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The C2A domain of synaptotagmin-like protein 3 (SIp3) is an atypical
calcium-dependent phospholipid-binding machine: comparison with

the C2A domain of synaptotagmin |
Mitsunori FUKUDA'

Fukuda Initiative Research Unit, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

The synaptotagmin-like protein (Slp) family consists of an
N-terminal Rab27-binding domain and C-terminal tandem C2
motifs, and although it has been suggested to regulate Rab27-
dependent membrane trafficking, such as Ca**-regulated granule
exocytosis in T-lymphocytes [Kuroda, Fukuda, Ariga and
Mikoshiba (2002) J. Biol. Chem. 277, 9212-9218], little is known
about the Ca?*-binding property of the Slp family. In this study,
I demonstrated that the C2A domain of Slp3 exhibits Ca**-
dependent phospholipid-binding activity similar to that of the
C2A domain of synaptotagmin I (Syt I) with regard to phos-
pholipid selectivity, bivalent cation selectivity and effect of ionic
strength. This finding was surprising because the C2A domains
of other C-terminal-type (C-type) tandem C2 proteins require
five conserved acidic residues in the putative Ca**-binding loops
1 and 3 on the top of the #-sandwich structure for their Ca®"-/
phospholipid-binding activity, whereas the C2A domain of Slp3

contains only one conserved acidic residue in the putative Ca®"-
binding loop 1. Site-directed mutagenesis and chimaeric analysis
of the C2A domains of Syt I and Slp3 showed that Glu-336 and
Glu-337 in the putative Ca**-binding loop 1 and polybasic se-
quence (Lys-359, Lys-360 and Lys-361) in the $-4 strand of the C2
structure are crucial for Ca**-dependent phospholipid-binding
activity of the Slp3 C2A domain, whereas the similar polybasic
sequence in the C2A domain of Syt I is dispensable for Ca**-
dependent phospholipid-binding activity. These results indicate
that the C2A domain of Slp3 is an atypical Ca®*-/phospholipid-
binding machine, compared with other C-type tandem C2
proteins.

Key words: C-type tandem C2 protein, Griscelli syndrome,
membrane trafficking, Rab27 binding, Slp homology domain.

INTRODUCTION

The synaptotagmin (Syt)-like protein (Slp) family was initially
described as a new member of the C-terminal-type (C-type)
tandem C2 proteins, which contain two C2 Ca?*-binding motifs
(named the C2A and C2B domains) [1] separated by a short
linker (less than 50 amino acids) at the C-terminus [2]. To date,
five different sip (or syt/) gene products (Slpl-5) have been
described in mice and humans [3,4], and they are distinguished
from other C-type tandem C2 protein families (rabphilin, Syts,
Doc2s, B/K and Tac2-N) by their unique N-terminal sequences
[5-12]. The Slp family contains a unique N-terminal Slp hom-
ology domain, but an alternatively spliced isoform that lacks the
unique N-terminal domain has also been reported in some mem-
bers of the Slp family [3] and the Syt family [13,14].

Although the exact role of Slps remains to be clarified, I
recently found that the Slp homology domain specifically binds
Rab27A and Rab27B both in vitro and in vivo [15,16], which
belong to the small GTP-binding-protein superfamily believed
to be essential to membrane trafficking of eukaryotic cells [17].
Since mutation of the rab27A4 gene causes defects in melanosome
transport in melanocytes and Ca?*-regulated granule exocytosis
in T-lymphocytes of ashen mice and humans with Griscelli syn-
drome [18-21], by analogy to the function of rabphilin-3, a Rab3
effector, in synaptic vesicle exocytosis [22], the Slp family has
been suggested to function as a novel Rab27 effector and regulate
vesicular trafficking. Use of a functional block antibody against
the C2A domain of Syt I [23-28] and analysis of knock-in mice

[29] has shown the Ca**-dependent phospholipid-binding activity
of the C2A domain of Syt I to be essential for Ca**-dependent
transmitter secretion. However, little is known about the Ca?*-
dependent phospholipid-binding properties of the Slp family,
despite such information being quite important to determining
whether the Slp family is involved in Ca**-regulated processes.
In this study I investigated the phospholipid-binding properties
(e.g. selectivity of bivalent cations and of phospholipids) of the
C2A domain of Slp3 in comparison with the C2A domain of Syt
1. Site-directed mutagenesis and chimaeric analysis between Syt [
and Slp3 revealed that the Glu-336 and Glu-337 and polybasic
sequence (Lys-359, Lys-360 and Lys-361) in the $-4 strand of
the C2 structure are crucial to the Ca**-dependent phospholipid-
binding activity of the SIp3 C2A domain. Based on my findings,
I discuss the different mechanisms of Ca**-dependent phospho-
lipid binding by the Syt I C2A and the Slp3 C2A domains.

