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Abstract 

DOC2B (double-C2 domain) protein is thought to be a high-affinity Ca
2+

 sensor for spontaneous and 

asynchronous neurotransmitter release. To elucidate the molecular features underlying its 

physiological role, we determined the crystal structures of its isolated C2A and C2B domains and 

examined their Ca
2+

 binding properties. We further characterized the solution structure of the tandem 

domains (C2AB) using small-angle X-ray scattering. In parallel, we tested structure-function 

correlates with live cell imaging tools. We found that despite striking structural similarity, C2B binds 

Ca
2+

 with considerably higher affinity than C2A. The C2AB solution structure is best modeled as two 

domains with a highly flexible orientation and no difference in the presence or absence of Ca
2+

. In 

addition, kinetic studies of C2AB demonstrate that, in the presence of unilamellar vesicles, Ca
2+

 

binding is stabilized, as reflected by the ~10 fold slower rate of Ca
2+

 dissociation than in the absence 

of vesicles. In cells, isolated C2B translocates to the PM with an EC50 of 400 nM while the C2A does 

not translocate at submicromolar Ca
2+

 concentrations, supporting the biochemical observations. 

Nevertheless, C2AB translocates to the plasma membrane with a ~ 2 fold lower EC50 and to a greater 

extent than C2B. Our results, together with previous studies, reveal that the C2B is the primary Ca
2+

 

sensing unit in DOC2B, whereas C2A enhances the interaction of C2AB with the plasma membrane. 

 

 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 3 
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Abbreviations 

ASA – accessible surface area  

DOC – double C2 

Dmax – maximum inter-atomic dimension  

EOM – ensemble optimization method 

MD – molecular dynamics  

PC- phosphatidylcholine 

PDDF – paired distance distribution function  

PL – phospholipid 

PM – plasma membrane 

PS- phosphatidylserine 

PE- phosphatidylethanolamine 

Rg – radius of gyration  

SAXS – small angle x-ray scattering 

ULV – unilamellar vescicle 
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Introduction 

Exocytosis is a central process in cell-cell communication in which intracellular vesicles fuse with 

the plasma membrane (PM), thus releasing their content to the extracellular milieu. This process, as 

well as other processes in the synapse depends on Ca
2+

, which interacts with Ca
2+

-binding domains of 

specific regulatory proteins, leading to a series of Ca
2+

dependent processes in the synapse. 
1; 2; 3

  

One of most prominent Ca
2+

-binding domains is the C2 domain. Structurally, C2 domains consist of 

~130 residues organized in a sandwich of two four-stranded anti-parallel β-sheets. Ca
2+

 binds to the 

Ca
2+

-binding region, comprise of two inter-strand loops via five conserved acidic residues. 
4; 5

 Many 

C2 domains also bind soluble NSF attachment receptor (SNARE) proteins, key proteins in vesicle 

fusion, and anionic phospholipids (PLs), including phosphatidylserine (PS) and 

phosphatidylinositides, in a Ca
2+

 dependent manner. 
6; 7; 8; 9; 10; 11

 In turn, the binding of PLs increases 

the affinity of the C2 domains for Ca
2+

. 
8; 12; 13; 14; 15; 16

 Ca
2+

 binding induces large electrostatic changes, 

leading to membrane binding, rather than large conformational changes in the C2 domain itself. 
17; 18; 19

 

However, limited data is available regarding the effect of Ca
2+

 on interdomain motions i.e. between C2 

domains in the many proteins containing multiple C2 domains. 
20; 21

  

Despite structural similarities, different C2 domains exhibit different properties allowing them to 

take part in different forms of exocytosis such as synchronous, asynchronous, and spontaneous, as 

well as in other synaptic processes. For instance, the two sequential C2 domains of synaptotagmin 

(syt) 1,2,9 exhibit fast response kinetics with relatively low Ca
2+

 affinity, imparting these proteins 

with the ability to function as the primary Ca
2+

 sensors for synchronous release. 
22

 In contrast, the two 

tandem C2 domains of double C2 (DOC2) domain proteins, DOC2A and DOC2B, exhibit high Ca
2+

 

affinity and slower response kinetics. 
23; 24

 FRET experiments showed bi-phasic dissociation of 

DOC2B tandem C2 domains (termed C2AB) from unilamellar vesicles (ULVs) upon Ca
2+

 removal, 

with the slower rate constant matching the time course of asynchronous release. 
24

 Indeed, DOC2A 

and DOC2B have been implicated in asynchronous and spontaneous release. 
6; 24; 25

 

In addition, despite striking similarities, C2 domains are highly versatile from a biochemical 

standpoint. For example, in syt1 the C2A binds three Ca
2+

 ions with Kd values of 0.075, 0.5 and >1 

mM, and its C2B binds two Ca
2+

 ions with affinity of approximately 0.3-0.6 mM. 
26; 27

 In 
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Rabphilin3A, which shares the highest known homology (>80%) with the DOC2B C2 domains, both 

C2 domains bind two Ca
2+

 ions; the C2A domain with affinity of 1.1 mM, 
15

 and the C2B domain with 

affinity in the µM range. 
16; 28

 However, to date, the intrinsic Ca
2+

 binding properties of the DOC2B C2 

domains have not been thoroughly studied, although they were shown to bind PLs and SNAREs in a 

Ca
2+

-dependent manner. 
6; 7

 

Here, we investigate the biochemical and structural properties of the DOC2B C2-domains. To 

elucidate the effect of Ca
2+

 binding and its coordination scheme, we determined the crystal structures 

of C2A in its Ca
2+

 bound and free forms at 2.0 Å resolution and the crystal structure of C2B in its Ca
2+

 

bound form at 1.26 Å resolution. To explore the effect of Ca
2+

 on interdomain dynamics, we 

investigated C2AB in solution using small angle X-ray scattering (SAXS). We further examined 

