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Rabphilin 3A and Doc2a are synaptic vesicle-associated proteins, and are thought to
function as Ca2+ sensors in neurotransmitter release. If either rabphilin 3A or Doc2a plays
a role in membrane trafficking, like the synaptotagmins, then non-neural forms should be
present. Here we describe the isolation of a mouse cDNA which encodes a novel Doc2
homologue (Doc2/?) that is present in all tissues. The encoded protein, which is highly
homologous to human Doc2a (70% identity), is composed of 412 amino acids with a
calculated relative molecular mass (Afr) of 45,837. The sequence identity is especially high
in two C2 domains (74% in C2A and 84% in C2B). Northern and Western blot analyses have
shown that Doc2£ is expressed in all cell lines and tissues tested. Ca2+-dependent phos-
pholipid binding assaying of recombinant fusion proteins revealed that the single C2A
domain, but not the C2B domain, of Doc2/? binds phosphatidycholine and phosphatidylser-
ine (2.5 : 1, w/w) liposomes. The binding is Ca2+-dependent, with an EC60 value of
approximately 1 /JM and a Hill coefficient of approximately 3, which are comparable to
those of synaptotagmins, rabphilin 3A and Doc2a. Our results suggest that Doc2/9 is
involved in constitutive membrane trafficking.
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Many proteins which are involved in Ca2+-regulated exo-
cytosis in neurons and endocrine cells have homologues
with roles in constitutive membrane trafficking (1-8). Of
these proteins, synaptotagmin is thought to function as a
Ca2+ sensor of neurotransmitter release, because it is a
synaptic vesicle-specific protein and its C2A domain has
Ca2+ binding capacity (9-14). The C2 domain was origi-
nally found in the C2 regulatory region of protein kinase C,
and it has Ca2+-dependent phospholipid binding ability (9-
11). Recently, ubiquitous forms of synaptotagmin (named
cellutagmins) were identified, and synaptotagmins are
thought to play a general role in membrane trafficking,
particularly in exocytosis (8).
1 This work was partly supported by grants from the Science and
Technology Agency of the Japanese Government, the Japanese
Ministry of Education, Science, Sports and Culture (J.A. and K.M.),
and the Japan Society for the Promotion of Science (M.F.). The
nucleotide sequence data reported in this paper will appear in the
DDBJ, EMBL, and GenBank nucleotide sequence databases under the
accession number, D85037.
* To whom correspondence should be addressed: Molecular Neuro-
biology Laboratory, Tsukuba Life Science Center, The Institute of
Physical and Chemical Research (RIKEN), 3-1-1 Koyadai, Tsukuba,
Ibaraki 305. Tel: +81-298-36-9170, Fax: +81-298-36-9040, E-
mail: fukuda@rtc.riken.go.jp
Abbreviations: Doc2, double C2 protein; GST, glutathione S-trans-
ferase; IHPS, inositol high polyphosphate series (inositol 1,3,4,5-
tetrakisphosphate, inositol 1,3,4,5,6-pentakisphosphate, and inositol
1,2,3,4,5,6-hexakisphosphate); D\, inositol 1,3,4,5-tetrakisphos-
phate; Mr, relative molecular mass; PC, phosphatidylcholine; PCR,
polymerase chain reaction; PE, phosphatidylethanolamine; PI, phos-
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Two C2 domains are also found in rabphilin 3A, a target
protein of rab3A (25), and Doc2 (16). Rabphilin 3A and
Doc2 are associated with synaptic vesicles, possibly via
anchoring proteins (16, 17). Due to their Ca2+-dependent
phospholipid binding capacity (11, 16, 18), they are
thought to be Ca2+ sensors. Recent studies supported that
rabphilin 3A and Doc2a- participate in the Ca2+ regulated
exocytosis in squid giant axon preterminals (19), chro-
maffin cells (20), and PC 12 cells (21). If rabphilin 3A and
Doc2 are also involved in the fundamental process of
membrane trafficking, then ubiquitous isoforms of these
proteins should be present.

In the present study, we cloned a ubiquitous form of the
mouse double C2-domain protein (Doc2/3), and demon-
strated that the C2A domain of Doc2/? binds phosphatidyl-
choline (PC) and phosphatidylserine (PS) (2.5 : 1, w/w)
liposomes in a Ca2+-dependent manner. We discuss these
results and the role of Doc2/? in vesicular trafficking.

