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Proteins containing C2 domains are the sensors for Ca2+ and PI
(4,5)P2 in a myriad of secretory pathways. Here, the use of a free-
mounting system has enabled us to capture an intermediate state
of Ca2+ binding to the C2A domain of rabphilin 3A that suggests
a different mechanism of ion interaction. We have also deter-
mined the structure of this domain in complex with PI(4,5)P2 and
IP3 at resolutions of 1.75 and 1.9 Å, respectively, unveiling that the
polybasic cluster formed by strands β3–β4 is involved in the in-
teraction with the phosphoinositides. A comparative study dem-
onstrates that the C2A domain is highly specific for PI(4,5)P2/PI
(3,4,5)P3, whereas the C2B domain cannot discriminate among
any of the diphosphorylated forms. Structural comparisons be-
tween C2A domains of rabphilin 3A and synaptotagmin 1 indi-
cated the presence of a key glutamic residue in the polybasic
cluster of synaptotagmin 1 that abolishes the interaction with PI
(4,5)P2. Together, these results provide a structural explanation
for the ability of different C2 domains to pull plasma and vesicle
membranes close together in a Ca2+-dependent manner and
reveal how this family of proteins can use subtle structural
changes to modulate their sensitivity and specificity to various
cellular signals.
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C2 modules are most commonly found in enzymes involved in
lipid modifications and signal transduction and in proteins

involved in membrane trafficking. They consist of 130 residues
and share a common fold composed of two four-stranded β-sheets
arranged in a compact β-sandwich connected by surface loops and
helices (1–4). Many of these C2 domains have been demonstrated
to function in a Ca2+-dependent membrane-binding manner and
hence act as cellular Ca2+ sensors. Calcium ions bind in a cup-
shaped invagination formed by three loops at one tip of the
β-sandwich where the coordination spheres for the Ca2+ ions are
incomplete (5–7). This incomplete coordination sphere can be
occupied by neutral and anionic (7–9) phospholipids, enabling
the C2 domain to dock at the membrane.
Previous work in our laboratory has shed light on the 3D

structure of the C2 domain of PKCα in complex with both PS and
PI(4,5)P2 simultaneously (10). This revealed an additional lipid-
binding site located in the polybasic region formed by β3–β4
strands that preferentially binds to PI(4,5)P2 (11–15). This site is
also conserved in a wide variety of C2 domains of topology I, for
example synaptotagmins, rabphilin 3A, DOC2, and PI3KC2α (10,
16–19). Given the importance of PI(4,5)P2 for bringing the vesicle
and plasma membranes together before exocytosis to ensure rapid
and efficient fusion upon calcium influx (20–23), it is crucial to
understand the molecular mechanisms beneath this event.
Many studies have reported different and contradictory results

about the membrane binding properties of C2A and C2B domains
of synaptotagmin 1 and rabphilin 3A providing an unclear picture

about how Ca2+ and PI(4,5)P2 combine to orchestrate the vesicle
fusion and repriming processes by acting through the two C2
domains existing in each of these proteins (16, 20, 22, 24–28). A
myriad of works have explored the 3D structure of the individual
C2 domains of both synaptotagmins and rabphilin 3A (5, 26, 27,
29, 30). However, the impossibility of obtaining crystal structures
of these domains in complex with Ca2+ and phosphoinositides has
hindered the understanding of the molecular mechanism
driving the PI(4,5)P2–C2 domain interaction. Here, we sought to
unravel the molecular mechanism of Ca2+ and PI(4,5)P2 binding
to the C2A domain of rabphilin 3A by X-ray crystallography. A
combination of site-directed mutagenesis together with isothermal
titration calorimetry (ITC), fluorescence resonance of energy
transfer (FRET), and aggregation experiments has enabled us to
propose a molecular mechanism of Ca2+/PI(4,5)P2-dependent
membrane interaction through two different motifs that could
bend the membrane and accelerate the vesicle fusion process. A
comparative analysis revealed the structural basis for the different
phosphoinositide affinities of C2A and -B domains. Furthermore,
the C2A domain of synaptotagmin 1 lacks one of the key residues
responsible for the PI(4,5)P2 interaction, confirming it is a non-PI
(4,5)P2 responder.

