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SVOP, an Evolutionarily Conserved Synaptic Vesicle Protein,
Suggests Novel Transport Functions of Synaptic Vesicles
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We describe a novel synaptic vesicle protein called SVOP that
is distantly related to the synaptic vesicle proteins SV2A, SV2B,
and SV2C (20-22% sequence identity). Both SVOP and SV2
contain 12 transmembrane regions. However, SV2 is highly
glycosylated, whereas SVOP is not. Databank searches re-
vealed that closely related homologs of SVOP are present in
Caenorhabditis elegans and Drosophila (48% sequence identi-
ty), suggesting that SVOP is evolutionarily ancient. In contrast,
no invertebrate orthologs of SV2 were detected. The se-
quences of SVOP and SV2 exhibit homology with transport
proteins, in particular with mammalian organic cation and anion
transporters. SVOP and SV2 are more distantly related to eu-
karyotic and bacterial phosphate, sugar, and organic acid
transporters. SVOP is expressed at detectable levels only in
brain and endocrine cells where it is primarily localized to
synaptic vesicles and microvesicles. SVOP is present in all

brain regions, with particularly high levels in large pyramidal
neurons of the cerebral cortex. Immunocytochemical staining
of adjacent rat brain sections for SVOP and SV2 demonstrated
that SVOP and SV2 are probably coexpressed in most neurons.
Although the functions of SV2 and SVOP remain obscure, the
evolutionary conservation of SVOP, its hydrophobic nature, and
its homology to transporters strongly support a role in the
uptake of a novel, as yet unidentified component of synaptic
vesicles. Thus synaptic vesicles contain two classes of abun-
dant proteins with 12 transmembrane regions that are related to
transporters, nonglycosylated SVOP and highly glycosylated
SV2, suggesting that the transport functions of synaptic vesi-
cles may be more complex than currently envisioned.
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The synaptic vesicle protein SV2 was identified by a monoclonal
antibody that was raised against synaptic vesicles isolated from
the electric organ of Discopyge ommata (Buckley and Kelly, 1985).
SV2is a transmembrane glycoprotein that constitutes a conserved
and abundant component of synaptic vesicles in all vertebrate
species tested. In addition, SV2 is found on endocrine secretory
granules. SV2 is composed of a protein backbone of ~80 kDa that
is highly glycosylated. Glycosylation of SV2 differs between syn-
aptic vesicles and endocrine secretory granules. SV2 on secretory
granules is more extensively modified than is synaptic vesicle SV2
(Buckley and Kelly, 1985). In synaptic vesicles from fish electric
organs, SV2 was proposed to be a proteoglycan containing kera-
tan sulfate (Scranton et al., 1993), although this has not yet been
confirmed for mammalian SV2. Independent of the nature of the
glycosylation of SV2, it represents the most glycosylated compo-
nent of synaptic vesicles in vertebrates.

By the use of the monoclonal SV2 antibody, cDNA clones
encoding SV2 were isolated from rat, bovine, and elasmobranch
brains (Bajjalieh et al., 1992; Feany et al., 1992; Gingrich et al.,
1992; Bindra et al., 1993). The sequence of SV2 revealed that it
contains 12 transmembrane regions and exhibits significant ho-
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mology to transport proteins. SV2 was observed to be similar to
bacterial sugar transporters that use a proton gradient as a driving
force. This led to the hypothesis that SV2 functions to transport
an unknown substrate into synaptic and secretory vesicles (Baj-
jalieh et al., 1992; Feany et al., 1992; Gingrich et al., 1992). Two
additional isoforms of SV2 were identified more recently, and the
three forms of SV2 were named SV2A, SV2B, and SV2C (Baj-
jalieh et al., 1993; R. Janz and T. C. Siidhof, unpublished obser-
vations). Studies of the distribution of SV2A and SV2B in brain
by in situ hybridization and immunocytochemistry revealed that
SV2A is ubiquitously present in most synapses (Bajjalieh et al.,
1994). SV2B has a more restricted pattern of expression that
partially overlaps with that of SV2A. The distribution of SV2C is
unknown. The expression of SV2A or SV2B does not correlate
with known properties of neurons, such as neurotransmitter type,
indicating that different SV2 isoforms are not directly associated
with distinct functional characteristics of neurons.

All three SV2 isoforms (SV2A, SV2B, and SV2C) react with
the monoclonal SV2 antibody, are localized to synaptic vesicles,
and are similarly homologous to transport proteins (Bajjalieh et
al., 1993; Janz and Siidhof, unpublished observations). This sug-
gests that SV2A, SV2B, and SV2C are functionally similar. Al-
though the abundant presence of SV2 on synaptic vesicles indi-
cated an important function, no specific role for SV2 has been
discovered. Initial proposals that SV2 proteins serve as neuro-
transmitter transporters (Feany et al., 1992) were made unlikely
by the ubiquitous expression of SV2 proteins that is indicative of
a function common to all synaptic vesicles (Bajjalieh et al., 1994).
Furthermore, no SV2 genes were identified in invertebrates. The
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Figure 1. Alignment of SVOP and SV2 sequences. The amino acid sequences of rat (R), C. elegans (C), and Drosophila (D) SVOPs, rat SV2A4, SV2B,
and SV2C, and an organic cation transporter (OCT1) from rat are aligned with each other. Gaps are indicated by hyphens. Residues conserved in >50%
of all sequences are shown on a red background, residues conserved only in SVOPs are on a green background, and residues conserved in SV2 isoforms
are on a blue background. The 12 transmembrane domains are marked by numbered lines above the sequences. Asparagine (Figure legend continues)
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lack of SV2-related sequences in invertebrates was particularly
puzzling in view of the abundance and conservation of SV2 in
vertebrates. Because no specific transport activity for SV2 could
be identified in spite of a large effort, it is possible that SV2
isoforms were evolutionarily derived from transporters but
adopted a new function as structural vesicle components. This
hypothesis was supported by the extensive glycosylation of SV2,
suggesting that they may represent matrix proteins for synaptic
vesicles with a structural function.