EXPERIMENTAL PROCEDURES

cDNA Cloning and Sequencing—Total RNA was prepar-
ed from mouse (ICR) cerebellum as described by Chomc-
zynski and Sacchi (23), and poly(A)+ RNA was selected
with Oligotex-dT 30 (Roche). First-strand cDNA was
synthesized, with avian myeloblastosis virus reverse tran-
scriptase, from the poly(A)+ RNA. Two degenerate oligo-
nucleotides were based on the nucleotide sequences encod-
ing highly conserved regions in the C2 domains of protein
kinase C (24), synaptotagmins (7, 24-27), and rabphilin
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3A (25). The sense and antisense sequences used were 5'
CGGATCC(AG)TIT(AGT)(CGT)GA(CT)(GT)(AGT)IG-
A(CT)(AC)(AG)ITT 3' and 5' CGAATTC(AG)T(CT)(AC-
G) (ACT) AIT(AC)IGG(AG)TTIA(AG)IGT 3', respectively.
Using an LA PCR kit (Takara), PCR amplification was
performed for 40 cycles, each consisting of denaturation at
94°C for 1 min, annealing at 48'C for 2 min, and extension
at 72"C for 3-4.5 min. The extension time was increased by
30 s every 10 cycles. The PCR products were subcloned into

the pT7 Blue T-vector (Novagen) and then sequenced. Of
48 clones, 23 encoded a novel rabphilin 3A or Doc2-related
protein. Using this insert as a probe, 2 X107 plaques of a
mouse cerebellum cDNA library were screened (28).
Screening and sequence analyses of three overlapping
clones were performed as described previously [11).

Northern Blot Analysis—Total RNAs, prepared from
various mouse (ICR) tissues and several mammalian cell
lines, were electrophoresed on 1.0% agarose-formaldehyde
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1441 GTCCAACCCTGGGCTTTCTCAGCTGCCGCC AAGGGC AAGATCCAAGTTGTCTGCTCGGAC ATAGAC AGTGCAGCCCCTGCTAGG AGGCCA 153 0

2431 AGTCAGGACCAGCAGTGGAAAATAGAAAGCCTTGTITGGGGGAAGGTGGAGGGATGGGGGrrCTGCCCTCAGGAGCTGAGAACTCTGGCC 2520

2611 GGAACCAAGGAGTTCCACCATCATCTCAGAGCCC(^TTTTCCTCAATCCATCACTGAGTGATAAGACACTGGGGTCCTGCCCTAAGCCTA 2700

2791 AATAGGTCTCTAGCTCTCCACAGCACCAAGCCACCTGTTGCTICTAAGAGACTGGGTT^ 2880

28 81 rrcGCAAACGCCTrcWATTGAATCTTCACCATCCTGTGTGGTGGGAGGCATGGTCAACCCATT^ 2970
2971 TTGATAAACTTCCAGGGCCACCACGGTGTCAAGGGCTGAAGCAAAAACTCCAAGCCTTTTGACTATCTGAGGACAAGGACTCTCAGGTCC 3060
3061 CTCTCTCCGGAGTTAATGGGGCTTAGTGAGGTCTCTTACAGAGAAGTCTTGTTATTGTCAGCCACCT^ 3150

3241 GACCGGCCTGATGTTTTCCCCATACAGCTAGAAACAGGAGCAGATATTTAAGTGCACCTGGr^ 3330
33 31 TTrGGGGTGCTTTGTTCAGAGAGGAGTTTAGAAACCCCCCG 3371

Fig. 1. Nucleotide and deduced amino acid sequences of mouse Doc2£ cDNA. The deduced amino acid sequence is shown in the single
letter code below the nucleotide sequence. Nucleotide and amino acid numbers are indicated at both sides of each line. The putative initiation
codon of the Doc2/3 cDNA (CCTGCATGA) shows high similarity to the Kozak sequence [CCA/GCCATG(G)] (Ref. 36). In-frame stop codons
defining the 5' and 3' ends of the reading frame are indicated by an underline and an asterisk, respectively.
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gels, transferred to Biodyne A (Pall), and then hybridized
with 3IP-labeled cDNA probes, as previously described
(28). A 469 bp fragment of Doc2/? cDNA (nucleic acids 1-
469) was used as a probe.