Significance

Vesicle fusion is an important event in neuronal transmission
and endocrine cell secretion. A myriad of proteins containing
double C2 domains are involved in this complex process;
however, how Ca2+ and the different types of membrane lipids
regulate their function is still not well understood. In this work,
we provide structural insights to explain the ability of different
C2 domains to interact with Ca2+ and PI(4,5)P2 and demonstrate
the existence of a specific PI(4,5)P2-binding motif that provides
these domains with specific properties to interact with the
membrane and initiate vesicle fusion. We also demonstrate a
unique molecular mechanism conferring their specificity for
the different phosphoinositides, which resides in additional
amino acidic residues surrounding the key interacting lysines.
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Results and Discussion
A Different Ca2+-Binding Mechanism for the C2A Domain of Rabphilin
3A. Despite the different cocrystallization conditions tested (SI
Appendix, SI Methods), all attempts addressed at obtaining the
calcium-bound form of the C2A domain of rabphilin 3A in
crystals failed. To overcome this problem of low Ca2+ affinity
(1.1 mM, determined by NMR at pH 7.0) (27), we used a free-
mounting system (FMS) (31), installed in an in-house rotating
anode generator to test whether fine control of the relative hu-
midity (RH) could be used to optimize the soaking conditions
with Ca2+. At 99% of relative humidity, the unit cell of rabphilin
C2A crystals was expanded by 5% and this was sufficient to allow
the small structural rearrangements required to introduce one
Ca2+ ion into the unbound crystals. A new adjustment of the
relative humidity to the optimum, 96%, allowed us to collect
a complete data set (2.5-Å resolution) after the soaking (Mate-
rials and Methods and SI Appendix, Table S1). Initial maps, after
rigid body fitting of the C2A coordinates to the new cell, showed
the presence of a strong peak of electron density that would
correspond to the presence of a Ca2+ ion bound to the calcium-
binding region (CBR) of the domain. Small rearrangements in
the region, in particular in CBR3, were also visible (Fig. 1 A and
B). The Ca2+ ion contacts the acidic side chains of residues
Asp413 of CBR1 and Asp476 and Glu482 of CBR3 but main-
taining an incomplete coordination. Strikingly, this ion was lo-
cated close to the conventional position of Ca2 described for
most of the Ca2+-dependent C2 domains (2, 5, 32), indicating the
existence of an intermediate step in the calcium-binding process.
Thus, we compared both the 3D structures and electrostatic
potentials of the Ca2+-free (Protein Data Bank, PDB ID code
2CHD) (29) and the 2Ca2+-bound structures (PDB ID code
2K3H) (27) with the structure determined in this work.
Significant changes were observed within the CBR1 and CBR3

regions (SI Appendix, Fig. S1). In the Ca2+-free form, the orien-
tation of these residues was incompatible with Ca2+ coordination
(SI Appendix, Fig. S1A), leading to a very narrow space between
CBR1 and CBR3 (named “closed conformation”) that impedes
Ca2+ access through the top of the domain (SI Appendix, Fig.
S1D). The only way for Ca2+ to interact is by two exposed elec-
tronegative cavities at each lateral side of the CBR (SI Appendix,
Fig. S1D). On the right, Asp413, Asp476, and Glu482 contribute
to form the electronegative area (SI Appendix, Fig. S1 A and D)
and in the 1Ca2+-bound form, Asp476 moves down to coordinate
the Ca2+ ion together with the other two aspartate residues (SI
Appendix, Fig. S1 B and E). In this intermediate state the bound
Ca2+ is not still in position P2. A further reorganization, consisting
of an ∼2-Å movement of main and side chains of D413, is needed
to allow the accommodation of the Ca2+ ion into its final P2 po-
sition. However, this movement does not explain the large con-
formational change needed to open the CBR, as seen in the two
Ca2+-bound structure (SI Appendix, Fig. S1 C and F) (27).