45
Ca

2+
 binding to isolated C2A and C2B domains and Ca

2+
dissociation kinetics from C2AB in the 

absence and presence of PLs. Finally, we performed Ca
2+

 imaging in PC12 cells expressing each of 

the domains and calculated the Ca
2+

-dependent EC50 values required for PM translocation of specific 

constructs. Taken together, our studies reveal that despite the striking similarities in Ca
2+

 binding sites, 

the two domains have distinct functions: C2B operates as the primary Ca
2+

 sensor of DOC2B, 

whereas C2A has a stabilizing effect on C2AB interaction with the membrane. Moreover, Ca
2+

 

binding to the primary sensor induces large electrostatic changes with very small, if any, changes in 

intra and inter-domain conformations, whereas the two-domain orientations are highly flexible even in 

the presence of Ca
2+

. PLs dramatically decelerate Ca
2+

 dissociation, suggesting that Ca
2+

-dissociation 

may precede the detachment of DOC2B from the PM.  

Results 

Structural overview – C2A crystals diffracted to 2.0 Å resolution and contained four monomers in the 

asymmetric unit (ASU), of which two had an electron density break in the Ca
2+

-binding region, one 

had two bound Ca
2+

 ions (with partial occupancies) and one had no ions bound. C2B crystallized as a 

monomer in the asymmetric unit, with two bound Ca
2+

 ions, and diffracted to 1.26 Å resolution. 

Crystallographic data collection and refinement statistics are summarized in Table 1. Both domains 

share overall fold of type I C2 topology, 
4
 as described (Figure 1A). However, the C2B domain 

contains an additional relatively long α-helix between strands 7 and 8, similarly to the rabphilin C2B 
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domain. 
28

 Ca
2+

 bound C2A and C2B can be superimposed with a r.m.s.d (root mean square deviation) 

of 0.98 Å. The Ca
2+

 bound and apo forms of C2A are nearly identical, with a r.m.s.d of 0.40 Å, the 

differences arising mainly from different conformations of the Ca
2+

 binding loops (Figure 1A and 

Figure 3A-B). A model of apo C2B was obtained using molecular dynamics, based on the Ca
2+ 

crystal 

structure, in order to assess the electrostatic effects of Ca
2+

 binding. Comparing the electrostatic 

potentials of the Ca
2+

 bound and apo forms of both domains (Figure 1B), Ca
2+

 binding results in a 

negative-to-positive shift of the potential at the Ca
2+ 

binding site vicinity, favoring interactions with 

the negatively charged phospholipid bilayer, as proposed previously for other family members. 
17

 

Solution conformation of C2AB – In order to study possible interactions between the C2 domains in 

the context of C2AB and to detect Ca
2+

 induced conformational changes, we utilized SAXS (Figure 

2), a method for low resolution structural analysis in solution. The radius of gyration (Rg) and I(0) 

were derived from the Guinier region (qRg< 1.3) and are very similar, indicating that Ca
2+

 binding 

does not induce global conformational changes (Table 2). The paired distance distribution functions 

(PDDF) of the apo and Ca
2+

 bound forms are also nearly identical, with Dmax = 80 ± 8 Å and Dmax = 

83 ± 8 Å, respectively (Figure 2D, Table 2). Finally, the calculated Porod volumes are similar and 

consistent with monomeric C2AB (Table 2).  

For determination of the domains’ orientation in the C2AB tandem, two approaches were used. 

First, the isolated domain crystal structures were used for rigid-body fitting using SASREF. 
29

 

Although the data is well fit in the low angles, a systematic deviation is observed at higher angles 

(Figure 2A). In attempt to better model the data, we used the ensemble optimization method (EOM) 

(Figure 2B).
30

 In this method, an ensemble containing 20 models is chosen from a 10,000 models 

pool. The pool is generated by random construction of the domains linker (following only 

stereochemical restrains), thus containing a variety of possible orientations. This approach resulted in 

an excellent fit for the entire scattering range. The selected ensembles are very similar for both the apo 

and Ca
2+

 bound data (Figure 2C), again suggesting that Ca
2+

 does not induce global conformational 

transitions. Interestingly, the distributions are bi-modal and span the entire range of both possible Dmax 

and Rg values (Figure 2C,E). Thus, the tandem is highly flexible, but some orientations are preferred 
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and the arrangement is not completely random. This analysis also revealed that the Dmax of a small 

fraction of the population can extend to > 120 Å (Figure 2C). 

Ca
2+ 

binding sites – Although both domains were crystallized at the same Ca
2+

 concentration (200 

μM), C2B crystallized in the Ca
2+

 bound form while only one C2A monomer out of four in the 

asymmetric unit was Ca
2+

 bound. Furthermore, the bound ions had only partial occupancy (0.32 and 

0.39). Nevertheless, the Ca
2+

 binding stereochemistry of both domains is strikingly similar.  

In C2A (Figure 3A), one Ca
2+

 ion is coordinated by the backbone carbonyl of M156 and carboxyl 

oxygens of D157, D218, D220 and E226. The second ion is coordinated by the backbone carbonyl of 

E219 and carboxyl oxygens of D157, D163, D218 and D220. Thus, both ions share similar overall 

coordination, with one carboxyl oxygen and 5 carboxyl oxygen atoms, in agreement with the similar 

occupancy for both ions.  

In C2B (Figure 3C), one Ca
2+

 ion is coordinated by the backbone carbonyl of M296 and carboxyl 

oxygen of D297, D357, D359 and D365. The second ion is coordinated by the backbone carbonyl of 

Y358 and carboxyl oxygens of D297, D303, D357 and D359 and a water molecule. Again, both ions 

share similar overall coordination, with one carboxyl oxygen and five carboxyl oxygen atoms. 