MATERIALS AND METHODS
Materials

Recombinant 7Tag DNA polymerase was obtained from
Toyobo Biochemicals (Tokyo, Japan). Horseradish peroxidase-
conjugated anti-T7 tag antibody was from Novagen (Madison,
WI, U.S.A.). L-a-Phosphatidylcholine (PC), dipalmitoyl, L-c-
phosphatidylserine (PS), dioleoyl and L-a-phosphatidylinositol
(PI) were from Sigma (St. Louis, MO, U.S.A.). The 0.1 M EGTA
and 0.1 M CacCl, standard solutions were from Nacalai Tesque

Abbreviations used: C-type, C-terminal-type; GST, glutathione S-transferase; PC, L-a-phosphatidylcholine; PIl, L-a-phosphatidylinositol; PS, L-a-

phosphatidylserine; Slp, synaptotagmin-like protein; Syt, synaptotagmin.
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(Kyoto, Japan). All other chemicals were commercial products
of reagent grade. Solutions were made up in deionized water
prepared with an Elix10 Water Purification System and Milli-Q
Biocel A10 System (Millipore Corp., Bedford, MA, U.S.A.).

Site-directed mutagenesis

pGEX-4T-3-SIp3-C2A(EQI) carrying E336Q and E337Q substi-
tutions, pGEX-4T-3-S1p3-C2A(EQ2) carrying E374Q and E375Q
substitutions, and pGEX-4T-3-Slp3-C2A(KQ) carrying K359Q,
K360Q and K361Q substitutions were essentially produced by
means of the two-step PCR techniques described previously [30]
using the following pairs of oligonucleotides: C2A upper primer
[2] and EQ1 primer 1, 5-ACATATGGATTGCACTTTCTTTT-
CTTTTGTTGTCC-3", EQ2 primer 1, 5'-CTTAAGGGTTTGC-
TGGAAAGTCGGGTC-3’, or KQ primer 1, 5-GACTCGAG-
TCTGCTGTTGTCCCTG-3’ (left half); EQI primer 2, 5-TC-
CATATGTCAAGACCTA-3", EQ2 primer 2, 5-ACCCTTAA-
GTATCAGGTGGA-3", or KQ primer 2, 5-AAGACTCGAGT-
CCAAAAG-3, and C2A lower primer [2] (right half). The right
and left halves were separately amplified by using pGEM-T-
Slp3-a as a template [3], and the two PCR fragments obtained
were digested with Ndel, AII11 or Xhol (the sites are underlined
above), ligated to each other, and re-amplified with the C2A upper
and lower primers. The PCR fragment obtained that encoded
the mutant Slp3 was digested with BamHI/EcoRI and inserted
into the BamHI/EcoRI site of pGEX-4T-3. pGEX-4T-3-Syt
I-C2A(KQ) carrying K190Q, K191Q and K192Q substitutions
and pGEX-4T-3-Syt I-C2A-loop mutants (replacement by the
Slp3 loop domains; see Figure 5A, below) were similarly con-
structed by PCR using the following mutagenic oligonucleotides:
Syt I-KQ primer 1, 5-GTGCACTTTTGTCTCAAACTGC-
TGCTGTTT-3, and Syt I-KQ primer 2, 5-GTGCACCGGA-
AAACCCTCAA-3; loop 1 primer 1, 5'-CATATGCAAGGTT-
CTTAGCCTGGATGATTCCCACCA-3’, and loop 1 primer
2, 5'-CATATGGAGAAGAAAAGAAAAGAAAGTGCAAT-
CCATACGTCAAAGTCT-3’; loop 2 primer 1, 5-GACGCGT-
GAGACCTGTGTCTCAAACTTCTTCTTT-3", and loop 2
primer 2, 5-TCACGCGTCCAAAAGAACACCCTCAATCC-
AGTCTTCAA-3"; and loop 3 primer 1, 5-GGTACCTAGGTG-
CCACACCAGTGTCTTGCCACCTAA-3’, and loop 3 primer
2, 5-GGTACCCTTGCCCGGAGGGTGTTCCTTGGAGAG-
TTCAAAGTTCCTA-3".