Unfortunately, in our crystals, the left cavity (formed by residues
Asp419 and Glu475) is not accessible, due to an intermolecular salt
bridge formed between Asp419 and Arg503 in the crystal packing.
The 2Ca2+-bound conformation (named “open conformation”)
shows that side chains of Asp476 and Asp413 are displaced to
the left to coordinate the Ca2+ ion of position P1 (Ca1), resulting
in the conformational change that opens the cavity (SI Appendix,
Fig. S1 C and F) and explaining how this domain overcomes the
high activation energy barrier needed to adopt the final open
conformation. However, we cannot completely rule out the
possibilities of a sequential binding, implying a Ca2+ movement
from the right intermediate site to the left or a simultaneous
binding by two Ca2+ entries through each of the sites.
The need of this large rearrangement in the CBRs of rabphilin

C2A domain might explain the low Ca2+ affinity exhibited by this
domain in the absence of membranes, but does not provide in-
formation about the mechanism by which the domain adopts the
incompatible Ca2+ binding closed conformation, which so far has
not been described for any other C2 domain (5). Taking into
account that there is no conformational change upon Ca2+
binding for the C2A domain of syt1 (5, 33), we compared it with
the C2A domain of rabphilin 3A in the absence of Ca2+ to find
the molecular mechanism that enables rabphilin to adopt these
two different conformational states. Three critical differences
could be detected: first Pro411 in rabphilin 3A is located one
position further than Pro169 in syt1, facilitating in the former the
orientation of the CBR1 in the proximity of the CBR3 (Fig. 2A).
Second, whereas the side chain of Arg445 in the CBR2 of rab-
philin 3A strongly interacts with Pro411, contributing to main-
taining the CBR1 orientation close to the CBR3, it is in fact
substituted by Leu202 in syt1 (Fig. 2A). Third, the salt bridge
between Glu475 in the aspartic–glutamic–aspartic motif of rab-
philin 3A and Arg437 (β4 strand) (27) is not conserved in syt1,
thus leaving its CBR3 more flexible to adopt the conformation
compatible with Ca2+ binding (Fig. 2B). The reason why rab-
philin 3A specifically needs this conformational change upon
Ca2+ binding is not known but this protein is a Rab3/Rab27
effector in neurons and endocrine cells (reviewed in refs. 34, 35),
and is involved in vesicle docking and repriming (36, 37). This
implies it has to be present in scenarios with concomitant Ca2+
influx that triggers vesicle fusion through its main target syt1. In
this way, the low Ca2+ affinity of the C2A domain of rabphilin 3A
would convert it into a perfect candidate to be located at the
fusion area without competing with syt1, but being ready for
repriming immediately after vesicle fusion occurs.
Comparison of the three conformational states of the C2A

domain of rabphilin 3A showed that the main change occurs when
two Ca2+ are bound to the domain leading to the unleashing of the
Arg437/Glu475 interaction and a large displacement of the side
chain of Arg445 to the protein surface that also prevents the in-
teraction with Pro411 (SI Appendix, Fig. S2 A and B). Primary
sequence alignment of these regions revealed that only the C2A
domain of rabphilin 3A conserves these four residues (SI Appen-
dix, Fig. S2C). The C2A domains of DOC2B and DOC2A con-
serve some of the residues (SI Appendix, Fig. S2C), making
difficult to predict whether these domains might adopt the closed
or open conformation without further experimentation. However,
it is clear that the similarity of DOC2B to rabphilin 3A is higher
than to syt1, and this might explain the different behaviors found
for it in recent studies using KO mice (38–40).

Three Dimensional Structure of Rabphilin–C2A in Complex with IP3
and PI(4,5)P2 Confirms the Existence of a Specific Phosphoinositide-
Binding Site in Some C2 Domains. The recombinant rabphilin–C2A
domain was also crystallized in the presence of IP3-Ca

2+ and PI(4,5)
P2-Ca

2+ (SI Appendix, Table S1 and SI Methods). The X-ray
structures were determined at 1.9 Å and 1.75 Å for the IP3 and PI
(4,5)P2, respectively (SI Appendix, Table S1). Surprisingly, the
analysis of the electron density maps did not show ordered Ca2+
densities in the calcium-binding regions in any of the complexes
analyzed. In contrast, well-defined extra electron densities were

