The Journal of Neuroscience, October 1, 2002, 22(19):8438–8446

Structure/Function Analysis of Ca2ⴙ Binding to the C2A Domain of
Synaptotagmin 1
Rafael Fernández-Chacón,1,4 Ok-Ho Shin,1 Andreas Königstorfer,3 Maria F. Matos,1 Alexander C. Meyer,4
Jesus Garcia,2 Stefan H. Gerber,1 Josep Rizo,2 Thomas C. Südhof,1 and Christian Rosenmund4
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Synaptotagmin 1, a Ca 2⫹ sensor for fast synaptic vesicle exocytosis, contains two C2 domains that form Ca 2⫹-dependent
complexes with phospholipids. To examine the functional importance of Ca 2⫹ binding to the C2A domain of synaptotagmin
1, we studied two C2A domain mutations, D232N and D238N,
using recombinant proteins and knock-in mice. Both mutations
severely decreased intrinsic Ca 2⫹ binding and Ca 2⫹dependent phospholipid binding by the isolated C2A domain.
Both mutations, however, did not alter the apparent Ca 2⫹
affinity of the double C2 domain fragment, although both decreased the tightness of the Ca 2⫹/phospholipid/double C2 domain complex. When introduced into the endogenous synaptotagmin 1 gene in mice, the D232N and D238N mutations had
no apparent effect on morbidity and mortality and caused no
detectable alteration in the Ca 2⫹-dependent properties of synaptotagmin 1. Electrophysiological recordings of cultured hip-

pocampal neurons from knock-in mice revealed that neither
mutation induced major changes in synaptic transmission. The
D232N mutation, however, caused increased synaptic depression during repetitive stimulation, whereas the D238N mutation
did not exhibit this phenotype. Our data indicate that Ca 2⫹
binding to the C2A domain of synaptotagmin 1 may be important but not essential, consistent with the finding that the two
C2 domains cooperate and may be partially redundant in Ca2⫹dependent phospholipid binding. Moreover, although the
apparent Ca 2⫹ affinity of the synaptotagmin 1/phospholipid
complex is critical, the tightness of the Ca 2⫹/phospholipid
complex is not. Our data also demonstrate that subtle changes
in the biochemical properties of synaptotagmin 1 can result in
significant alterations in synaptic responses.
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When an action potential invades a nerve terminal, voltage-gated
Ca 2⫹ channels open, and Ca 2⫹ triggers fast neurotransmitter
release with an overall probability of 0.05–1.00 (Hessler et al.,
1993; Rosenmund et al., 1993; Xu-Friedman et al., 2001). Because
of the steep Ca 2⫹ sensitivity of release (Bollmann et al., 2000;
Schneggenburger and Neher, 2000), the final step in triggering
release requires cooperative interaction of multiple Ca 2⫹ ions
with its receptor(s). Although several Ca 2⫹ sensors are likely
involved in neurotransmitter release, the synaptic vesicle protein
synaptotagmin 1 probably is the primary sensor for synaptic
vesicle exocytosis. This conclusion is based on the fact that
synaptotagmin 1 binds multiple Ca 2⫹ ions (Ubach et al., 1998;
Fernández et al., 2001) and is essential for fast, Ca 2⫹-triggered

exocytosis in central synapses (Geppert et al., 1994) in a manner
whereby its apparent Ca 2⫹ affinity dictates the Ca 2⫹ responsiveness of release (Fernández-Chacón et al., 2001).
Synaptotagmin 1 is the prototype of a large family of proteins,
many of which are probably Ca 2⫹ sensors for exocytosis (for
review, see Südhof, 2002). All synaptotagmins are composed of
an N-terminal transmembrane region, a central linker sequence,
and two C-terminal C2 domains. The two C2 domains, C2A and
C2B, bind multiple Ca 2⫹ ions and form Ca 2⫹-dependent phospholipid complexes (Davletov and Südhof, 1993; Chapman and
Jahn, 1994; Ubach et al., 1998; Fernández et al., 2001). In addition, the synaptotagmin C2 domains bind to several proteins in
vitro as a function of Ca 2⫹, most prominently the soluble
N-ethylmaleimide-sensitive factor attachment protein (SNAP)
receptor (SNARE) syntaxin 1 (Chapman et al., 1995; Li et al.,
1995; Kee and Scheller, 1996). Because the C2 domains account
for the majority of the synaptotagmin 1 sequence (Perin et al.,
1990), synaptotagmin 1 can be considered a membrane-tethered
Ca 2⫹-binding machine.
C2 domains are composed of stable eight-stranded
␤-sandwiches with flexible loops emerging from the top and
bottom (Sutton et al., 1995). Ca 2⫹ binds exclusively to the top
loops at sites that are formed by residues that are widely separated in the primary sequence and often coordinate multiple
Ca 2⫹ ions. As a result, C2 domains bind Ca 2⫹ ions in a cluster
with a low intrinsic Ca 2⫹ affinity (Ubach et al., 1998; Fernández
et al., 2001). This affinity increases dramatically in the presence of
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phospholipid membranes that potentiate the apparent Ca 2⫹ affinity of C2 domains up to 1000-fold (Zhang et al., 1998). Mutations in the top loops of C2 domains differentially alter their
intrinsic and apparent Ca 2⫹ affinities. For example, a point
mutation in the C2A domain of synaptotagmin 1, R233Q, increases its intrinsic Ca 2⫹ affinity but decreases its apparent Ca 2⫹
affinity (Fernández-Chacón et al., 2001). When introduced into
the endogenous mouse synaptotagmin 1 gene by homologous
recombination, this mutation decreased by approximately twofold
the apparent Ca 2⫹ affinity of the double C2 domain fragment of
native synaptotagmin 1 for phospholipids but not for SNARE
complexes. Because the R233Q mutation lowered the Ca 2⫹ sensitivity of neurotransmitter release twofold in the mutant mice,
these results suggested that the Ca 2⫹-dependent synaptotagmin/
phospholipid complex is the driving force behind the Ca 2⫹ triggering of neurotransmitter release (Fernández-Chacón et al.,
2001). However, it is unclear why synaptotagmins contain two
independently folded C2-domains with similar Ca 2⫹-dependent
properties. In the present study, we have tested the effects of
mutations in the Ca 2⫹-binding sites of the C2A domain of synaptotagmin 1 using a combination of biophysical, biochemical,
genetic, and electrophysiological approaches.