Notably, the ion coordination in both domains is essentially the same as that described for the C2 

domains of rabphilin-3A.
14; 28

 We observe a dyad symmetry in the C2B Ca
2+

 binding site, where D303 

is related to D365 and D297 is related to D359 and D357 lies on the dyad axis. 

Ca
2+

 binding to isolated C2 domains – The different Ca
2+

 binding occupancies in the crystal suggested 

that the domains differ in their Ca
2+

 binding affinity, despite having very similar binding sites. In order 

to test this possibility, 
45

Ca
2+

-binding assays were performed to evaluate the affinity and stoichiometry 

of Ca
2+

 binding (Figure 3D). Both C2B and the tandem C2AB bind two Ca
2+

 ions (capacity = 2.37 ± 

0.11 and 1.94 ± 0.02, respectively) in a highly cooperative fashion (nH = 1.65 ± 0.03 and 1.46 ± 0.01, 

respectively) with nearly identical Kd values (9.6 ± 0.1 and 9.84 ± 0.3 μM, respectively) (Figure 3D). 

This result suggests that in the tandem C2AB, C2A does not bind Ca
2+

. Indeed, Ca
2+

 binding to C2A 

could not be detected up to [Ca
2+

]free = 100 μM (Figure 3D). For C2A, the free and total [Ca
2+

] are 

nearly identical, resulting in “negative” occupancy of some data points due to the small experimental 

error (~ 2%).  These results are in line with the structural data, since 200 μM [Ca
2+

] gave only partial 
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occupancy in one out of four C2A molecules in the crystal (Figure 1A). The measured Kd values for 

both C2A and C2B domains are significantly higher than the EC50 observed for DOC2B in cellular 

systems (< 1 μM), suggesting that, binding of phospholipids modifies the domains’ intrinsic affinity, 

similar to other C2 proteins. 
12; 14

 

Membrane binding sites – A previous study suggested that the membrane penetrating residues are 

H158 and F222 in C2A and A298 and I360 in C2B. 
6
 Another study suggested that N159 participates 

in membrane penetration rather than H158. 
7
 Utilizing the crystal structures of both C2A forms, apo 

and Ca
2+

 bound, we assessed the effect of Ca
2+

 on the membrane penetrating residues (Figure 4) by 

examining B-factors, a measure of a residues’ mobility, and accessible surface area (ASA).  Upon 

Ca
2+

 binding, the B-factor of H158 increases from 27.5 ± 2.1 Å
2 
to 56.3 ± 4.6 Å

2
, the B-factor of 

N159 increases from 24.4 ± 2.6 Å
2
 to 54.3 ± 2.8 Å

2
 and that of F222 decreases from 74.8 ± 2.1 Å

2 
to 

38.6 ± 2.4 Å
2
. The accessible surface area (ASA) of H158 increases from 75.0 Å

2
 to 194.9 Å

2
, 

however the ASA of N159 decreases from 128.9 Å
2
 to 90.0 Å

2
 and that of F222 slightly increases 

from 204.6 Å
2
 to 206.5 Å

2
. Both the greater mobility and surface area for H158 suggest that it may be 

the residue that penetrates the PM while N159 is a less likely candidate as its ASA actually decreases 

upon Ca
2+

 binding. Consistent with such a conclusion, superposition with the structures of syt1 C2A 

(Figure 4C) shows that in the Ca
2+

 bound form, H158 and F222 of DOC2B occupy positions similar 

to those of M173 and F234, the membrane penetrating residues of syt1. 
31; 32

 As the apo C2B was 

obtained by molecular dynamics and not X-ray crystallography, we cannot compare the B-factors 

between the apo and Ca
2+

 bound forms. However, ASA analysis shows that the ASA of A298 

increases from 101.2 Å
2 
to 120 Å

2 
(similarly to H158), while the ASA of I360 only changes slightly 

from 134.8 Å
2 
to 134.4 Å

2 
(similarly to F222), upon Ca

2+
 binding.  

Ca
2+

 dissociation kinetics from C2AB – It was recently shown that the dissociation kinetics of C2AB 

from liposomes upon Ca
2+

 removal closely matched those of asynchronous transmitter release. 
24

 

However, it remains unknown what is the rate-limiting step of this process, i.e., dissociation of 

DOC2B from the phospholipids or Ca
2+

 from DOC2B. In order to monitor the Ca
2+

 dissociation 

kinetics, we used the fluorescent indicator Quin-2, which exhibits a rise in fluorescence intensity upon 

Ca
2+ 

binding (Figure 5A). Upon mixing, [Ca
2+

]free drops during the dead time as it rapidly binds to 
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Quin-2, thereby driving Ca
2+

 dissociation from the protein, monitored as rise in Quin-2 fluorescence. 

Since Ca
2+

 binding to Quin-2 is nearly a diffusion-controlled reaction, the fluorescence rise kinetics 

reliably reflects those of Ca
2+ 

dissociation from the examined protein. 
33

 In the absence of vesicles, 

Ca
2+

 dissociates from C2AB with a rate constant of 264.5 ± 17.7 s
-1

 (n=6) (Figure 5A-B). In contrast, 

in the presence of ULVs, Ca
2+

 dissociates from C2AB with a rate constant of 36.5 ± 0.7 s
-1

 (n = 6) 

(Figure 5A-B).  