Fig. 1. Structure of rabphilin 3A–C2A domain bound to Ca2+. Ribbon dia-
grams of the calcium-binding region in the one Ca2+ bound (A; yellow) and
unbound (B; green) C2A structures. The five critical Asp residues involved in
Ca2+ coordination are represented by sticks. Coordination interactions are
represented by dashed black lines. The initial weighted jFoj-jFcj electron
density map (contoured at 3.5 σ) calculated in absence of the Ca2+ ion is
shown as dark blue mesh around the ligand molecule.
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found within the concave surface of the C2A domain, in the two
complexes. These densities were explained by the presence of the
phospholipid ligands bound to the polybasic region formed by the
strands β3–β4 of the domain (Fig. 3 A and B and SI Appendix, Fig.
S3 A and B). A strong peak of extra electron density in the vicinity
was interpreted by the presence of a sulfate ion from the crystalli-
zation solution, also occupying the cavity and interacting with the
side chains of three residues, Arg469 and Lys423 of strand β6 and
Arg422, coming from a neighboring C2A domain in the crystal
packing (Fig. 3B).
The root mean square deviation (rmsd) of the superimposi-

tions of all equivalent Cα atoms from the isolated C2A domain
(PDB ID code 2CHD) with those of the two complexes are 0.12 Å
and 0.18 Å for the IP3 and PI(4,5)P2 ligands, respectively, indi-
cating that the two structures are essentially identical. Lys423 of
strand β3 forms a double salt bridge with phosphate 4; Lys435
of strand β4 forms a hydrogen bond with the hydroxyl group O3
of the inositol; and Arg437, within β4, contacts the phosphate 5
moiety. Note that this residue is also involved in the interaction
with Glu475 in the absence of Ca2+, suggesting a pivotal role for
the arginine residue in the activation of rabphilin 3A by Ca2+ and
PI(4,5)P2. Phosphates 4 and 5 appear also hydrogen bonded to
Tyr421 of β3 and Asn481 of CBR3. Finally, phosphate 5 forms
an additional salt bridge with the side chain of Lys410, which
belongs to a neighboring C2A domain in the crystal (Fig. 3 A and
B and SI Appendix, Fig. S3). The final refined maps of the C2A–
PI(4,5)P2 complex show well-defined electron density that allows
the positioning of part of the fatty acyl chains of the phospho-
lipid, occupying a cavity formed at the contact interface between
two neighboring C2A domains in the crystal packing.

Ca2+ and PI(4,5)P2 Cooperate to Increase the Affinity of the C2
Domains of Rabphilin 3A to Bind to Membranes Through the Lysine-
Rich Cluster. The crystallographic data suggest that this particular
C2A domain might interact with PI(4,5)P2 through the lysine-
rich cluster region independently of Ca2+. We compared the
membrane-binding properties of the C2A and C2B domains of
rabphilin 3A by using protein-to-membrane FRET (41, 42). Ca2+

increased the affinity of both C2A and C2B domains to bind lipid
vesicles containing both 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPS) and PI(4,5)P2 (Fig. 4 A and B and SI Ap-
pendix, Table S2). Further exploration of the thermodynamic
parameters (ITC) of liposome binding to the C2A domain in the
presence of Ca2+ demonstrated that a combination of POPS and
PI(4,5)P2 in the membranes renders the higher binding affinity
and suggests that one molecule of phosphoinositide might bind
per domain (SI Appendix, Fig. S4 A–D and Table S3). Strikingly,
the binding reaction for the C2B domain was endothermic with
slightly lower binding affinity than the C2A domain (SI Appendix,
Fig. S4E and Table S3).
To confirm the role of the residues involved in PI(4,5)P2-de-

pendent binding, we substituted Lys423 or Lys435/Arg437 in the
C2A domain and Lys581 or Lys593/Lys595 in the C2B domain by
Ala. FRET membrane binding demonstrated that both domains
lost their ability to interact with 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC)/POPS/PI(4,5)P2 liposomes (Fig. 4 C
and D), confirming the role of the polybasic patch in the PI(4,5)
P2-specific interaction in these two domains.
Our work corroborates that Ca2+ increases the affinity of the

C2A and C2B domains of rabphilin 3A to bind PI(4,5)P2-containing
membranes (25, 28). However, our crystallographic data strongly
suggest that in the absence of Ca2+, at least the C2A domain
might interact with membranes enriched in PI(4,5)P2 using the
phosphoinositide as an anchor to specific areas of the plasma
membrane (43) (through the lysine-rich cluster interaction). In a
second step, Ca2+ influx would facilitate a second interaction
with phosphatidylserine (through the CBR), forcing the domain
to dock in the membrane through two different points that now
will distort the curvature as a consequence (Fig. 5 A and B).

