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ABSTRACT: During Ca2+ activation, the Ca2+-binding sites of C2 domains typically bind multiple Ca2+

ions in close proximity. These binding events exhibit positive cooperativity, despite the strong charge
repulsion between the adjacent divalent cations. Using both experimental and computational approaches,
the present study probes the detailed mechanisms of Ca2+ activation and positive cooperativity for the C2
domain of cytosolic phospholipase A2, which binds two Ca2+ ions in sites I and II, separated by only 4.1
Å. First, each of the five coordinating side chains in the Ca2+-binding cleft is individually mutated and
the effect on Ca2+-binding affinity and cooperativity is measured. The results identify Asp 43 as the
major contributor to Ca2+ affinity, while the two coordinating side chains that provide bridging coordination
to both Ca2+ ions, Asp 43 and Asp 40, are observed to make the largest contributions to positive
cooperativity. Electrostatic calculations reveal that Asp 43 possesses the highest pseudo-pKa of the
coordinating acidic residues, as well as the highest general cation affinity, due to its relatively buried
location within 3.5 Å of seven protein oxygens with full or partial negative charges. These calculations
therefore explain the greater importance of Asp 43 in defining the Ca2+ affinity. Overall, the experimental
and computational results support an activation model in which the first Ca2+ ion binds usually to site I,
thereby preordering both bridging side chains Asp 40 and 43, and partially or fully deprotonating the
three coordinating Asp residues. This initial binding event prepares the conformation and protonation
state of the remaining site for Ca2+ binding, enabling the second Ca2+ ion to bind with higher affinity
than the first as required for positive cooperativity.

The C2 domain is a ubiquitous membrane-targeting protein
module found in a diverse array of signal transducing proteins
that regulate key cellular processes at membrane surfaces
(reviewed in refs1-10). These processes include the
generation of lipid-derived second messengers, vesicular
targetting and fusion, GTPase regulation, protein phospho-
rylation, pore formation by cytolytic T cells, and ubiquitin-
mediated protein degradation. The majority of C2 domains
are activated by cytoplasmic Ca2+ signals and dock to
specific membrane-associated targets such as phospholipids
or, less commonly, to membrane-bound proteins.

The structures of representative Ca2+-regulated C2 do-
mains, including the C2A domain of synaptotagmin I (Syt-
IA),1 the C2 domain of cytosolic phospholipase A2 (R-
isoform, cPLA2R), and the C2 domain of protein kinase C
(PKC), have been determined by X-ray crystallography or
NMR spectroscopy (11-16). These C2 domains are divided
into two distinct topological classes termed Types I and II
which share the sameâ-sandwich architecture but differ by

a circular permutation in their pattern ofâ-strand connec-
tivities (7). At one edge of theâ-sandwich two or more Ca2+

ions bind with positive cooperativity in a cleft formed by
three interstrand loops and lined with Ca2+-coordinating side
chains. These Ca2+-binding loops are termed CBL I-III in
order of their sequence in the primary structure. Together
they provide Ca2+ coordination for up to four potential Ca2+-
binding sites labeled sites I-IV; however, in a given C2
domain only a subset of the four sites may actually bind
Ca2+ in solution, since not all the sites provide adequate Ca2+

coordination. Thus, the Ca2+-loaded C2 domains character-
ized to date possess from one to three Ca2+ bound in different
combinations of sites I-IV (12, 15, 17-19).

The present study focuses on the C2 domain of cPLA2R,
which upon Ca2+ activation docks to neutral lipids on the
surface of specific intracellular membranes (6, 20, 21).
Following docking, the separate catalytic domain hydrolyti-
cally releases arachidonic acid from lipid substrates, thereby
triggering a variety of pathways including the inflammation
response targeted by common anti-inflammatory drugs (22,
23). The isolated cPLA2R C2 domain is activated by the
binding of two Ca2+ ions in solution with positive co-
operativity, and this activation dramatically increases the
affinity of the domain for membrane docking (18). High-
resolution structures of the free domain reveal that the two
bound Ca2+ ions occupy sites I and II of the four potential
sites (15, 24), but it is not known which of the two sites are
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loaded first during the activation process, and much remains
to be learned about the mechanism of positive cooperativity
for C2 domains in general. Such positive cooperativity is
quite a remarkable feature of C2 domains, since these
proteins typically bind multiple Ca2+ ions in close proximity
where charge repulsion between the bound divalent cations
is formidable. The existence of positive cooperativity
indicates that despite this mutual repulsion the last Ca2+ ions
bind more tightly than the first Ca2+ ion.