Preparation of Fusion Proteins—A cDNA fragment
encoding the C2A and C2B domains of Doc2/? (amino acids
123-257 and 257-375) was amplified by PCR (sense, 5'
CGGATCCGACTGCACCGCCCTGGGTAC 3', and anti-
sense, 5' CGAATTCTTGTCCACCGGCAGCTGCTT 3';
and sense, 5' CGGATCCGACAAGGCAGAGGACAAGTC
3', and antisense, 5' GCAATTGTTGATGCCCAGAACCA-
CACC 3', respectively). After digestion with BamHI and
EcoBI (or Muni), the amplified fragments were subcloned
into the BamEl-EcoW site of pGEX-2T and verified by
DNA sequencing. Glutathione S-transferase (GST) fusion
proteins of the C2A domain and the C2B domain of Doc2/?

(referred to as GST-C2A and GST-C2B, respectively) were
expressed in Escherichia coli JM109, and then purified by
glutathione-Sepharose 4B (Pharmacia) chromatography
according to the manufacturer's recommendations.

Production of Polyclonal Antibodies—A New Zealand
White rabbit was immunized with the purified GST-C2A
using Freund's adjuvant system. Antiserum was collected
after the third booster injection. After absorption with
GST, the antiserum was affinity-purified with GST-C2A
immobilized on Affi-Gel 10 (Bio-Rad) according to the
manufacturer's recommendations.

Immunoblot Analysis—Proteins were separated by SDS-
PAGE and then transferred to a polyvinylidene difluoride
membrane (Millipore). The membrane was blocked with
5% skim milk, and then incubated with the purified anti-
Doc2yS C2A polyclonal antibodies. Primary antibody bind-
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Fig. 2. Alignment of the mouse Doc2£ (dob) amino acid sequence with
those of human Doc2a (doa) and mouse rabphilin-3A (rph), and the
hydropathy profile of mouse Doc2£. (A) Amino acids are shown in the
single-letter code. Residues that are identical with those in Doc2/3 are
indicated by colons. The C2 domains are boxed and shaded, the C2A domain
being marked C2A and the C2B domain marked C2B. Asterisks indicate the
conserved four aspartyl residues implicated in the Ca2+-binding of synap-
totagmin I C2A (see the text). Sequences are numbered on the right. (B)
Hydropathy profile of mouse Doc2/S, obtained according to Kyte and Doolittle
(Ref. 29). Note that the mouse Doc2/J has no transmembrane region. The
numbers indicate the positions of the amino acid residues of the protein.
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ing was detected using a goat anti-rabbit IgG peroxidase-
conjugated antibody. Immunoreactive bands were visual-
ized with an enhanced chemiluminescence detection system
(ECL kit; Amersham).

Phospholipid Binding Assay—3H-labeled liposomes
were prepared from either PC or PC mixed with PS,
phosphatidylethanolamine (PE), or phosphatidylinositol
(PI) (2.5 : 1, w/w) (Sigma), as described by Davletov and
Stidhof (9) with slight modifications (12). All buffers were
made up in Ca2+-free water using a 0.1 M CaCl2 standard
solution (Nacalai Tesque, Kyoto). GST-C2A or GST-C2B
(10 ^g) bound to glutathione-Sepharose beads (10 //I wet
volume) was equilibrated with 50 mM Tris-HCl, pH 7.2,
0.1 M NaCl (buffer 1). The beads were resuspended in 500
fxl of buffer 1 containing 3H-labeled liposomes (3.5 fig of
phospholipids; approximately 70,000 cpm), and various
concentrations of Ca2+ buffered with EGTA (incubation
buffer). Each mixture was incubated at room temperature
for 15 min with vigorous shaking. The beads were briefly
centrifuged in a tabletop centrifuge and then washed four
times with 500^1 of the incubation buffer without lipo-
somes. Liposome binding was quantified by liquid scintilla-
tion counting of the beads.

RESULTS AND DISCUSSION

Molecular Cloning of a Novel Double C2-Domain
Protein cDNA—la a search for novel two C2-domain
proteins, we used a PCR strategy involving amplification of
segments including the junction domain between the C2A
and C2B domains. Primers encoding parts of the C2
domains, which are highly conserved in protein kinase C,
8ynaptotagmins and rabphilin 3A, were chosen. Forty-eight
PCR products were cloned, sequenced, and classified into
three groups, which included rabphilin 3A and two novel
sequences. Of the two novel sequences, one encoded an
amino acid sequence similar to that of the C2 domain. Using
this clone as a probe, a mouse cerebellum cDNA library was
screened and three overlapping clones were isolated. The

