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SV2, a Brain Synaptic Vesicle Protein 
Homologous to Bacterial Transporters 

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

Synaptic vesicle protein 2 (SV2) is a membrane glycoprotein specifically localized to 
secretory vesicles in neurons and endocrine cells. As afirst 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 (1-3). 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 h p y g e  m t a  (4). 
Immunolocalization bv electron microscow 
revealed that this a n t i h y  recognizes an eii- 
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 

reaction to generate a radioactive nucleotide 
probe of high specific activity. This probe was 
used to screen a rat brain Lambda Zap I1 
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 ex~lore 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 
the SV2 epitope for amino acid sequencing. (A) 2 3 1 - 2  

i - ?' Synaptic vesicles (22) before (lanes 1 and 2) 
and after (lanes 3 and 4) removal of extrinsically 97- 
associated proteins by incubation with 1 M KC1 66- C 43 -) 
followed by 10 mM NaCO, (pH 11). Samples 43-, 29- 
were subjected to SDS-polyacrylamide gel r u 
electrophoresis (SDS-PAGE), and the separat- 8 10- 
ed proteins were transferred to PVDF paper - 14- 
(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 1251-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 mglml 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 SVZ-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 NH2-terminus of 
the   rote in. Although the amino acid se- 
quen'ce 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 
NH2-terminal portion of the protein is highly 
charged and contains several stretches of acid- 
ic residues, which may implicate this region in 
CaZ+ 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 (I I).. 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- 
niticant. The similarity between SV2 and the 
transporters was especially apparent between 
amino acids 150 and 385 of SV2, a region 

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 
(1 3). This motif is common in bacterial sugar/ 
H+ cotransporters and mammalian facilitated 

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 difhse 
motif, RX3GX3GX6PXYX2EX6RGX6QX5G, 
at SV2 amino acids 262 to 303 (1 5) (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 

Fig. 3. (A) The predicted amino A 
acid sequence of SV2 (15). The , ysIssysRFE 

sequence obtained from the im- 
rnunoreactive peptide fragment is 51 EEEDDDDFPA PADGYYRGEG AQDEEEGGAS SDATEGHDED DEIYEGEYW 

shown in bold. Putative mem- 101 I P W S G G K G  ERMADGAE'LA GVRGGLSDGE GPPGGRGEAQ MDREELAQ 
brane-spanning regions are un- 1 
derlined and numbered above 151 QYETILRECG HG- V E V P W G N L  SAEKDMCLS 

2 
the sequence, and circles above 201 DSNK-RLG R- 

the sequence indicate potential 
N-linked glycosylation sites. (B) 
Model of SV2 membrane topolo- 
gy. Membrane-spanning regions 
are represented by cylinders. Po- 
tential glycosylation sites are rep- 
resented by branched figures. 
The region of strongest homology 
to transporters is drawn in bold, 
and transporter consensus se- 
quences are shown in their ap- 
proximate locations. The residues 
R and G between domains 4 and 
5 are part of a larger, diffused 
motif that spans membrane re- 
gions 4 and 5 (15). 

Fig. 4. Similarity of SV2 to bacte- 
rial and fungal transporters (15). 
The amino acid sequence of SV2 
(residues 150 to 483) is aligned 
with the sequences of Escherich- 
ia coli arabinose/H+ cotrans- 
porter (Arabin), the glucose trans- 
porter of cyanobacteria, and the 
quinate resistance gene product 
of Neurospora crassa. The overall 
sequence identities of these pro- 
teins to SV2 are 21.8, 23.8, and 
22.1 %, respectively. The putative 
membrane-spanning domains of 
SV2 are indicated above the se- 
quences. The alignment of trans- 
membrane domains in this region 
was generally conserved. Shad- 
ed residues are identical to SV2; 
dots indicate gaps in the se- 
quences. 
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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 (1 6). Like 
SV2, these transporters have 12 membrane- 
spanning domains. However, amino acid se- 
quence comparisons of SV2 to the y-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 Nak 
(1 7). 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 eene familv. 

SV2 diverges from thk 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- 
ohilic rerrion between transmembrane do- ., 
mains 7 and 8. Synaptic vesicles also contain 
proteins that transport ions, most notably 
C1-. Both C1- pump (18) and C1- channel 
(19) activities have been described, though 
the proteins mediating these activities have 
not been fully characterized. Rather than 
function as a transmitter transoorter. 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 C1- 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- 
oort bv SV2 cannot be assumed on the basis of 
;he 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 (2 1). 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. 

REFERENCESANDNOTES 

1. R. B. Kelly, Neuron 1, 431 (1988); T. C. Siidhof and 
R. Jahn, ibid. 6, 665 (1991); W. S. Trimble, M. Linial, 
R. H. Scheller, Annu. Rev. Neurosci. 14, 93 (1991). 

2. M. K. Bennett, N. Calakos, R. H. Scheller, Science 
257, 255 (1992). 

3. A. G. Patrenko et a/., Nature 353, 65 (1 991 ). 
4. K. Buckley and R. B. Kelly, J. Cell Biol. 100, 1284 

(1 985). 
5. E. Floor and B. Feist, J. ~eurochern. 52, 1433 

(1 989). 
6. Degenerate oligonucleotides were synthesized for 

use in a PCR amplification of rat brain cDNA (syn- 
thesized from total brain RNA). The 5' primer corre- 
sponded to amino acids 0 (assumed to be a methi- 
onine) to 5 of the sequenced peptide. The 3' primer 
corresponded to amino acids 29 to 34. A third 
oligonucleotide, corresponding to amino acids 15 to 
29, wassynthesized and used as a probe in South- 
ern (DNA) blot analyses of PCR reaction products. 
Amplification of brain cDNA with both primers pro- 
duced a cDNA product of the predicted size that 
hybridized to the probe. The reaction was reampli- 
fied, and the product was identified by the probe, 
purified by gel electrophoresis, and subcloned into 
the TA cloning vector (Invitrogen). DNA sequencing 
of the.subcloned product confirmed the amino acid 
sequence obtained from the cyanogen bromide- 
generated peptide fragment. 