The only C2 domain for which a careful study of the order
of Ca2+ binding has been undertaken is the C2A domain of
synaptotagmin I, which binds three Ca2+ ions. NMR analysis
of a Ca2+ titration revealed evidence that site I loads first
with Ca2+, followed by site II, and finally site III (19). (Note
that it is coincidental that the order of binding follows the
same sequence as the prior numbering of Ca2+-binding sites
in the structure). However, since different C2 domains utilize
different combinations of sites I-IV to bind different
numbers of Ca2+ ions, it is not yet clear whether the Ca2+-
binding order observed for the synaptotagmin C2A domain
is relevant for other C2 domains. Moreover, no systematic
study has yet tested the importance of specific coordinating
side chains in the mechanism of positive cooperativity,
although it has been suggested that bidentate aspartate side
chains which simultaneously coordinate two Ca2+ ions could
play a role in cooperativity between sites (19, 24). To
investigate the role of specific coordinating side chains in
the Ca2+-binding pocket of the cPLA2R C2 domain, each of
the five coordinating side chains has been substituted to
eliminate its contribution to Ca2+ coordination. The effects
of these substitutions on the affinity and cooperativity of Ca2+

binding have been quantitated using a fluorescence method
to monitor the binding of two Ca2+ ions to the isolated C2
domain in solution. The results reveal the order of Ca2+

binding to the two sites, and indicate that Asp 43 is the most
critical Ca2+ coordinating residue. In addition, computational
analysis of pseudo-pKa values for the three coordinating
aspartate residues reveal that the negative charge of Asp 43
is highly destabilized by its local environment, which
explains the central importance of this residue to Ca2+

affinity. Finally, the results indicate that the bridging residues
Asp 40 and 43, which each coordinate both Ca2+ ions, are
essential for positive cooperativity between the two Ca2+

sites. A molecular model based on both the experimental
and computational findings is proposed to explain the
importance of these bridging ligands to positive cooperativity.

METHODS

Protein Mutagenesis, Expression, and Purification. Single
Cys mutants of the human cPLA2R C2 domain (residues
1-138) were generated using the single-stranded mutagen-
esis technique of Kunkel et al. as previously described (25,
26). Cys mutants were expressed as inclusion bodies in
Escherichia coli, then were isolated, denatured, and refolded
(26). Following refolding, each mutant was purified by FPLC
size exclusion on a Superdex G-75 gel filtration column in
purification buffer containing 100 mM KCl, 20 mM Tris
pH 7.8 with HCl, and 1 mM CaCl2. Analysis by polyacryl-
amide gel electrophoresis (PAGE) indicated that each mutant
was at least 95% pure. Protein was snap-frozen in liquid N2

and stored at-80 °C. Finally, immediately prior to Ca2+

affinity measurements, the protein was loaded onto a Chelex-

100 resin column equilibrated with standard assay buffer
containing 100 mM KCl, 20 mMN-(2-hydroxyethyl)-
piperazine-N′-2-ethanesulfonic acid (HEPES), pH 7.4 with
KOH. Passage over this column removed all bound and free
Ca2+ from the protein sample, and replaced the purification
buffer with standard assay buffer (18). The residual con-
taminating Ca2+ concentration is submicromolar (18).

Fluorescence Measurement of Ca2+ Binding. Equilibrium
fluorescence experiments were carried out on a Photon
Technology International QM-2000-6SE Fluorescence spec-
trometer at 25°C. The intrinsic tryptophan fluorescence of
Trp71 was monitored using excitation and emission wave-
lengths ofλex ) 284 nm andλem ) 320 nm, with excitation
and emission slit width settings of 4 and 8 nm, respectively.
A concentrated Ca2+ stock solution was titrated into the
sample, generating an increase in the intrinsic Trp fluores-
cence as Ca2+ occupied its binding site (18). Samples
contained 1.0µM C2 domain in standard assay buffer as
well as 5 mM dithiothreitol (DTT, ensuring that each mutant
Cys residue was fully reduced).