Phospholipid-binding assay

Glutathione S-transferase (GST) fusion proteins (GST-Syt I-
C2A, GST-Syt X-C2A, GST-Syt XII-C2A and GST-SIp3-C2A)
were expressed in Escherichia coli JM109 and purified as described
previously [2,31-33]. Preparation of liposomes consisting of PC
and PS (1:1, w/w), PS, PC or PI alone was also performed as
described previously [34,35]. GST fusion proteins were incubated
with liposomes corresponding to 160 ug of phospholipid (in
50 mM Hepes/KOH, pH 7.2) for 15 min at room temperature.

After centrifugation at 12000 g for 10 min at room temperature,
the phospholipid pellets were washed in 500 xl of the above
equilibration buffer and then extracted with 300 xl of acetone at
—20 °C for 30 min to remove excess lipid. The pellets obtained
by centrifugation at 12000 g for 15 min at 4 °C were dissolved
in SDS sample buffer and analysed by SDS/PAGE (109, gel),
followed by Coomassie Brilliant Blue R250 staining. The protein
concentrations were determined with a Bio-Rad protein assay kit
(Bio-Rad Laboratories, Hercules, CA, U.S.A.) using BSA as a
reference. The gels shown in this paper are representative of at
least two or three independent experiments.

RESULTS AND DISCUSSION

Phospholipid-binding properties of the C2A domain of the mouse
C-type tandem C2 proteins

The C2 domain was initially proposed to be a Ca?"-binding
module [1], but various Ca*'-independent C2 domains have
subsequently been reported. These C2 domains function as a
protein-interaction site (e.g. several Syt C2 domains; reviewed in
[6]) or a nuclear localization signal [12,36]. The Ca*"-dependent
phospholipid-binding capacity of an uncharacterized C2 domain
is often predicted by comparison of its primary amino acid
sequence with the Syt I C2A domain, because conservation of five
Glu/Asp residues is crucial for Ca?" binding in the Ca?"-binding
loops of the Syt I C2A domain (see Figures 1A and 1C) [37,38].
For instance, the C2A domain of Syt X has five conserved
Asp/Glu residues and the C2A domain of Syt XII has two.
When their phospholipid-binding activities were tested, as shown
in Figure 1(B), the Syt X C2A domain showed Ca*'-dependent
phospholipid-binding activity, the same as the Syt [ C2A domain,
but the Syt XII did not. The relationships between the number
of Asp/Glu residues in the putative Ca**-binding loops and
the phospholipid-binding activity of the C2A domains of the
C-type tandem C2 proteins are summarized in Figure 1(C)
[2,10,12,34,35,39-45]. I found a positive correlation between the
number of Asp/Glu residues and the phospholipid-binding
capacity of the C2A domains of other C-type tandem C2 pro-
teins. All the C2A domains carrying five Asp/Glu residues in the
putative Ca**-binding loops bound PS/PC liposomes in a Ca**-
dependent manner, whereas other C2A domains carrying less
than five Asp/Glu residues, except for the Slp3 and Slp4 C2A
domains, did not, irrespective of the presence of Ca?* (Figure 1C).
Nevertheless, to my surprise, the C2A domain of Slp3 showed
Ca®*-dependent liposome (PS/PC)-binding activity despite
having only one conserved Asp/Glu residue in the putative Ca®*-
binding loop 1 (Figure 1B, bottom panel), suggesting involve-
ment of a different mechanism in its Ca**/phospholipid binding
from that of the C2A domain of Syt I.