Here we describe the cloning and characterization of a novel
synaptic vesicle protein that is similar to SV2. Because of its
distant relation to SV2, we named this protein SVOP (SVtwo-
related protein) SVOP is also a component of synaptic vesicles,
probably in colocalization with SV2, but is not glycosylated.
SVOP may represent an evolutionary precursor of SV2 because
homologous genes are found in the invertebrates Caenorhabditis
elegans and Drosophila melanogaster. However, the lack of exten-
sive glycosylation eliminates a matrix function for SVOP. Our
data indicate that vertebrate synaptic vesicles contain at least two
classes of proteins related to transporters, only one of which
appears to be evolutionarily conserved.

MATERIALS AND METHODS

Cloning of SVOP and construction of expression vectors. A rat brain A\ZAP
c¢DNA library (Stratagene, La Jolla, CA) was screened with a 690 bp
Pst]/BamHI fragment from mouse EST clone IMAGE #312052. Three
overlapping clones were isolated and sequenced. Their assembled se-
quence contained an open reading frame of 548 amino acids (see Fig. 1).
We combined inserts from two cDNA clones to generate a eukaryotic
expression vector for full-length SVOP (pCMV-SVOP) containing a
2.05 kb EcoRI/HindIII insert in pCM V5 (Andersson et al., 1989). The
bacterial expression vectors pGEX-SVOP and pMAL-SVOP encoding
amino acids 2-85 of SVOP fused to glutathione S-transferase (GST) or
maltose-binding protein (MBP) were constructed in pMAL-c2 (New
England Biolabs, Beverly, MA) and pGEX-KG (Guan and Dixon, 1991).
pMal-Cgyr was described previously (Janz and Siidhof, 1998). Expres-
sion of bacterial fusion proteins was performed as described (Li et al.,
1995; Janz and Siidhof, 1998). The expression vectors pCM V-myc-SV2A
and -SV2B were generated by cloning the coding sequence of the rat
SV2A and SV2B cDNAs (gifts of Drs. Bajjalieh and Scheller, Stanford
University) (Bajjalieh et al., 1992, 1993) into pCMV5-myc. The rat
SV2C clone was similarly cloned into pCM V5 to generate pPCM V-SV2C
(Janz and Siidhof, unpublished observations).

Sequence analyses. These analyses were performed exclusively at the
amino acid level. Analyses were initially made using Dnastar, with
manual optimization of sequence alignments. Databank searches were
executed using BLAST (Altschul et al., 1990) with the default settings of
National Center for Biotechnology Information (for GenBank), the
Sanger Center (for the C. elegans database), and the Berkeley Drosophila
Genome Project (for the Drosophila database) using the Netscape 3.0
browser. Profiles of the SVOP, SV2, and sugar transporter families were
constructed using the pftools package (Bucher et al., 1996). The profiles
were used for searching current DNA and protein databases as described
(Brose et al., 1995; Bucher et al., 1996). Phylogenetic trees were calcu-
lated from profile-derived multiple alignments by the CLUSTALW
V1.74 program (Thompson et al., 1994) using the neighbor-joining algo-
rithm (Saitou and Nei, 1987). Before tree construction, nonconserved
regions and regions containing insertions or deletions were removed from
the alignment. Tree reliability was tested by bootstrap analysis as de-
scribed (Brose et al., 1995; Bucher et al., 1996).

Immunological procedures. Rabbits were immunized with GST-SVOP
fusion protein. The resulting antiserum was affinity-purified on the
MBP-SVOP fusion protein coupled to cyanogen bromide-activated
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Sepharose (Pharmacia, Piscataway, NJ). The purified SVOP polyclonal
antibody and ascites from the SV2 monoclonal cell line (Buckley and
Kelly, 1985) (gift of Dr. R. Jahn, Goettingen) were used in a dilution of
1:2000 for immunoblots and 1:200 for immunohistochemistry. Secondary
peroxidase-coupled goat anti-rabbit or anti-mouse antibodies were from
Cappel (West Chester, PA) and were used in a dilution of 1:10,000. For
the blocking experiments, MBP-SVOP and MBP-Cgyr were added to
the primary antibody at a concentration of 5 ug/ml during the immuno-
cytochemical staining reaction. Immunohistochemistry of adult rat brain
was performed as described in Rosahl et al. (1995).

Protein analysis. Samples were mixed with 2X SDS-PAGE sample
buffer, incubated at 37°C for 5 min but not boiled, and separated on 8 or
10% SDS-PAGE gels (Laemmli, 1970). The proteins were electrotrans-
ferred onto nitrocellulose filters according to the method of Towbin et al.
(1979). Blots were blocked for 1 hr in TBST (0.1% Tween 20, 150 mm
NaCl, and 10 mMm Tris-HCI, pH 7.0) containing 5% nonfat dry milk and
5% goat serum, incubated for 1 hr with the primary antibody in the same
buffer, and washed five times for 5 min each with TBST. Blots were then
reacted for 1 hr with peroxidase-coupled secondary antibodies in TBST
with 5% dry milk and 5% goat serum, washed five times for 5 min each
with TBST, and processed for enhanced chemiluminescence using the
Amersham kit (Arlington Heights, IL). For the analysis of
N-glycosylation, 0.2 mg of total brain protein was denatured in 0.5% SDS
and 1% B-mercaptoethanol in 0.1 ml at 90°C for 10 min and cooled to
room temperature. Triton X-100 (1% final concentration) and 50 mm
Na,PO,, pH 7.5, were added, and the sample was incubated for 10 min
at 37°C with or without 2500 units of PNGase F (New England Biolabs).
Samples (20 ug/lane) were then analyzed by SDS-PAGE and immuno-
blotting as described above.