MATERIALS AND METHODS
Nuclear magnetic resonance spectroscopy measurements of intrinsic Ca 2⫹
binding by wild-t ype and mutant C2A domains. 1H- 15N heteronuclear
single quantum coherence (HSQC) spectra were acquired with 1 hr total
acquisition time at 25°C in a Varian I NOVA500 nuclear magnetic resonance (NMR) spectrometer (spectral widths ⫽ 7600 and 1163 Hz in the
1
H and 15N dimensions, respectively) using uniformly 15N-labeled C2A
domains (Z hang et al., 1994). The C a 2⫹ titrations were recorded at
150 –160 M protein concentrations with successive additions of 0, 0.05,
0.1, 0.15, 0.2, 0.25, 0.3, 0.375, 0.45, 0.525, 0.6, 0.675, 0.75, 1, 1.2, 2, 5, 10,
20, 30, and 40 mM C a 2⫹. The C a 2⫹ affinities of the different sites were
calculated by curve-fitting the C a 2⫹ dependence of selected chemical
shifts to standard protein-ligand equilibrium equations using Sigma Plot
(Fernández-Chacón et al., 2001).
C a 2⫹-dependent phospholipid binding studies of wild-type (W T) and
mutant recombinant C2A domains were performed with two assays. (1)
Glutathione S-transferase (GST)-pulldown assays using 3H-labeled liposomes containing 30% phosphatidyl serine(PS)/70% phosphatidyl choline (PC) and immobilized GST-f usion proteins were performed essentially as described (Fernández-Chacón et al., 2001; Gerber et al., 2001).
Data obtained with identical amounts of recombinant proteins, liposomes, and glutathione beads were evaluated in terms of both C a 2⫹
affinity and amount of binding (see Fig. 2 A, B). Results from multiple
experiments are summarized in Table 2. (2) Liposome centrif ugation
assays using soluble C2 domain GST-f usion proteins eluted from glutathione columns after purification and heav y liposomes were performed
essentially as described by Sugita et al. (2002). Briefly, dried lipids
(PS/ PC ⫽ 25:75, w/ w) were suspended in H EPES buffer (50 mM H EPES,
100 mM NaC l, 4 mM EGTA, pH 6.8) containing 0.5 M sucrose, vortexed,
and sonicated. Heav y liposomes were isolated by centrif ugation
(100,000 ⫻ g for 30 min) after adding 4 vol of H EPES buffer without
sucrose. The heav y liposomes were then washed with H EPES buffer,
precipitated by centrif ugation (13,000 rpm for 10 min), and resuspended
in H EPES buffer. Recombinant GST-synaptotagmin 1 C2 domains (6 g
protein) were incubated with 100 g of liposomes with various concentrations of free C a 2⫹ clamped with C a 2⫹/ EGTA buffers and centrif uged
(13,000 rpm for 10 min). The pellets were washed with the corresponding
C a 2⫹/ EGTA buffer, treated with chloroform /methanol (1:2, v/ v), and
centrif uged again (13,000 rpm for 15 min). The protein precipitate was
then analyzed by SDS-PAGE and Coomassie Blue staining.
C a 2⫹-dependent phospholipid and syntaxin binding by native synaptotagmins was examined essentially as described (Fernández-Chacón et
al., 2001), and bound proteins were analyzed by SDS-PAGE and
immunoblotting.
Generation of k nock-in mutant mice by homologous recombination.
Mice carrying the D232N or the D238N point mutations in the endogenous synaptotagmin 1 gene were generated essentially as described
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previously for the R233Q and the K236Q knock-in mutants (FernándezChacón et al., 2001). Mice were genotyped by PCR as described
(Fernández-Chacón et al., 2001), and PCR fragments were digested with
specific restriction enzymes to detect diagnostic restriction sites that were
inserted in conjunction with the point mutations (BstBI for D232N and
EcoRI for D238N). As in our previous study on the R233Q and K236Q
mutants, all analyses were performed on the offspring of matings between compound heterozygotes carrying one allele of the D232N or
D238N knock-in, and a second allele of the control knock-in that includes the same neomycin gene in the intron but lacks the mutation in an
exon. This procedure ensured that all analysis was performed on precisely matched controls.
Cell culture and electrophysiolog y. Microislands of astrocyte feeder cells
were prepared 4 –5 d before hippocampal neurons were plated. Briefly,
islands of substrate (0.1 gm / l poly-D-lysine; 1 gm / l rat tail collagen in 1
mM acetic acid) were applied to round glass coverslips using a stamp
containing regularly spaced squares (200 ⫻ 200 m). T ype 1 astrocytes
(5000/cm 2) were preplated in DM EM containing 10% fetal calf serum.
Once astrocytes reached confluency, 5-fluoro-2⬘deoxyuridine (10 M)
was added to inhibit f urther proliferation. Newborn animals were decapitated according to the rules of the state and animal welfare committee.
Brains were cleaned of meninges and vascular tissue, and then the
hippocampi were removed in physiological salt solution. The tissue was
enzymatically dissociated in papain (2 U/ml) in DM EM for 60 min at
37°C. Before plating the dissociated hippocampal neurons at a density of
500/cm 2, the medium of the astrocyte feeder cells was replaced with
serum-free medium (Neurobasal medium A supplemented with B27,
Glutamax, and Pen /strep; Invitrogen). Neurons were allowed to mature
for 14 –21 d before they were used for experiments, and only islands
containing single neurons were examined. Patch pipette solutions contained (in mM): 135 K-Gluconate, 10 H EPES, 1 EGTA, 4.6 MgC l2, 4
Na-ATP, 15 creatine phosphate, 50 U/ml phosphocreatine kinase (300
mOsm, pH 7.3). The extracellular saline solution contained (in mM): 140
NaC l, 2.4 KC l, 10 H EPES, 10 glucose, 4 C aC l2, and 4 MgC l2 unless
noted otherwise (305 mOsm, pH 7.3). All chemicals, except for M K-801
(Tocris, Bristol, UK), were purchased from Sigma. All solutions were
applied using a fast flow system at room temperature (Pyott and Rosenmund, 2002).
Electrophysiolog y and statistics. C ells were whole-cell voltage clamped
at ⫺70 mV with either an Axopatch 200B amplifier (Axon Instruments)
under control of the C lampex 8.0 (Axon Instruments) program or an
EPC9 patch-clamp amplifier (H EK A Elektronik, Lambrecht, Germany).
Currents were low-pass filtered at 1 or 5 kHz and stored at either 10 or
20 kHz. The series resistance was compensated to 70 –90%. Only cells
with series resistances below 10 M⍀ were analyzed. Statistical significance was tested using unpaired, nonparametric Wilcoxon tests. All
values are presented as the mean ⫾ SEM.