Phospholipid-binding property of the SIp3 C2A domain

In the next set of experiments I attempted to delineate
the mechanism of the Ca®*-dependent phospholipid (PS/PC
liposome)-binding activity of the C2A domain of Slp3 and

Figure 1

Phospholipid-binding properties of the C2A domain of the mouse C-type tandem C2 proteins

(A) Sequence alignment of the C2A domain of the mouse C-type tandem C2 proteins [2,7,10,12,32,42—45,53,54]. The Asp and Glu residues, which are crucial for Ca®* binding in the Syt | C2A
domain, are shown on a black or a shaded background, respectively [37,38]. Amino acid numbers are shown on the right. Solid lines indicate the putative Ca?*-binding loops [37,38]. The positions
of EQ and KQ mutations in the Slp3 and Syt | C2A domains are represented by # and *, respectively. The arrowheads indicate the chimaeric points between the Syt | and Slp3 C2A domains
(see also Figure 5A). (B) Ca®*-dependent phospholipid-binding activity of Syt | C2A, Syt X C2A, Syt XII C2A and Slp3 C2A fused to GST. GST fusion proteins were incubated with and without
(—) PS/PC liposomes in the presence of 2 mM EGTA or 1 mM Ca®" for 15 min at room temperature. After centrifugation at 12000 g for 10 min, the pellets (phospholipid-binding fraction) were
separated, subjected to SDS/PAGE (10% gels) and then stained with Coomassie Brilliant Blue R-250 as described previously [34,35]. Input means the total proteins used for the phospholipid-
binding assay. The gels shown here represent the pelleted portion (phospholipid-binding fraction) of the input sample. (G) Relationship between the number of Asp/Glu (D/E) residues in the
putative Ca?*-binding loops and the phospholipid-binding activity of the C2A domain of the C-type tandem C2 proteins.
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Figure 2 Bivalent cation regulation of the Ca?*-dependent phospholipid-binding property of the SIp3 and Syt | C2A domains

Ca®* ions selectively promoted phospholipid (PS/PC liposome)-binding activity of the SIp3 C2A and Syt | C2A domains. Phospholipid-binding assay was performed as described in the Materials
and methods section. Input means the total proteins used for the phospholipid-binding assay. The gels shown here represent the pelleted portion (phospholipid-binding fraction) of the input sample.

SIp3-C2A

Syt I-C2A

Figure 3 The SIp3 C2A domain selectively binds negatively charged
phospholipids in a Ca**-dependent manner

Phospholipid (PS, Pl or PC alone)-binding assay was performed in the presence and absence
of 1 mM Ca®* as described in the Materials and methods section. Input means the total proteins
used for the phospholipid-binding assay. The gels shown here represent the pelleted portion
(phospholipid-binding fraction) of the input sample. Note that both the SIp3 C2A and Syt | C2A
domains bind negatively charged phospholipids (PS and PI), but not PC.

compare it with the C2A domain of Syt I. First, I investigated
the effect of bivalent cations (Mg?*, Ca**, Sr*>* and Ba?*") on the
phospholipid-binding activity of the C2A domain of Slp3. Its
Ca**-dependency was quite similar to that of Syt I: Ca®" ions
selectively promoted the phospholipid binding to the Slp3 C2A
domain (Figure 2) [34,35,40,46]. The phospholipid-binding acti-
vity of both the Slp3 and Syt I C2A domains was also activated
at high Sr** and Ba*" concentrations (I mM). Unlike the Syt I
C2A domain, 1 mM Mg?** activated phospholipid binding of the
Slp3 C2A domain.

Second, I investigated the phospholipid selectivity of the Slp3
C2A domain. Both the C2A domains of SIp3 and Syt I bound
negatively charged phospholipids (PS and PI), but not zwitter-
ionic phospholipids (PC), in a Ca*"-dependent manner (Figure 3)
[35,46,47]. Since the C2A domain of Syt I is known to bind
phospholipid by electrostatic interaction rather than hydro-
phobic interaction [47-49], 1 then investigated the effect of
ionic strength (NaCl concentration) on the phospholipid-binding
activity of the C2A domain of Slp3. As expected, the Ca**-
dependent phospholipid (PS/PC liposome)-binding activity of
the C2A domain of Slp3 was inhibited by mild concentrations
of NaCl (250 mM), and it was more sensitive to ionic strength
than the C2A domain of Syt I (Figure 4), suggesting that the
interaction between the C2A domain of Slp3 and phospholipids
is relatively weak compared with the C2A domain of Syt I.