Subcellular fractionations. Rat brain fractionations were performed
essentially as described by Huttner et al. (1983). Two rat brains were
homogenized in 30 ml of homogenization buffer (0.32 M sucrose, 10 mMm
HEPES-NaOH, pH 7.4, 0.1 mM phenylmethylsulfonyl fluoride, 1 mg/1
pepstatin, 10 mg/l leupeptin, and 10 mg/I aprotinin) using a glass teflon
homogenizer (10 strokes; 900 rpm). The homogenate was centrifuged at
750 rpm in an HB4 rotor. The pellet was saved (P1), and the supernatant
was centrifuged again at 7600 rpm in an HB4 rotor. The pellet was
resuspended in 40 ml of homogenization buffer and recentrifuged at
7600 rpm in an HB4 rotor to yield the synaptosomal pellet (P2). The
supernatants of the last two spins were pooled (S2). The synaptosomes in
P2 were resuspended in 5 ml of homogenization buffer, lysed hypo-
osmotically by dilution with 45 ml of 5 mm HEPES-NaOH, pH 7.4,
containing protease inhibitors (PMSF, leupeptin, pepstatin, and aproti-
nin), and homogenized with a glass teflon homogenizer (10 strokes; 900
rpm) followed by shaking at 4°C for 15 min. The lysed synaptosomes
were centrifuged for 20 min at 10,000 rpm in an HB4 rotor to obtain the
LP1 pellet, and the supernatant of this spin was centrifuged again for 1
hr at 60,000 rpm in a TL 100.4 rotor to obtain the LP2 pellet and the LS2
supernatant. Synaptic vesicles purified by controlled pore-glass chroma-
tography (Jahn et al., 1986) were a gift of S. Butz. Chromaffin granules
and adrenal microsomes were prepared by homogenizing bovine adrenal
medullae in 5 vol of 0.3 M sucrose and 10 mm HEPES-NaOH, pH 7.4,
followed by a 10 min centrifugation at 800 X g to remove debris.
Chromaffin granules were pelleted from the resulting supernatant by
centrifugation (20 min at 26,000 X g) and further purified over a 1.6 M
sucrose step gradient (Smith and Winkler, 1967). The microsomes in the
supernatant of the 26,000 X g centrifugation were pelleted by a 1 hr
centrifugation at 100,000 X g. The protein concentrations of all fractions
were determined using the Bio-Rad (Hercules, CA) Coomassie protein
assay. For purification of synaptic vesicles by organelle immunoprecipi-
tation, beads coated with antibodies to synaptotagmin and synaptobrevin
or control beads containing only glycine were used to specifically isolate
synaptic vesicles from brain homogenates as described (Baumert et al.,
1990; Burger et al., 1991). Equivalent amounts of all fractions were
analyzed by immunoblotting as described below.

Cell culture. COS cells were cultured in DMEM with 10% FCS and
were transfected using DEAE-dextran with chloroquine and a 2 min

residues in N-linked glycosylation consensus sequences are shown in black. Sequences are named on the left and numbered on the right. The C. elegans
and Drosophila SVOP sequences were assembled from genomic databanks. The N-terminal exon of the Drosophila SVOP sequence is absent because it
could not be identified in the genomic sequence. The SV2A and SV2B sequences are from Bajjalieh et al. (1993), and the SV2C sequence is from Janz

and Siidhof (unpublished observations).
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Figure 2. Phylogenetic tree of the SVOP/SV2 gene family: relation to transport proteins. Genes are identified on the right by their GenBank accession
numbers. The substrates for known transporters and the species of origin for each gene are listed in parentheses on the right. Genes were grouped into
classes based on their nearest-neighbor relations. Note that SV2, SVOP, the organic cation and anion transporters, and a single bacterial sequence, the
Ycel gene from B. subtilis, form a single subgroup of related sequences. Bifurcation points were confirmed by bootstrapping; the numbers of replications
per 100 runs are shown next to the bifurcation points. Names of sequences used in Figure 1 are bolded.

glycerol shock as described by Gorman (1985), with 6.6 ug of DNA for
900,000 cells in a 10 cm dish. Seventy-two hours after transfection, cells
were washed once with PBS, harvested in SDS sample buffer with a
rubber policeman, and sheared by 10 passages through a 25 gauge needle
before analysis by SDS-PAGE.

Northern blots. A 690 bp Pst1/BamHI fragment from the mouse SVOP
cDNA clone IMAGE #312052 with 160 bp of 5'-untranslated sequence
and with a 530 bp coding region was labeled with [«->P]dCTP and used
as a probe on multitissue RNA blots from Clontech (Cambridge, UK).

Blots were washed once for 10 min with 2X SSC at room temperature
and twice for 30 min at 55°C in 0.1X SSC and 0.1% SDS. Blots were
exposed to film at —70°C with a screen.

