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Mutations that disrupt Ca2+-binding activity 
endow Doc2β with novel functional properties 
during synaptic transmission
Jon D. Gaffaney*, Renhao Xue*, and Edwin R. Chapman
Howard Hughes Medical Institute and Department of Neuroscience, University of Wisconsin, Madison, WI 53706

INTRODUCTION
Ca2+ signaling plays a crucial role in neuronal communication at 
chemical synapses. Proteins with Ca2+-binding motifs (i.e., C2 do-
mains, E-F hands) are integral components of this system, serving as 
Ca2+ sensors that regulate numerous steps in the synaptic vesicle 

cycle, including priming, fusion, recycling, and replenishment 
(Burgoyne and Morgan, 2007; Haucke et al., 2011). Synaptotagmin 
1 (syt1) is a tandem C2-domain protein that has been proposed to 
serve as a Ca2+ sensor for fast, synchronous release of neurotrans-
mitter (Brose et al., 1992; Littleton et al., 1993; Broadie et al., 1994). 
In the mouse, the large synchronous component of synaptic vesicle 
(SV) release is absent in syt1-knockout (KO) neurons, but the slow 
asynchronous component persists (Figure 1A; Geppert et al., 1994; 
Maximov and Sudhof, 2005). Moreover, it is now apparent that the 
slow phase of transmission is actually up-regulated in the KOs 
(Nishiki and Augustine, 2004b; Liu et al., 2009). The kinetic differ-
ences observed for synchronous and asynchronous release can in-
volve the proximity between Ca2+ sensors for release and Ca2+ 
channels (Rosenmund et al., 2003; Hu et al., 2013). However, recent 
studies using caged Ca2+ also support a dual Ca2+ sensor model in 
which slow transmission is regulated by a second sensor (or sensors) 
with slower kinetics and a higher sensitivity for Ca2+ (Burgalossi 
et al., 2010).

We recently reported that two closely related isoforms (α and β) 
of the double C2-domain protein (Doc2) regulate asynchronous re-
lease (Yao et al., 2011). Both isoforms bind the soluble N-ethylma-
leimide–sensitive factor attachment protein receptor (SNARE) 
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Ca2+-ligand mutations in both C2A and C2B 
enhances asynchronous neurotransmitter 
release when expressed in syt1-KO neurons, 
but here we show this mutant fails to bind 
Ca2+. Unlike wild-type (wt) Doc2β, expres-
sion of this mutant in wt neurons affects both 
the fast and slow components of SV release, 
apparently via an increase in the size of the 
readily releasable pool (RRP) of vesicles. 
Overexpression of this mutant also resulted 
an increase in the frequency of spontaneous 
fusion events. By analyzing additional Ca2+-
ligand mutants, we found that the observed 
gain of function for evoked and spontane-
ous release mapped to the C2A domain and 
was correlated with the ability of the mu-
tants to constitutively localize to the plasma 
membrane. Of importance, the C2A muta-
tions described in this study, which have 
been widely used to study Doc2, do not dis-
rupt activity of the protein but instead result 
in an anomalous gain of function.

RESULTS
Ca2+-ligand mutations in Doc2α 
and β enhance asynchronous 
neurotransmitter release

Syt1-KO neurons were used to investigate the role of Doc2 in asyn-
chronous neurotransmission without contamination by the fast 
phase of release. In the first series of experiments, hippocampal 
neurons from syt1-KO mice were infected with lentivirus expressing 
wt Doc2α or β or mutant forms of each in which two aspartic acid 
residues in each C2 domain (D181, D183, D342, and D344 in Doc2α 
or D218, D220, D357, and D359 in Doc2β), predicted to coordinate 
Ca2+, were mutated to asparagines. Because these are presumptive 
Ca2+-ligand mutations (clms), these constructs were designated 
Doc2-AclmBclm.

Consistent with previous results (Yao et al., 2011), expression of 
Doc2α-wt in syt1-KO neurons enhanced the magnitude of the excit-
atory postsynaptic current (EPSC) charge transfer (Figure 1, A and 
B), and expression of Doc2α-C2AclmBclm further increased the ex-
tent of asynchronous release (Figure 1, A and B). Similarly, Doc2β 
expression resulted in an increase in asynchronous release (Figure 1, 
A and C), and expression of the Doc2β-C2AclmBclm mutant further 
enhanced release. In addition, the delay between stimulation and 
the peak of the EPSC (i.e., time to peak) was not affected by the 
expression of any of the four Doc2 constructs (Supplemental Table 
S1), indicating that the synchronous component was not rescued by 
expression of wt Doc2α or β or the respective C2AclmBclm mutants. 
These observations confirm the gain of function of these Ca2+-ligand 
mutations during asynchronous transmission and extend this obser-
vation to both α and β isoforms (Yao et al., 2011).

Ca2+-, lipid-, and target-SNARE–binding properties of Doc2β
The ability of Doc2β to bind Ca2+ was directly measured by isother-
mal titration calorimetry (ITC). For these experiments, truncated 
forms of Doc2β consisting of the tandem or isolated C2 domains 
were used. We began by analyzing the tandem C2 domains 
(Figure 2A) and observed that C2AB and C2AclmB (D218N, D220N) 
displayed robust exothermic Ca2+-binding activity (Figure 2B). These 
data were fitted and analyzed using a “one set of sites” binding 
model (Supplemental Figure S1), and the results were unexpected; 

proteins syntaxin 1A and SNAP-25B and promote vesicle fusion in 
vitro in response to Ca2+ (Groffen et  al., 2010; Yao et  al., 2011). 
Moreover, Ca2+•Doc2 interacts with membranes on time scales con-
sistent with asynchronous release (Yao et al., 2011). Indeed, modula-
tion of the levels of Doc2α in neurons specifically affected the slow 
component of neurotransmitter release without affecting fast re-
lease. Overexpression of a mutant form of Doc2α in which two Ca2+ 
ligands had been neutralized in each of its C2-domains, C2A and 
C2B, resulted in enhanced asynchronous release (Yao et al., 2011). 
In principle, this result could be explained by recent studies indicat-
ing that the same Ca2+-ligand mutations in the C2A domain of 
Doc2β increase, rather than impair, the apparent affinity for Ca2+, 
resulting in activation of the protein and translocation to the plasma 
membrane at resting levels of Ca2+ (Groffen et al., 2006; Friedrich 
et al., 2008).

The α and β isoforms of Doc2 harbor a set of 10 conserved acidic 
residues shown to coordinate Ca2+ in other C2-domain–containing 
proteins (Nalefski and Falke, 1996). A third isoform, Doc2γ, lacking 
three of the five acidic residues in the C2A domain, does not appear 
to bind Ca2+ (Fukuda and Mikoshiba, 2000). The Ca2+-dependent 
lipid-binding properties of the C2A domain of Doc2β are well estab-
lished (Kojima et al., 1996; Fukuda and Mikoshiba, 2000; Friedrich 
et  al., 2008; Groffen et  al., 2010). However, it remains unclear 
whether the C2B domain also binds Ca2+: there are conflicting re-
ports on whether C2B can bind to 1,2-dioleoyl-sn-glycero-3-
[phospho-l-serine] (PS)–containing liposomes in response to Ca2+ 
(Kojima et al., 1996; Groffen et al., 2010).

Here we report that both C2 domains of Doc2β sense Ca2+ and 
bind to membranes. Remarkably, only the isolated C2B was able to 
bind Ca2+ in the absence of anionic phospholipids; Ca2+ binding to 
C2A was apparent only in the presence of these lipids. In addition, 
we observed striking biochemical differences between the tandem 
and isolated C2 domains of Doc2β, suggesting that intramolecular 
interactions modulate the Ca2+-sensing properties of the protein. 
We found that like Doc2α, a mutant form of Doc2β harboring 

FIGURE 1:  Expression of the C2AclmBclm mutant form of Doc2α or Doc2β enhances 
asynchronous release in syt1-KO hippocampal neurons. (A) Representative traces of evoked 
EPSCs recorded from wt, syt1-KO, and syt1-KO neurons expressing wt or the C2AclmBclm 
mutant form of Doc2α or Doc2β. (B) In syt1-KO neurons, which exhibit only asynchronous 
release, the total EPSC charge transfer (3.1 ± 0.6 pC, n = 28) was slightly increased by 
expression of Doc2α-wt (4.9 ± 0.6 pC, n = 26) but was markedly increased by expression of 
Doc2α-C2AclmBclm (24.1 ± 3.2 pC, n = 22). (C) Similarly, expression of Doc2β-wt (5.8 ± 0.6 pC, n = 
28) slightly increased the total charge transfer, whereas Doc2β-C2AclmBclm (10.7 ± 1.5 pC, n = 33) 
had a larger effect as compared with the noninfected control (4.1 ± 0.4 pC, n = 42). Data are 
represented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test. The 
number of cells, n, is indicated in the bar graphs. In all cases recordings were obtained using 
neurons from three or more independent litters of mice.
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with liposomes composed of 25% PS, 30% 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (PE), and 45% 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (PC) as a function of [Ca2+] (Figure 2C). 
Consistent with the ITC data, wt C2AB and C2AclmB had the greatest 
Ca2+ sensitivity for binding to lipids. Conversely, C2ABclm, which 
showed little to no apparent Ca2+-binding activity via ITC, bound ef-
ficiently to liposomes in response to Ca2+; the apparent affinity for 
Ca2+ was only slightly diminished by the mutations (Figure 2D and 
Supplemental Figure S3A). C2AclmBclm did not bind to liposomes in a 
Ca2+-dependent manner, but analysis of the pellet fraction revealed a 
significant amount of Ca2+-independent membrane-binding activity, 
suggestive of some degree of constitutive activation of the protein. 