3,371 bp nucleotide sequence of these clones is shown in
Fig. 1. The sequence contains an open rending frame of
1,236 bp nucleotides encoding a putative protein of 412
amino acids with a calculated Mr of 45,837. Homology
search analysis revealed that this protein showed the
highest homology to human Doc2a (70% identity) (16). At
the time of the present study, the sequence for human
Doc2>9 was reported (22). Human Doc2y9 is 94% identical to
the protein deduced from our cDNA, thus we propose that
our cDNA clone encodes the mouse homologue of the
human Doc2y9 protein. As judged on hydrophobicity analy-
sis (29), the mouse Doc2/? protein, like the human Doc2/?
one, contains no hydrophobic region sufficient for a signal
sequence or transmembrane region (Fig. 2B and Ref. 22).
Amino acid sequence alignment of DOC2Q1, Doc2/3, and
rabphilin 3A showed high sequence homology between
Hoc2a and Doc2yS, especially in their C2 domains (se-
quence identity 74% in C2A and 84% in C2B; Fig. 2A). The
major differences between Doc2a and Doc2/? are that
Doc2/? has a shorter junction domain and a longer N-termi-
nal sequence. The length of the junction domain between
the C2A and C2B domains is more similar to that in the
synaptotagmins than to that in either rabphilin 3A or

Tissue Distribution of Doc2fi—Northern blotting reveal-
ed that the mRNA for Doc2/? is expressed in a variety of
murine tissues and mammalian cell lines (Fig. 3A). Doc2/S
mRNA appeared as a single band corresponding to approxi-
mately 5.2 kb. An antibody was raised against GST-C2A
and used to determine if the mRNA was translated in
murine tissues. As shown in Fig. 3B, a strong immunore-
active band corresponding to a Mr of approximately 44,000,
which agrees with the Mr, 45,837, calculated from the
Doc2/? cDNA sequence, was detected in all tissues. This
antibody may also detect Doc2a, however, this expression
pattern is quite different from that of the Doc2a- protein,
which is only expressed in brain (16). Thus, these findings
indicate that Doc2/S is ubiquitously expressed.

Phospholipid Binding Properties of Doc2p—Most two

(A) 1 2 3 4 5 6 7 8 9 10 11 17 18 19

— 97.4
^ - 6 6 . 2
• — 45.0

^ - 2 1 . 5

— 28S

Fig. 3. Tissue distribution of
mouse Doc20. (A) Northern blot anal-
ysis of Doc2/S mRNAs in various mouse
tissues and cultured cell lines. Total
RNAs from the indicated tissues and
cells (20//g/lane) were analyzed on
1.0% agarose-formaldehyde gels. A "P-
labeled fragment (469 bp) of Doc2£ was
used as a probe. Lanes 1-11, mouse

/-Tj \ tissues: 1, skeletal muscle; 2, ovary; 3,
(D) 1 2 3 4 5 6 7 8 9 _ Q 7 / I testis; 4, kidney; 5, liver; 6, lung; 7,

heart; 8, thymus; 9, brain stem; 10,
cerebellum; 11, cerebral cortex; Lanes
12-19, cultured cell lines: 12, ONS76
(human medulloblastoma); 13, NB1
(human neuroblastoma); 14, T98G (hu-
man glioblastoma); 15, PC12 (ratpheo-
chromocytoma); 16, N18 (mouse neu-
roblastoma); 17, B104 (mouse neuro-