RESULTS
D232N and D238N mutations severely impair Ca 2ⴙ
binding to the C2A domain of synaptotagmin 1
The three Ca 2⫹-binding sites of the synaptotagmin 1 C2A domain are formed by six amino acid side chains, five aspartate
residues and one serine residue, located on two separate loops
that extend from the top of the domain (Ubach et al., 1998).
Intrinsic Ca 2⫹ binding by the C2A domain is of low affinity (⬎20
mM for the third Ca 2⫹ ion) and lacks cooperativity (Table 1). To
perturb Ca 2⫹ binding to the C2A domain without affecting its
structure, we introduced point mutations into the C2A domain
Ca 2⫹ binding sites. These mutations, D232N and D238N, target
key aspartate residues that coordinate multiple Ca 2⫹ ions (Ubach
et al., 1998) but are nevertheless conservative, and they preserve
the overall structure of the domain (Shao et al., 1998; Contreras
et al., 1999). We then analyzed purified recombinant wild-type
and mutant C2A domains by NMR spectroscopy, using HSQC
spectra in the presence of increasing Ca 2⫹ concentrations to
monitor Ca 2⫹ binding to the C2A domains. Our data revealed
that the mutations severely altered the Ca 2⫹-binding properties
of the C2A domain (Fig. 1) (data not shown). Both mutations
caused a large decrease in the intrinsic Ca 2⫹ affinities of the
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Table 1. Intrinsic Ca2ⴙ-binding affinities of wild-type and mutant C2A
domains
Ca2⫹-binding site

WT

D232N

D238N

Ca1a
Ca2b
Ca3

54
530
⬎20,000c

53
⬎40,000c
⬎100,000d

136
⬎20,000c
⬎100,000d

Ca2⫹ binding to the isolated wild-type (WT) C2A domain of synaptotagmin 1 and
the D232N and D238N point mutants of the C2A domain was monitored by 1H–15N
HSQC acquired with 150 –165 M of purified recombinant C2A domains. Dissociation constants were calculated from the Ca2⫹ titrations as described (FernándezChacón et al., 2001) and are expressed in micromolar Ca2⫹.
a
Calculated from the Ca 2⫹ dependence of the 15N chemical shift of the K200 NH
resonance between 0 and 600 M total Ca 2⫹.
b
Calculated from the Ca 2⫹ dependence of the 1H chemical shift of the S235 NH
resonance.
c
Only a lower limit can be estimated because the site was not saturated at the highest
Ca 2⫹ concentration used (40 mM).
d
Estimated based on the fact that no cross-peak movement corresponding to this site
is observed up to 40 mM Ca 2⫹.

second and third Ca 2⫹-binding sites, and the D238N but not the
D232N mutation also reduced the intrinsic affinity of the first
Ca 2⫹-binding site (Table 1).
To determine the effect of the mutations on Ca 2⫹-dependent
phospholipid binding by the isolated C2A domain, we used two
methods: pulldowns of radiolabeled liposomes with immobilized
GST-fusion proteins of the C2A domains (Fig. 2) and a liposome
centrifugation assay (Fig. 3). The two assays gave fundamentally
the same results. In the isolated C2A domain, both mutations
severely depressed Ca 2⫹-dependent phospholipid binding. Consistent with the decrease in intrinsic Ca 2⫹ binding by the mutant
domains (Table 1), phospholipid binding was more impaired by
the D238N than the D232N mutation (Table 2). Curiously, the
small amount of remaining Ca 2⫹-dependent phospholipid binding in the D232N mutant exhibited a higher apparent Ca 2⫹
affinity than that of the wild-type C2A domain or of the D238N
mutant C2A domain (Fig. 2, Table 2). Viewed together, these data
demonstrate that in the isolated C2A domain, the D232N and
D238N mutations severely impair Ca 2⫹ binding and Ca 2⫹dependent phospholipid binding.

