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Bipartite Ca2+-Binding Motif in C2 Domains of 
Synaptotagmin and Protein Kinase C 

Xuguang Shao, Bazbek A. Davletov," R. Bryan Sutton, 
Thomas C. Sudhof, Josep Rizo? 

C, domains are found in many proteins involved in membrane traffic or signal trans- 
duction. Although C, domains are thought to bind calcium ions, the structural basis for 
calcium binding is unclear. Analysis of calcium binding to C, domains of synaptotagmin 
I and protein kinase C-p by nuclear magnetic resonance spectroscopy revealed a 
bipartite calcium-binding motif that involves the coordination of two calcium ions by five 
aspartate residues located on two separate loops. Sequence comparisons indicated that 
this may be a widely used calcium-binding motif, designated here as the C, motif. 

Calcium ions regulate a wide variety of 
biological functions through binding to pro- 
teins. Most Ca2+-binding proteins can be 
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grouped into families with common structur- 
al motifs such as the EF-hand motif (1).  A 
structural unit called the C2 domain, first 
defined in protein kinase C (PKC) ( 2 ) ,  has 
recently been recognized as a widespread 
domain that may participate in numerous 
Ca2+-regulatory roles. More than 50 C2 do- 
mains have been identified in various pro- 
teins, many of which participate in signal 
transduction or membrane traffic (3). Al- 
though Ca2+-dependent binding of some of 
these proteins to phospholipids or to other 
proteins has been shown (4-7), the general- 
ity and structural basis of Ca2+ binding to C2 

SCIENCE VOL. 273 12 JULY 1996 



domains remains unclear. main of synaptotagmin I (hereafter re- 
Synaptotagmin I is a synaptic vesicle ferred to as the C2A domain) binds phos- 

protein that contains two C2 domains and pholipids (7) and syntaxin (6) in a Ca2+- 
plays a key role in Ca2+-evoked neuro- dependent manner. The crystal structure 
transmitter release (8). The first C2 do- of the C2A domain has been solved (9), 

Fig. 1. 'H-15N HSQC spectra of the C g  domain at 34°C and pH 5.0 in the absence (A) and presence 
(6) of Ca2+ (24). For comparison, the HSQC spectrum in (A) is superimposed in (B), drawing single 
contours. Cross peak assignments are indicated in (A) (sc, side chain). Only cross peaks with significant 
shifts are labeled in (B). A dagger indicates cross peaks that are folded along the F, dimension and an 
asterisk indicates cross peaks from a 17-residue NH,-terminal sequence from the expression vector 
used; ppm, parts per million. 

Fig. 2. Model of the bl- 0.6, , - 

revealing a compact P-sandwich fold 
formed by two four-stranded antiparallel P 
sheets (see below). Diffusion of Ca2+ into 
the crystals allowed identification of a sin- 
gle Ca2+ ion bound to a site formed by two 
loops and coordinated by residues Asp172, 
Asp178, and Asp232. However, 
only Asp'78 and were well ordered, 
and the crystals cracked when more than 
100 IJ.M Ca2+ was present (9). It thus 
remained unclear how the C2A domain 
binds Ca2+ and whether conformational 
changes are hindered by crystal contacts. 
In addition, the cooperativity observed in 
phospholipid binding suggests that the 
C2A domain binds at least two Ca2+ ions 
(7). To elucidate how the C2A domain of 
synaptotagmin I binds Ca2+ and how gen- 
eral its Ca2+-binding mode is, we used 
nuclear magnetic resonance (NMR) spec- 
troscopy in solution. 