The Ca2+ dependence of the fluorescence increase was
quantified by plotting the fluorescence change (∆F) as a
function of free Ca2+ concentration ([Ca2+]) and best-fitted
using a Hill equation (18):

where∆Fmax represents the calculated maximal fluorescence
change (normalized to 1.0 to facilitate comparison of different
mutant samples),H represents the Hill coefficient, and
[Ca2+]1/2 represents the free Ca2+ concentration that induces
half-maximal fluorescence change. Best-fitting was carried
out via nonlinear least-squares analysis in Kaleidagraph 3.5
(Synergy). Each titration was repeated at least once to ensure
reproducibility.

pKa Calculations: OVerView. An energy minimization
procedure was developed to optimize the locations of protons
on Glu and Asp side chains that have two protonation sites
and multiple torsion angles. This procedure optimizes proton
positions based on an optimal sequence of protonation in
which every successive proton is optimized in the context
of the previously optimized protons. Subsequently, pKa

calculations were carried out in four steps. First, the energy
minimization procedure was implemented and the proton
positions of all Asp and Glu residues were optimized
according to the most likely sequence of protonation. Second,
for the three coordinating Asp side chains in the Ca2+-binding
pocket (Asp 40, 43, and 93), all possible protonation
sequences were considered and the proton locations were
optimized for each sequence, enabling calculation of a
Boltzmann probability for each protonation sequence. Third,
the pKa of each coordinating Asp side chain was calculated
by comparing the electrostatic energies of its protonated and
unprotonated states, taking into account interactions with
other titratable groups, partial charges, dielectric boundaries,
and solvent. Fourth, the pKa’s determined for individual
protonation sequences were averaged by weighting the
contribution of each protonation sequence according to its
calculated probability.

pKa Calculations: Positioning Protons.The coordinates
of the C2 domain of cPLA2R were taken from the X-ray

∆F ) ∆Fmax ( [Ca2+]H

[Ca2+]1/2
H + [Ca2+]) (1)
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crystallographic structure determined by Perisic, Williams
and co-workers, PDB entry 1RLW (14). The missing
hydrogen atoms (except the titratable protons on residues
Glu and Asp) were added by globally optimizing the
hydrogen-bond networks (27). Such an optimization has been
shown to improve the results of a pKa calculation (28).

The side chain carboxylate of Glu or Asp offers two
protonation sites. The choice of protonation site and subse-
quent choice of the torsion angle COH can have a pro-
nounced effect on the results of a pKa calculation. Further-
more, these effects can be magnified if there are strong
electrostatic interactions with other titratable residues. Thus,
determining the optimum positions of the titratable protons
is critical. To determine the optimum positions of these
protons, we defined the energy of a titratable proton as
follows:

The first termEPE is the electrostatic potential energy of the
proton and the second term describes the effect of electron
pairs of the carbonyl oxygen on the torsion angle of the Od
C-O-H system about the C-O bond. In general, the latter
term is negligible but is included for completeness. Describ-
ing the position of the proton in spherical coordinates relative
to the position of a carboxylic oxygen atom, the above
equation can be rewritten as:

whered ) 1 Å is the distance between a titratable proton
and its corresponding carboxylic oxygen;θ ) 70.5° from
an sp3 hybridization;æ is the torsion angle;φproton is the
electrostatic potential at the position of the proton, andqproton

is the charge on the proton. In this equation, the cosine
function used to describe the torsion energy term has been
taken from the work of Alexov & Gunner (29). The
electrostatic contribution to the total energy of the proton
can be determined as a function of the torsion angle by
solving the Poisson-Boltzmann equation for different posi-
tions of the proton. For each proton, the final selected
location in space is that with the lowest relative energy.