The C2B domain acts as the primary Ca
2+

 binding motif in cells – Our data thus far implicate C2B as 

the primary Ca
2+ 

binding domain of DOC2B. To further test the in vitro findings, we performed live 

cell Ca
2+ 

imaging and examined the correlation between Ca
2+ 

elevation and the translocation to the PM 

of various DOC2B domains. PC12 cells over-expressing either full-length DOC2B, tandem C2AB, 

isolated C2A or isolated C2B fused to eGFP were pre-loaded with the Ca
2+

 indicator Fura-4F AM. We 

have previously used this approach to characterize the EC50 of DOC2A and DOC2B. 
1; 23

 During the 

experiment, cells were repeatedly depolarized by a high potassium (100 mM) containing solution, and 

monitored for their Ca
2+

 levels and translocation status (Figure 6A-B). Ca
2+

 EC50 values required for 

plasma-membrane (PM) translocation and the Hill slopes were calculated for the different constructs 

(Figure 6B-C). Consistent with our biochemical results, C2B was more sensitive to Ca
2+

 than C2A 

and translocated to the PM at submicromolar Ca
2+

 concentrations (EC50 = 0.5 ± 0.06 μM; Figure 6A-

C). C2A did not translocate following physiological Ca
2+ 

elevation (to a level of 1-2 M) and only if 

ionophore was applied to the cells did the C2A of DOC2B translocate to the PM (Figure 6A, lower 

panel). The tandem C2AB fragment demonstrated two-fold higher Ca
2+

 sensitivity (EC50 = 0.24 ± 0.02 

μM, Figure 6B-D) than C2B. In addition, C2B translocated to a lesser extent then both the full length 

protein and the tandem C2AB (Figure 6B). These results suggest that although C2A alone does not 

translocate at submicromolar Ca
2+ 

concentrations, it can enhance and stabilize the translocation of 

C2B, acting in a concerted fashion in the context of the native protein. The full length protein exhibits 

Ca
2+ 

sensitivity similar to that of the C2AB tandem (EC50 = 0.35 ± 0.03 μM; Figure 6B). Importantly, 

C2B, C2AB and DOC2B show similar Hill coefficients (Figure 6C), consistent with cooperative 

binding of ~ 2 ions in all constructs under physiological [Ca
2+

]i. 

Discussion 
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Recent studies have highlighted a critical role for DOC2B as a high-affinity Ca
2+

 sensor in 

synaptic transmission. By interacting with membranes, SNARE proteins and additional factors, 

DOC2B enhances spontaneous and asynchronous neurotransmitter release. 
1; 6; 23; 24; 25

 Here, we 

structurally and biochemically analyzed the individual C2 domains and the C2AB tandem to shed light 

on DOC2B’s Ca
2+

binding properties and the conformational and functional effects of Ca
2+

 on 

DOC2B. 

C2A and C2B are functionally distinct despite the structural similarity – As may be expected from the 

high degree of conservation and from other C2 domain structures, C2A and C2B are nearly 

structurally identical. Moreover, their respective Ca
2+ 

coordination sites are highly similar in terms of 

the number of ligands and bond distances. However, we found that Ca
2+

 binding to C2A could not be 

detected up to [Ca
2+

]free = 100 μM, while C2B possesses intrinsic affinity of ~10 μM (Figure 3D). The 

crystallographic studies also support these data, as 200 μM in the crystallization solution did not 

suffice for crystallizing C2A in a fully Ca
2+

-loaded form, while for C2B, it did (Figure 1). These 

biochemical findings are supported by the live cell experiments that show that C2B functions 

physiologically as the primary sensor in a cellular system by demonstrating that C2B translocates to 

the PM of PC12 cells in response to physiological sub micro-molar [Ca
2+

]i elevations while C2A 

required supra-physiological [Ca
2+

]i. This is consistent with previous work 
34

 in adipocytes which 

showed that deletion of C2B but not C2A eliminates the translocation ability of DOC2B. Intriguingly, 

despite the fact that C2B and C2AB bind Ca
2+

 in nearly identical fashion, the tandem C2AB 

translocated to the PM under two-fold lower Ca
2+

 concentrations and to a greater extent than C2B. 

This result suggests that C2A enhances DOC2B-PM interactions, probably due to low affinity 

interactions of C2A with the membrane. C2A probably does not serve as a primary sensor in C2AB or 

DOC2B as the Hill coefficients of these constructs resemble that of C2B, consistent with binding of ~ 

2 ions to induce translocation. Taken together, these results suggest that under physiological 

conditions, the C2B functions as the primary Ca
2+ 

sensor of DOC2B. 

The C2AB tandem is highly flexible – We explored the structure of the tandem C2 domains e.g. their 

relative orientation using SAXS, addressing how the tandem domains may behave in concert. The 

results show that the domains may undergo large conformational fluctuations in solution and that the 
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conformational equilibrium is not affected by Ca
2+

 binding. The domains are largely independently 

oriented in solution. These results are also consistent with site-directed spin labeling studies of syt 1 
35

 

that demonstrated flexibly linked non-interacting domains in the presence and absence of  Ca
2+

. Single 

molecule FRET studies of syt3 also showed that Ca
2+

 binding has no considerable effect on the FRET 

efficiency distribution. 
20

 However, in that case, the FRET efficiency distribution indicates that more 

molecules possess an elongated conformation rather than a compact conformation, while the Dmax 

distribution derived from our SAXS experiments describes an opposite trend. The significance and 

explanation of this difference is not clear. Nonetheless, the marked flexibility of the C2AB tandem 

may underlie its ability to induce fusion of SNARE-containing liposomes and membrane curvature in 

a Ca
2+

-dependent manner. 
6; 7

 as the domains were shown to undergo major reorientation upon 

SNARE binding to syt3 C2AB. 
20

  

Ca
2+

 dissociation precedes C2AB-membrane dissociation – Recently, stopped-flow experiments have 

demonstrated bi-phasic kinetics for C2AB-ULV dissociation. 
24

 The dissociation in these experiments 

was monitored by decrease in FRET between endogenous aromatic residues of C2AB and dansyl-PE 

labeling the ULVs. The fast phase kinetics correlates well with the rate constant we derived for Ca
2+ 

dissociation from the C2AB-ULV complex. The changes in FRET upon Ca
2+

 dissociation before 

disassembly of the C2AB-ULV complex are not surprising, as Ca
2+

 affects the fluorescence intensity 

of endogenous C2B aromatic residues. Thus, we posit that with decreasing [Ca
2+

]i, DOC2B-Ca
2+

 

dissociation occurs in two phases: first, Ca
2+

 dissociates from C2B with a time constant of about 27 

ms (Figure 4B) and in turn, the C2AB-ULV complex dissociates with a time constant of 300 ms 
24

. 