RESULTS

Identification of SVOP
Homologs of most synaptic vesicle proteins are present in inver-
tebrates and in vertebrates in which they perform similar func-
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Figure 3. Tissue distribution of SVOP expression. A rat multitissue
RNA blot was hybridized with a cDNA probe for SVOP at high stringency
and exposed for 4 hr (top) or 12 hr (bottom). Two mRNA species are
observed only in brain even after long exposures ( filled arrowheads). The
single cross-hybridizing mRNA observed in testis (open arrow) is proba-
bly an artifact because it does not correspond in size to SVOP brain
mRNAs and because a similar band is also observed with other unrelated
probes in testis.

tions (see for example Mclntire et al., 1997; Nonet et al., 1997).
To investigate whether isoforms of the vertebrate vesicle protein
SV2 are expressed in invertebrates, we searched the C. elegans
and Drosophila genome and EST databases. We identified se-
quences in the C. elegans and the Drosophila genomes with low
but significant homology to vertebrate SV2 proteins. In C. elegans,
this sequence corresponds to a gene of unknown function called
YOU1 (GenBank accession #586797). YOU1 encodes a protein
of 536 amino acids (Fig. 1). The Drosophila sequence was assem-
bled from the sequence of a P1 clone (#DS00543; subclone 1-f8)
by linking putative exons. However, the first exon of the Drosoph-
ila gene could not be identified in the genomic sequences, possibly
because of a low degree of sequence conservation.

The C. elegans and Drosophila sequences are highly homolo-
gous to each other (45.8% amino acid sequence identity) but only
distantly related to SV2A, SV2B, and SV2C (20-22% amino acid
sequence identity; Fig. 1). Analysis of the C. elegans and Drosoph-
ila sequences predicts that they include 12 transmembrane do-
mains similar to that of SV2, with the highest conservation ob-
served in the transmembrane regions. Thus we have identified a
conserved gene in C. elegans and Drosophila that is related to
vertebrate SV2. We found no sequences in the invertebrate da-
tabanks with a higher degree of homology to SV2s than C. elegans
youl and its Drosophila counterpart. The databanks searched
include the C. elegans genome sequence that currently contains
>75% of the total C. elegans genome, indicating that C. elegans
may have no other SV2 homologs. A partial sequence resembling
SV2 from mosquito has been reported in GenBank (accession
#AF049228). However, the incompleteness of this sequence and
its low degree of homology to SV2 or to YOU1 make it unclear
whether the corresponding protein corresponds to an inverte-
brate SV2 or to another related protein.
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Figure 4. Expression of SVOP in transfected COS cells and brain:
specificity of antibodies. COS cells transfected with SV2A (lane 1), SV2B
(lane 2), SV2C (lane 3), SVOP (lane 4), and control expression vectors
(lane 5) and rat brain homogenate (lane 6) were analyzed by SDS-PAGE
and immunoblotting using a polyclonal antibody against SVOP (fop) or
the monoclonal antibody against SV2 (bottom). Positions of specific bands
are indicated by arrowheads on the right. The cross-reacting unrelated
band observed with the SVOP antibody in COS cells but not in brain is
marked by an open arrow. Numbers on the left indicate positions of
molecular weight markers. Note the multiple heterogeneous bands for
SV2A, SV2B, and SV2C in transfected COS cells that are caused by
incomplete glycosylation (Janz and Siidhof, unpublished observations).

Do C. elegans YOU1 and its Drosophila counterpart represent
an invertebrate SV2 ortholog or a separate, independently con-
served protein? To address this, we searched for YOU1-related
sequences in the human and mouse EST databases. A mouse EST
sequence (IMAGE clone #312052) was found that exhibits a
higher degree of homology to C. elegans YOUT than to vertebrate
SV2s. This suggests that the mouse EST sequence may be part of
a vertebrate ortholog of YOUI1 and that YOU1 and SV2 are
independently conserved in vertebrate evolution. To clarify this
question, we isolated and sequenced full-length rat brain cDNA
clones corresponding to the mouse EST (Fig. 1). The protein
encoded by the cDNAs is composed of 548 amino acids with a
high degree of homology to YOU1 (48.3% amino acid sequence
identity) and its Drosophila counterpart (48.5% identity) but with
only a low degree of homology to SV2 (20-22% identity). We
named the new protein SVOP for SVtwo-related protein because
it is distantly related to SV2 and shares with SV2 the presence of
12 transmembrane regions and homology to bacterial transport-
ers. However, SVOP is not an isoform of SV2 because its se-
quence is quite dissimilar from SV2, it lacks some of the struc-
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Figure 5. SV2 but not SVOP is N-glycosylated. Rat brain proteins (20
ung/lane) were incubated with (left lanes for SVOP and SV2) or without
(right lanes for SVOP and SV2) PNGase F. Protein extracts were analyzed
by SDS-PAGE and immunoblotting for SVOP and SV2 as indicated.
Molecular weight standards are indicated on the right.

tural features of SV2 (see below), and it is separately conserved in
evolution.

Homologies of SVOP

The sequences of rat, C. elegans, and Drosophila SVOP are
aligned with each other and with the sequences of rat SV2A,
SV2B, and SV2C in Figure 1. The sequence of the most closely
related protein, the organic cation transporter OCT1 (see below),
is also included in the alignment. The alignment reveals that these
proteins share a similar overall structure with 12 putative trans-
membrane domains. Their sequence homology extends over the
entire proteins except for the N and C terminals. SVOP and SV2
are most homologous in their transmembrane regions and cyto-
plasmic loops connecting the transmembrane regions. They are
most dissimilar in the intravesicular loops in addition to the
cytoplasmic N and C terminals. Most striking is the large intra-
vesicular sequence of SV2 that is located between the seventh and
eighth transmembrane regions. This sequence is highly conserved
in all isoforms of SV2 but absent from SVOP (Fig. 1).

In agreement with previous findings (Bajjalieh et al., 1992,
1993; Feany et al., 1992; Gingrich et al., 1993), databank searches
revealed that SV2 is significantly related to a variety of transport
proteins (Fig. 2). These include bacterial, yeast, and vertebrate
transporters for sugars, phosphates, organic acids, and organic
cations. Does this also apply to SVOP, and are there differences
between SV2 and SVOPs in their homology patterns? This was
evaluated by a systematic databank analysis using the profile
method (Bucher et al., 1996). Generalized profiles are position-
specific scoring tables that are typically derived from multiple
alignments and used for sequence database searches and align-
ments. In addition to the pure sequence information, profiles also
contain alignment-based information, such as the degree of con-
servation or the occurrence of deletion and/or insertion gaps. The
resulting benefits, compared with single sequence-based methods,
are a higher sensitivity in database searches and an improved
alignment accuracy (Bucher et al., 1996).