© 2002 Biochemical Society
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Figure 4 Effect of ionic strength on the Ca‘-dependent phospholipid
binding of the SIp3 C2A domain

Phospholipid (PS/PC liposome)-binding assay was performed in the presence of 1 mM Ca®*
and the concentrations of NaCl indicated, as described in the Materials and methods section.
Input means the total proteins used for the phospholipid-binding assay. The gels shown here
represent the pelleted portion (phospholipid-binding fraction) of the input sample. Note that the
Ca”*-dependent phospholipid-binding activity of the Slp3 C2A domain was inhibited by high
concentrations of NaCl, as was that of the Syt | C2A domain.

Identification of the key amino acids responsible for
Ca?"-dependent phospholipid binding of the SIp3 C2A domain
by site-directed mutagenesis and chimaeric analysis

To determine how the Slp3 C2A domain binds negatively charged
phospholipids in a Ca**-dependent manner despite having only
one conserved acidic residue in the putative Ca**-binding loops, I
produced a chimaera between the putative Ca**-binding loops
of the Slp3 and Syt T C2A domains (Figure 5), because the Ca®"-
binding loops 1 and 3 of the C2A domain of Syt I primarily
determine the phospholipid-binding specificity and Ca** binding
[49,50]. The Syt I-C2A-loop 1 (replacement by the Slp3 loop 1)
exhibited Ca**-independent phospholipid-binding activity, and
the Syt I-C2A-loop 3 (replacement by the Slp3 loop 3) mutants
failed to exhibit Ca**-dependent phospholipid (PS/PC liposome)-
binding activity (Figure 5B, second and fourth panels). By
contrast, the Syt I-C2A-loop 2 mutant (replacement by the Slp3
loop 2) showed normal Ca?*-dependent phospholipid-binding
activity, the same as the wild-type Syt I C2A (Figure 5B, top and
third panels), probably because loop 2 of Syt I is not involved in
Ca®"-binding [37,38] and thus replacement by the Slp3 loop 2
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Figure 5 Chimaeric analysis of the putative Ca?-binding loops between
the Sip3 and Syt | C2A domains

(R) Schematic representation of the chimaeric proteins between Syt | (open boxes) and Sip3
(shaded boxes). The letters in the boxes indicate the sequences around the chimaeric points.
(B) Ca’*-dependent phospholipid (PS/PC)-binding properties of the Syt | chimaera proteins.
GST fusion proteins were incubated with and without (—) PS/PC liposomes in the presence
and absence of bivalent cations. Input means the total proteins used for the phospholipid-
binding assay. In the absence of liposomes, only 5—10% of the input proteins were recovered
in the phospholipid-binding fraction. Input means the total proteins used for the phospholipid-
binding assay. The gels shown here represent the pelleted portion (phospholipid-binding
fraction) of the input sample.

should be neutral for phospholipid-binding activity. Consistent
with this, loop 1 and loop 3 of the Slp3 C2A domain lack one and
three Glu/Asp residues, respectively, responsible for Ca** binding
in the Syt I C2A domain (Figure 1A). Unexpectedly, however,
replacement of the three loops (Syt I-C2A-loop 123) was not fol-
lowed by Ca®*-dependent phospholipid-binding activity, suggest-
ing that three loops on top of the C2 f-sandwich structure alone
are not sufficient for the Ca**-dependent phospholipid binding
of the Slp3 C2A domain and that additional region(s) in the
p-sandwich structure are required for the Ca**/phospholipid
binding.

I then performed site-directed mutagenesis to identify the key
amino acids responsible for the Ca?"-dependent phospholipid-
binding activity of the Slp3 C2A domain. I focused on the two
Glu residues (Glu-336 and Glu-337) in the putative Ca**-binding
loop 1 and polybasic sequence in the £-4 strands (Lys-359, Lys-
360 and Lys-361), because a similar polybasic sequence in the

SIp3-C2A(EQ1)

“-—- e o e mmwwnw| SIp3-C2A(EQ2)

SIp3-C2A(KQ)

-[— o . e e | Syt -C2A(KQ)

Figure 6 Mutational analysis of the Ca?*-dependent phospholipid-binding
site of the SIp3 C2A domain

Ca®*-dependent phospholipid (PS/PC)-binding properties of the SIp3 or Syt | mutant proteins.
Note that the SIp3-C2A(EQ1) and SIp3-C2A(KQ) mutants did not exhibit Ca®*-dependent
phospholipid-binding activity (top and third panels), but that the Syt I-C2A(KQ) mutant and
SIp3-C2A(EQ2) did (second and bottom panels). Input means the total proteins used for the
phospholipid-binding assay. The gels shown here represent the pelleted portion (phospholipid-
binding fraction) of the input sample.