A simple strategy of protonating each Asp and Glu residue
independently (parallel protonation) can be applied only to
cases where the addition of a proton to one residue does not
affect the position of the proton on another residue. For cases
where the protonation of one residue affects the position of
the proton of another residue, different choices of protonation
sequences can be expected to generate different protonated
conformers. The Ca2+-binding site of the cPLA2R C2 domain
has three proximal aspartates; thus multiple protonation
sequences must be considered.

The proton energyE provides an estimate of the negative
charge density on and around a specific oxygen atom. The
higher the local negative charge density, the more likely the
oxygen is to be protonated, and the lower the proton energy
E. The protonation methodology must ensure that the oxygen
protonated earlier in the process is the one for which the
proton has the lowest relative energy. To achieve this
objective, we developed a sequential protonation methodol-

ogy. As a first step in this methodology, the torsion angle
dependent energy functions of protons (given by eq 3) are
determined for all Asp and Glu residues in the protein. This
first set of energy function calculations are performed in the
absence of all titratable protons on Asp and Glu residues.
The residue protonated first is the one that has the lowest
total energy in the entire first set of calculations, including
contributions from partial charges, dielectric boundaries, and
solvent effects as well as torsion angle energy contributions.
A second set of torsion angle dependent energy function
calculations is then performed in the presence of the added
proton. The second proton is then added to the residue that
has the lowest energy in the second set of calculations. This
procedure is repeated until the last residue in the protein is
protonated.

This method of protonating Asp and Glu residues ensures
a reasonable ordering of protonation. For the titratable
residues in the binding site, Asp 40, 43, and 93, a further
refinement was implemented. For these residues, all possible
permutations of ordering were considered. The probability
of each permutation of protonation was calculated according
to the following logic. For a particular assumed order of
protonation, each proton is placed in its minimum energy
state in the context of previous protonations, and the free
energy of adding the proton is given by the grand partition
function:

whereN is the total number of titratable residues,µ is the
chemical potential of the solution,â is the temperature factor
(kT)-1, andExk

r denotes the lowest energy of the titratable
proton of residuexk whenr residues have been protonated.
The probability of the assumed order being correct is then
given by the product of the probabilities of adding each
successive proton. Using the partition function given by eq
4, the probability of correctness associated with a specific
order (x1f x2f ...f xN) can be easily derived as:

Since these probabilities map the magnitude of correctness
onto the assumed orders of protonation and thereby onto
different protonated conformers, they were subsequently used
to weigh the pKa’s generated from using different protonated
conformers.

The calculation of the electrostatic component of the
proton energy for each given value of the torsion angle
requires a discrete solution of the Poisson-Boltzmann
equation. All these calculations were performed with the
Poisson-Boltzmann equation solver ofUHBD (30) using
the following set of parameters: solvent dielectric constant
of 80; protein dielectric constant of 2; PARSE charge-radii
parameter sets (31); finest grid spacing of 0.1 Å probe radius
of 1.4 Å (32); Stern layer of 2.0 Å; and an ionic strength of
100 mM.

E ) EPE + Etorsional (2)

E(rrelative(d,θ,φ)) )

qprotonφ(rrelative(d,θ,æ))proton+ (- 1.3
2 )cos(2æ) (3)

Z1
r ) ∑

k)r+1

N

[exp(â(µ - Exk
r ))] (4)

P(x1 f x2 f ... f xN) ) ∏
j)1

N-1 ( exp(-âExj
j-1)

∑
k)j

N

exp(-âExk
j-1)) (5)
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pKa Calculations: Electrostatic EnVironment of the Mod-
eled Protons.pKa calculations were performed utilizing an
adaptation of the methodology embedded in the UHBD
software package release 5.1 (30). The details of this
methodology have been described elsewhere (33-35). In
brief, the entire calculation was performed in two stages. In
the first stage, we determined the free energy change
associated with transferring each titratable residue from bulk
solvent into its neutral protein environment. Such a free
energy change includes changes in the electrostatic environ-
ment of the titratable residue arising from background protein
partial charges and changes in dielectric boundaries and
solvent accessibility. In the second stage, we determined
interaction energies between all titratable residues. These
interaction energies were then used along with the free energy
changes calculated in the first stage to determine the most
likely (Boltzmann weighted) partial charges of all titratable
residue as a function of bulk pH. The pKa of each residue
was then defined as the pH at which it had a 50% chance of
being protonated. This two-stage calculation was performed
for all the protonated conformers generated using sequential
protonation. The probabilities associated with each conformer
(calculated from eq 5) were finally used to weight the
conformer pKa’s when calculating the macroscopic pKa, as
reported in the text. These calculations were performed for
a range of protein dielectric constants.