Profiles of the SV2 and SVOP subfamilies were constructed
from corresponding multiple alignments and used for establishing
sequence relationships between the two families and the sugar
transporter superfamily. Subsequently, profiles of the sugar trans-
porter superfamily were used to align all sequences analyzed in
Figure 2. From the resulting superfamily alignment, a phyloge-
netic tree was constructed using the neighbor-joining algorithm

Janz et al. « SVOP, a Novel Synaptic Vesicle Transporter

ST

210 —
11 - anti-SVOP
83— polyclonal
% 46 —
%
= 210 —
-
nr - anti-SV2
83 — -s monoclonal
46 —

Figure 6. Developmental time course of SVOP and SV2 expression in
brain. Equivalent amounts of rat brain protein from embryonic day 19
(E19), postnatal days 1, 4, 11, and 18 (PI, P4, P11, and PI18), and adult
animals were analyzed by immunoblotting with the polyclonal SVOP
(top) and the monoclonal SV2 (bottom) antibody. Numbers on the left
indicate positions of molecular weight markers.

(Saitou and Nei, 1987). Tree reliability was tested by bootstrap
analysis that calculates multiple trees using different subsets of the
available data. The robustness of a predicted branch point is
evaluated by counting how many of the subtrees exhibit the same
particular branching pattern, and the results are depicted in a
dendrogram (Fig. 2).

As expected, SVOP and SV2 form two separate but related
families. The closest relative of SVOP is a family of organic anion
and cation transporters that includes OCTs, ROAT, and ORCT
(Koepsell, 1998). For SV2, the most homologous sequence is a
Bacillus subtilis gene of unknown function named Ycel (Fig. 1).
SVOP, SV2, organic cation and anion transporters, and Ycel
belong to a single subgroup of homologous proteins as indicated
by a bootstrapping value of 41 (Fig. 2). They are more distantly
related to a large number of transporters, including a group of
sugar and phosphate transporters shown at the top of the den-
drogram (bootstrapping value 18), and to a variety of transporters
for complex organic acids, shown in the bottom half of the
dendrogram (Fig. 2).

This analysis places SV2 and SVOP into the context of trans-
port proteins that are mostly localized to the plasma membrane.
Although this result strongly suggests that SV2 and SVOP func-
tion as transporters, it is difficult to predict the nature of the
transported molecule. The proteins that are related to SVOP and
SV2 transport both anions and cations and transport inorganic as
well as organic compounds. The majority of the proteins to which
SVOP and SV2 are homologous are involved in transporting
organic anions and cations, suggesting that SVOP and SV2 also
transport a charged molecule. A possible function for SVOP and
SV2in transporting a positively charged molecule is supported by
the presence of conserved negatively charged amino acids in the
first transmembrane region (Fig. 1).

Tissue distribution of SVOP mRNA

We hybridized a rat multitissue RNA blot with SVOP probes
under high stringency using a conserved region of the mouse EST
clone (Fig. 3). The autoradiograms revealed that among the
tissues tested, SVOP mRNAs were only detectable in brain. An
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Figure 7. Analysis of the localization of SVOP by subcellular fraction-
ation. The following rat brain fractions were analyzed: brain homogenate
(Total); low-speed pellet (P1); crude synaptosomes (P2); supernatant of
synaptosomal fraction (52); low-speed pellet of lysed synaptosomes con-
taining synaptic plasma membranes, myelin, and mitochondria (LPI);
high-speed pellet from lysed synaptosomes enriched in synaptic vesicles
(LP2); synaptosomal cytosol (LS2); and synaptic vesicles purified from
LP2 by controlled pore-glass chromatography (SV'). Equivalent amounts
of each fraction were immunoblotted with antibodies to SVOP (fop) and
SV2 (middle). The SV2 blot was reprobed with antibodies to NMDA-
receptor and muncl8-1 (bottom) to show that these proteins de-enrich
during synaptic vesicle purification. Numbers on the right indicate posi-
tions of molecular weight markers.

abundant mRNA of ~4 kb and a less abundant mRNA of ~2 kb
were observed. Even long exposures did not reveal additional
cross-hybridizing mRNAs except in testis where we detected a
signal at ~2.4 kb (Fig. 3, open arrow). This signal probably
represents an artifact because we have observed similar testis-
specific signals with other unrelated probes. Immunoblots with a
SVOP-specific antibody (see below) confirmed the tissue distri-
bution deduced from the RNA blot (data not shown).

Properties of the SVOP protein

To study the SVOP protein, we generated a polyclonal anti-
body against a GST-fusion protein containing the N-terminal
85 residues of SVOP. The antibody was affinity-purified on
immobilized MBP-SVOP fusion protein and tested by immu-
noblotting using brain homogenates and transfected COS cells.
For this purpose we transfected COS cells with a control
expression vector and with expression vectors encoding SVOP,
SV2A, SV2B, and SV2C.