Generation of knock-in mice carrying D232N or
D238N mutations
To test the functional consequences of the D232N and D238N
mutations in vivo, we generated mice that carried these mutations
separately (Fig. 4 A). These mice were obtained by the same
approach used to make knock-in mice with the R233Q and
K236Q mutations (Fernández-Chacón et al., 2001) and analyzed
similarly by breeding to control mice. These control mice had
gone through the same genetic manipulations as the mutant mice
and also contained a neomycin resistance gene in an intron but
lacked a mutation. The D232N and D238N mutant mice exhibited
no outward abnormality. They bred normally and displayed no
noticeable morbidity or premature mortality and no obvious
behavioral defects. In both types of mutant mice, the apparent
levels of synaptotagmin 1 and other proteins (vasolin-containing
protein, Syntaxin 1A/B, Synapsins 1A, 1B, 2A, and 2B, SNAP-25,
synaptobrevin 2, Munc18 –1, synaptophysin 1, Rab3A, rabphilin,
and synaptotagmin 7) were evaluated by immunoblotting with
detection by enhanced chemiluminescence (Fig. 4 B) (data not
shown). No major changes in protein levels were detected.

Enhanced short-term depression in synaptotagmin 1
D232N mutant mice
To test the effects of the D232N and D238N mutations on synaptotagmin 1 function, we cultured hippocampal neurons from
newborn knock-in mice and performed electrophysiological recordings in neurons that had formed autapses. In all experiments,
neurons from mutant and wild-type littermates were cultured and
analyzed simultaneously to control for culture-dependent variabilities in synaptic responses. EPSCs in response to action potentials induced at low frequency by brief somatic depolarizations
(0 mV, 1–2 msec) appeared similarly robust for all mice tested
(data not shown), consistent with a fundamentally normal release
apparatus in the mutant mice. We next measured the short-term
plasticity properties of wild-type and synaptotagmin 1 mutants by
evoking trains of action potentials at 10 Hz (50 stimuli) and 50 Hz
(5 stimuli). Although the D238N mutation had no major effect on
the time course of EPSCs at both frequencies, the D232N mutation produced significantly faster depression of EPSC amplitudes
at both frequencies (Fig. 5). This effect is opposite to that caused
by the neighboring R233Q mutation that resulted in strong facilitation under the same conditions (Fernández-Chacón et al.,
2001).
In the R233Q mutant mice, the change in short-term plasticity
was paralleled by a reduction in the basal Ca 2⫹-triggered response, a right shift in the apparent Ca 2⫹ sensitivity of evoked
responses, and a decrease in the vesicular and synaptic release
probabilities (Fernández-Chacón et al., 2001). We therefore
tested whether the D232N mutation caused an increased release
probability, because accelerated EPSC depression during trains
of action potentials is indicative for this change in release efficacy.
Release efficacy can be calculated by quantifying evoked responses and the size of the readily releasable pool (RRP) in the
same cell. The average absolute EPSC amplitudes recorded from
neurons from mutant and wild-type littermates were similar in all
comparisons (D232N 3.6 ⫾ 0.5 nA, n ⫽ 48 vs WT 3.7 ⫾ 0.7 nA,
n ⫽ 39; D238N 3.6 ⫾ 0.6 nA, n ⫽ 41 vs WT 3.4 ⫾ 0.8 nA, n ⫽ 31)
(Fig. 6). The size of the readily releasable vesicle pool can be
quantified by integration of the transient inward current component of the response induced by a 4 sec application of 500 mOsm
hypertonic sucrose solution applied to the entire cell (Rosenmund and Stevens, 1996). Similar to the absolute EPSC amplitudes, no significant changes were observed between mutants and
wild-type controls in the readily releasable pool (D232N 598 ⫾ 86
pC, n ⫽ 44 vs WT 551 ⫾ 105 pC, n ⫽ 36) and D238N (D238N
655 ⫾ 102 pC, n ⫽ 41 vs WT 857 ⫾ 181 pC, n ⫽ 30).
Accordingly, because neither evoked response nor RRP was
different between mutants and wild type, we expect that the
probability of an individual fusion competent vesicle to exocytose
after arrival of an action potential, the vesicular release probability (Pvr), is also unchanged. This probability can be reliably
determined when both the charge of the synaptic responses and
the charge of the RRP are recorded in the same neuron and can
be computed by simply dividing EPSC charge by readily releasable pool charge. Indeed, we found that the average Pr was
unchanged and was ⬃6% for all groups tested (Fig. 6) and similar
to other previously reported values for wild-type cells (Rosenmund and Stevens, 1996; Fernández-Chacón et al., 2001).
In the R233Q mutant mice, the reduced vesicular release probability was accompanied by a reduced synaptic release probability
and a reduced apparent Ca 2⫹ sensitivity of triggered release. A
detailed analysis of the synaptic release probability and apparent
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Figure 2. Apparent Ca 2⫹-binding affinities of the wild-type (WT ) and
mutant C2A domains of synaptotagmin 1 measured by Ca 2⫹-dependent
GST pulldowns of radiolabeled liposomes. A, Ca 2⫹ titrations of phospholipid binding with equal amounts of recombinant C2A domains (25 g
protein) and radiolabeled liposomes. Note that both mutations (D232N
and D238N) inactivate ⬎80% of Ca 2⫹-dependent phospholipid binding,
but that the remaining binding is still Ca 2⫹ dependent. B, Same data as
in B but normalized for maximal binding to illustrate the shift in apparent
Ca 2⫹ affinities of the D232N mutant. Note that because of the low
signal-to-noise, in particular for the D238N mutant C2A domain, which
exhibits almost no Ca 2⫹-dependent phospholipid binding, the curve fits
are rather inaccurate in single experiments as shown here but can be
averaged from multiple experiments as summarized in Table 2.