We obtained complete assignments of the 
'H and 15N resonances of the backbone and 
of 70% of the side chains of the C2A domain 
at pH 5.0 in the absence and presence of 
Ca2+ (1 0, 1 1). The 'H-15N heteronuclear 
single-quantum correlation (HSQC) spec- 
tra of the Ca2+-free and Ca2+-bound 
forms of the C2A domain at pH 5.0 are 
shown in Fig. 1. All larger Ca2+-induced 
chemical shift changes in these spectra 

J 

toop 3 0178 Loop 3 0178 
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(Fig. 2,  A and B) are observed in the loops 
labeled 1 to 3 in the ribbon diagram (Fig. 
ZC), showing that Ca2+ binding is re- 
stricted to this region of the C2A domain. 
Many of the largest changes are observed 
for amide protons near the four aspartate 
residues that bind the Ca2+ ion in the 
crystal structure. However, large chemical 
shift changes are also observed around 
Asp238, which is more distant from this 
bound Ca2+ ion and does not participate 
in its binding. These observations led us to 
hypothesize that the C2A domain binds a 
second Ca2+ ion at a cavity formed by the 
side chains of Asp'72, Asp2j0, and 
Asp2" as shown in our model (Fig. 2D). 

Our model (Fig. 2D) is based on the 
assumptions that the solution structure of 
the C2A domain is very similar to its 
crystal structure and that Ca2+ binding 
does not produce substantial conforma- 
tional changes. We tested these assump- 
tions by analyzing more than 1300 nuclear 
Overhauser effects (NOEs) assigned for 
Ca2+-free and Ca2+-bound C2A domains 
(12). The NOE patterns observed for both 
forms are very similar and agree well with 
the interproton distances predicted from 
the crystal structures (13). The excellent 
correlation with the crystal structures in- 
cludes 46 long-range NOEs involving pro- 
tons in loops 1 through 3 that have been 
assigned foj the Ca2+-bound C2A domain; 
however; for the Ca2+-free C2A domain, a 
few of these NOES have notably lower 
intensities than predicted from the crystal 
structures. Such low intensities can be 
attributed to a lower stability of the Ca2+- 
free form in solution compared with the 
Ca2+-bound form, resulting in a higher 
flexibility of the Ca2+-binding loops in 

F, ( P P ~ )  

Fig. 3. The C2A domaln binds two Ca2+ ions. A 
Ca2+ titration of uniformly 15N-labeled C2A do- 
main (1 00 kM) was monitored through use of ' H- 
I5N HSQC spectra (16). Expansions of the 10 
HSQC spectra showing the evolution of the amide 
cross peaks from Leu168 (A), AspZ3O (B), Lys200 
(C), and (D) are superimposed to illustrate 
the bi~haslc shift behavior. 

the absence of Ca2+. Structural stabiliza- 
tion due to Ca2+ binding was confirmed 
bv the observation of a Ca2+-induced shift 
in the denaturation temperature from 
55°C to 74°C. Stabilization is consistent 
with a slight Ca2+-induced change ob- 
served in the circular dichroism (CD) 
spectrum of the C2A domain (14), as well 
as with increased resistance to proteolysis 
(15). These results indicate that the solu- 
tion structure and the crvstal structure of 
the C2A domain are very similar and show 
that Ca2+ binding stabilizes the structure 
of the C,A domain without inducing a " 
substantial conformational change. 

To test the Ca2+-binding model pro- 
posed (Fig. 2D), we performed a Ca2+ 
titration experiment monitored by HSQC 
spectra at pH 7.4 (16). Many HSQC cross 
peaks moved nonlinearly during the titra- 
tion from their positions in the Ca2+-free 
state to their positions in the fully Ca2+- 
saturated state (Fig. 3) ,  demonstrating 
that at least one intermediate. nartiallv , L 

saturated state exists. A straightforward 
explanation is that the intermediate state 
or states arise from the binding of a single 
Ca2+ ion, whereas full saturation involves 
the binding of two Ca2+ ions. This con- 
clusion is supported by plots of the depen- 
dence of the 'H or I5N chemical shift on 
the Ca2+ concentration for each individ- 
ual HSQC cross peak, most of which show 
a biphasic behavior. Whereas most chern- 
ical shifts are significantly affected by both 

Fig. 4. Ca2+-binding properties of the C2 domain 
of PKC-P (A) Ca2+-dependent binding of the 
PKC-P C2 domain to 3H-labeled phosphatldyl- 
choline (PC)-containing liposomes (22). (B and C) 
Ca2+ titration of unlformiy 15N-labeled PKC-p C2 
domaln (40 pM) monitored with HSQC spectra 
(23). Expansions of a superposition of the 10 
HSQC spectra illustrating the evolution of two 
amide cross peaks are shown (Ca2+ concentra- 
tions were the same as for titratlon of the C2A 
domain). The cross peak In (C) was not observed 
at Ca2+ concentrations below 40 fiM. 