In brain and SVOP-transfected COS cells, we observed a single
protein of ~60 kDa that reacted with the SVOP antibody (Fig. 4).
This band was not present in COS cells transfected with control
DNA or with SV2 expression vectors, suggesting that the 60 kDa
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Figure 8. Copurification of SVOP with synaptogyrin on immunopre-
cipitated synaptic vesicles. Synaptic vesicles were captured on immuno-
beads from brain homogenates (Total) with beads coated with glycine
only (Glycine-Beads; control) or with antibodies to synaptotagmin
(Synaptotagmin-Beads) or synaptobrevin (Synaptobrevin-Beads). Bead
fractions were immunoblotted for SVOP (fop) or synaptogyrin (bottom).

protein corresponds to SVOP (Fig. 4). The apparent size of
SVOP in transfected COS cells agrees well with its predicted
molecular weight and is identical to that observed in brain. In
addition to the 60 kDa band, the SVOP antibody recognized an
endogenous COS cell protein of ~90 kDa (Fig. 4, open arrow).
This band was absent from brain tissues in which the SVOP
antibody was monospecific. When we analyzed transfected COS
cells and brain homogenates with the SV2 monoclonal antibody,
we detected a ladder of immunoreactive bands. These bands were
observed only in SV2A-, SV2B-, and SV2C-transfected COS cells
and not in control or SVOP-transfected COS cells. In brain, the
SV2 monoclonal antibody reacted with a fuzzy band that was less
heterogeneous than that in COS cells (Fig. 4).

The heterogeneous ladder of bands detected with the SV2
monoclonal antibody in the transfected COS cells is probably
caused by incomplete glycosylation of SV2 in transfected COS
cells. Similar to other synaptic proteins, SV2 is more extensively
glycosylated in COS and endocrine cells than in synaptic vesicles
(Buckley and Kelly, 1985; Johnston et al., 1989). In contrast, the
sharpness of the SVOP band and its exact correspondence to the
predicted molecular weight of SVOP suggested that SVOP is not
glycosylated. To test this hypothesis, we used PNGase F, a gly-
cohydrolase that specifically cleaves N-linked sugars. Proteins in
brain homogenates were unfolded with SDS to make the glyco-
sylation sites accessible. SDS was then quenched with Triton
X-100, and the samples were incubated with PNGase F or control
buffer. Immunoblotting revealed that this treatment decreased
the apparent size of SV2 by 15-20 kDa (Fig. 5). The apparent size
of SVOP, however, was unchanged, confirming that SV2 is
N-glycosylated but SVOP is not. Similar experiments with trans-
fected COS cells gave the same results (data not shown).

Time course of SVOP expression in development

In mammals, most synapses are formed postnatally in the first 3
weeks of life. This leads to a corresponding increase in the levels
of synaptic vesicle proteins as a function of development. To
compare the developmental profiles of SVOP and SV2, we im-
munoblotted equivalent amounts of proteins from rat brain at
different developmental ages (embryonic day 19; postnatal days 1,
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Figure 9.

SV2 A/B/C

Immunocytochemical localization of SVOP in rat cerebellum. Sagittal sections were stained with the following antibodies using peroxidase

detection with heavy metal enhancement: polyclonal SVOP antibody without additions (A4), SVOP antibody incubated with MBP-SVOP fusion protein
as a specific blocking agent (B), SVOP antibody incubated with M BP-cellugyrin fusion protein as a nonspecific blocking agent (C), or SV2 monoclonal
antibody (D). Note the exact correspondence in staining patterns between SVOP and SV2. Scale bar, 0.5 mm.

4,11, and 18; and adult). The results revealed that SVOP and SV2
exhibit remarkably different patterns of developmental expres-
sion. SVOP was present during late embryonic development and
displayed a continuous postnatal increase (Fig. 6). In contrast,
SV2 was undetectable before birth under the low-sensitivity con-
ditions used but experienced a major increase in levels after birth.
We observed that the relative amount of SV2 more than doubled
between P18 and adult brain, whereas SVOP levels decreased
slightly during the same time period.

Subcellular localization of SVOP

The brain-specific expression of SVOP and its similarity to SV2
suggest that it may be a synaptic vesicle protein. To test this, we
isolated different subcellular fractions from rat brain (Huttner et
al., 1983). Crude synaptosomes (P2) were lysed hypo-osmotically
and fractionated into a low-speed pellet (LP1) comprising pri-
marily synaptic plasma membranes, myelin, and mitochondria; a
high-speed pellet (LP2) enriched in synaptic vesicles; and a su-

pernatant (LS2) containing soluble synaptosomal proteins. Fi-
nally, we also examined highly purified synaptic vesicles obtained
by controlled pore-glass chromatography. We analyzed equiva-
lent amounts of protein from each fraction by SDS-PAGE and
immunoblotting with SVOP and SV2 antibodies (Fig. 7). The
results show that both proteins are highly enriched in synaptic
vesicles. The degree of enrichment is very similar for SVOP and
SV2, indicating that both are similarly concentrated on small
synaptic vesicles (Fig. 7).

To confirm that SVOP is enriched on synaptic vesicles, we
performed immunoprecipitations of synaptic vesicles from brain
homogenates with beads coated with glycine (control) or with
antibodies to synaptotagmin and synaptobrevin (Fig. 8). The
starting material and the pellets were analyzed by immunoblot-
ting for SVOP and for synaptogyrin as a synaptic vesicle marker
(Baumert et al., 1990). Although the signal for synaptogyrin on
the blots is much stronger than the SVOP signal (possibly because
of the superior quality of the synaptogyrin antibodies), SVOP
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Immunocytochemical localization of SVOP in hippocampus and cortex. Rat brain sections were stained by immunoperoxidase labeling with

polyclonal antibody to SVOP (A4), SVOP antibody blocked with MBP-SVOP fusion protein (B), SVOP-antibody blocked with M BP-cellugyrin fusion

protein (C), or SV2 monoclonal antibody (D). Scale bar, 0.5 mm.

clearly copurified with synaptogyrin and was highly enriched in
the immunoprecipitated vesicles (Fig. 8).