Ca 2⫹ sensitivity in the D232N mutant mice did not reveal any
significant changes compared with wild types (Fig. 6C,D). Synaptic release probability can be reliably determined by the degree of
NMDA–EPSC depression during synaptic stimulation in the
presence of the use-dependent NMDA channel blocker MK-801
(Rosenmund et al., 1993). The stimulus-dependent decrease of
the NMDA–EPSC amplitude was not significantly changed in the
D232N mutant neurons compared with wild-type cells (Fig. 6C).
The apparent sensitivity of Ca 2⫹-triggered release was tested by
systematically blocking Ca 2⫹ channel with Cd 2⫹. We added
different concentrations of Cd 2⫹ (3–100 M) to the external
solution with constant concentrations of other external divalent

8.90

8.80

8.70

Figure 1. Intrinsic Ca 2⫹ binding to the
wild-type (WT ) and the D232N and
D238N mutant C2A domains of synaptotagmin 1 monitored by NMR spectroscopy. Ca 2⫹ titrations were examined by
1
H-15N HSQC spectra acquired with 150 –
165 M of purified recombinant C2A domains. Panels illustrate the Ca 2⫹dependent shifts of selected cross-peaks
corresponding to the D172 (top panels)
and D230 (bottom panels) NH groups in
all three C2A domains. The cross-peaks
from these NH groups are shown in red,
and other cross-peaks are shown in black.
Numbers next to the resonances indicate
the Ca 2⫹ concentration (in millimolar)
for that particular position of the crosspeak. Note the typical triphasic movement
of the cross-peaks in the wild-type C2A
domain, with the corresponding Ca 2⫹binding sites (Ca1, Ca2, and Ca3) indicated next to each phase. In the mutants,
only biphasic movements with a different
Ca 2⫹ dependence are detectable. For
quantitation of the various Ca 2⫹-binding
parameters, see Table 1.

cations (12 mM Ca 2⫹, 1 mM Mg 2⫹). In this routine, only the
amount of Ca 2⫹ influx is altered without changing axonal excitability. The inhibition of EPSC amplitude as a function of
[Cd 2⫹]0 was very similar in D232N mutants and wild types, with
IC50 values for Cd 2⫹ of 25 and 27 M, respectively (Fig. 6 D).

Effects of the D232N and D238N mutations on the
double C2 domain fragment
The relatively mild phenotype caused by the D232N mutation
and the absence of a phenotype in the D238N mice were initially
surprising considering the severe effects of these mutations on
intrinsic Ca 2⫹ binding and on Ca 2⫹-dependent phospholipid
binding to the isolated C2A domain. To test whether the native
synaptotagmin 1 proteins expressed in the knock-in mice also
exhibit a severe impairment on phospholipid binding, we obtained native soluble C2A/C2B domain fragments by limited
trypsin digestion of brain membranes from the mice and analyzed
their ability to bind to phospholipids (Fig. 7A). Because synaptotagmin 1 also binds to the SNARE protein syntaxin 1 in a
Ca 2⫹-dependent manner, we also tested the solubilized C2A/C2B
domain fragments for syntaxin 1 binding (Fig. 7B). No changes in
either phospholipid or syntaxin 1 binding were detected, as far as
was discernable with the relatively limited assays available. Thus,
in contrast to the isolated C2A domain, the D232N and D238N
mutations do not cause a major impairment of the Ca 2⫹-binding
properties of the double C2 domain fragment as opposed to the
R233Q mutation, which affected both the isolated C2A domain
and the double C2 domain fragment (Fernández-Chacón et al.,
2001).
The different effects of the D232N and D238N mutations on the
Ca 2⫹-dependent phospholipid binding properties of the isolated
C2A domain and the native C2A/C2B domain fragments obtained
from the knock-in mice suggest that there is functional cooperation between the two C2 domains of synaptotagmin 1. Although
initially this explanation seemed unlikely because the C2B domain was believed to be unable to bind phospholipids in a Ca 2⫹dependent manner (Schiavo et al., 1996; Bai et al., 2000), during
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Table 2. Apparent Ca2ⴙ-binding affinities of wild-type and mutant C2A
domains measured as Ca2ⴙ/phospholipid complexes
C2A domain