C2A and C2B Domains of Rabphilin 3A Differentially Interact with
Other Phosphoinositides. We also studied the phosphoinositide-
specificity profile of these C2 domains. Both domains exhibited
similar affinity to bind PI(3,4,5)P3- and PI(4,5)P2- containing
vesicles (SI Appendix, Table S2). A model docking of PI(3,4,5)P3
on the β3–β4 grooves of C2A showed that phosphate 3 can be
easily accommodated into the pocket in close contact with the
basic residues His425 and Lys435 (SI Appendix, Fig. S5 A and B).
Modeling of the PI(4,5)P2 and PI(3,4,5)P3 molecules in the ly-

sine-rich cluster of the C2B domain showed that they are able to
interact with the three homolog lysine residues (Lys581, Lys593,
and Lys595) and Asn638 (SI Appendix, Fig. S5 C and D). How-
ever, a Phe (Phe579) residue appears instead of a Tyr, indicating
this might be the reason for the slightly lower binding affinity and
endothermic nature of the membrane interaction observed by
ITC. Furthermore, His425 in C2A is a Trp in C2B, which hampers
the interaction with phosphate 3. Strikingly, these two residues do
not seem to be critical for the PI(4,5)P2/PI(3,4,5)P3-dependent
interaction of the C2B domain but rather influence the thermo-
dynamic nature of the membrane association.
Interestingly, the C2A domain showed very low binding affinity

with mixtures containing PI(3,4)P2 and PI(3,5)P2 (SI Appendix,
Table S2). On the contrary, the C2B domain did not discriminate
among the double phosphorylated phosphoinositides (SI Appen-
dix, Table S2) showing a lower degree of specificity. Taking into
account the structural models proposed for PI(3,4,5)P3 and PI
(4,5)P2 interactions for the C2A and C2B domains (SI Appen-
dix, Fig. S5), the C2A domain keeps only 55–66% of binding
capacity, whereas the C2B domain still keeps 71–86% in the
cases of PI(3,4)P2 and PI(3,5)P2. This fits very well with the
biochemical results obtained (SI Appendix, Table S4), suggesting
that the lower number of interactions established by the C2B

A CBR3 
CBR1 

P169

P411

L202

R445

B CBR3 CBR1 

CBR2 
L202

R445

R437

E475

90o 

Fig. 2. Three dimensional comparison of C2A domain structures of Ca2+-free
rabphilin 3A and syt1. (A) Three dimensional overlap of Cα of the C2
domains from rabphilin 3A (PDB ID code 2CHD, gray) and syt1 (PDB ID code
1RSY, green). Sticks represent the side chains of the critical residues involved
in the different conformational changes. (B) Similar representation turned
90° to the right.

Fig. 3. Structure of rabphilin C2A domain bound to PI(4,5)P2. (A) The C2A–
PI(4,5)P2 complex. The C2A molecule is shown in green with the side chains
of amino acids within the β3–β4 groove, directly interacting with the phos-
pholipid depicted as sticks. The phosphate ions and phospholipid molecule
are shown as sticks in atom type color. (B, Right) Close-up view of the β3–β4
groove, indicating the interactions between the C2A domain and the PI(4,5)P2
ligand. The C2A contacting residues and the corresponding ligands are rep-
resented in sticks and explicitly labeled. Hydrogen bonds are shown as dashed
lines in black. The weighted 2jFoj-jFcj electron density map (contoured at 1.5 σ)
is shown as blue mesh around the ligand molecule.
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domain, together with the higher electropositive potential in its
phosphoinositide-binding cavity and surrounding area (SI Ap-
pendix, Fig. S6) contribute to decrease its PI(4,5)P2 specificity.
These results reveal a very sophisticated mechanism for the C2
domains to respond to phosphoinositides: first, a collection of
three basic residues are essential to hold the phosphoinositide
ring (K423, K435, and R437 in C2A); and second, several resi-
dues in the surrounding area determine the specificity for each
particular phosphoinositide, and the higher number of inter-
actions implies a higher specificity.