Immunohistochemical localization of SVOP

The subcellular fractionation shows that SVOP and SV2 are both
present on synaptic vesicles but does not disclose their relative
distributions in brain. To determine which brain areas express
SVOP, we performed immunocytochemical experiments using
the sensitive peroxidase—antiperoxidase method with signal am-
plification by heavy metal enhancement. Analysis of sagittal sec-
tions of the cerebellum with affinity-purified antibodies to SVOP
demonstrated reactivity in all synaptic layers, with dense labeling
of the molecular layer and less intense staining in the granule cell
layer (Fig. 94). To test the specificity of the staining pattern, we
added MBP-SVOP fusion protein as a blocking agent to the
SVOP antibody during immunocytochemistry. The MBP-SVOP
fusion protein used for blocking contains the same SVOP se-
quences as the GST-SVOP fusion protein used for immunization.
SVOP staining was completely blocked by MBP-SVOP (Fig. 9B)

but was unaffected by an unrelated M BP-fusion protein applied
at the same concentration (Fig. 9C). When we probed an adjacent
section of the cerebellum for SV2, we obtained a pattern of
immunoreactivity indistinguishable from that of SVOP (Fig. 9D).
Together these data establish the specificity of the SVOP immu-
nocytochemistry and demonstrate that SVOP and SV2 are
present throughout the cerebellum with similar localizations.
We next analyzed the distribution of SVOP in the hippocam-
pus and cerebral cortex. Again we observed immunolabeling of all
areas containing synapses in a specific reaction that was blocked
by MBP-SVOP fusion protein but not by an unrelated fusion
protein (Fig. 10A4-C). In the hippocampus, staining for SVOP was
very similar to that for SV2 (Fig. 10D). In the cerebral cortex,
however, SVOP was present in a more complex pattern that
differed from that of SV2. Although SVOP was found in all
cortical layers, it exhibited a heterogeneous distribution with
relatively high levels in layers 3 and 5 and low levels in layers 4
and 5 (Fig. 104). The higher magnification pictures (Fig. 114,C)
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Figure 11.

Comparison of the distributions of SVOP and SV2 in rat brain cortex. Sections were stained with polyclonal SVOP antibody (4, C) or

monoclonal SV2 antibody (B, D). Cortical layers are identified in 4 and B. C and D show a higher magnification of layer 5 from 4 and B. The large
pyramidal cells stained with the SVOP antibody but not the SV2 antibody are marked with arrows (C, D). Scale bars: 4, B, 0.25 mm; C, D, 25 pm.

revealed strong staining for SVOP in large pyramidal cells in
layers 3 and 5. In contrast, these pyramidal cells were not labeled
by SV2 antibodies (Fig. 11B,D). These data show that the overall
staining patterns for SVOP and SV2 are very similar and suggest
a colocalization to synapses. However, SVOP and SV2 do not
completely overlap, indicating that SVOP is also localized in
nonsynaptic compartments.

SVOP in adrenal chromaffin granules

and microvesicles

Extensive studies on endocrine cells demonstrated that they
express homologs of synaptic vesicle proteins on two separate
compartments: relatively large secretory granules and small
synaptic-like microvesicles (Thomas-Reetz and De Camilli,
1994). The granules are exocytosed in response to stimulation,
whereas the role of the synaptic-like microvesicles is unknown.
Interestingly, synaptic vesicle protein isoforms are differentially
targeted to these two compartments. For example, chromaffin
cells express two isoforms of rab3, rab3A and rab3C. Rab3A is

preferentially localized on synaptic-like microvesicles, whereas
rab3C is concentrated on chromaffin granules (Fischer von Mol-
lard et al., 1990; Li et al., 1994). SV2 is found on chromaffin
granules, indicating that it plays a role in both synaptic exocytosis
and endocrine exocytosis (Buckley and Kelly, 1985). Synaptophy-
sin, in contrast, is enriched on synaptic-like microvesicles (Lowe
et al., 1988; Thomas-Reetz and De Camilli, 1994).

To evaluate the distribution of SVOP in chromaffin cells, we
analyzed chromaffin granules and microsomes (that include
synaptic-like microvesicles) purified from bovine adrenal me-
dulla. The relative amount of SVOP in these fractions and in
bovine brain was then compared with the levels of other synaptic
proteins (Fig. 12). SVOP was highly enriched in microsomes and
relatively excluded from chromaffin granules in contrast to SV2
that exhibited the opposite pattern. The distribution of SVOP
resembled that of rab3A and synaptogyrin, two unrelated synap-
tic vesicle proteins that are enriched on synaptic-like mi-
crovesicles (Baumert et al., 1990; Fischer von Mollard et al.,
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Figure 12.  Relative distributions of SVOP and SV2 in adrenal chromaf-
fin granules and microsomes containing synaptic-like microvesicles.
Equivalent amounts of protein from bovine brain (lane 1), bovine chro-
maffin granules (lane 2), and bovine adrenal medulla microsomes (lane 3)
were analyzed by immunoblotting with antibodies to the indicated pro-
teins. Numbers on the left indicate positions of molecular weight markers.

1990). The synaptic vesicle proteins synaptotagmin I and rab3C,
conversely, exhibited patterns resembling those of SV2 (Fig. 12).
We detected no synapsins in the chromaffin cell fractions at our
level of detection, thereby confirming that the signal observed is
not attributable to nerve terminal contamination. These data
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show that SV2 and SVOP have distinct localizations in endocrine
cells in spite of their apparent colocalization to synaptic vesicles
in neurons. They also suggest that SVOP is not a general com-
ponent of all secretory vesicles.

