6
Model of SV2 membrane topolo- 301 MIGGVYAARM AWAITPHYGW SFOMGSAYQF HSWRVEVLVE AFPSVFAIGA
gy. Membrane-spanning regions 351 LITOPESPRF FLENGKHDEA WMVLKQVHDT NMRAKGHPER VFSVTHIKTL
are represented by cylinders. PO- 401 HQEDELIEIQ SDTGTWYQRW GVRALSLGGQ VWGNFLSCFS PEYRRITLMM
tential glycosylation sites are rep- 7 °
resented by branched figures. 451 MGVWETMSFS YYGLTVWFPD MIRHLQAVDY AARTKVFPGE RVEHVTFNET

. o
The reglon Of st(ongest hom0|09y 501 LENQIHRGGQ YFNDKFIGLR LKSVSFEDSL FEECYFEDVT SSNTFFRNCT
to transporters is drawn in bold, o
and tfansponer consensus se- 551 FINTVFYNTD LFEYKFVNSR LVNSTFLHNK EGCPLDVTGT GEGAYMVYFV

; ; 8 9

quences are shown in their ap- 601 KIGRLRMLAG SSVLSCVSCF FLSFGNSESA

proximate locations. The residues

651

SELGTLAVLP GNIVSALLMD
10
MIALLCLFGG VSIASWNALD

VLTVELYPSD KRTTAFGFLN ALCKLAAVLG

R and G between domains 4 and 11

12

SV2 epitope
b=l

5 are part of a larger, diffused 701
motif that spans membrane re-
gions 4 and 5 (15). B
Fig. 4. Similarity of SV2 to bacte- ==
rial and fungal transporters (15). Ambin
The amino acid sequence of SV2 e
(residues 150 to 483) is aligned oy
with the sequences of Escherich- el
ia coli arabinose/H* cotrans- g
porter (Arabin), the glucose trans- sv2
porter of cyanobacteria, and the é':..%:
quinate resistance gene product
of Neurospora crassa. The overall sz
sequence identities of these pro- e
teins to SV2 are 21.8, 23.8, and
22.1%, respectively. The putative e
membrane-spanning domains of e
SV2 are indicated above the se-
quences. The alignment of trans- 5’:@%&
membrane domains in this region Quinate
was generally conserved. Shad- s
ed residues are identical to SV2; i
dots indicate gaps in the se- s
quences. sv2
Clinens
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of neurotransmitters into synaptic vesicles
have not been characterized at the molecular
level. The cloning of several plasma mem-
brane neurotransmitter transporters has re-
vealed that these proteins share 37 to 67%
sequence identity with one another (16). Like
SV2, these transporters have 12 membrane-
spanning domains. However, amino acid se-
quence comparisons of SV2 to the vy-ami-
nobutyric acid, glycine, and dopamine trans-
porters revealed no significant identity or
homology. It is known that the neurotrans-
mitter transporters of synaptic vesicles are
functionally distinct from transmitter uptake
transporters on the plasma membrane. Ves-
icle-localized transporters require a mem-
brane H* gradient, whereas plasma mem-
brane transporters are dependent on Na¥
(17). The similarity between SV2 and trans-
porter proteins suggests that SV2 may be a
vesicle-localized neurotransmitter transport-
er. As is the case with plasma membrane
neurotransmitter transporters, there may be
a family of vesicle-localized transporters. ‘Al-
though evidence suggests that all of the
cDNA clones isolated in our initial screen
are derived from a single gene, further work
will determine whether SV2 is the first
member of a gene family.

SV2 diverges from the bacterial transport-
ers after the seventh transmembrane domain.
No significant homologies between this re-
gion of SV2 and proteins in GenBank were
found. This divergence suggests that SV2 may
have additional functions or that its function
has diverged from that of the transporters with
which it shares homology. This proposal is
supported by the finding that SV2, which is at
least 20 kD larger than the other transporters,
has a longer, highly charged NH,-terminal
region and contains a more extensive hydro-
philic region between transmembrane do-
mains 7 and 8. Synaptic vesicles also contain
proteins that transport ions, most notably
CI~. Both CI~ pump (18) and Cl~ channel
(19) activities have been described, though
the proteins mediating these. activities have
not been fully characterized. Rather than
function as a transmitter transporter, SV2
may therefore function as an ion transporter
or channel. Another protein with similarities
to a different class of transporters, the cystic
fibrosis gene product, displays Cl~ channel
activity (20), which demonstrates that some
ion channels are structurally related to trans-
porters.

Finally, SV2 shares homology with trans-
porters that move substances both into and
out of cells. Therefore, the direction of trans-
port by SV2 cannot be assumed on the basis of
the homologies reported here. It is possible
that SV2 is responsible for the movement of
substances out of synaptic vesicles. For exam-
ple, SV2, in conjunction with a plasma mem-
brane component, may participate in the
initial release of transmitter substances, which

has been shown to occur via a channel-like
pore (21). The localization of SV2 to secre-
tory vesicles in a variety of neural and endo-
crine cells, together with its conservation
across species, implicates its importance in
vesicle functioning. The finding that SV2
shares significant homology to transporter
proteins suggests that it moves ions or mole-
cules across the vesicle membrane.
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Inhibition of Long-Term Potentiation by
NMDA-Mediated Nitric Oxide Release

Yukitoshi Izumi, David B. Clifford, Charles F. Zorumski

Activation of N-methyl-p-aspartate (NMDA) receptors before tetanic stimulation blocks
long-term potentiation (LTP) in the CA1 region of the hippocampus. This NMDA-mediated
inhibition of LTP can be reversed by the nitric oxide (NO) inhibitors L-N ©-monomethyl-
arginine or hemoglobin and mimicked by sodium nitroprusside. These results indicate that
the timing of NO release relative to high-frequency activation of CA1 synapses maybe an
important determinant of LTP generation and suggest that NO may play a positive or
negative modulatory role in LTP depending on prior events at the tetanized synapse and
the ambient concentration of excitatory amino acids.

The mechanisms underlying the induction
and maintenance of LTP at CA1 hippocam-
pal synapses are uncertain. Quantal analysis
has indicated that enhanced release of gluta-
mate, the presumed excitatory neurotrans-
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mitter at these synapses, is a crucial event (1).
Other studies have demonstrated that post-
synaptic changes in transmitter sensitivity are
also important (2). It is clear that CA1 LTPis
critically dependent on the activation of
NMDA receptors (3) and the influx of Ca?*
into postsynaptic neurons (4, 5). This has
prompted the hypothesis that postsynaptic
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