The calculation of pKa of all residues in a protein requires
multiple solutions of the Poisson-Boltzmann equation. The
following parameters were used in solving the linearized
form of the equation: solvent dielectric constant of 80; ionic
strength of 100 mM; Stern layer of 2.0 Å; probe radius of
1.4 Å (32); one-half the OPLS Lennard-Jonesσ values
for atomic radii (36); united-atom charge parameter set
from CHARMm version 22.0 (Molecular Simulations Inc.
Waltham, MA, 1992); and a series of four focusing finite
difference grids 57× 57 × 57, 30× 30 × 30, 36× 36 ×
36 and 50× 50 × 50 with spacings of 2.0, 1.0, 0.5, and
0.25 Å, respectively, centered on the titrating site of interest.

All simulations for this paper were conducted on the IA-
32 Linux cluster provided by the National Center for
Supercomputing Applications (NCSA), Urbana-Champaign.

RESULTS

Mutagenesis of Coordinating Side Chains.Figure 1
illustrates the regulatory Ca2+-binding cleft of the human
cPLA2R C2 domain (24). The two activating Ca2+ ions
occupy adjacent binding sites I and II and are coordinated
by five amino acid side chains, which each provide one
(monodentate) or two (bidentate) coordinating oxygens: Asp
40 (bidentate, bridging Ca2+ I and II), Asp 43 (bidentate,
bridging Ca2+ I and II), Asn 65 (monodentate, Ca2+ I), Asp
93 (bidentate, Ca2+ II), and Asn 95 (monodentate, Ca2+ II).
To determine the relative importance of these side chains to
the overall Ca2+-binding affinity, each of the five residues
was targeted for Cys substitution via site-directed mutagen-
esis. The Cys side chain is well-suited for the present study
since it is smaller than the native coordinating Asp and Asn
side chains and thus avoids steric clashes. Moreover, the Cys
sulfhydryl does not coordinate Ca2+ due to its comparatively
high pKa and to the negligible affinity of sulfur ligands for
Ca2+ (37).

The D40C, D43C, N65C, D93C, and N95C mutations
were incorporated into the human cPLA2R C2 domain gene
by site-directed mutagenesis as previously described (26).
The resulting mutant C2 domains were expressed inE. coli
as inclusion bodies, then isolated, renatured, and purified by
size exclusion chromatography to a level of 95% or greater
for use in Ca2+-binding studies. All five mutant proteins were
fully water soluble and eluted at the same position on the
Sephadex G75 size exclusion column as the wild-type
protein, indicating that they were properly folded and
monomeric.

Effects of Coordinating Side Chain Substitutions on Ca2+

Binding to the Free Domain.The cPLA2R C2 domain
possesses only one Trp residue, Trp 71, and the indole ring
of this residue lies 12.6 and 12.0 Å from Ca2+-binding sites
I and II, respectively (24). Ca2+ binding to these sites is
known to trigger a local structural change that increases the
intrinsic emission of Trp 71 by 15%. The resulting fluores-
cence increase has been used previously to monitor the
titration of sites I and II with two Ca2+ ions, yielding a