Ca2+ ions, the "N chemical shift of the 
Lys2" NH group is prunarily influenced by 
Ca2+ binding to the higher affinity site, 
and the 'H chemical shift of the Ile240 NH 
group is mostly affected by binding to the 
lower affinity site (Flg. 3, C and D), thus 
allowing accurate measurements of the two 
dissociation constants. Curve fitting yielded 
dissociation constant (K,) values of 60 and 
400 p,M, in agreement with the values esti- 
mated from the other titration curves and 
from titrations monitored through use of CD 
and thermal denaturation (14, 17). The two- 
Ca2+ ion-binding model was also supported 
by measurements of Mn2+-induced intensity 
changes in the HSQC cross peaks of the 
C2A domain (caused by paramagnetic relax- 
ation effects upon Mn2+ binding), which 
were well correlated with the distances from 
the NH groups to the closest Mn2+ ion 
predicted by the model (12). Finally, molec- 
ular dynamics simulations showed that Ca2+ 
ions placed in front of loops 1 through 3 
move spontaneously into the two predicted 
binding sites (Fig. 2D) (1 8). 

Altogether, our results show that the 
C2A domain binds two Ca2+ ions as de- 
scribed in the model (Fig. 2D). In this 
model Asp1j2, Asp230, and act as 
bidentate ligands that coordinate with the 
two Ca2+ ions, forming a triangle with a 
Caw ion on each side; Asp178 and Asp2j8 
bind only one Ca2+ ion each. Whereas the 
first Ca2+ ion is surrounded by oxygen 
atoms approaching a hexa- or heptaden- 
tate coordination, the second Ca2+ ion is 
coordinated with onlv five carboxvlate 
oxygens and is partially exposed to' the 
solvent. The incomplete coordination of 
the second Ca2+ ion correlates with its 
low binding affinity and may have func- 
tional significance because the empty co- 
ordination sites may mediate interactions 
with other molecules, for example, phos- 
nholinids or svntaxin. Because Ca2' bind- 
L L 

ing does not produce substantial confor- 
mational changes in the C2A domain, 
these interactions are likely to be driven 
by the drastic change in electrostatic po- 
tential around loops l through 3 caused by 
binding of two Ca2+ ions. The observation 
that the C2A domain binds two Ca2+ ions 
helps explain the cooperativity observed 
in Ca2+-dependent phospholipid binding 
(7)  and fits well with the cooperativity 
observed in synaptic vesicle exocytosis 
(19, 20). The intrinsic Ca2+ dissociation 
constants that we measured for the C2A 
domain correlate with the Ca2+ depen- 
dence of neurotransmitter release (19), of 
the interaction between the C2A domain 
and syntaxin (6), and of the self-associa- 
tion of the second C, domain of synapto- 
tag~nin I (20). These observations provide 
further support for a f~~nc t ion  of synapto- 
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tagmin I as a Ca2+ sensor in neurotrans- to Y9. The structure of the C2 motif re- Ca2+ was monitored through theCD absorption at 

mitter release (8). vealed here provides an explanation for 204 nm. Ca2+ titrations monitored by CD or by 
thermal denaturation indicated half-maximal bind- 

The bipartite Ca2+-binding motif of the Ca2+-binding properties observed in ing with 200 to 300 p M  Ca2+. These experiments 
the C2A domain, which we designate the poteins bearing C2 domains (4-7) and were performed on an Aviv Model 62DS spec- 

C, motif, involves five aspartate residues suggests a mechanistic basis for the action 
15, ~ O ~ O ~ ~ v ~ ~ ~ ; n d T ,  C, SudhOf, JJ BioI, Chem, 268, 

observed in an identical pattern in many of many regulatory proteins involved in 28547 (1994). 
but not all C, domains ( 3 ) .  Hence, these membrane traffic and signal transduction. 16. ' H - ~ ~ N  HSQC spectra were acquired on a l oo  C L ~  