Doc2β C2AB and C2AclmB were nearly identical in their thermody-
namic properties, indicating that the mutations within C2A did not 
significantly alter the Ca2+-binding characteristics of Doc2β under 
these assay conditions (i.e., in the absence of anionic phospholip-
ids). Conversely, analogous mutations in the C2B domain (Doc2β 
C2ABclm) virtually abolished the apparent Ca2+-binding activity.

The Ca2+-dependent interaction of Doc2β with membranes re-
quires the presence of anionic phospholipids (e.g., phosphatidylser-
ine [PS]; Kojima et al., 1996; Yao et al., 2011; see Figure 5A later in this 
article), and negatively charged lipids are likely to alter the Ca2+-sens-
ing activity of the protein, as documented for syt1 (Brose et al., 1992). 
To address this issue, we measured the ability of Doc2β to cosediment 

FIGURE 2:  Unusual Ca2+- and membrane-binding properties of the C2 domains of Doc2β. (A) Doc2β and rabphilin 3A 
share significant sequence identity (>65%); therefore the C2A (Protein Data Bank 2K3H) and C2B (Protein Data Bank 
2CM6) structures for rabphilin 3A were used for illustrative purposes to represent Doc2β. The linker between the C2 
domains is unstructured and was added to the illustration. The blue spheres represent Ca2+ ions found in the rabphilin 
structures. The mutated amino acids are shown below each structure; the absence of blue spheres represents the 
predicted loss of Ca2+-binding activity. (B, E) Representative ITC titrations for each construct; the data from three 
separate experiments are summarized in Supplemental Table S1. (C, F) The ability of each Doc2 mutant to bind to 
protein-free liposomes as a function of [Ca2+] was measured via cosedimentation assays. The supernatant and pellet 
fractions were collected and separated by SDS–PAGE. Proteins stained with Coomassie blue. (D, G) The supernatant 
signal is normalized to the 0 Ca2+ lane, and mean ± SEM is plotted vs. [Ca2+]; n ≥ 3.
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from the Ca2+-dependent lipid binding 
curve was >1, indicative of cooperative 
binding (Supplemental Figure  S3C). To-
gether with the ITC findings, these data sug-
gest a novel mechanism in which the C2A 
domain has an absolute requirement for PS 
(or some anionic lipid) in order to bind Ca2+. 
In marked contrast, the C2B domain readily 
bound Ca2+ in the absence of lipids 
(Figure 2E), but this activity did not result in 
efficient Ca2+-dependent interactions with 
membranes (Figure  2, F and G). Mutating 
Ca2+ ligands in the isolated C2B domain 
abolished its ability to sense Ca2+ as mea-
sured by ITC (Figure 2, E and F). Identical 
mutations in the C2A domain reduce, but 
do not abolish, Ca2+-dependent membrane-
binding activity (Figure 2, F and G). Analysis 
of the Ca2+ titrations revealed that the re-
sponses of isolated C2Aclm and C2B be-
came saturated at lower [Ca2+] than wt iso-
lated C2A; however, this apparent increase 
in Ca2+ sensitivity does not result in efficient 
membrane interactions (Supplemental 
Figure S3). Together these data reveal that 
both C2 domains of Doc2 operate as Ca2+-
sensing modules but have distinct Ca2+-
binding requirements and properties.

The ability of Doc2 to bind target (t)-
SNAREs in a Ca2+-promoted manner has 
been established (Friedrich et al., 2008; Fu-
kuda et al., 2009; Groffen et al., 2010; Sato 
et al., 2010; Yao et al., 2011; Yu et al., 2013), 
but it is unclear whether both C2 domains 
contribute to this Ca2+ response. To ad-
dress this question, we incubated Doc2β 
Ca2+-ligand mutants with PS-free proteoli-
posomes harboring the t-SNARE proteins 
syntaxin-1A and SNAP-25B and subjected 
them to centrifugation through a density 
gradient. All four Doc2β variants bound 
t-SNAREs weakly in the absence of Ca2+. 
Ca2+ promoted the binding of Doc2β 
C2AB, C2AclmB, and C2ABclm to t-SNAREs 
but had no effect on the C2AclmBclm mutant 
(Figure 3A). The extent of Doc2 binding to 
t-SNARES was determined by normalizing 
the intensity of the Doc2 band to the syn-
taxin signal in each lane (Figure 3B). C2AB 
and C2ABclm bound with a stoichiometry of 

>1:1, suggesting that multiple copies of Doc2β may interact with 
each t-SNARE heterodimer. Both isolated C2 domains interacted 
with t-SNAREs; binding of C2A, but not C2B, was enhanced by 
Ca2+ (Supplemental Figure S4A).

Next we compared wt and mutant forms of Doc2β in in vitro fu-
sion assays. Initially, proteins were tested for their ability to stimulate 
fusion in response to Ca2+ in a standard assay in which t-SNARE 
vesicles were prepared using preassembled syntaxin1A:SNAP-25B 
heterodimers (Figure 3, C and D). Consistent with the t-SNARE and 
membrane-binding experiments, C2AB, C2AclmB, and C2ABclm 
were able to stimulate fusion upon addition of Ca2+; only C2AclmBclm 
was inactive. The cytosolic domain of VAMP2 (cdV) blocked fusion, 

Indeed, all of the Doc2β mutants tested—C2AclmB, C2ABclm, and 
C2AclmBclm—displayed this property to different degrees; we return 
to this point later. The appearance of protein in the pellet fraction was 
largely dependent on the presence of liposomes and was not the 
product of protein aggregation (Supplemental Figure S2).

We then analyzed the isolated C2 domains of Doc2β. Surpris-
ingly, C2A displayed no apparent Ca2+-binding activity (Figure 2E), 
but, consistent with a previous study (Kojima et al., 1996), this do-
main displayed robust Ca2+-dependent membrane-binding activity 
(Figure 2, F and G, and Supplemental Figure S3B). Note that ITC 
analysis predicted ∼1 Ca2+-binding site for C2AB and C2AclmB (Sup-
plemental Figure S1C; N value); however, the Hill slope calculated 

FIGURE 3:  Doc2β-C2AclmBclm does not bind t-SNAREs or accelerate membrane fusion in vitro in 
response to Ca2+. (A) Representative gel of a t-SNARE coflotation assay. Liposomes bearing 
syntaxin 1A and SNAP-25B were incubated with 0.2 mM BAPTA and 30 μM wt and mutant forms 
of C2AB (from Doc2β) in the absence (–; 0.2 mM BAPTA) or presence (+) of 0.3 mM free Ca2+ 
and floated through a density gradient. The vesicles were collected and the proteins separated 
via SDS–PAGE and stained with Coomassie blue. (B) The Doc2β signals were normalized to the 
syntaxin signals. (C) In vitro fusion assays: 3 μM of the indicated Doc2β proteins were added to 
reactions containing 0.2 mM BAPTA, preassembled t-SNARE vesicles, and vesicle-SNARE 
vesicles. Samples were incubated for 10 min at 37°C before injection of Ca2+ (arrow); the final 
free [Ca2+] was 300 μM. (D, F) Percentage Fmax determined at t = 60 min. (E, F) Experiments 
repeated using “split t-SNAREs,” with syntaxin reconstituted and 1 μM SNAP-25 added as 
soluble protein. Representative data from ≥3 independent trials are shown in A, C, and E; the 
mean ± SEM for each experiment is displayed in B, D, and F.
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Ca2+ and deplete internal stores. Based on the use of Fura2-AM, the 
resting [Ca2+]i was determined to be ∼90 nM; after treatment the 
[Ca2+]i was <20 nM (i.e., well below the 140 nM Kd of Fura2). Under 
these stringent conditions Doc2β-C2AclmB dissociated only slightly 
from the plasma membrane and Doc2β-C2AclmBclm remained tightly 
bound (Supplemental Figure S5). These data are qualitatively con-
sistent with our in vitro observations that C2AclmBclm and C2AclmB 
constitutively bind to membranes in a Ca2+-independent manner.