7. S. M. Bajjalieh, K. Peterson, R. Shinghal, R. H. 
Scheller, data not shown. 

8. M. Kozak, J. CeN Biol. 108, 229 (1989). 
9. E. Leberer, J. H. M. Charuk, N. M. Green, D. H. 

MacLennan, Proc. Natl. Acad. Sci U.S.A. 86, 6047 
(1 989). 

10. W. R, Pearson and D. J. Lipman, ibid. 85,2444 
(1 988). 

11. M. C. J. Maiden, E. 0. Davis, S. A. Baldwin, D. C. M. 
Moore, P. J. F. Henderson, Nature325, 641 (1987). 

12. J. Devereux, P. Haeberli, 0. Smithies, Nucleic 
Acids Res. 12, 387 (1984). 

13. P. J. F. Henderson and M. C. J. Maiden, Philos. 
Trans. R. Soc. London Ser. 8326, 391 (1990). 

14. D. A. Rouch, D. S. Cram, D. Di Berardino, T. G. 
Littlejohn, R. A. Skurray, Moi. Microbial. 4, 2051 
(1 990). 

15. Abbreviations for the amino acid residues are: A, 
Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; 
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and 
Y, Tyr. 

16. J. Guastella etai., Science 249, 1303 (1990); J. E. 
Kilty, D. Lorang, S. G. Amara, ibid. 254, 578 
(1991): T. B. Usdin, E. Mezey, C. Chen, M. J. 
Brownstein, B. J, Hoffman, Proc. Natl. Acad. Sci. 
U.S.A. 88, 11168 (1991); W. Mayser, H. Betz, P. 
Schloss, FEBS Lett. 295,203 (1991). 

17. P. R. Maycox, J. W. Hell, R. Jahn, Trends Bio- 
chern. Sci. 13, 83 (1990). 

18. X.-S. Xie, B. P. Crider, D. K. Stone, J. Biol. Chem. 
264, 18870 (1989). 

19. R, Rahamimoff, S. A..DeRiemer, B. Sakmann, H. 
Stadler, N. Yakir, Proc. Natl, Acad. Sci. U.S.A. 85, 
5310 (1988). 

20. F. S. Collins, Science 256, 774 (1992). 
21. W. Almers and F. W. Tse, Neuron 4, 813 (1990). 
22. Rat brains frozen in liquid nitrogen were ground in a 

Waring blender. The powder obtained was homog- 
enized in 10 mM MOPS (pH 7.2) and 0.3 M sucrose 
with a Teflon-glass homogenizer. Cell debris and 
large membranes were removed by centrifugation 
at 100,000gfor 1 hour. The supernatant was under- 
laid with 0.6 M sucrose that contained 10 mM MOPS 
(pH 7.2) and centrifuged at 260,000~ for 2 hours. 
The pellet was suspended in 1.5 M sucrose and 10 
mM MOPS (pH 7.2), overlaid with 0.6 M sucrose that 
contained 10 mM MOPS (pH 7.2), and centrifuged 
at 350,000~ for 16 to 20 hours. Synaptic vesicles 
were collected from the interface, 

23. We thank R. Kelly for the anti-SV2-producing cell 
line, J. Guastella for rat brain RNA and helpful 
discussions, and T. Kreiner and M. Bennett for 
critical reading of the manuscript. Amino acid se- 
quencing was performed by the Stanford Protein 
and Nucleic Acid Facility. Supported by the National 
Institute of Mental Health. 

8 June 1992; accepted 17 July 1992 

Inhibition of Long-Term Potentiation by 
NMDA-Mediated Nitric Oxide Release 

Yukitoshi Izumi, David B. Clifford, Charles F. Zorumski 
Activation of N-methyl-D-aspartate (NMDA) receptors before tetanic stimulation blocks 
long-term potentiation (LTP) in the CAI region of the hippocampus. This NMDA-mediated 
inhibition of LTP can be reversed by the nitric oxide (NO) inhibitors L-NG-monomethyl- 
arginine or hemoglobin and mimicked by sodium nitroprusside. These results indicate that 
the timing of NO release relative to high-frequency activation of CAI synapses maybe an 
important d,eterminant 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. 

T h e  mechanisms underlying the induction mitter at these synapses, is a crucial event (1). 
and maintenance of LTP at CAI hippocam- Other studies have demonstrated that post- 
pal synapses are uncertain. Quanta1 analysis synaptic changes in transmitter sensitivity are 
has indicated that enhanced release of gluta- also important (2). It is clear that CAI LTP is 
mate, the presumed excitatory neurotrans- critically dependent on the activation of 

Departments of Psychiatry, Neurology, and Anatomy 
NMDA receptors (3) and the influx of Ca2+ 

and Neurobiology, Washington University School of postsynaptic neurons (49 5) .  This has 
Medicine, St. Louis, MO 631 10. prompted the hypothesis that postsynaptic 
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