Syt I C2B domain is essential for inositol polyphosphate bind-
ing [30]. When the two negative charges were neutralized by
replacement of Gln [Slp3-C2A(EQ1)], the mutant protein did not
show Ca**-dependent phospholipid-binding activity, but instead
bound liposomes only in the absence of bivalent cations (Figure 6,
top panel). By contrast, however, neutralization of two negative
charges just near the putative Ca?*-binding loop 2 [SIp3-C2A-
(EQ2); see Figure 1A, #] had no effect on Ca?"-dependent
liposome binding activity (Figure 6, second panel). The Slp3-
C2A(KQ) mutant carrying K359Q, K360Q, and K361Q substi-
tutions also did not show Ca?*-dependent phospholipid-binding
activity, but it bound liposomes in the absence of bivalent cations
(Figure 6, third panel). By contrast, the Syt I-C2A(KQ) mutant
still exhibited Ca?"-dependent phospholipid-binding activity
(Figure 6, bottom panel), indicating that the polybasic sequence
is dispensable for the Ca**-dependent phospholipid binding of
the Syt I C2A domain. These results indicated that fundamental
mechanism of Ca*"/phospholipid binding in regard to critical
residues responsible for Ca**-binding differs by the C2A domain
of SIp3 and Syt I.

Conclusions

In the present study I compared the phospholipid-binding
ability of the C2A domain of all known C-type tandem C2 pro-
teins and found that five Asp/Glu residues identified in the Syt I
C2A domain [37,38] in the top loops of the C2 f-sandwich struct-
ure primarily determines the Ca?"-dependent phospholipid-
binding ability (i.e. conservation of five Asp/Glu residues in loops
1 and 3 of C2 structure is a good marker for Ca**-dependent
phospholipid-binding ability; see Figure 1C). The only exception
is the Slp3 C2A domain, which contains only one conserved Glu
residue in the putative Ca?*-binding loop 1. Nevertheless, the
SIp3 C2A domain binds negatively charged phospholipids via
electrostatic interaction, which is selectively promoted by Ca**

© 2002 Biochemical Society
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ions, the same as the Syt I C2A domain. Site-directed mutagenesis
(Figure 6) and chimaeric analysis (Figure 5) indicated that the
Glu residues in loop 1 and the polybasic sequence in the (-4
strand in the Slp3 C2A domain are crucial for Ca®*"-dependent
phospholipid binding, whereas the top loops of the Syt I C2A
domain, but not the f-sandwich structure, primarily determine
its Ca®*-/phospholipid-binding ability [50]. Because of this differ-
ent mechanism, the Syt I-C2A-loop 123 chimaera mutant did
not exhibit phospholipid-binding activity (i.e. three loops of
Slp3 alone are insufficient for the phospholipid-binding activity
of Slp3 and Syt I-C2A-loop 123). Although the Syt I C2A
domain also contains the similar polybasic sequence in the £-4
strand, its position was different from that of the SIp3 C2A
domain. Since I previously showed that the positions and num-
bers of the basic residues in the §-4 strands of the C2B domain are
essential for inositol polyphosphate binding [30], the polybasic
sequence of the Syt I C2A domain is unlikely to contribute to
Ca?* /phospholipid binding of the Syt I-C2A-loop 123 mutant.

In summary, I have demonstrated that the C2A domain of
Slp3 is an atypical Ca*"-/phospholipid-binding machine com-
pared with other C-type tandem C2 proteins. The Ca®*"-dependent
phospholipid binding of the Slp3 C2A domain can be activated
by at least 10 uM Ca?*, which are comparable with the Ca**
concentration that triggers Ca®"-dependent exocytosis in endo-
crine cells or granule exocytosis in cytotoxic T-lymphocytes
[51,52], although 1 mM Mg?* can activate phospholipid binding
of the Slp3 C2A domain. Further work is necessary to determine
whether the phospholipid-binding activity of Slp3 is involved in
Rab27-dependent Ca**-regulated exocytosis.
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