DISCUSSION

Synaptic vesicles are relatively simple and uniform organelles that
are abundant in neurons. Because of their small size, synaptic
vesicles contain comparatively few proteins. A large amount of
effort from many laboratories has resulted in a molecular descrip-
tion of synaptic vesicles that seems to be nearly complete (for
review, see Siidhof, 1995). As a result of these studies, synaptic
vesicles are thought to be composed of a limited number of
protein families, most of which contain several isoforms that are
differentially distributed. Quantitative evaluations of the amounts
of the different vesicle proteins suggest that the majority of the
synaptic vesicle proteins has been discovered (Jahn and Siidhof,
1992). In view of this it is a surprise that synaptic vesicles contain
an additional general component, SVOP, that was not recognized
previously.

SVOP is a nonglycosylated synaptic vesicle protein expressed
in all brain areas. It contains 12 transmembrane regions with few
cytoplasmic sequences and has a highly hydrophobic character.
SVOP is evolutionarily conserved, with 48% amino acid sequence
identity between vertebrate and invertebrate forms. It is distantly
related to the different isoforms of SV2 (SV2A, SV2B, and
SV2C), with which it shares 20-22% sequence identity. SVOP
and SV2 have the same transmembrane topology, and both local-
ize to synaptic vesicles. SVOP differs from SV2, however, because
it contains fewer cytoplasmic and intravesicular sequences and
lacks the large intravesicular glycosylated loop between the sev-
enth and eighth transmembrane regions. Although SVOP and
SV2 are both highly enriched in synaptic vesicles and exhibit
almost identical staining patterns in brain, they also display dif-
ferences in distribution. In brain, SVOP appears to be at least
partially present outside of synapses, for example, in the cell
bodies of cortical pyramidal neurons. Conversely, in chromaffin
cells SV2 is enriched on secretory granules and localized at lower
levels on synaptic-like microvesicles, whereas SVOP is not abun-
dant in the granules but enriched in microvesicles.

One of the most interesting results from the molecular anatomy
of synaptic vesicles is that most proteins are conserved between
vertebrates and invertebrates. Synaptic vesicle proteins are often
represented by multiple isoforms in vertebrates and a single
isoform in invertebrates. This suggests that in evolution, the
architecture of synaptic vesicles was primarily conserved but the
number of genes was amplified. In vertebrates, the generation of
multiple genes encoding vesicle protein isoforms may have oc-
curred to allow for fine tuning of expression patterns and/or
functions. Because SV2 is such an abundant and ubiquitous
component of synaptic vesicles and secretory granules, it was
puzzling that no SV2 isoforms could be identified in inverte-
brates. Although it is currently unclear whether invertebrates
express SV2, it is certain that SVOP is an evolutionarily con-
served component of synaptic vesicles and that SVOP and SV2
are evolutionarily related. It is possible that SV2 is not present in
invertebrates and represents an evolutionary offshoot of SVOP
and related proteins. This hypothesis implies that SVOP per-
forms a very basic function in all metazoa, whereas SV2 repre-
sents a specialized vertebrate version. Completion of the se-
quence of C. elegans will allow testing of this hypothesis.
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What could be the physiological function of SVOP? Systematic
sequence analyses showed that SVOP and SV2 are related to
transporters for organic anions and cations, phosphates, and sug-
ars. This suggests that SVOP and SV2 represent a vesicular
transporter for a molecule that is probably charged. The presence
of conserved charged residues in the transmembrane regions of
SVOP and SV2 supports this suggestion. Because these residues
differ between SVOP and SV2, SVOP and SV2 presumably trans-
port different substrates. However, extensive efforts have failed to
identify a transport activity for SV2 (Gingrich et al., 1992; M.
Caron, personal communication; R. Jahn, personal communica-
tion; R. Scheller, personal communication). Preliminary studies
for SVOP have also been unsuccessful (Janz and Siidhof, unpub-
lished observations). Thus it is unclear whether SVOP and SV2,
in spite of their sequence homologies, are in fact transporters. A
least three transport activities of synaptic vesicles have not yet
been associated with known proteins: glutamate transport, ATP
transport, and chloride fluxes. The ubiquitous distributions of
SVOP and SV2 argue against functions as glutamate or ATP
transporters because these molecules are thought to be present
only in subsets of synaptic vesicles. Furthermore, SVOP and SV2
exhibit no sequence homology to neurotransmitter transporters
that have been cloned previously. Although the possibility that
SVOP and/or SV2 represent chloride channels cannot be ex-
cluded, their lack of homology to known chloride channels, in-
cluding the nonsynaptic endomembrane chloride transporter
(Landry et al., 1993), make such a role unlikely. It is certainly
possible that SVOP or SV2 mediate the flux of unknown cofactors
into the vesicles or regulate other transporters. Thus, if either
SVOP or SV2 function as transporters, they probably perform
transport activities that are not anticipated by our current under-
standing of the biology of synaptic vesicles.

An alternative hypothesis would be that SVOP and SV2 were
evolutionarily derived from transporters but now perform a struc-
tural role. This hypothesis is more probable for SV2 than for
SVOP because SV2 is highly glycosylated and contains significant
amounts of extramembranous sequences. It is possible that the
sugar modification of SV2 serves as a stabilizing gel in the
intravesicular space. This would also offer a potential explanation
for the apparent late evolutionary emergence of SV2. For exam-
ple, in vertebrates, synaptic vesicles have to travel much longer
distances on the average than in invertebrates before they reach
their destination, the synaptic nerve terminals. It may be neces-
sary to supply synaptic vesicles in vertebrates with a longer
lifetime than in invertebrates to maintain efficient functioning in
nerve terminals that are as far as a meter away from the cell body.
Although this argument applies to SV2, it fails for SVOP that is
conserved in nematodes, insects, and mammals. Genetic ap-
proaches or identification of new transport activities in synaptic
vesicles may be necessary to address the interesting question of
the relative functions of SVOP and SV2.
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