The Different PI(4,5)P2-Binding Properties of the C2A Domain of
Synaptotagmin 1 Are Due to a Single Aspartate Residue Located in
the β4 Strand. The structural comparison of the polybasic regions
of the C2A domains of rabphilin 3A and syt1 allowed the de-
tection of a striking change in the sequence of these domains:
Arg437 in rabphilin 3A is substituted by Glu194 in syt1 (SI Ap-
pendix, Fig. S7A), suggesting that this change might affect the
ability of the C2A domain of syt1 to interact with PI(4,5)P2.
Thus, we studied the binding properties of the wild-type C2A
and C2B domains of syt1. The thermodynamic parameters, cal-
culated for the syt1–C2B domain using POPC/POPS/PI(4,5)P2
membranes as a ligand, showed one molecule of lipid and a very
high affinity (SI Appendix, Table S3 and Fig. S7C). The C2A
domain exhibited lower affinity than the C2B domain for this
lipid mixture and did not reach saturation (SI Appendix, Table S3
and Fig. S7B). Very similar results were obtained by FRET-
membrane binding experiments (SI Appendix, Table S5 and Fig.
S8), showing that the C2A domain exhibits a higher affinity for
membranes composed of POPS (SI Appendix, Table S5) (44).
Mutation of Glu194 to Lys converted the C2A domain in a PI
(4,5)P2-binding module (SI Appendix, Fig. S7D and Table S3)
that was also confirmed by FRET analysis (SI Appendix, Fig. S8
and Table S5). Note that the syt1–E194K mutant is a hybrid
domain in the sense that it now binds PI(4,5)P2 like the C2B
domain, but still binds POPS like the original C2A domain (SI
Appendix, Table S5).

The PI(4,5)P2-Binding Site Confers Upon C2 Domains the Ability to
Induce Ca2+-Dependent Vesicle Clustering. Several studies have
demonstrated that the C2B domain of syt1 induces Ca2+-dependent
lipid aggregation as indicative of the predisposition to facilitate the
fusion of synaptic membranes in cooperation with the SNARE
complex (19, 45, 46). Critical Arg residues located at the polybasic
region (Lys326/Lys327) and at the bottom face (Arg398/Arg399) of
the domain are responsible for that function (19, 45, 47). To in-
vestigate if the reconstitution of the lysine-rich cluster in the C2A
domain of synaptotagmin would participate in this process, we
measured the ability of syt1 C2A, syt1 C2A–E194K, and syt1 C2B
domains to induce vesicle clustering at increasing protein concen-
trations. As expected, the C2B domain was able to induce vesicle
clustering in a Ca2+/PI(4,5)P2-dependent manner (Fig. 6B),
whereas the C2A was not (Fig. 6A). Note that for the C2B domain,
there was a Ca2+-independent component that at maximum pro-
tein concentration represented 50% of the aggregation capacity,
indicating that at least two motifs in the domain can cluster lipid
vesicles independently of Ca2+, i.e., the lysine-rich cluster and the
arginines at the bottom face (Fig. 6B) (19, 47, 48). Interestingly, the
C2A–E194K mutant recovered the Ca2+-dependent ability to
induce aggregation mainly in the presence of POPS/PI(4,5)P2
(Fig. 6C), indicating that once the lysine-rich cluster is reestab-
lished, the domain might interact with lipid vesicles in a way that
now induces aggregation.
We also explored whether the polybasic patches of C2A and

C2B domains of rabphilin 3A were involved in vesicle aggregation.
Mutation in the C2A domain (K435A/R437A) reduced the aggre-
gation to a level similar to that obtained in the absence of
Ca2+ (Fig. 6D), indicating that at least three motifs are involved in
the process, similarly to the C2B domain of syt1. Mutations in the
C2B domain (K593A/K595A) abolished 50% of the aggregation
in the presence of CaCl2 and 90% in its absence (Fig. 6E), con-
firming the role of the polybasic cluster in this process and dem-
onstrating that still two more regions are involved (Fig. 6E).
Together, these data demonstrate that the polybasic cluster region is
essential in the aggregation process, providing C2 domains with the
ability of crosslinking secretory vesicles with PI(4,5)P2/PI(3,4,5)
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P3-enriched areas of the plasma membrane. Given the close
proximity of the lysine-rich cluster and the CBR, these results are
compatible with a parallel orientation model (Fig. 6F) in which
these two motifs would interact with a vesicle representing the
plasmamembrane, leaving the bottom face free to interact in trans
with another lipid vesicle (19, 47–51). How these two C2 domains
act in tandem and in cooperation with other SNARE proteins to
regulate vesicle fusion is still under debate and will need further
exploration.