FIGURE 1: Ca2+-binding cleft of the C2 domain of cytosolic
phospholipase A2. (A) Shown is the crystallographically defined
structure (24) of the Ca2+-occupied cleft focusing on the two Ca2+

ions (large spheres) and the residues that provide Ca2+ coordination.
The indicated coordinating oxygens (red) are provided both by
protein residues (stick representations) and solvent oxygens (small
spheres). Of the five coordinating side chains, two (Asp 40 and
43) donate bridging side chain carboxylates that each coordinate
both Ca2+ ions. (B) Same structure with the two Ca2+ ions removed
and the coordinating residues remaining fixed to provide a clear
view of the coordinating residues. Figures generated using PyMol
(DeLano Scientific).
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[Ca2+]1/2 of 14 ( 2 µM and a Hill coefficient of 1.7( 0.2
(6, 18). Since the Hill coefficient significantly exceeds 1.0,
there is strong positive cooperativity between the two
adjacent sites (18). The [Ca2+]1/2 and Hill coefficient
measured using the fluorescence assay agree closely with
the values determined by direct Ca2+ titration, validating the
fluorescence method and confirming that the two binding
sites contribute approximately equally to the fluorescence
change (6, 18).

The present study utilizes the intrinsic Trp fluorescence
assay to monitor Ca2+ binding to the five coordination
mutants, yielding the titration curves summarized in Figure
2. Best-fitting of the Hill equation to these titration curves
in turn yields the [Ca2+]1/2 values and Hill coefficients
summarized in Table 1. Following is an analysis of the effect
of each coordination site substitution on the Ca2+-binding
properties of the C2 domain.

The D43C substitution yields the largest perturbation of
Ca2+ binding. For this mutant, no detectable fluorescence
increase is detected at Ca2+ concentrations as high as 1 mM,
indicating that Ca2+ binding is no longer detectable and that
modification of Asp 43 increases [Ca2+]1/2 at least 200-fold
relative to the native C2 domain. Notably, Asp 43 is a
bidentate ligand that simultaneously coordinates both Ca2+

ions in a bridging fashion (24). Moreover, of the five
coordination mutants, Asp 43 mutant is the only one that

fails to exhibit Ca2+-triggered docking to phosphatidylcholine
(PC) membranes in protein-to-membrane FRET studies (data
not shown). Overall, since Asp 43 is the only coordinating
position at which Cys substitution eliminates detectable Ca2+

binding and fully blocks Ca2+-activated membrane docking,
the results indicate that Asp 43 is the most important of the
five coordinating side chains.

Smaller, but still significant, effects on Ca2+ binding are
observed for the substitutions at the other two bidentate Asp
positions, D40C and D93C. In the D40C mutant, modifica-
tion of Asp 40 yields a 21-fold increase in [Ca2+]1/2 relative
to the wild-type domain, indicating a large loss of Ca2+

affinity. In addition, the Hill coefficient decreases from 1.7
(for wild type) to 1.1, suggesting that most or all of the
positive cooperativity between sites I and II is lost. Such a
result is consistent with the possibility that either site I or II
has been completely inactivated, such that the Ca2+-binding
stoichiometry has been reduced from 2 to 1 Ca2+ ions per
domain. Like the Asp 43 residue, Asp 40 is a bidentate ligand
that simultaneously coordinates both Ca2+ ions in a bridging
fashion (24), thereby explaining its importance to Ca2+

binding in both sites I and II. However, the smaller effect
of Asp 40 modification on Ca2+ binding indicates that it is
not as critical as the Asp 43 residue, and that either site I or
II retains the ability to bind a single Ca2+ ion.

In the D93C mutant, modification of Asp 93 yields a 10-
fold increase in [Ca2+]1/2 relative to the wild-type domain,
indicating a moderate loss of Ca2+ affinity. The Hill
coefficient also decreases from 1.7 (for wild type) to 0.8,
suggesting the complete loss of the positive cooperativity
between sites I and II. These findings are consistent with
the possibility that either site I or II has been fully inactivated,
thereby reducing the Ca2+-binding stoichiometry of the
domain from two to one Ca2+ ions per domain. Like the
two other Asp residues discussed above, Asp 93 is bidentate,
but unlike the previous examples Asp 93 is not a bridging
ligand. Instead, both Asp 93 carboxylate oxygens coordinate
the Ca2+ ion bound in site II (24). Thus, it is site II that is
most likely inactivated by the loss of Asp 93, thereby
accounting for the absence of positive cooperativity.