EC50

Hillcoeff

Absolute binding

n

WT
D232N
D238N

14 ⫾ 0.2 M
5 ⫾ 1.0 M
17 ⫾ 1.3 M

4.0 ⫾ 0.2
1.5 ⫾ 0.1
1.6 ⫾ 0.2

33863 ⫾ 227 dpm
5461 ⫾ 147 dpm
3411 ⫾ 115 dpm

3
3
3

The apparent Ca2⫹ affinities of the indicated purified C2A domains were measured
as described in Figure 2 using pulldowns of radiolabeled phospholipid vesicles
composed of 30% phosphatidylserine/70% phosphatidylcholine with immobilized
GST-fusion proteins containing the C2A domains. Data shown are mean ⫾ SEMs
from the number of experiments indicated (n) performed in triplicate as described
in Materials and Methods. Each reaction contained ⬃25 g of protein and 4.5 g of
phospholipids. Binding constants and Hill coefficients were calculated using GraphPad software and are not accurate for the D232N and D238N mutants because of the
decrease in absolute binding. “Absolute binding” gives the amount of phospholipid
vesicles, expressed as counts of radiolabeled phospholipids, that are pulled down at
saturating Ca2⫹ concentrations.

binding to the wild-type double C2 domain fragment (Fig. 8),
showing that the mutations have an effect on the tightness of
binding.

DISCUSSION
Figure 3. Apparent Ca 2⫹ affinities of wild-type and mutant single and
double C2 domain fragments from synaptotagmin 1 measured by Ca 2⫹dependent binding to liposomes. The isolated wild-type and D232N and
D238N mutant C2A domain, the wild-type C2B domain, and the wild-type
and mutant double C2 domain fragments were analyzed. Liposomes
composed of 25% PS/75% PC were incubated with the indicated C2
domains (present as soluble purified GST-fusion proteins) at the Ca 2⫹
concentrations shown on top (clamped with Ca 2⫹/EGTA buffers) and
centrifuged, and bound proteins were analyzed by SDS-PAGE and Coomassie blue staining. Data shown are from a single representative experiment repeated multiple times.

the course of this study we found that the isolated C2B domain
indeed exhibits Ca 2⫹-dependent phospholipid binding when
properly purified (Fernández et al., 2001). In addition, partial
redundancy between the C2A and C2B domain in phospholipid
binding to the double C2 domain region has been described
recently (Earles et al., 2001), although these results should be
interpreted with caution because the isolated C2B domain did not
bind phospholipids in the assay used in this study. To further
understand the interplay between the synaptotagmin 1 C2 domains in phospholipid binding, we used recombinant proteins
spanning the double C2 domain region. Similar to the C2B domain, the double C2 domain fragment has a tendency to bind
bacterial contaminants that are difficult to remove on GST-affinity
resins (Ubach et al., 2001). Therefore we purified the recombinant proteins in solution and used a liposome centrifugation assay
rather than GST pulldowns. The wild-type double C2 domain
fragment displayed a significantly higher apparent Ca 2⫹ affinity
in the presence of phospholipids (⬃3 M Ca 2⫹) than each isolated C2 domain (⬃10 M Ca 2⫹) (Fig. 3), confirming that the two
C2 domains cooperate in lipid binding. In addition, the D232N
and D238N mutations had no significant effect on the apparent
Ca 2⫹ affinity or the amount of phospholipid binding to the
recombinant double C2 domain fragment at physiological ionic
strength (Fig. 3), as observed for the native proteins isolated from
the knock-in mice (Fig. 7). To explore whether the mutations
caused a change in the strength of phospholipid binding, we
performed centrifugation assays at different salt concentrations.
NaCl had a marked effect on Ca 2⫹-dependent phospholipid