C2 domains may share the two-Ca2+ ion- 
binding motif present in the C,A domain 
of synaptotagmin I. To  test this postulate, 
we analyzed the C2 domain of PKC-P with 
the key experiments that defined the 
Ca2+-binding properties of the C,A do- 
main of synaptotagmin I. Although the C2 
domain of PKC is believed to be involved 
in its Ca2+-dependent phospholipid bind- 
ing properties (2), it has been suggested 
that this domain is not sufficient for Ca2+ 
binding (21). However, when we tested 
for this directly we found that the PKC-P 
C, domain alone is capable of binding 
phospholipids in a Ca2+-dependent man- 
ner, with affinity and cooperativity similar 
to those observed for the C,A domain of 
synaptotagmin 1 (7, 22) (Fig. 4A). Anal- 
ysis by CD also showed a small Ca2+- 
induced spectral change for the PKC-P C, 
domain and a shift in denaturation tem- 
perature from 48°C to 74°C. A Ca2+ ti- 
tration of the PKC-p C, domain at pH 7.4 
monitored by HSQC spectra revealed 
nonlinear movement of some cross peaks 
from the Ca2+-free positions to the fully 
Ca2+-bound positions (Fig. 4, B and C )  
(23), showing that the PKC-P C2 domain 
binds at least two Ca2+ ions. These results 
clearly establish that the PKC-P C2 do- 
main is an autonomous Ca2+-binding do- 
main and support the proposal that its 
Ca2+-binding mode is analogous to that of 
the C2A domain of synaptotagmin I. 

The analogous Ca2+-binding properties 
of the two C2 domains studied here, to- 
gether with the conservation of the five 
aspartate residues in many C2 domain pro- 
teins, strongly indicate that the C2 motif 
constitutes a widely used Ca2+-binding 
motif. This motif is different from the 
EF-hand motif, which binds a single Ca2+ 
ion and is formed by a contiguous polypep- 
tide chain in a helix-loop-helix arrange- 
ment ( I ) .  The C, motif binds two Ca2+ 
ions through two loops that are distant in 
the sequence, with a third small loop play- 
ing a supporting role. The motif is built at 
the tip of a stable P-sandwich structure 
that allows clustering of five negative 
charges in a relatively small region. The 
fundamental signature of the C, motif in- 
cludes two residues from loop 1 (separated 
by 5 t- 1 residues) and three residues from 
loop 3 (separated by 1 and by 5 ? 1 
residues) (Fig. 2E). Note the pseudosym- 
metry of the motif (Fig. 2E), where a C2 
axis relates Ca l  to Ca2, X1 to Y3 and X7 
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each condition were obtained through two-dimen- 
sional (2D) double-quantum filtered correlation 
spectroscopy, 2D total correlation spectroscopy 
(TOCSY), 2D NOE spectroscopy (NOESY), 2D 
'H-15N HSQC, 3D 1H-'5N TOCSY-heteronuclear 
multiple quantum correlation (TOCSY-HMQC), 
and 3D 'H-15N NOESY-HMQC experiments [for 
original references see A. M. Gronenborn and G. 
M. Clore, Anal. Chem. 62, 2 (1 9901, and for exper- 
imental details see J. Rizo, 2.-P. Liu, L. M. Giera- 
sch, J. Biomol. NMR 4, 741 (1 994)). 

11. We also obtained assignments for all observable 'H 
and 15N backbone resonances at 25°C near physi- 
ologlcal pH (40 mM perdeuterated tns, pH 7.4, and 
100 mM NaCI) in 0.2 mM EGTA or 15 mM CaCI,. The 
similarity of the chemical shifts and NOE patterns 
observed at pH 5.0 and 7.4 indicates that no signif- 
icant differences exist between the structures of the 
C2A domain at these two pHs. 

12. X. Shao, 6. A. Davletov, R. 6.  Sutton, T. C. Sudhoff, 
J. Rizo, unpublished results. 

13. The crystal structures of the C,A domain obtained in 
the absence of Ca2+ and after diffusing 100 pM 
Ca2+ into the crystals (9) are nearly identical (Ca root 
mean square deviation 0.2 A), and the interproton 
distances predicted from them-are similar (within 0.2 
A); differences larger than 0.5 A are observed in very 
few cases. 