blastoma); 18, NIH3T3 (mouse fibroblast); 19, C6 (rat glioma). (B) Immunoblot analysis of the Doc2/9 protein. Homogenates of the indicated
mouse tissues (40 pg/lane) were analyzed by immunoblotting using affinity-purified antibodies and ECL detection as described under
"EXPERIMENTAL PROCEDURES." 1, ovary; 2, testis; 3, kidney; 4, lung; 5, heart; 6, liver; 7, spleen; 8, cerebellum; 9, whole brain. The
arrow indicates the Doc2/9 protein band. The bands indicated by an asterisk or arrowheads are thought to be that of rabphilin 3A or non-specific
bands, respectively. This was confirmed by the absorption of the anti GST-C2A antibody by the recombinant GST-rabphilin 3A C2A fusion
protein or GST-C2A (data not shown). Numbers on the right indicate the molecular weights of the size markers.
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Fig. 4. Phospholipid binding to the
C2A domain and the C2B domain of
Doc2y9. GST-C2A or GST-C2B was
attached to glutathione-Sepharose beads
and then incubated with 3H-labeled lipo-
somes in the buffers containing the in-
dicated concentrations of free Ca'+. The
beads were washed and bound radioactiv-
ity was counted. Error bars indicate the
standard deviation for triplicate determi-
nations. (A) Phospholipid dependence of
Ca*+-dependent liposome binding by
GST-C2A and GST-C2B. GST-C2A or
GST-C2B was incubated in the absence (2
mM EGTA; open bars) or presence (10
^M; shaded bars) of CaI+. The liposomes
used were composed of only PC, or of PC
mixed with PE, PS or PI. For GST-C2B,
only PS/PC liposomes were used. (B)
Ca2+ concentration dependence of phos-
pholipid binding to GST-C2A. The bind-
ing of 3H-labeled PS/PC liposomes to
GST-C2A was studied as a function of the

Ca2+ concentration. The experiment shown is representative of three independent experiments, half-maximal binding being observed at 1.0 //M
with a Hill coefficient of 3.3.

C2B C2A Free Ca

C2-domain proteins have been shown to be Ca2+/phospho-
lipid binding ones [synaptotagmins (I-VII), rabphilin 3A,
andDoc2ff] (8-11, 16, 18, 30). Four aspartyl residues are
implicated in the Ca2+-binding of synaptotagmin I C2A
(31); these residues are highly conserved in proteins with
C2A domains and in Doc2/S (asterisks in Fig. 2A). To
determine whether or not Doc2y9 is also a Ca2+/phospho-
lipid binding protein, binding measurements were carried
out using GST-C2A or GST-C2B. The incubation of either
GST-C2A or GST-C2B conjugated glutathione-Sepharose
with 3H-labeled PS/PC liposomes resulted in Ca2+-depen-
dent binding activity only toward GST-C2A (Fig. 4A).
Liposomes consisting of only PC, or of PE/PC or PI/PC (1 :
2.5, w/w) did not bind to GST-C2A in a Ca2+-dependent
manner.

We have determined the Ca2+ concentration range in
which phospholipid binding to the C2A domain of Doc2y9 is
concentration-dependent (Fig. 4B). In three independent
experiments, using PS/PC liposomes (1 : 2.5, w/w), half-
maximal binding at approximately 1 /*M free Ca2+ and a
Hill coefficient of approximately 3 were observed. These
values are comparable to those obtained for the C2A
domains of synaptotagmins (8, 9, 30, 32), suggesting that
the C2A domains of Doc2y9 and synaptotagmins have
similar physiological roles. Since Doc2/? is expressed
ubiquitously, it is expected to function in constitutive
vesicle transport pathways. Ca2+ is involved in the trans-
port of protein between the ER and the Golgi apparatus in
mammalian cells (33). The optimal free Ca2+ concentration
required for transport was reported to be from 0.01 to 0.1
fiM. This range corresponds well with the ECB0 values we
obtained on Ca2+/phospholipid binding measurements of
Doc2/?. Thus, Doc2y9 may function as a Ca2+ sensor in
protein transport.

We have previously shown that the C2B domains of
synaptotagmins bind to inositol high polyphosphate series
[IHPS; inositol 1,3,4,5-tetrakisphosphate (IP,), inositol
1,3,4,5,6-pentakisphosphate, and inositol 1,2,3,4,5,6-hex-
akisphosphate], and that this binding inhibited the

vesicular fusion process required for neurotransmitter
release (11, 34, 35). However, like that of rabphilin 3A, the
C2B domain of Doc2>9 did not bind JPt (11 and data not
shown), indicating that the Doc2y? function is not regulated
byfflPS.

In this study, we cloned a cDNA encoding the mouse
Doc2/J protein and have shown its ubiquitous expression.
The C2A domain of Doc2/S is a Ca2+/phospholipid binding
domain having similar characteristics to those of synap-
totagmins; however, the C2B domain does not serve as an
IHPS-binding domain. Our results suggest that Doc2/S
serves as a Ca2+ sensor which is involved in vesicle trans-
port pathways.

We are grateful to Keishi Shimizu (Osaka University) for providing
the ONS 76 cell line, Naoki Yokota (Hamamatsu University School of
Medicine) for the helpful advice, and other members of the Mikoshiba
Laboratory for the valuable discussions.
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