In the present study we have probed the functional importance of
Ca 2⫹ binding to the C2A domain of synaptotagmin 1. Two point
mutations in the Ca 2⫹ ligands of the C2A domain, D232N and
D238N, severely affected intrinsic Ca 2⫹ binding and Ca 2⫹dependent phospholipid binding to the isolated C2A domain.
Interestingly, these mutations had little effect on the Ca 2⫹dependent phospholipid binding properties of the double C2
domain region of synaptotagmin 1 and did not cause major
changes in synaptic transmission when introduced into knock-in
mice by homologous recombination. D238N mutant mice exhibited no synaptic phenotype, whereas D232N mutant mice displayed only a small but significant increase in synaptic depression.
These data show that C2 domain mutations like the D232N or
D238N substitutions, which alter only the Ca 2⫹-dependent properties of an isolated C2A domain but not of the double C2 domain
fragment, do not have a major effect on the overall function of
synaptotagmin 1. In contrast, C2 domain mutations like the
R233Q substitution, which decreases the apparent Ca 2⫹ affinity
of both the isolated C2A domain and the double C2 domain
fragment, result in a major corresponding change in the function
of synaptotagmin 1 (Fernández-Chacón et al., 2001). Together
these results suggest that the two C2 domains of synaptotagmin 1
function as a single cooperative unit whose overall Ca 2⫹-binding
properties, and not the Ca 2⫹-binding properties of its isolated
constituents, determine Ca 2⫹-triggered neurotransmitter release.
Together with previous studies, our data lead to a model of how
the synaptotagmin 1 C2 domains form Ca 2⫹-dependent phospholipid complexes that emphasizes both the interplay between different types of forces and the cooperation between the two C2
domains (Fig. 9). This model is based on three fundamental
observations. First, both C2 domains individually engage in ternary complexes with phospholipids and Ca 2⫹ (Davletov and
Südhof, 1993; Chapman and Jahn, 1994; Fernández et al., 2001).
Second, intrinsic Ca 2⫹ binding to the C2 domains is noncooperative and exhibits a low Ca 2⫹ affinity but becomes cooperative
and assumes a high Ca 2⫹ affinity when C2 domain/phospholipid
complexes are formed (Zhang et al., 1998; Fernández-Chacón et
al., 2001). Third, the C2 domain/phospholipid/Ca 2⫹ complex
involves direct interactions of positively charged and hydrophobic
residues of the C2 domain with the phospholipid bilayer that can
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Figure 4. Strategy for generating knock-in mice with D232N and D238N mutations in the synaptotagmin 1 C2A domain. A, Design of knock-in vectors
for homologous recombination. Similar to previous experiments (Fernández-Chacón et al., 2001), a genomic clone containing a single exon from the
murine synaptotagmin 1 gene (top) was used to generate targeting vectors in which D232N or D238N mutations were introduced into the exon (middle),
with two copies of the thymidine kinase (TK ) gene for negative selection and a neomycin resistance cassette (neo) for positive selection. The mutant
exons were then introduced into the endogenous synaptotagmin 1 gene by homologous recombination, which also introduces the neomycin resistance
gene cassette into the intron (bottom). Numbered arrows identify oligonucleotides (1872 and 1873) used for genotyping. The position of the outside probe
for detection of homologous recombination by Southern blotting is indicated on the right. The location of selected restriction sites are shown (H, HindIII;
B, BglII; E, EcoRI; N, NheI; C, ClaI; P, PstI), and the scale is given on the right. The mutant mice produced by homologous recombination were then
crossed with control mice obtained in a previous study (Fernández-Chacón et al., 2001) in which the neomycin gene was introduced into the intron
without any mutations in the coding region, and all analyses were performed on littermate offspring from matings between double heterozygous mice
carrying one mutant allele (either D232N or D238N) and one control allele with the neomycin cassette but without a mutation. B, Immunoblots of total
brain homogenates (30 g of protein) from wild-type (⫹/⫹), heterozygous (⫹/⫺), and homozygous (⫺/⫺) littermates stained with monoclonal antibodies
specific for synaptotagmin 1 and rab3a.
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be as critical for the complex as the bound Ca 2⫹ ions (Chapman
and Davis, 1998; Zhang et al., 1998; Fernández-Chacón et al.,
2001; Gerber et al., 2002). Thus at least three forces attach each
C2 domain to the phospholipid bilayer: the positive charges of the
Ca 2⫹ ions, positively charged amino acids (in particular R233 and
K366), and hydrophobic residues that insert into the bilayer (in
particular M173, F234, V304, and I367).
In agreement with this model, our data show that the Ca 2⫹dependent complex of the double C2 domain fragment with
phospholipids is sensitive to increases in ionic strength (Fig. 8),
exhibits an increased apparent Ca 2⫹ affinity compared with the
individual C2 domains (Fig. 3), and is less susceptible than the
individual C2 domains to mutations in Ca 2⫹-binding sites (Figs.
3, 4). Thus, limited Ca 2⫹ binding is sufficient to “switch on” the
double C2 domain fragment and to trigger complete membrane
translocation of the entire fragment. Although the disruption of
some C2A domain Ca 2⫹-binding sites by the D232N and D238N

80 0

20 40 60
Time (ms)

80

Figure 5. Effect of the D232N and D238N
mutations on short-term synaptic plasticity
analyzed in cultured hippocampal neurons.
A, Average synaptic currents (EPSCs) recorded from “microisland” cultures in response to 10 Hz stimulation. EPSCs are
normalized to the first response; top traces
show a comparison of D232N mutant neurons with wild-type (WT) neurons, and bottom traces show a comparison of D238N
mutant neurons with wild-type neurons.
Stimulus artifacts are blanked. B, Plot of the
average EPSC amplitudes normalized to
the first response recorded during 10 Hz
stimulation. The comparison of D232N mutant with wild-type responses is shown on
the left, and the comparison of D238N mutant with wild-type responses is shown on
the right. C and D are same as A and B but
with 50 Hz stimulation.

mutations yields a Ca 2⫹/phospholipid complex with the double
C2 domain fragment that is less tight and more sensitive to ionic
strength (Fig. 8), the complex is still sufficiently strong to persist
at physiological salt concentrations. We have observed previously
that the R233Q mutation decreases significantly the apparent
Ca 2⫹ affinity of both the single C2A domain and the double C2
domain region (Fernández-Chacón et al., 2001), whereas our
current data show that the D232N and D238N mutations lead to
a decrease only in the C2A domain but not in the double C2
domain. The differential impact of these mutations can be attributed to differences in the energetic contributions to phospholipid
binding by the R233 side chain versus the second and third
Ca 2⫹-binding sites of the C2A domain. Such differential contributions to overall binding energies are typical in protein–protein
interactions where only a subset of the contacts in the interface,
called “hot spots,” usually accounts for most of the energy of
binding (Cunningham and Wells, 1993). A possible alternative
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Figure 6. Analysis of the vesicle pools, release probabilities, and Ca
sensitivities in D232N and D238N mutant neurons in comparison with
wild-type (WT ) neurons. A, Quantitative analysis of evoked responses
and the sizes of the readily releasable vesicle pools of excitatory neurons
of D232N and D238N excitatory neurons. Mean amplitudes and pool sizes
were normalized to the mean values from the littermate wild-type neurons. B, The vesicular release probability was then calculated as the
percentage of action potential evoked vesicles compared with the readily
releasable pool. Data shown are means ⫾ SEMs from the number of cells
shown in parentheses in the bars. C, Evaluation of synaptic release
probability from D232N and wild-type neurons. The rate of usedependent block of NMDA-EPSCs in the presence of the irreversible
open channel blocker MK-801 (5 M) was not different between D232N
and wild-type neurons, indicating that release probability was unchanged
by the mutation. D, Ca 2⫹ dependence of evoked release. EPSCs were
evoked in 12 mM external Ca 2⫹ and 1 mM Mg 2⫹. Presynaptic Ca 2⫹ influx
was varied by adding various concentrations of Cd 2⫹ (3–100 M) to the
external medium (n ⫽ 7–35 per concentration). Solid lines are best fits to
a logistic hill function to determine the IC50 value for Cd 2⫹.