In contrast, Doc2β-C2AB and Doc2β-C2ABclm were localized to 
the cytosol under resting conditions and translocated to the plasma 
membrane after depolarization with KCl. Deletion or scrambling of 
the MID domain did not alter the membrane localization of any of 
the Doc2β constructs examined. These results rule out interactions 
with Munc13-1 at the plasma membrane as the mechanism underly-
ing the constitutive membrane localization observed for Doc2β-
C2AclmB and Doc2β-C2AclmBclm. Of importance, these experiments 
indicate that binding of these mutants to the plasma membrane is 
not mediated by resting levels of [Ca2+]i; instead, these interactions 
appear to be constitutive and independent of Ca2+. Moreover, 
Doc2β-C2AclmBclm and Doc2β-C2AclmB do not exhibit enhanced 
interactions with t-SNAREs under any conditions (Figures 2 and 3), 
so these interactions cannot underlie the constitutive localization of 
these mutants at the plasma membrane. In addition, we found that 
Doc2β-C2AclmB and Doc2β-C2AclmBclm were also constitutively as-
sociated with the plasma membrane in HEK 293 cells (Figure 4D), 
suggesting that the binding partner for these constructs is not cell-
type specific.

In an effort to identify the mechanism underlying the constitutive 
membrane association of Doc2β-C2AclmBclm and Doc2β-C2AclmB, 
we screened the Ca2+-independent and -dependent binding prop-
erties of each Ca2+ ligand mutant in cosedimentation assays using 
alternative lipid mixtures: 0% PS, 30% PE, 70% PC; 25% PS, 30% PE, 
45% PC; total brain extract; or polar brain extract (Figure 5). Assays 
were performed in the presence or absence of 300 μM free Ca2+ 
(Figure 5A), and the protein band intensities were normalized to the 
total protein (unpublished data) and plotted (Figure 5B). Of interest, 
when complex lipid mixtures were used, the amount of constitutive 
binding increased for each of the Doc2β proteins tested. This effect 
was most pronounced for the three mutant forms of the protein, 
which all exhibited similar degrees of Ca2+-independent liposome-
binding activity. However, the pattern observed in these cosedimen-
tation assays does not perfectly correlate with that observed in PC12 
cells; that is, Doc2β-C2AclmB and Doc2β-C2AclmBclm, but not Doc2β-
C2ABclm, were constitutively associated with the plasma membrane 
in PC12 cells. We have not been able to reconstitute the exact same 
pattern of Ca2+-independent binding for the Doc2 mutants using 
artificial vesicles in vitro, either because cells contain lipids that are 
not properly reconstituted in vitro (e.g., because they are labile or 
are not correctly clustered or organized) or because our artificial 
vesicles lack necessary protein components.

Asynchronous neurotransmitter release in neurons 
expressing wt and mutant forms of Doc2
To characterize the role of Ca2+-binding to each C2-domain of 
Doc2β, we recorded evoked EPSCs from syt1-KO hippocampal 
neurons infected with lentivirus encoding the C2AclmB or C2ABclm 
mutant forms of Doc2β; wt and C2AclmBclm served as controls 
(Figure 6A). Expression of Doc2β-C2AclmB or Doc2β-C2AclmBclm sig-
nificantly enhanced EPSC charge transfer (Figure 6B). Cells express-
ing Doc2β-C2AB and Doc2β-C2ABclm, which translocate to the 
plasma membrane of PC12 cells only after depolarization (Figure 4B), 
displayed limited increases in asynchronous release (Figure  6B). 

confirming that lipid mixing was mediated by trans-SNARE pairing 
(Supplemental Figure S4B).

Given that molecules that aggregate SNARE-bearing proteoli-
posomes stimulate fusion in the standard assay (Hui et al., 2011), we 
also tested the Doc2 constructs in a “split” t-SNARE fusion assay in 
which syntaxin had been reconstituted into the t-SNARE vesicles but 
SNAP-25 was added in-trans in a soluble form. In this variant of the 
fusion assay, Doc2, or syt1, must first fold SNAP-25 onto syntaxin to 
drive fusion (Bhalla et al., 2006; Hui et al., 2011; Yao et al., 2011), 
and proteoliposome aggregation alone is without effect (Hui et al., 
2011). Again, we observed the same pattern for Ca2+-stimulated 
fusion; C2AB, C2AclmB, and C2ABclm, but not C2AclmBclm, were able 
to promote lipid mixing (Figure 3, E and F).

The inability of C2AclmBclm to stimulate fusion in either assay sys-
tem suggests that, in vivo, C2AclmBclm can regulate release via inter-
actions with other effector molecules that are not present in the in 
vitro fusion assay.

Cellular localization of wt and Ca2+-ligand mutant forms 
of Doc2
Doc2β is located in the cytosol at resting [Ca2+]i and rapidly translo-
cates to the plasma membrane via two independent mechanisms: 
indirectly, via protein–protein interactions with Munc13-1 after phor-
bol ester treatment (Duncan et al., 1999), or directly, via Ca2+-trig-
gered binding of its tandem C2 domains to anionic phospholipids 
upon depolarization and influx of Ca2+ (Groffen et al., 2004, 2006; 
Malkinson and Spira, 2006). It has been observed that Doc2β-
C2AclmB localizes to the plasma membrane in chromaffin cells under 
resting conditions ([Ca2+]i ∼ 50 nM), and Groffen et al. (2006) pro-
posed that this was due to enhanced Ca2+ sensitivity imparted by 
the mutations. This interpretation was supported by Ca2+-depen-
dent liposome aggregation assays using isolated C2Aclm (Friedrich 
et al., 2008).

Because our data are not consistent with the idea that resting 
[Ca2+]i can activate any of the Doc2β constructs examined, we pos-
tulated that the C2AclmB mutant might localize to the plasma mem-
brane of cells via a novel constitutive interaction with plasma mem-
brane–bound Munc13-1 (Orita et  al., 1997). The in vitro assays 
described earlier (ITC, cosedimentation, and proteoliposome fusion 
assays) were performed using truncated Doc2 proteins lacking the 
Munc13-1–interacting domain (MID). To test whether Munc13 
played a role in constitutive plasma membrane localization in cells, 
we generated a series of full-length Doc2β Ca2+-ligand mutants in 
which the MID was deleted or scrambled (Figure 4A; to distinguish 
the truncated C2-domain proteins used for in vitro experiments 
from the wt or MID mutants used in cell-based experiments, the lat-
ter are denoted with a Doc2β prefix). Doc2β-wt or -MID mutants 
were fused to green fluorescent protein (GFP), transfected into PC12 
cells, and visualized via confocal microscopy (Figure 4B).

To stimulate translocation of Doc2β to the plasma membrane of 
PC12 cells, we depolarized the cells with 60 mM KCl (1.2 mM 
[Ca2+]o); images were obtained before and after stimulation 
(Figure 4B). Influx of Ca2+ after KCl depolarization was confirmed 
using the high-affinity Ca2+ sensor GCaMP-6F (Chen et al., 2013; 
Figure 4C). The two constructs that bore mutations in the C2A do-
main, Doc2β-C2AclmB and Doc2β-C2AclmBclm, were localized to the 
plasma membrane under resting conditions. To determine whether 
these constructs bound to the plasma membrane in a Ca2+-depen-
dent manner, we simultaneously treated cells with 10 mM ethylene 
glycol tetraacetic acid (EGTA), 50 μM 1,2-bis(o-aminophenoxy)
ethane-N,N,N′,N′-tetraacetic acid (BAPTA)–acetoxymethyl ester 
(AM), and 30 μM cyclopiazonic acid (CPA) to remove extracellular 
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molecule can bind to t-SNAREs, so it is possible that Doc2-C2AclmBclm 
could recruit endogenous Doc2 to the plasma membrane.

In wt neurons, overexpression of Doc2 Ca2+-ligand mutants 
enhances evoked synchronous and asynchronous 
transmission and increases the frequency of spontaneous 
fusion events
To further characterize the properties of Doc2β-C2AclmBclm, we ex-
pressed it in wt hippocampal neurons and recorded evoked EPSCs 
(Figure 7A). Surprisingly, and in sharp contrast to the wt protein (Yao 
et al., 2011), overexpression of Doc2β-C2AclmBclm significantly in-
creased the peak amplitude and total charge transfer as compared 
with control neurons (Figure 7, B and C).