Such slow dissociation of the C2AB from ULV correlates with the time constants of asynchronous 

neurotransmitter release at the synapse
24

 and with the contribution of DOC2B to asynchronous release 

phase. 
24; 25

 

A working model for DOC2B’s role in membrane fusion – Collectively, our structural, physiological 

and biochemical analyses of DOC2B’s C2 domains suggest that despite their striking structural 

similarity, C2B functions as the primary Ca
2+

 sensor. Upon rise in [Ca
2+

]i, Ca
2+

 binding drives 

membrane association of DOC2B. After membrane association via C2B, C2A may bind Ca
2+

 in 

specific high [Ca
2+

] microdomains or may increase its affinity due to the vicinity of PLs head groups 
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as suggested for other C2 domains. 
8; 12

 The finding that C2A can affect DOC2B interaction with the 

membrane is also supported from observations of DOC2B
D218,220N

, a DOC2B with mutations in C2A, 

found to be constitutively associated with the PM. 
1; 23

 These previous data suggested that C2A serves 

as the primary DOC2B Ca
2+ 

sensor. However, the current study clearly shows that C2A can boost 

DOC2B association with the PM but that C2B is the primary DOC2B Ca
2+ 

sensor. It also reconciles 

previous work 
34

 in adipocytes which indicated that C2B of DOC2B is important for its translocation 

to the PM.  

The crystal structures presented here suggest that H158 and F222, rather than N159, would 

mediate C2A membrane association (Figure 4B-C). Upon decrease in [Ca
2+

]i, Ca
2+

 first dissociates 

from DOC2B, driving its sequential dissociation from the membrane. The effect of Ca
2+

 may then be 

attributed to an electrostatic-switch mechanism as with other C2 domains, 
17; 18; 19

 as it induces only 

minor changes in the inter- and intra-domain structures, if at all. 

 

Materials and Methods 

Expression and purification of C2 proteins – The DNA constructs of C2A (encoding residues 125–

255), C2B (encoding residues 265-412) and C2AB (encoding residues 125-412) of rat DOC2B 

(accession code NP_112404) were cloned into pRSFDuet-1 (Novagen) and expressed in E. coli 

Rosetta2 (DE3) competent cells (Novagen), as described. 
36

 An N-terminal 6xHis-tag, followed by 

TEV protease cleavage site and a short linker were added. Overexpressed proteins were purified on a 

Ni-NTA column, followed by TEV protease cleavage of the N-terminus. The reaction mixture was 

buffer exchanged to remove imidazole and loaded again on a Ni-NTA column. The unbound protein 

was collected and loaded onto a preparative size-exclusion column, (Superdex-75 for C2A, C2B or 

Superdex-200 (GE Healthcare) for C2AB), fractions were pooled, concentrated and frozen at -80° C. 

Crystallization, data collection and structure determination – Purified C2A and C2B at a 

concentration of ~10 mg/mL were prepared in buffer composed of 200 mM NaCl, 0.2 mM CaCl2 and 

20 mM Tris-HCl (pH = 6.8). For C2A, 10 mM β-mercaptoethanol was an additional buffer 

component. Initial crystallization screens were performed at 19° C using the sitting drop vapor 

diffusion method. Initial crystals of C2A were obtained with 0.5 M LiSO4, 25% PEG 3350 and 0.1 M 
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Tris-HCl (pH = 8.5). Crystals were optimized by lowering the LiSO4 concentration to 0.1 M and the 

pH to 5.5, using a Na-citrate buffer instead of Tris. Initial crystals of C2B were obtained with 20% 

isopropanol, 20% PEG 4000 and 0.1 M Na-citrate (pH = 5.6). Crystals were optimized by modifying 

the isopropanol concentration to 22.5% and pH to 5.3. Crystals were cryoprotected in 60% reservoir 

solution, 25% ethylene glycol, 10% water and flash-frozen in cryo-loops. Data were collected from 

flash-frozen crystals cryocooled to 110° K at beamline ID14-1 of the European Synchrotron Radiation 

Facility (Grenoble, France).  

Data were processed using HKL2000. 
37

 The initial model of C2A was obtained using molecular 

replacement with the program PHASER
38

 in the PHENIX suite using a data set that diffracted to ~3 

Å. 
39

 The coordinates of rabphilin-3A C2A (PDB 2CHD) were used as a search model. The initial 

model of C2B was obtained using molecular replacement with the coordinates of rabphilin-3A C2B 

(PDB 2CM6) as a search model. The models were refined by PHENIX
39

 with multiple rounds of 

manual model building, performed using COOT. 
40

 Data and refinement statistics are summarized in 

table 1.  