Significant effects on Ca2+ binding are also observed for
the N65C and N95C substitutions. In the N65C mutant,
modification of Asn 65 increases [Ca2+]1/2 by a factor of
9-fold relative to the wild-type domain, indicating a moderate
loss of affinity. The Hill coefficient of 1.4 indicates that
modification of Asn 65 retains the positive cooperativity
between sites I and II, and thus that the domain retains the
binding of two Ca2+ ions. Unlike the coordinating Asp side
chains, Asn 65 is monodentate and provides only one
coordinating oxygen to the Ca2+ ion bound in site I (24),
thereby explaining the smaller effects observed for this
substitution.

In the final mutant N95C, modification of Asn 95 increases
[Ca2+]1/2 by a factor of only 3-fold relative to wild type and
retains the native Hill coefficient of 1.8. It follows that
modification of this position yields the smallest effects on
Ca2+ binding observed for the five coordinating side chains.
Like Asn 65, the Asn 95 side chain provides monodentate
coordination, but Asn 95 is a ligand to the Ca2+ in site II
(24).

Together, the effects of amino acid replacement at the five
coordinating side chain positions provide strong evidence

FIGURE 2: Ca2+-binding profiles of mutant cPLA2R C2 domains,
each possessing a single Cys substitution at each of the five
coordinating side chain positions. Profiles were determined at 25
°C by monitoring the intrinsic fluorescence change of Trp 71, and
then were fitted with the Hill equation (eq 1, see Methods) to
determine the best-fit apparent Ca2+ concentration that yields half-
maximal binding ([Ca2+]1/2) and the best-fit Hill cooperativity
coefficient (H). The resulting best-fit curves are indicated as solid
lines, while the best-fit parameters are summarized in Table 2.
Samples contained 1µM free C2 domain, 100 mM KCl, 20 mM
HEPES pH 7.4, and 5 mM DTT.

Table 1: Ca2+-Binding Parameters of Coordinating Side Chain
Mutantsa

mutant [Ca2+]1/2(Cys)/[Ca2+]1/2 (WT) Hill coefficient (H)

WT 1 1.7( 0.2
D40C 21( 4 1.1( 0.1
D43C .200 n.d.
N65C 9( 2 1.4( 0.2
D93C 10( 3 0.8( 0.1
N95C 3( 1 1.8( 0.3
a Ca2+ concentrations required to give half-maximal binding ([Ca2+]1/2)

and Hill cooperativity coefficients were determined at 25° C for each
cysteine mutant (Cys) and wild type (WT) cPLA2R C2 domain as
described in Figure 2 and methods. The Ca2+ affinity change triggered
by each mutation is indicated as the ratio of [Ca2+]1/2 values for the
mutant and wild-type C2 domains. Samples contained 1µM free C2
domain, 100 mM KCl, 20 mM HEPES pH 7.4, and 5 mM DTT. The
dissociation constant of the wild-type C2 domain for Ca2+ is KD ) 14
( 2 µM.
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that site I plays a more important role than site II in defining
the structure and [Ca2+]1/2 of the cooperative binding site
pair. This conclusion is supported by the observation that
replacement of the monodentate Asn 95 ligand in site II has
the smallest effect on Ca2+ binding, while the corresponding
replacement of monodentate Asn 65 in site I causes a 3-fold
larger increase in the [Ca2+]1/2. Moreover, the replacement
of monodentate Asn 65 in site I causes nearly the same Ca2+

affinity loss as the replacement of bidentate Asp 93 in site
II, despite the fact that the latter residue provides two
coordinating oxygens. In summary, site I is more critical than
site II in the binding site pair, while the bidentate, bridging
Asp 43 carboxylate that coordinates the adjacent Ca2+ ions
in both sites is the most important of the five side chain
ligands and is essential for Ca2+ binding to both sites. The
experimental results do not, however, explain why Asp 43
is more important than Asp 40, which also serves as a
bidentate ligand that bridges the two Ca2+ ions. To investigate
this question, pKa calculations were carried out for the three
coordinating Asp side chains to investigate their electrostatic
environments.