To determine whether Doc2β-C2AclmBclm preferentially affects 
either the fast or slow component of transmission in wt neurons, we 
plotted the cumulative charge transfer versus time (Figure 7D) and 

Remarkably, the two mutant forms of Doc2 that were constitutively 
bound to the plasma membrane, Doc2β-C2AclmB and Doc2β-
C2AclmBclm (Figure 4B), were the only two constructs that gave rise 
to robust increases in asynchronous release (Figure  6). Thus the 
molecular interactions that mediate constitutive association of the 
two mutants with the membrane potentially underlie their ability to 
enhance asynchronous release.

For completeness, we also measured asynchronous release from 
cells expressing each Doc2β construct but with scrambled or de-
leted MIDs (Figure 6A). Neither scrambling nor deletion of the MID 
led to any significant difference in EPSC charge transfer (Figure 6B), 
indicating that the Munc13-1•Doc2β complex is unlikely to mediate 
enhanced asynchronous release. These findings further support the 
existence of an unidentified Doc2β binding partner. We note that 
endogenous wt Doc2 is present in the neurons used for these ex-
periments, and our binding assays indicate that more than one Doc2 

FIGURE 4:  Constitutive plasma membrane localization of mutant forms of Doc2β. (A) The wt and Ca2+-ligand mutant 
forms of Doc2β were modified by deleting or scrambling the MID. (B) These constructs were fused to GFP, transfected 
into PC12 cells, and imaged using confocal microscopy before and after depolarization with 60 mM KCl. (C) Increases in 
[Ca2+]i were monitored using the high-affinity Ca2+-sensor GCaMP-6F. GCaMP-6F was expressed in PC12 cells, and the 
fluorescence intensity was monitored before and after depolarization with KCl. (D) Live-cell images of HEK 293 cells 
expressing the indicated GFP-Doc2β fusion protein.
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Doc2β-C2AclmBclm and Doc2β-C2AclmB during spontaneous neu-
rotransmitter release differs yet again from that of the wt protein. In 
contrast, others reported that another Doc2 mutant with Ca2+ ligand 
mutations in both C2 domains can fully rescue the loss of spontane-
ous release in Doc2/rabphilin-knockdown neurons (Pang et  al., 
2011) and concluded that Doc2-regulated spontaneous release is 
via a Ca2+-independent mechanism. Further studies are needed to 
determine whether this is actually a gain-of-function mutant, as de-
scribed for the mutant forms of Doc2 studied here.

Overexpression of Doc2β Ca2+-ligand mutants in wt neurons 
increases the size of the readily releasable pool of vesicles
The increase in evoked SV release could be due to an increase in the 
RRP of SVs, the release probability (Pvr), or both. There are two stan-
dard methods to determine RRP size and Pvr. The first is to calculate 
the RRP size from the phasic EPSC charge transfer evoked by high-
frequency stimulation (Schneggenburger et al., 1999; Hosoi et al., 
2007; Stevens and Williams, 2007), and the second is by directly 
releasing the entire RRP using hypertonic sucrose (Rosenmund and 
Stevens, 1996). Once the RRP size is determined, Pvr can be calcu-
lated by normalizing the total charge of a single EPSC to the size of 
the RRP.

We began by recording synaptic responses from neurons stimu-
lated by a train of action potentials (20 Hz, 2 s; Figure 9A). As shown 
in Figure 8B, neurons that expressed Doc2β-C2AclmBclm exhibited 
larger EPSCs than control neurons or neurons expressing Doc2β-wt. 
When normalized to the amplitude of the first spike, the trends in the 
EPSC peak amplitudes were almost identical in all three groups 
(Figure 9C), suggesting that neither wt nor the C2AclmBclm mutant 

quantified the size and time constants of each component by fitting 
each curve with a double-exponential function (Figure 7, E–H). Con-
sistent with previous results, neurons infected with virus expressing 
Doc2β-wt did not display an altered fast component of release 
(Figure 7, E and F) but did exhibit significant increases in the ampli-
tude of the slow component (Figure 7, G and H). In contrast, expres-
sion of Doc2β-C2AclmBclm greatly increased both the fast and slow 
phases of transmission (Figure 7, E–H). Neither Doc2β-wt nor Doc2β-
C2AclmBclm led to significant changes in the time constants for fast 
(Figure  7F) or slow (Figure  7H) release. The effect of Doc2β-
C2AclmBclm on the asynchronous component (approximate twofold 
increase) was more pronounced than on the synchronous compo-
nent (approximate onefold increase), resulting in charge transfer 
kinetics that were slower than in the control or Doc2β-wt conditions 
(Figure 7D). In summary, Doc2β-wt and Doc2β-C2AclmBclm differen-
tially affect evoked neurotransmission; the effect of overexpression 
of Doc2-wt is restricted to the asynchronous phase of evoked SV 
release, whereas Doc2β-C2AclmBclm affects both synchronous and 
asynchronous release.

We next determined the effect of the Doc2β mutants on the 
frequency of miniature EPSCs (mEPSCs) upon overexpression in wt 
neurons. As shown in Figure 8, overexpression of Doc2β-wt did not 
significantly increase the frequency of mEPSCs, consistent with pre-
vious results (Groffen et al., 2010). In contrast, Doc2β-C2AclmBclm 
resulted in significantly higher mEPSC frequencies compared with 
noninfected control neurons. In a previous study, Doc2β-C2AclmB, 
the other Doc2 Ca2+-ligand mutant that was constitutively bound to 
the plasma membrane, was also found to increase mEPSC frequency 
(Groffen et al., 2010). These findings suggest that the function of 

FIGURE 5:  Ca2+-independent binding of wt and mutant forms of Doc2β to membranes composed of complex lipid 
mixtures. (A) The lipid requirements for Ca2+-dependent binding of Doc2β to liposomes were examined using different 
lipid mixtures. In each sample, 4 μM protein was incubated with liposomes (4 mM lipid) in the absence (–, 0.2 mM 
BAPTA) or presence (+) of 300 μM free Ca2+ and subjected to centrifugation. Supernatant (S) and pellet (P) fractions 
were collected and proteins separated by SDS–PAGE and stained with Coomassie blue. (B) Protein intensities 
normalized to total input signal (unpublished data) and plotted as mean ± SD, n = 2.
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stimulation; Doc2β-C2AclmBclm gave rise to 
a significant increase in the size of the RRP 
(Figure 9H). In addition, the Pvr (total EPSC 
charge in Figure 7C normalized to the size 
of the RRP in Figure 9E) was unaffected by 
overexpression of either Doc2β-wt or the 
C2AclmBclm mutant (Figure 9I). These obser-
vations further confirm that Doc2β-
C2AclmBclm enhances neurotransmitter re-
lease by increasing the size of the RRP 
without affecting Pvr. Again, these effects 
are distinct from Doc2β-wt, which does not 
affect either of these aspects of 
neurotransmission.

DISCUSSION
Recently we identified Doc2α and β as po-
tential Ca2+ sensors for the slow phase of 
synaptic transmission in central neurons. Of 
interest, neutralization of acidic Ca2+ ligands 
in both C2 domains of the protein resulted 
in markedly enhanced asynchronous release 
(Yao et al., 2011). These results were initially 
interpreted in light of earlier studies indicat-
ing that Ca2+-ligand mutations in the C2A 
domain did not diminish Ca2+-binding activ-
ity but actually increased the Ca2+ sensitivity 
of Doc2 for membrane binding (Groffen 
et al., 2006; Friedrich et al., 2008) and could 
thus underlie the observed gain of function. 
However, this is no longer a satisfying expla-
nation, since we show in the present study 
that these mutations abolish the apparent 
Ca2+-sensing properties of Doc2β. These 
new observations led to a revised view of 
Doc2 structure–function relationships based 
on Ca2+-ligand mutations.

Both C2 domains of Doc2 sense Ca2+ 
but in different ways
The question of whether the C2B domain of 
Doc2β can bind Ca2+ and lipids has been 
the subject of debate. An early study re-
ported that only the isolated C2A domain 

from Doc2β could bind PS-containing liposomes in response to 
Ca2+ (Kojima et al., 1996). In contrast, more recent studies provided 
evidence that the isolated C2B domain can sense Ca2+ and bind to 
liposomes harboring anionic lipids (Groffen et al., 2010). It was also 
reported that the fluorescence emission intensity of the endoge-
nous aromatic residues in the isolated C2B domain markedly de-
crease in response to Ca2+, suggesting that a conformational change 
occurs upon binding (Pang et al., 2011). However, we could not re-
produce the robust fluorescence change (∼30% decrease) observed 
in that study (Supplemental Figure S6). Therefore the question of 
whether isolated C2B binds Ca2+ has not been sufficiently 
resolved.