Conclusions
In the present work we determined the 3D structure of an in-
termediate state of the C2A domain of rabphilin 3A, which suggests
a unique mechanism of Ca2+ binding for this particular C2 domain
and explains the conformational changes observed between the Ca2
+-free and -bound forms. This work also revealed the molecular
mechanism underlying the PI(4,5)P2 interaction with the different
C2 domains of both rabphilin 3A and syt1 and demonstrates that
the specificity to bind other phosphoinositides resides in the resi-
dues surrounding the basic cluster. The results obtained with the
C2A domain of syt1 clearly prove that it has lost one of the key
lysine residues in the cluster and is no longer capable of binding the
phosphoinositide. The general scenario that is emerging is that
a wide variety of C2 domain-containing proteins work as an in-
tegration platform for a number of different signals. Their ac-
tivity is coordinated and finely tuned through their capacity to
respond differently to a series of subtle changes in Ca2+ and
phosphoinositides through their CBR and lysine-rich cluster. For

example, rabphilin 3A can respond to PI(4,5)P2 and PI(3,4,5)P3
through its C2A domain, while recognizing other diphosphorylated
forms by means of its C2B domain, and has a very slow response
to Ca2+. On the contrary, syt1 is a fast Ca2+ sensor but its C2A
domain cannot respond specifically to any phosphoinositide
through the lysine-rich cluster; however, it recognizes PI(4,5)P2
with very high affinity by its C2B domain. This also supports the
idea that a precise positioning of the Lys residues in the β3–β4
strands of a C2 domain can determine its ability to interact with
phosphoinositides specifically, which is a key step in the lo-
calization mechanism and probably in the triggering of vesicle
fusion. In general, all these observations fit into the idea that
individual fusion areas might contain mixtures of fast and slow
Ca2+ sensors that together with high and low specific PI(4,5)P2
sensors can efficiently respond to the myriads of functions to
cover in these restricted areas.

Materials and Methods
Preparation of the Rabphilin 3A C2A-Ca2+ Complex by Soaking, with the FMS.As
both, cocrystallization and soaking experiments failed to introduce Ca2+ ions into
the Rabphilin 3A C2A crystals, we explored a unique soaking protocol, using
a FMS adapted and installed in a Rigaku rotating anode X-ray generator (31).
The experimentally determined RH equilibrium of the mother liquor of the C2A
crystals (52) (96%) was used as the starting point for the experiment. The crystal
was mounted in the air stream using amesh loop and an initial diffraction image
was taken to evaluate the diffraction quality of the crystal and determine the
initial lattice parameters. Then the crystal was subjected to a controlled variation
of the RH, checking both RH increment (from 96% to 99%) and reduction (from
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96% to 80%), in steps of 0.5% with an equilibration period of 10 min. In every
step, the unit cell parameters were recalculated and the diffraction quality was
visually checked, achieving the best diffraction pattern at 96% RH. At 99% of
RH, a significant increment of the unit volume (∼5%) was observed. At this point
an “in situ” soaking experiment was performed as follow: the soaking solution,
containing 0.1 M CaCl2, 25 mM Hepes pH 7.6 and 25% (wt/vol) PEG was har-
vested in a nylon loop (0.05 mm) that was carefully attached to the crystal as
shown in (SI Appendix, Fig. S9) and maintained for 30 min. Then the soaking
solution was removed and RH was slowly reduced to the optimal 96% (steps of
0.5%, 10-min equilibration period). A room-temperature (295 K) dataset was
collected at this point, using a Mar345 detector coupled to the Rigaku Micro-
Max-007 rotating anode generator operating at 40 kV and 20 mA and equipped
with Osmic confocal focusing optics. The dataset was processed with iMOSFLM
and internally scaled with SCALA (SI Appendix, Table S1). Initial-difference maps
that were calculated as described above, showed a strong peak of extra electron

density (4 σ level), corresponding to one Ca2+ ion bound to the calcium-binding
pocket of the C2A domain.
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