Molecular dynamics simulations of C2B – The simulation was performed using the C2B crystal 

structure coordinates obtained in this study. The two Ca
2+ 

ions were removed from the structure to 

monitor the dynamics of the apo form of the protein. A molecular dynamics simulation was performed 

using the GROMACS 4.0 suite of software, 
41

 using the GROMACS 53a6 force field. 
42

 The protein 

was embedded in a dodecahedron box containing the SPC water molecules (35,394 molecules) that 

was extended to at least 15 Å between the protein's structure and the edge of the box. Assuming 

normal charge states of ionizable groups corresponding to pH 7, the net charge of DOC2B structure is 

+5e.  Hence, 23 sodium and 28 chloride ions were added to the structure box at random positions, to 

neutralize the system at a physiological salt concentration of 100 mM. Prior to the dynamics 

trajectory, internal constraints were relaxed by energy minimization. Following this step, an MD 

equilibration run was performed under position restraints for 40 ps. Then, an unrestrained MD run 

was initiated for 8 ns. During the MD run, the LINCS algorithm
43

 was used in order to constrain the 

lengths of all bonds; the water molecules were restrained using the SETTLE algorithm. The time step 

for the simulation was 2 fs. The simulation was run under NPT conditions, using the Berendsen 
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coupling algorithm to keep the temperature and pressure constant (P = 1 bar; P= 0.5 ps; T = 0.1 ps; T 

= 300 K). Van der Waals (VDW) forces were treated using a cut-off of 12 Å. Long-range electrostatic 

forces were treated using the PME method. The coordinates were saved every 1 ps. Cluster analysis 

was performed for the simulation of C2B by the command g_cluster of the GROMACS 4.0 package. 

The cluster analysis was performed using the Gromos algorithm on the entire protein with an RMSD 

cut-off value of 0.15 nm
44

 and resulted in 35 clusters. The first cluster includes 16.9% of the 

structures, the second comprises 15.7% and the third only 11%.  The first cluster, representing the 

most dominant structure during the simulation, was used as the final apo form for C2B. 

SAXS Data Collection and Analysis – SAXS data were measured at beamline X33 of the Deutsches 

Elektronen Synchrotron (DESY), Hamburg, Germany. Data were collected with X-ray beam at 

wavelength λ=1.5 Å, and the distance from the sample to detector (PILATUS 1M, Dectris Ltd) was 

2.7 meters, covering a scattering vector range (q=4πsinθ/λ) from 0.06 to 6 nm
-1

. Eight frames of two-

dimensional images were recorded for each buffer or sample, with an exposure time of 15 s for each 

frame. The 2D images were reduced to one-dimensional scattering profiles and the scattering of the 

buffer was subtracted from the sample profile using software on site. 
45

 C2AB in buffer containing 

200 mM NaCl, 20 mM β-mercaptoethanol, 20 mM Tris-HCl at pH 6.8 and either 10 mM CaCl2 or 10 

mM EDTA was measured. To account for possible inter-particle effects, each sample was measured at 

four concentrations: 15, 10, 5 and 2 mg/mL. Due to small inter-particle effects, the lowest 

concentration curve was merged with a higher concentration curve at q ~ 0.2 Å
-1

 to prevent distortion 

of the low-angle data while preserving high signal-to-noise ratio at the higher angles, which are far 

less sensitive to such effects. 
46

 The experimental radius of gyration (Rg) and the forward scattering 

intensity I(0) were calculated from data at low q values in the range of qRg< 1.3, using the Guinier 

approximation: lnI(q)≈ln(I(0))-Rg
2
q

2
/3. The largest dimension of the molecule, Dmax, and the Porod 

volume were calculated using GNOM. 
47

 For EOM analysis, 
30

 unstructured residues at the N and C –

termini of C2A and C2B were truncated. RANCH
30

 was used to generate a pool of 10,000 structures 

with random C2A-C2B linker and termini, which are stereochemically feasible. These pools were 

input into GAJOE
30

 that selects an ensemble fitting the experimental data best using a genetic 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 15 

algorithm: 50 ensembles of 20 orientations each were "crossed" and "mutated" for 1,000 generations 

and the process was repeated 50 times.
 

45
Ca

2+
 equilibrium binding – The equilibrium binding of 

45
Ca

2+
 to proteins was measured as the 

protein-bound radioactivity retained after ultrafiltration. 
33; 48

 Proteins were concentrated and 

decalcified by addition of 10 mM EDTA. 
48

 To remove EDTA, the protein preparations were washed 

with decalcified buffer using an Ultracel-3K (Millipore) concentrator in order to reach [EDTA] < 1 

nM. 
48

 The assay medium (1.5 ml), containing 10 M protein with 200 mM NaCl, 20 mM Tris-HCl at 

pH 7, was placed in the upper chamber of an Ultracel-3K concentrator and the assay was performed 

as previously outlined. 
33; 48; 49

 The [Ca
2+

]free fraction was measured as a/b, where a represents the 

radioactivity of the ultrafiltate and b represents the radioactivity in the upper chamber; thus [Ca
2+

]free = 

[Ca
2+

]tot·(a/b). Bound Ca
2+

 is calculated as [Ca
2+

- Protein] = [Ca
2+

]tot - [Ca
2+

]free and binding 

stoichiometry as [Ca
2+

-Protein]/[Protein]. The 
45

Ca
2+

-titration curves were fit to Hill equation using 

Origin 7.0 software (OriginLab). [Ca
2+

]residual of decalcified buffer was measured by fluo-3. 
33

 

Stopped-flow experiments – The stopped-flow assays were performed with a three-syringe/two mixer 

SFM-3 instrument (BioLogic, France) as described. 
33; 36; 48; 49

 The data were analyzed with Bio-Kine 

32 V4.45 software (Bio-Logic). In the stopped-flow experiments, the Ca
2+

 dissociation from proteins 

was monitored with Quin-2, as described, 
33; 36; 48; 49

 by mixing 100 l from each syringe. Syringe A 

contained 100 l of 10 M protein pre-equilibrated with 200 M Ca
2+

, in the presence or absence of 

44 nM vesicles. Syringe B contained 500 M Quin-2 in TK-buffer. The dead time is ~ 3.9 ms, 

allowing measurement of rate constants up to ~300 s
-1

. 