Using ITC, we were able to directly measure Ca2+ binding to the 
C2 domains of Doc2β (Figure 2). Surprisingly, we observed that the 
isolated C2B domain, but not the C2A domain, bound Ca2+ in the 
absence of lipids. These findings are supported by a recent report 
on Doc2β structure published during preparation of this article (Gi-
ladi et al., 2013). This appears to also be the case for the tandem C2 

form of Doc2β affected the rate of synaptic depression. To estimate 
the size of the RRP, we plotted the cumulative phasic charge transfer 
versus time and fitted the last 10 data points (1.5–2.0 s) with a linear 
function (Figure 9D). Because the responses from the last 10 stimuli 
of the train reached steady state (Figure 9D, inset), we estimated the 
size of the RRP by extrapolating the linear fit and determining the y-
intercept (Schneggenburger et al., 1999; Liu et al., 2009). Using this 
measurement, we found that expression of Doc2β-C2AclmBclm, but 
not Doc2β-wt, enhanced the size of the RRP (Figure  9E). Doc2β-
C2AclmBclm did not affect the RRP replenishment rate (measured by 
normalizing the slope of the linear fit to the RRP size; Figure 9F) when 
compared with control neurons or neurons expressing Doc2β-wt. 
The unaffected release probability and replenishment rate are con-
sistent with the unchanged rate of synaptic depression (Figure 9C).

Finally, we evaluated the size of the RRP via perfusion of neurons 
with hypertonic sucrose (Figure 9G). Although this method yields 
much larger values (Moulder and Mennerick, 2005), the results 
obtained were consistent with our findings using high-frequency 

FIGURE 6:  Ca2+-ligand mutations in C2A underlie Doc2β gain of function independent of 
interactions with Munc13-1. (A) Representative evoked EPSCs recorded from syt1-KO neurons 
expressing wt-C2AB, C2AclmB, C2ABclm, or C2AclmBclm mutant forms of Doc2β. For each of 
these constructs, the MID domain was intact (wt), scrambled, or deleted. (B) Bar graph showing 
the total EPSC charge transfer recorded from syt1-KO neurons expressing each construct in A. 
Data are represented as mean ± SEM. N.S., p > 0.05; *p < 0.05; Student’s t test. The number of 
cells, n, is indicated in the bar graphs; in all cases recordings were obtained using neurons from 
three or more independent litters of mice.
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bind Ca2+ to any measurable degree in the 
absence of effector (i.e., anionic phospho-
lipids). Consistent with this model, C2ABclm, 
which exhibited little to no Ca2+-binding ac-
tivity in solution, was able to bind efficiently 
to liposomes in response to Ca2+.

The properties of the C2B domain ap-
pear to be affected by its proximity to the 
C2A domain. Namely, the isolated C2B do-
main of Doc2β binds membranes ineffi-
ciently in response to Ca2+; however, when 
positioned next to the C2A domain in a tan-
dem structure, C2B avidly binds to mem-
branes, even when the membrane-binding 
activity of C2A has been impaired via muta-
tions (Figure 2, C and F). These findings are 
reminiscent of syt1, which also exhibits bio-
chemical functions that would not be ex-
pected based on studies of its isolated C2 
domains (Bai et al., 2002; Hui et al., 2006). 
The observed differences in Ca2+-sensing 
properties of the isolated versus tandem 
C2-domain fragments suggest that intramo-
lecular interactions may occur between the 
C2 domains of Doc2β, thus influencing one 
another.

Gain-of-function mutant forms of Doc2 
bind constitutively to the plasma 
membrane
Ca2+-ligand mutations in the C2A domain of 
Doc2β result in plasma membrane localiza-
tion of the protein in chromaffin cells (Grof-
fen et al., 2004; Friedrich et al., 2008). How-
ever, this was not observed when specific 
Ca2+-ligand mutants were expressed in adi-
pocytes (Fukuda et  al., 2009), suggesting 
that constitutive membrane localization re-
quired factors that were specific for neu-
roendocrine cells. However, in transfected 
HEK 293 cells, which are derived from kid-
ney, Doc2β-C2AclmB and Doc2β-C2AclmBclm 
were constitutively associated with the 
plasma membrane (Figure  4D). To deter-
mine whether the constitutive membrane 
localization in neuroendocrine cells was due 
to interactions with Munc13-1, we expressed 
Ca2+-ligand mutants that harbored a scram-
bled or deleted MID in PC12 cells (Figure 4). 
We confirmed the plasma membrane local-
ization of Doc2β-C2AclmB, and in our ex-

periments Doc2β-C2AclmBclm was the only other construct constitu-
tively associated with the plasma membrane. Targeting to the 
plasma membrane was unaffected by disruption of the Munc13-1–
binding domain and was thus mediated via alternative interactions. 
Similarly, in vitro binding assays ruled out t-SNAREs as the constitu-
tive binding partner for C2AclmB and C2AclmBclm at the plasma 
membrane (Figure 3).

We then explored the possibility that lipids mediate constitutive 
binding of Doc2β-C2AclmB and Doc2β-C2AclmBclm to the plasma 
membrane and observed that each of the three Doc2β Ca2+-ligand 
mutants bound PS-harboring liposomes to various extents in the 

domains, as C2AclmB, but not C2ABclm, bound Ca2+. To reconcile 
these observations with the well-established finding that C2A senses 
Ca2+, we measured the Ca2+-dependent lipid-binding characteris-
tics of each construct in parallel. Indeed, in the presence of PS-bear-
ing liposomes, the Ca2+-binding properties of some of the Doc2β 
constructs were dramatically different. Namely, the isolated C2A do-
main clearly responded to Ca2+, as evidenced by its robust Ca2+-
dependent PS binding activity. Conversely, the C2B domain, which 
exhibits robust Ca2+-binding activity in solution, inefficiently binds 
to liposomes in response to Ca2+. Our findings regarding C2A pro-
vide the first example of a C2 domain that is apparently unable to 

FIGURE 7:  Expression of Doc2β-C2AclmBclm, but not Doc2β-wt, enhances both synchronous and 
asynchronous release in wt hippocampal neurons. (A) Average evoked EPSCs recorded from 
control neurons and wt neurons expressing Doc2β-wt or Doc2β-C2AclmBclm. (B) In wt neurons, 
the EPSC peak amplitude (control: 481 ± 34 pA, n = 38) was increased by expression of Doc2β- 
C2AclmBclm (744 ± 120 pA, n = 34); Doc2β-wt was without effect (430 ± 31 pA, n = 32). (C) The 
total EPSC charge transfer (control: 8.3 ± 0.8 pC, n = 38) was slightly increased by expression of 
Doc2β-wt (9.4 ± 0.9 pC, n = 32) and strongly increased by expression of Doc2β-C2AclmBclm (14.4 
± 2.6 pC, n = 34). (D) Average normalized cumulative EPSC charge transfer over 0.5 s from wt 
neurons with and without expression of Doc2β-wt or Doc2β-C2AclmBclm. (E–H) Double-
exponential fitting of cumulative EPSC charge transfer traces. The fast charge (control: 6.3 ± 0.7 
pC, n = 38) was increased by expression of Doc2β-C2AclmBclm (11.7 ± 2.2 pC, n = 34) but not 
affected by Doc2β-wt (6.6 ± 0.7 pC, n = 22) (E). The slow charge (1.3 ± 0.1 pC, n = 38) was 
slightly increased by expression of Doc2β-wt (2.0 ± 0.3 pC, n = 32) and markedly increased by 
expression of Doc2β- C2AclmBclm (3.9 ± 0.9 pC, n = 34) (G). Time constants (τ) for the fast (F) and 
slow (H) phases were the same in all three groups. In all bar graphs, data are represented as 
mean ± SEM. *p < 0.05, **p < 0.01, Student’s t test. The number of cells, n, is indicated in the 
bar graphs; in all cases recordings were obtained using neurons from four or more independent 
litters of mice.
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of spontaneous release events when over-
expressed in wt neurons, whereas Doc2β-wt 
showed no effect. These results underscore 
the idea that the two Doc2β mutants Doc2β-
C2AclmBclm and Doc2β-C2AclmB, which con-
stitutively bind to the plasma membrane, 
function in a manner distinct from Doc2β-wt. 
Note that Doc2β-C2AclmBclm did not exhibit 
equal effects on the fast and slow compo-
nents of synaptic transmission; its effect on 
the slow phase of release was more robust 
than on the fast phase. Of interest, a recent 
study revealed the existence of a SV pool, 
marked by VAMP4, which specifically main-
tains asynchronous release (Raingo et  al., 
2012); it is possible that Doc2β preferentially 
regulates this pool of vesicles.