explanation for the synergistic effect revealed by the D232N and
D238N mutations on the double C2 domain fragment is that new
Ca 2⫹-binding sites are created in the double C2 domain fragment
that are not present in the individual C2 domains and are formed
by direct interactions between the C2 domains (Garcia et al.,
2000). This explanation was evoked previously to explain unexpected properties of the double C2 domain fragment compared
with the single C2 domains, leading to the suggestion of “cryptic”
Ca 2⫹-binding sites in the C2B domain (Bai et al., 2002). However,
there is nothing cryptic about the Ca 2⫹-binding sites of the C2B
domain because the isolated C2B domain is a fully functional
Ca 2⫹-binding and Ca 2⫹-dependent phospholipid binding domain (Fernández et al., 2001). Furthermore, direct NMR studies
of the double C2 domain fragment indicate that the two C2
domains do not interact with each other at Ca 2⫹ concentrations
between 0 and 20 mM in the absence of ternary components (J.
Rizo, unpublished observation). Viewed together, it thus seems
likely that the properties of the double C2 domain fragment can
be explained entirely by the model shown in Figure 9.
Our previous observation on the R233Q knock-in mice showed
that a decrease in the apparent Ca 2⫹ affinity of the double C2
domain leads to a decrease in release probability. Now we have
observed that the D232N and D238N mutations do not alter the
phospholipid binding of the double C2 domain and that these
mutations do not have a major effect on neurotransmitter release
in vivo. The observation that the D232N and D238N mutations in
the knock-in mice did not cause a large change in synaptotagmin
function shows that the biochemical cooperation of the synapto-

Figure 7. The D232N and D238N mutations do not cause a significant
change in Ca 2⫹-dependent phosphopholipid and syntaxin binding by
native synaptotagmin 1. A, Soluble C2A/C2B domain fragments of native
synaptotagmin 1 were obtained from wild-type and mutant littermate
mice by partial trypsin digestion of brain membranes followed by centrifugation. The soluble C2A/C2B domain fragment released into the supernatant was used for binding experiments with liposomes at the indicated
free Ca 2⫹ concentrations. Input and bound proteins were then analyzed
by immunoblotting using a monoclonal synaptotagmin 1 antibody. The
two mutations were analyzed in independent experiments with their
littermate wild-type controls, resulting in separate wild-type controls for
each mutant. Numbers on the left indicate positions of size markers. B,
GST-pulldown experiments of the soluble C2A/C2B domain fragment of
synaptotagmin 1 isolated as described above. Proteins were bound to GST
and GST-syntaxin (residues 180 –264) at the indicated concentrations of
free Ca 2⫹ as described in A, and bound proteins were visualized by
immunoblotting.

Figure 8. Salt sensitivity of the Ca 2⫹-dependent complex of the wildtype and mutant double C2 domain fragment from synaptotagmin 1. The
double C2 domain fragments were bound to liposomes in the presence of
50 M Ca 2⫹ and the indicated concentrations of NaCl. Double C2 domain
proteins attached to the liposomes after centrifugation were analyzed by
SDS-PAGE and Coomassie staining. Note especially that the D238N
mutation destabilized the Ca 2⫹-dependent phospholipid complex.

tagmin C2 domains in phospholipid binding translates into functional cooperation in vivo. We did observe, however, a significant
enhancement in synaptic depression after repetitive stimulation
in the D232N knock-in mice. Because analysis of cultured hippocampal neurons is sensitive to artifacts caused by differences in
the genetic background of mice and drifts in culture conditions,
we analyzed the synaptic properties of the mutant neurons under
tightly controlled conditions. All analyses were performed simultaneously for mutant and control neurons obtained from littermates, with the control consisting of mice derived by homologous
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the lack of a correlation of short-term plasticity with release
probabilities or Ca 2⫹ sensitivity of release, and the differential
effects of the D232N mutation and D238N mutations in phospholipid binding and synaptic physiology, support the notion that the
function of the C2A domain in triggering Ca 2⫹-dependent neurotransmitter release is complex. Therefore, additional yet unidentified molecular targets may be important for regulating
Ca 2⫹-triggered release, although the Ca 2⫹-dependent interaction of synaptotagmin 1 with syntaxin 1 appeared unchanged.
Future experiments will have to address the relative merits of
these possibilities.
Note added in proof. Similar results were recently obtained in Drosophila with a single DN mutant, although the biochemical consequences of
the mutation were not studied with assays that detect phospholipid
binding to the C2B domain (Robinson et al., 2002).
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Südhof TC, Rizo J (2001) Three-dimensional structure of the synaptotagmin 1 C2B-domain. Synaptotagmin 1 as a phospholipid binding
machine. Neuron 32:1057–1069.
Fernández-Chacón R, Konigstorfer A, Gerber SH, Garcia J, Matos MF,
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