Liposome preparation – Protein-free liposomes composed of 45% PC (Avanti, 850457), 30% PE 

(Avanti, 850757) and 25% PS (Avanti, 840035) lipids were mixed, diluted in chloroform and 

immediately placed into a rotory-vaporator (Buch). Vesicles were then hydrated in a 20 mM Tris 

(pH=7; HCl), 200 mM NaCl containing buffer to a final concentration of 5.7 mg/ml, and heated to 65º 

C for 2 h. ULVs were obtained by probe sonication (Ultra-sonic liquid processor; Heat Systems Inc.). 

To remove excess MLVs, vesicles were centrifuged for 15 min at 15,000g. ULVs diameter measured 

100 μm by dynamic light scattering. 
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Cell culture and transfection – Rat adrenal pheochromocytoma (PC12) cells were cultured in DMEM 

(Gibco) media supplemented with 10% horse serum, 5% fetal bovine serum, and 1% 

penicillin/streptomycin at 37°C and 5% CO2. For experiments, cells were plated into 12 well plates 

containing 0.1% PDL coated coverslips. Transfections were performed using Lipofectamine 2000 

(Invitrogen) according to the manufacturer's instructions. Cells were used 16-24h after transfection. 

Combined Ca
2+

 measurements and DOC2B translocation in PC12 cells –  Constructs encoding 

DOC2B domains C2A (residues 125–255), C2B (residues 265-412) and C2AB (residues 125-412), all 

fused to eGFP, were created by deletion of relevant coding regions from a DOC2B-eGFP (N2) 

plasmid
50

 using a standard Quickchange mutagenesis protocol. PC12 cells overexpressing either the 

C2A, C2B, C2AB or the full length protein were pre-incubated with a serum-free medium (Opti-

MEM; Gibco) for 2 h at 37º C. In the second hour of incubation, a mixture of 1:1 5 μM Fura-4F AM 

(Invitrogen) and Pluronic F-127 was added. The cells were then transferred to an inverted Olympus 

IX-70 microscope (Till Photonics) for simultaneous measurements of Ca
2+ 

and translocation of the 

expressed protein. Timelapse imaging was performed with an Andor Ixon 887 EMCCD camera 

(Andor) controlled by METAFLUOR software (Universal Imaging). A set of three images at three 

wavelengths (200 ms exposure each) was taken at 1 Hz; 488 nm was used to view eGFP and 350 nm 

and 380 nm were used to excite Fura to deduce the [Ca
2+

]i at each time point according to the dual 

excitation ratio-imaging technique.
51

 During the experiments the cells were continually perfused with 

fresh bath solution (140 mM NaCl, 3 mM KCl, 5 mM CaCl2, 10 mM HEPES and 2 mg/mL glucose; 

pH 7.2–7.4, 280–320 mOsmol/L). The first ~30 s of recording were used to establish [Ca
2+

]i basal 

levels. Then, the cells were exposed to several (2-5) repetitive stimuli by a 100 mM KCl solution (40 

mM NaCl, 100 mM KCl, 10 mM CaCl2, 10 mM HEPES and 2 mg/mL glucose; pH 7.2–7.4, 280–320 

mOsmol/L), each lasting ~ 10 s. Applications were performed locally through a four-barrel-like 

pipette and the KCl solution was replaced with the bath solution immediately after each application. 

The interval between KCl applications was 1-2 min to allow [Ca
2+

]i decline back to baseline. Data 

were analyzed using the MetaFluor analyst software. [Ca
2+

]i values at each time point were deduced 

from the Grynkiewicz equation, 
51

 based on the fluorescence values received from the images taken at 

350 and 380 nm as previously described, 
23

 and binned every 25 nM. Calibration of free [Ca
2+

]i 
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concentrations and the calculations of Ca
2+

 parameters required for translocation were conducted as 

previously described 
23

. Translocation of eGFP labeled peptides was defined as the fluorescence value 

at the plasma membrane divided by the fluorescence in the center of the cell. 
23

 Then, peptides 

translocation values were drawn as a function of log([Ca
2+

]i) and data were fit to the Hill equation 

using the Origin 7.0 software (OriginLab). In the case of the C2A construct, a simple high K
+
 

stimulation did not elicit plasma-membrane translocation, and therefore 10 M Ionomycin (Sigma) 

was added to a bath solution containing 135 mM NaCl, 3 mM KCl, 10 mM CaCl2, 10 mM HEPES 

and 2 mg/mL glucose (pH 7.2–7.4, 280–320 mOsmol/L) to reach higher, non-physiological, Ca
2+

 

concentrations. 
52; 53

 

 

Accession numbers Crystallographic data and coordinates have been deposited in the PDB under 

the codes 4LCV (C2A) and 4LDC (C2B). 
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Figure legends 

 

Figure 1. Structure of DOC2B C2 domains. (A) Crystal structures of C2A in the apo- and Ca
2+

 

bound forms, C2B in the bound form and a structural model of C2B in the apo form, in cartoon 

representation. C2A and C2B are colored orange and red, respectively. Green and cyan spheres depict 

Ca
2+

 ions and water molecules, respectively. (B) Electrostatic potentials of C2A and C2B in the apo- 

and Ca
2+

 bound forms. The bar indicates potentials ranging from -5 (red) to +5 (blue) kT/e. The 

electrostatic potentials were calculated using APBS and are depicted on the accessible surface. 
54

 

 

Figure 2. SAXS analysis of C2AB reveals high flexibility for the tandem C2AB. Experimental 

SAXS data were fit using SASREF (A) or EOM (B). (C) Random Rg and Dmax pools and EOM 

selected ensembles for C2AB, as indicated. (D) Normalized pair distance distribution functions 

(PDDF) of C2AB. (E) Representative orientations of C2AB, found in the EOM analysis.  

 

Figure 3. Similar Ca
2+

 binding sites but different equilibrium binding for C2A and C2B. 