The data reported here highlight the 
complexity of Ca2+-ligand mutations in C2 
domains. In the case of Doc2β, these muta-
tions appear to result in enhanced activity of 
the protein during multiple forms of synap-
tic transmission in wt neurons. These prop-

erties are likely to involve more than just the constitutive activation 
of the protein, as they endow Doc2β with novel functions. This com-
plexity is further highlighted by studies of other C2-domain pro-
teins. For example, neutralization of acidic residues in the C2A do-
main of syt1 abolish the Ca2+-dependent lipid-binding activity of the 
isolated domain in vitro but either had no effect or enhanced the 
apparent Ca2+ affinity of the full-length protein during synaptic 
transmission in neurons (Fernandez-Chacon et al., 2002; Robinson 
et al., 2002; Stevens and Sullivan, 2003; Pang et al., 2006). Further 
Ca2+-ligand mutations in the C2A domain of syt1 have also been 
reported to inhibit the function of the protein (Shin et al., 2009), so 
a clear view of these mutations has yet to emerge. In sharp contrast, 
neutralization of acidic Ca2+ ligands in the C2B domain of syt1 
clearly result in a nearly complete loss of function in vivo and endow 
syt1 with dominant-negative activity (Mackler et al., 2002; Nishiki 
and Augustine, 2004a).

Although numerous questions remain concerning the mecha-
nism by which C2 domains are regulated by Ca2+, it is known that 
binding of Ca2+ causes significant changes in electrostatic potential 
within the Ca2+- and membrane-binding loops of these motifs. For 
instance, binding of Ca2+ to the C2 domain of phospholipase C-δ1 
stabilizes the loops and drives reorientation of the peptide back-
bone, resulting in exposure of lysine side chains (Grobler et  al., 
1996). For syt1, the binding of Ca2+ is predicted to shift the electro-
static charge of the binding loops from highly negative to positive, 
allowing the molecule to interact with anionic phospholipids (Chap-
man and Davis, 1998; Murray and Honig, 2002).

We postulate that mutations in the C2A domain of Doc2β (i.e., 
Doc2βC2AclmB and Doc2β-C2AclmBclm) alter its electrostatic interac-
tions with effectors, resulting in constitutive activation and Ca2+-in-
dependent interactions with one or more binding partners in the 
plasma membrane. Studies are underway to understand the role of 
each Ca2+ ligand in sensing Ca2+, binding to effectors, and regulat-
ing SV exocytosis. Although specific mutations in C2A give rise to 
an anomalous gain of function, we predict that substitution of other 
Ca2+ ligands will disrupt the function of the protein, as described for 
the C2B domain of syt1.

The increase in release that results from expression of Doc2β-
C2AclmBclm, in either wt or syt1-KO neurons, is still Ca2+ dependent, 

absence of Ca2+. Of interest, as the lipid composition increased in 
complexity, the Ca2+ ligand mutants displayed enhanced Ca2+-inde-
pendent membrane-binding activity (Figure 5); wt C2AB exhibited a 
more modest increase in Ca2+-independent binding compared with 
the mutants. However, the pattern of membrane binding in vitro did 
not precisely correlate with the PC12 membrane localization experi-
ments. Namely, the C2ABclm mutant displays significant Ca2+-inde-
pendent binding to liposomes prepared from total brain extract but 
is not constitutively localized to the plasma membrane in PC12 cells.

Of interest, among the constructs expressed in syt1-KO neurons, 
only Doc2β-C2AclmB and Doc2β-C2AclmBclm displayed large in-
creases in asynchronous release (Figure 6), and only these constructs 
were constitutively localized to the plasma membrane in PC12 cells 
(Figure 4). Together these data suggest that the molecular interac-
tions that draw Doc2β-C2AclmB and Doc2β-C2AclmBclm to the mem-
brane also underlie the dramatic effects of these two mutants on the 
asynchronous component of release. As discussed earlier, the en-
hanced activity of the two mutant forms of Doc2β appears to be 
independent of interactions with known effectors (i.e., anionic lipids, 
t-SNAREs, and Munc13-1) and is evidently mediated through inter-
actions with as-yet-unidentified molecules at the plasma membrane. 
However, we cannot completely rule out lipids, as labile species 
might be lost in the total brain lipid extract or the organization of 
lipids in the bilayer might not be properly recapitulated.

Ca2+-ligand mutations endow Doc2 with novel functions
We extended the electrophysiology experiments to include the 
overexpression of the Doc2β constructs in wt neurons. Surprisingly, 
we found that Doc2β-C2AclmBclm increased both synchronous and 
asynchronous evoked transmission (Figure 7) and even spontaneous 
release (Figure  8). In contrast, overexpression of Doc2β-wt in wt 
neurons had no effect on either synchronous or spontaneous re-
lease but did, as reported previously, result in a modest increase in 
asynchronous release (Yao et al., 2011). Further work indicated that 
the overall enhancement of exocytosis was most likely due to an 
increase in the size of the RRP (Figure 9). Consistent with this inter-
pretation, overexpression of Doc2β-wt had no effect on the size of 
the RRP. In addition, both Doc2β-C2AclmB (Groffen et al., 2010) and 
Doc2β-C2AclmBclm (Figure 8) were found to enhance the frequency 

FIGURE 8:  Expression of Doc2-C2AclmBclm enhances spontaneous release in wt hippocampal 
neurons. (A) Representative traces of mEPSCs recorded from wt neurons with and without 
expression of Doc2β-wt or Doc2β-C2AclmBclm. (B) The frequency of mEPSCs (control: 1.9 ± 0.3 Hz, 
n = 42) was not significantly increased by expression Doc2β-wt (2.7 ± 0.3 pC, n = 42) but was 
significantly increased by Doc2β-C2AclmBclm (4.1 ± 0.4 pC, n = 46). (C) mEPSC amplitude was not 
affected by expression of Doc2β-wt or Doc2β-C2AclmBclm. Data are represented as mean ± SEM. 
*p < 0.05, ***p < 0.001, Student’s t test. The number of cells, n, is indicated in the bar graphs; in 
all cases recordings were obtained using neurons from four or more independent litters of mice.
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encoding human SNAP-25B, provided by 
M. C. Wilson (Albuquerque, NM), and full-
length rat syntaxin 1A were subcloned into 
pTrcHis to generate individual N-terminal 
hexahistidine-tagged fusion proteins for ex-
pression in Escherichia coli. The expression 
vector for GCaMP-6F was provided by L. L. 
Looger (Janelia Farm, Howard Hughes 
Medical Institute). Doc2β MID mutants were 
generated by splice overlap extension PCR 
(SOE-PCR); recoded N-terminal segments 
of rat Doc2β were synthesized (IDT, Inc.) to 
encode wt, scrambled, or deleted MID se-
quences. Full-length MID: 5′-gga tcc atg acc 
ctc cga aga cgt gga gag aag gct aca atc agc 
atc caa gag cat atg gca atc gac gtg tgt cct 
gga cct atc cga cct atc aag cag atc tcc gat 
tac ttc cca cga ttc cct cgt gga ctc cca cca aca 
gct gca cca cgt gct tca gca cct cca gac gct 
cct gca cga tcg cca gca gct acc gca ggt cct 
cgt agc ccc tcc gac gga gca cgc gac gac gac 
gaa gat gtg gac cag ctc ttc gga gcc tac ggt 
gcc agc cca ggc ccc agc ccc gga ccc agc ccc 
gtg agg ccg ccg gcc aag ccc ccc gag gac 
gaa ccg gac gcc gac ggc tac gag gcg gcc 
gc-3′. Scrambled MID: 5′-gga tcc atg acc ctc 
cga aga cgt gga gag aag gct aca atc agc atc 
tgc ccg att cag cgc cat aac ggc gcg ttc ttt 
gcg aac gaa tat att ttt gaa att cgc att atg gcg 
cca cga ttc cct cgt gga ctc cca cca aca gct 
gca cca cgt gct tca gca cct cca gac gct cct 
gca cga tcg cca gca gct acc gca ggt cct cgt 
agc ccc tcc gac gga gca cgc gac gac gac 
gaa gat gtg gac cag ctc ttc gga gcc tac ggt 
gcc agc cca ggc ccc agc ccc gga ccc agc ccc 
gtg agg ccg ccg gcc aag ccc ccc gag gac 
gaa ccg gac gcc gac ggc tac gag tca gac 
gac tgc acc gcc ctg ggt aca ctg gcg gcc gc-
3′. Deleted MID: 5′-gga tcc atg acc ctc cga 
aga cgt gga gag aag gct aca atc agc atc cca 
cga ttc cct cgt gga ctc cca cca aca gct gca 
cca cgt gct tca gca cct cca gac gct cct gca 
cga tcg cca gca gct acc gca ggt cct cgt agc 