14. The CD spectrum of 8 pM C2A domain in 0.2 mM 
EGTA and 10 mM tris (pH 7.7) was typical of a P 
sheet protein, with a minimum at 218 nm and a 
maximum at 203 nm. Addition of 5 mM Ca2+ 
caused a slight decrease in the intensity of the 
minimum and a slight increase in the maximum. 
Thermal denaturation in 0.2 mM EGTA or 5 mM ' 

15N-labeled C,A domain sample at pH 7.4 and 
25°C in a 9 :  1 ratio of H,O and D20 containing 10 
mM perdeuterated tris and 75 mM NaCl and with 
total Ca2+ concentrations of 5, 20, 40, 80, 140, 
250, 400, and 800 p M  and 2 and 5 mM (21 hours 
per spectrum). 
These affinities also explain the fact that only one 
bound Ca2+ ion was Observed in the crystal struc- 
ture in the presence of 100 pM CaZ+ (9). 
Simulations (30 ps) were performed on a Silicon 
Graphics Indigo2 workstation with the program 
Dlscover (Blosym Technologies). A 1 -fs time step, a 
15.0 A cutoff for nonbonding interactions, and a 
distance-dependent dielectric constant were used. 
Structures taken at 1 ps along the trajectories were 
energy minimized. A first simulation was performed 
starting with the Ca2+-bound crystal structure in 
which the Caw ion was pulled 18 A away and only 
the Ca2+ ion and the five aspartate side chains 
were allowed to move: The Ca2+ ion moved into 
the binding site observed in the crystals. In a sim- 
ulation i n  whlch a second Ca2+ ion was added, 
also 18 A away, the ion moved into the second 
binding site predicted. In a final simulation with a 
third Ca2+ ion, the ion was repelled to infinity. 
Exocytosls requires binding of at least three to four 
Caw ions for activation and Is half-maximal at 200 
pM Ca2+ [R. Heidelberger, C Heinemann, E. Neher, 
G. Mathews, Nature 371, 51 3 (1 994)l. 
Note that synaptotagmin I contalns a second C2 
domain that also amears to be Ca2+ reaulated IS. 
Sugita, Y. Hata, T.'c. Siidhof, J. Biol. &ern. 2?l, 
1262 (1 99611. 
J.-H. Luo and I. B. Weinstein, J. Biol. Chem. 268, 
23580 (1993). 
A pGex-KG expression vector encoding a GST fu- 
sion with the C, domain of PKC-p (residues 157 to 
289) was constructed by polymerase chain reaction 
as described for the C f i  domain (7) with the oligo- 
nucleotides GCCCCATGGAGCGCCGTGGCCG- 
CATCT and GGCAAGCTTACGGCACATTAAAG- 
TACTCG. Caw-dependent phospholipid binding 
was analyzed with the GST-PKC-p C, domain fu- 
sion protein attached to glutathione-agarose beads 
with 3H-labeled liposomes essentially as described 
(7) Half-maximal binding was observed with 4.2 FM 
Ca2+ with a Hill coefficient of 3.0 to 4.0. 
A series of sensitivity-enhanced 1H-'5N HSQC 
spectra [O. Zhang, L. E. Kay, J. P. Olivier, J. D. 
Forman-Kay, J. Biomol. NMR 4, 845 (1994)j were 
acquired on a 40-pM, uniformly 15N-labeled 
PKC-p C2 domain sample under conditions analo- 
gous to those described (16) (10 hours per exper- 
iment). The PKC-p C2 domain has a somewhat 
higher Ca2+ affinity than the C2A domain of synap- 
totagmin I, resulting in a slower exchange between 
the Ca2+-free and Ca2+-bound states. Thus, only 
a few crosspeaks with small Ca2+-induced shifts 
could be monitored throughout the titration. 
Abbreviations for the amino acid residues are as 
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, 
Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; 
and Y, Tyr. 
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