Ca
2+

binding sites of the C2A (A) Ca
2+ 

bound and (B) apo forms (orange) and (C) C2B Ca
2+ 

bound 

form crystal structures (red). Residues coordinating Ca
2+

 are depicted as sticks. (D) 
45

Ca
2+

 titration 

curves of isolated C2A (black), C2B (red) and C2AB (blue). Each titration was repeated twice and fit 

to the Hill equation.  

 

Figure 4. Effect of Ca
2+

 binding to C2A on B-factors. (A) Average B-factor for each residue in the 

apo (black) and Ca
2+

 bound (red) forms. (B) The apo (left) and Ca
2+

-bound (right) C2A colored 

according to the respective B-factors. Residues implicated in membrane penetration are shown as 

sticks. (C) Superposition of the C2A apo (left) and Ca
2+

 bound (right) forms of DOC2B (orange) and 

syt1 (cyan, PDB 1RSY and 1BYN, respectively). Residues implicated in membrane penetration are 

shown as sticks. Spheres indicate Ca
2+ 

ions. 

 

Figure 5. Ca
2+

 dissociation kinetics of C2AB. (A) Representative traces of Ca
2+

 dissociation kinetics 

from C2AB in the absence and presence of ULVs, as indicated, were fit to a single exponential curve 
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with koff = 314.9 ± 5.7 s
-1 

and koff = 35.1 ± 0.2 s
-1

, respectively. (B) Kinetic scheme of Ca
2+

 dissociation 

from C2AB. Two Ca
2+

 ions dissociate from C2B upon addition of Quin-2 in a monophasic fashion 

with koff = 264.5 ± 17.7 s
-1

in the absence of ULVs. In the presence of ULVs, two Ca
2+

 ions dissociate 

from C2B in a monophasic fashion with koff = 36.5 ± 0.7 s
-1

. Following Ca
2+

 dissociation, the C2AB-

ULV complex dissociates with koff = 3.3 ± 0.5 s
-1 

[24]. Occupied Ca
2+ 

sites are denoted by filled 

circles, whereas open circles represent empty sites. 

 

Figure 6. Ca
2+

-dependent translocation of DOC2B constructs suggests that C2B is the primary 

Ca
2+ 

sensor in cells. (A) Representative images of DOC2B-GFP and its fragments expressed in PC12 

cells before and after KCl application or after application of Ca
2+

 ionophore (C2A). (B) Quantification 

of Ca
2+

 dependent translocation for full length DOC2B, C2AB and C2B, achieved by simultaneously 

monitoring intracellular Ca
2+

 levels and translocation status (left). Translocation was defined as 

PM/cytosol fluorescence ratio, and data is presented as mean ± SE.  Normalized translocation values 

showed as a function of intracellular Ca
2+

 concentration (right).  (C) EC50 (μM) and nH values of full 

length DOC2B, C2AB and C2B calculated from a dose-response fit of the data presented in panel B. 
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Table 1 - Crystallographic statistics 

 
Data statistics  C2A C2B 
Wavelength (Å) 0.934 Å 0.934 Å 

Space group P21 C2 

Unit cell parameters (Å) a = 43.6, b = 95.2, c = 67.8 

 = 99.9º 

a = 90.8, b = 40.1, c = 36.9 

 = 105.5º 

Total reflections 133180 98104 

Unique reflections 34604 33561 

Completeness (%) 94.6 (73.6) 92.2 (29.4) 

Rmerge (%) 7.2 2.7 

I/σ 17.2 (2.1) 36.2 (8.2) 

Resolution range (Å) 50.0 – 2.0 50.0–1.24 

X-ray source ESRF beamline ID14-1 ESRF beamline ID14-1 

    

Refinement statistics   

No. of reflections (working/test) 34576/1727 33558/1683 

dmin (Å) 2.00 1.26 

Rwork/Rfree (%) 18.7/23.2 12.7/14.4 

RMS deviation from ideality:   

Bond lengths 0.005 0.006 

Bond angles 0.95 1.11 

B factors (Å
2
) (rms deviation of 

bonded atoms-main/side chain) 

3.43/4.65 0.86/2.34 

Average B factor protein 

atoms/solvent (Å
2
) 

38.3/40 7.2/22.8 

Ramachadran favored/outliers (%) 96/0.6 95/0 

No. of atoms protein/ligands/water 3943/39/261 2356/20/214 

 

* Statistics for the highest-resolution shell are shown in parentheses. 
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Table 2 - SAXS data collection and scattering-derived parameters 
 

Sample C2AB 

Ligand 10 mM Ca
2+ 

10 mM EDTA 

Data collection parameters 

Beamline DESY X33 

Beam geometry (mm
2
) 2 x 0.6 

Wavelength (Å) 1.5 

q range (Å
 -1

) 0.006-0.6 

Exposure time per 

frame (seconds)
1
 

15 

Concentration range 

(mg/ml) 

2-15 

Temperature (°C) 5 

Structural parameters
 

I(0) (from Guinier)
2 30.3 ± 0.1 28.7 ± 0.1 

Rg (Å) (from Guinier)
2
 26.0 ± 0.2 25.2 ± 0.2 

Dmax (Å)
3
 83 ± 8 80 ± 8 

χ
2 
 (SASREF) 1.12 1.52 

χ
2 
 (EOM) 0.75 0.66 

Porod volume [from 

P(r)] (10
3
 Å

3
) 

41.7 41.5 

Software employed 

Primary data reduction AUTOMAR 

Data processing PRIMUS 

Modelling EOM 

 
1
 Eight frames were measured for each sample. 

2
 ± S.E. 

3
 ± 10% (estimated range). 
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Graphical Abstract 
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Highlights 

 DOC2B is a Ca2+ sensor for spontaneous and asynchronous neurotransmitter 
release 

 Crystal structures of the individual C2 domains and solution structure of the tandem 

 C2B is the primary Ca2+ sensor and is necessary for membrane translocation 

 C2A enhances membrane translocation 