ccc tcc gac gga gca cgc gac gac gac gaa gat gtg gac cag ctc ttc gga 
gcc tac ggt gcc agc cca ggc ccc agc ccc gga ccc agc ccc gtg agg 
ccg ccg gcc aag ccc ccc gag gac gaa ccg gac gcc gac ggc tac gag 
tca gac gac tgc acc gcc ctg ggt aca ctg gcg gcc gc-3′. The cDNA 
encoding the N-terminal portion of Doc2 was amplified using PCR 
and appended to a fragment encoding the C-terminal C2AB, C2A-
clmB, C2ABclm, or C2AclmBclm fragments of rat Doc2β via SOE-PCR. 
These constructs were subcloned into pAcGFP1-C1 to generate N-
terminal GFP fusion proteins for transfection or into pLOX (Syn-
DsRed(W)-Syn-GFP(W)) to generate lentiviral particles. Ca2+-ligand 
mutations were introduced using overlapping primers and the 
QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, 
Santa Clara, CA).

Protein expression/purification
SNAP-25B, VAMP2, cdV, and the preassembled t-SNARE heterodi-
mer composed of full-length syntaxin 1A and SNAP-25B were puri-
fied as described previously (Tucker et al., 2004). The isolated and 
tandem C2 domains of wt Doc2β and each of the Ca2+ ligand mutants 

so under these conditions other Ca2+-binding proteins must sense 
Ca2+ to drive transmission. In the neurons used for these experi-
ments, endogenous wt Doc2 is present and can contribute to re-
lease, so it will be interesting to determine whether the Doc2 gain-
of-function mutants can still enhance release in neurons lacking the 
wt protein. Given that loss of Doc2 does not appear to disrupt all 
asynchronous release, there are likely to be additional molecules 
that drive this phase of transmission.

MATERIALS AND METHODS
cDNA constructs
cDNA encoding the tandem C2 domains (C2AB) of Doc2α (amino 
acids [aa] 88–400) and Doc2β (aa125–412) were provided by M. Ver-
hage (Amsterdam, Netherlands). Full-length human Doc2α and 
Doc2β cDNA were provided by Y. Takai (Kobe, Japan). The bacterial 
expression vector for full-length mouse synaptobrevin 2 (VAMP2; 
pTW2), the cytoplasmic domain of VAMP2 (pET-rsybCD), and the 
full-length rat syntaxin 1A/ mouse SNAP-25B t-SNARE heterodimer 
(pTW34) were provided by J. E. Rothman (New Haven, CT). cDNA 

FIGURE 9:  Expression of Doc2β-C2AclmBclm enhanced the size of the RRP and did not affect SV 
replenishment in wt hippocampal neurons. (A) Representative EPSCs evoked by a train of 40 
action potentials (20 Hz) recorded from wt neurons with and without overexpression of 
Doc2β-wt or Doc2β-C2AclmBclm. (B) The amplitude of each peak vs. time. (C) The data in B 
normalized to the amplitude of the first peak. (D) Cumulative phasic charge transfer plotted vs. 
time. Data points from 1.5 to 2.0 s were fitted with a linear function, revealing a steady-state of 
SV release (inset). (E) The RRP size was determined by extrapolating the linear fit through the 
y-intercept shown in D. The RRP size was increased by expression of Doc2β-C2AclmBclm but not 
Doc2β-wt. (F) The replenishment rate was measured by normalizing the slope of the linear fitting 
trace (as shown in D) to the RRP size obtained in E. The replenishment rate was unaffected by 
expression of Doc2β-wt or Doc2β- C2AclmBclm. (G) Representative hypertonic sucrose responses 
recorded from wt neurons and neurons expressing Doc2β-wt or Doc2β-C2AclmBclm. (H) The RRP 
size was measured by integrating the sucrose responses and was, again, increased by 
expression of Doc2β-C2AclmBclm but not Doc2β-wt. (I) SV release probability (Pvr) calculated by 
normalizing the total EPSC charge transfer to the RRP size measured using 20-Hz train 
stimulation from E. Data are represented as mean ± SEM. *p < 0.05, Student’s t test. The 
number of cells, n, is indicated in the bar graphs; in all cases recordings were obtained using 
neurons from three or more independent litters of mice.
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was reconstituted into vesicles containing 25% PS, 27% PE, 45% PC, 
1.5% NBD-PE, and 1.5% rhodamine-PE. As negative controls 
for membrane fusion, protein-free liposomes lacking VAMP2 or 
t-SNARES were prepared in parallel.

In vitro membrane fusion assays
Fusion assays were carried out in white-bottom 96-well plates, in 
total reaction volumes of 100 μl, in a BioTek Synergy HT plate reader 
equipped with 460/40-nm excitation and 530/25-nm emission fil-
ters. Each reaction contained 4.5 μl of purified t-SNARE vesicles, 
syntaxin 1A vesicles, or protein-free vesicles, 0.5 μl of purified NBD-
rhodamine–labeled vesicle-SNARE vesicles, and 0.2 mM BAPTA. 
Doc2 was added to each reaction as indicated in the figures. For t-
SNARE assembly fusion experiments, 2 μM soluble SNAP-25B was 
included in each reaction. To block SNARE-mediated fusion, the cy-
toplasmic domain of VAMP2 (cdV) was included in selected reactions 
at 2 μM. Samples were incubated at 37°C for 20 min, followed by 
injection of Ca2+ to give a final free concentration of 0.3 mM, unless 
otherwise indicated; reactions were monitored for an additional 
60 min. The maximum fluorescence signal was obtained by addition 
of n-dodecyl β-d-maltoside to each reaction well. The data were nor-
malized by setting the initial signal, before the addition of Ca2+, to 
0% and the maximal fluorescence signal obtained using detergent 
to 100%. Data were plotted using Prism 4.0 software (GraphPad, 
La Jolla, CA).

Coflotation assays
For coflotation assays, 100-μl reactions were prepared in reconstitu-
tion buffer containing 0.2 mM BAPTA, 30 μM Doc2β, and 45 μl of 
PS-free t-SNARE-bearing or protein-free vesicles in the presence or 
absence of 0.3 mM free Ca2+. Samples were incubated at room 
temperature for 15 min with shaking. Vesicles were floated through a 
step gradient, collected, and resolved by SDS–PAGE, and the pro-
teins were stained with Coomassie blue. Gels were scanned at 600 dpi 
using a Bio-5000 gel scanner (MicroTek, Santa Fe Springs, CA) and 
analyzed using GelEval 1.22 (FrogDance Software) and Prism 6 
(GraphPad) software.

PC12 translocation experiments
PC12 cells were cultured in DMEM supplemented with 5% horse 
serum, 5% calf serum, and 100 μg/ml penicillin and streptomycin. 
Cells were maintained at 37°C with 10% CO2. Before transfection, 
cells were plated onto acid-washed glass coverslips coated with 
poly-d-lysine and collagen IV. When the cells were 70–80% conflu-
ent they were transfected with GFP-Doc2 expression vectors using 
Lipofectamine LTX reagent (Life Technologies, Carlsbad, CA). Cells 
were imaged 24–48 h after transfection using an Olympus FV1000 
confocal microscope. The coverslips were transferred to 30-mm cul-
ture dishes containing 2 ml of imaging buffer (145 mM NaCl, 
2.8 mM KCl, 1 mM MgCl2, 1.2 mM CaCl2, 10 mM glucose, and 
10 mM HEPES-NaOH, pH 7.3). Individual cells were identified and 
imaged. To stimulate translocation, 2 ml of 2× depolarization buffer 
(27.8 mM NaCl, 120 mM KCl, 1 mM MgCl2, 1.2 mM CaCl2, 10 mM 
glucose, and 10 mM HEPES-NaOH, pH 7.3) was added manually. To 
lower the resting [Ca2+]i, cells were treated for 30 min with 10 mM 
EGTA, 50 μM BAPTA-AM, and 30 μM CPA to remove extracellular 
and intracellular Ca2+. To measure [Ca2+]i, cells were loaded with 
5 μM of Fura2-AM (Life Technologies) for 45 min, and fluorescent 
signals were recorded using a photometry system (TILL Photonics, 
Munich, Germany). The [Ca2+]i was estimated using the equation 
[Ca2+]i = Keff(R − Rmin)/(Rmax − R), where R is the ratio of fluorescence 
intensity resulting from excitation at 340 and 380 nm (F340/F380), 

were expressed as glutathione S-transferase fusion proteins and puri-
fied using standard procedures. Briefly, 2–3 l of Luria broth was inocu-
lated and grown overnight at 37°C until an OD600 of 0.8 was ob-
tained. The incubation temperature was then reduced to 30°C, and 
protein expression was induced by addition of 400 μM isopropyl-β-d-
thiogalactoside. After 4 h the cells were collected by centrifugation 
and the pellets stored at −30°C. Bacterial pellets were resuspended 
in 0.1 M phosphate-buffered saline (PBS) containing 10% glycerol 
and 1 mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP; 
thrombin cleavage buffer [TCB]), and bacteria were lysed by sonica-
tion. The sonicated material was solubilized with 1% Triton X-100 for 
30 min, insoluble material was removed by centrifugation, and the 
resulting supernatant was incubated with glutathione–Sepharose 
beads and 0.35 μg of RNase/DNase overnight at 4°C on a rotator. 
Beads were washed with 50 volumes of TCB containing 1 M NaCl, 
followed by an additional three washes with 50 volumes of TCB. Pro-
tein was removed from the beads by cleavage with thrombin for 3 h 
at 20 °C; thrombin was inactivated by addition of 0.5 mM phenyl
methylsulfonyl fluoride. After elution, the proteins were analyzed by 
SDS–PAGE and stained with Coomassie blue, and concentrations 
were determined using a bovine serum albumin standard curve.

Isothermal calorimetry
Purified proteins were extensively dialyzed against 100 mM NaCl, 
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)–
KOH, pH 7.4, and 10% glycerol (ITC buffer). All Ca2+ stocks were 
prepared fresh for each experiment with the buffer used for dialysis. 
Using a MicroCal ITC200 holding a constant temperature of 25°C 
with 1000-rpm sample mixing, we added 20 1.5-μl aliquots of 1 mM 
Ca2+ in succession to 100 μM protein in the reaction chamber. For 
background correction, Ca2+ was added to buffer alone and these 
signals were subtracted from the Doc2 data. The ΔH was integrated 
and plotted as a function of the molar ratio of Doc2:Ca2+. The data 
were fitted using a “one set of sites” binding model. The results are 
provided in Supplemental Figure S1.

Protein•liposome cosedimentation assays
Protein-free liposomes composed of 25% PS, 30% PE, 45% PC, 
and 0.2% rhodamine-PE were prepared by extrusion through 
100-nm filters in 100 mM NaCl, 25 mM HEPES-KOH, 1 mM TCEP, 
and 10% glycerol. We prepared 100-μl reactions containing 4 μM 
of each protein, 4 mM lipid, and increasing amounts of Ca2+ in the 
same buffer but without glycerol to facilitate liposome sedimenta-
tion. Samples were incubated for 15 min at room temperature with 
shaking and centrifuged at 270,000 × g for 30 min; the efficiency of 
liposome sedimentation was determined by measuring the resid-
ual rhodamine fluorescence in the supernatant of each reaction. 
Fifty microliters of the supernatant from each sample was collected 
and mixed with 25 μl of SDS sample buffer (120 mM Tris-HCl, 
pH 6.8, 30% glycerol, 15 mM TCEP, and 125 mM SDS). The pellet 
was solubilized in 150 μl of SDS sample buffer. Samples were boiled 
for 1 min, and 15-μl aliquots were analyzed by SDS–PAGE and 
stained with Coomassie blue.

Protein reconstitution
Proteoliposomes harboring syntaxin 1A·SNAP-25B heterodimers or 
syntaxin 1A alone were prepared at 100 copies/vesicle as described 
previously (Tucker et al., 2004). Briefly, t-SNAREs were reconstituted 
into vesicles containing 25% PS, 30% PE, and 45% PC, purified by 
ultracentrifugation through a density gradient, and collected from 
the 0–30% Accudenz interface. In cases in which PS was omitted 
from the vesicles the percentage PC was increased to 70%. Syb2 
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analyzed using Clampfit (Molecular Devices) and Igor (WaveMet-
rics, Portland, OR) software.

D-AP5, bicuculline, QX-314, and tetrodotoxin were purchased 
from TOCRIS Bioscience (R&D Systems, Minneapolis, MN).

respectively; Keff, Rmin, and Rmax are constants that were obtained 
via in vitro calibration experiments.

Hippocampal neuronal culture and viral infection
Syt1-KO mice were obtained from Jackson Laboratory (Bar Harbor, 
ME). Hippocampal neurons were prepared from newborn pups 
(postnatal day 0) as described previously (Liu et al., 2009) in accor-
dance with the guidelines of the National Institutes of Health, as 
approved by the Animal Care and Use Committee of the University 
of Wisconsin–Madison. Briefly, hippocampi were isolated from 
mouse brain, washed with Hank’s buffered salt solution (Corning, 
Corning, NY), and digested in 0.25% trypsin-EDTA (Corning) at 
37°C for 30 min. After digestion, the tissue was mechanically disso-
ciated in DMEM with 20 mM d-glucose (Corning) and 10% fetal bo-
vine serum (ThermoScientific, Waltham, MA). Cells were plated at 
25,000–40,000 cells/cm2 on 12-mm poly-d-lysine–precoated glass 
coverslips (Warner Instruments, Hamden, CT). Cultures were main-
tained in Neurobasal-A culture medium (Life Technologies) supple-
mented with 2% B27 and 2 mM GlutaMAX at 37°C in a 5% CO2 
humidified incubator.

cDNA constructs were subcloned into a pLOX vector that coex-
presses GFP. The recombinant pLOX plasmid was cotransfected into 
HEK 293T cells containing two viral packaging vectors (vesicular 
stomatitis virus G glycoprotein and Delta 8.9) to obtain lentivirus par-
ticles. After 2 d, virus particles were harvested by ultracentrifugation 
at 25,000 rpm for 2 h using an SW-28 rotor (Beckman Coulter, 
Indianapolis, IN). Hippocampal neurons were infected with virus at 
the day 5 in vitro (5 DIV) and used for patch-clamp recordings at 
12–17 DIV.

Electrophysiology
Whole-cell patch-clamp recordings of EPSCs were performed using 
a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA) or 
an EPC-10 double amplifier (HEKA Elektronik, Bellmore, NY). Hip-
pocampal neurons were continuously perfused with bath solution 
consisting of 128 mM NaCl, 30 mM glucose, 5 mM KCl, 5 mM 
CaCl2, 1 mM MgCl2, 50 mM D-AP5, 20 mM bicuculline, and 25 mM 
HEPES, pH 7.3. Recording pipettes with resistances of 3–5 MΩ were 
filled with pipette solution consisting of 130 mM K-gluconate, 1 mM 
EGTA, 5 mM Na-phosphocreatine, 2 mM Mg-ATP, 0.3 mM Na-GTP, 
5 mM QX-314, and 10 mM HEPES, pH 7.3.

Neurons were voltage clamped at −70 mV. Only cells with series 
resistances <15 MΩ were used for recording. Between 70 and 80% 
of the series resistance was compensated. For evoked EPSCs, ran-
domly selected presynaptic neurons were always 10–100 μm away 
from the whole-cell patched postsynaptic neuron. Release was 
stimulated with a voltage step from 0 to 20–30 V for 1 ms, using a 
bipolar electrode pulled from theta glass capillary tubing (Warner 
Instruments) and filled with bath solution. The tip of the stimulation 
pipette gently touched the surface of the soma of the presynaptic 
neuron. To avoid stimulating multiple neurons, cells in clusters were 
never used. The infection efficiency was high (∼90%), and only neu-
ron pairs in which both the presynaptic and postsynaptic cells were 
successfully infected were used for recording evoked EPSCs. For 
the hypertonic sucrose experiments, the whole-cell patched neu-
ron was locally perfused with bath solution plus 500 mM sucrose 
for 10 s using a Picospritzer III (Parker, Cleveland, OH). For mEPSC 
recordings, 1 μM tetrodotoxin was added to the bath solution: the 
Ca2+ concentration was 2 mM. Data were acquired using Patch-
Master (HEKA Elektronik) or pClamp software (Molecular Devices), 
sampled at 10 kHz, and filtered at 2.8 kHz. All electrophysiology 
experiments were performed at room temperature. Data were 
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