Calculation of Pseudo-pKa’s for the Coordinating Aspar-
tates.The microscopic affinity of a given Asp carboxylate
for Ca2+ will depend in part on the local electrostatic
environment, which modulate the stability of the Asp
negative charge. When the negative charge is destabilized
by local electrostatic fields, the Asp will typically exhibit a
higher affinity for Ca2+. Such a destabilized carboxylate will
also exhibit higher affinity for protons; thus, knowledge of
the proton affinity of the coordinating carboxylates can
identify which carboxylates make the largest contributions
to Ca2+ affinity. Here we focus solely on the relative cation
affinities of the three coordinating carboxylates in the Ca2+-
occupied state of the binding pocket. Since the relevant
electrostatic environment of each coordinating carboxylate
is that experienced in the Ca2+-occupied structure of the
pocket, the Gedanken approach began by removing the Ca2+

ions from the crystal structure of the Ca2+-occupied C2
domain while fixing the coordinating residues in their Ca2+-
binding conformations (Figure 1B). Subsquently, this pseudo-
structure was used to calculate a pseudo-pKa for each
coordinating carboxylate. The pseudo-pKa is different from
the true pKa of each carboxylate in the apo protein, since
the true pKa is defined by the fee energy change associated
with protonating that carboxylate in the true structure of the
apo site, which is unknown but is undoubtedly different than
the pseudo-structure utilized herein. However, the pseudo-
structure and its corresponding pseudo-pKa’s are useful in
comparing the relative affinities of the coordinating car-
boxylates in the Ca2+-occupied binding pocket. Subsequently,
hydrogens were added to all nontitratable moieties and
protons were added to all titratable groups, including the side
chain carboxylates of coordinating Asp residues 40, 43, and
93. To determine the optimal locations of the protons on
titratable groups, a most-likely hydrogen-bond network was
obtained by positioning protons of all Asp and Glu residues
within the C2 domain using a proton-energy guided sequen-
tial protonation procedure (see Methods). For the aspartates
in the Ca2+-binding pocket of the C2 domain of cPLA2R,
this protocol resulted in the following relative order of
protonation: first protonation of Asp43, followed by pro-
tonation of Asp40, followed by protonation of Asp93 (Asp43

f Asp40f Asp93). The protonated model that was a result
of this sequence of protonation is shown as conformer 1 in
Figure 3.

But these three residues can also be protonated in five
other possible relative orders. To generate protonated models
using the five other sequences of protonation, we made the
following assumption. We assumed that the titratable protons
of aspartates or glutamates outside the binding site would
not affect the positions of protons on these three residues.
The titratable protons of Asp40, Asp43, and Asp93 were then
removed from conformer 1 and the five sequences of
protonation of the three aspartates were enforced (preset) to
generate five separate conformers. These conformers labeled
as 2, 3, 4, 5, and 6 are shown overlaid on conformer 1 in
Figure 3.

The probability that these three residues would be proto-
nated in a given order was calculated using a reduced form
of eq 5. For three residuesi, j andk, and for the probability
that residuei is protonated beforej and residuej beforek,
eq 5 reduces to a product of two terms

FIGURE 3: Modeled protonation states of the three coordinating
aspartate side chains. Shown are the side chains of coordinating
Asp residues 40, 43, and 93, including the optimized proton
positions utilized by six separate pseudo-pKa calculations in which
protons are added consecutively to each of the three carboxylates.
The side chains are constrained in a pseudo-structure generated by
removing the two Ca2+ ions from the crystal structure conformation
of the binding pocket, while fixing the side chains in their Ca2+-
binding positions. The inset table indicates the order of proton
addition for each of the six protonation models, while the small
numbers on each side chain indicate the proton positions used for
these models.

P(i f j f k) )
exp(-âEi

0)

exp(-âEi
0) + exp(-âEj

0) + exp(-âEk
0)

×

exp(-âEj
1)

exp(-âEj
1) + exp(-âEk

1)
(6)
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The probabilities that these three aspartates would be
protonated in each of the six possible consecutive orders are
listed in Table 2.

Pseudo-pKa’s were then separately calculated for each of
the six protonated models assuming values for the protein
dielectric constants (8, 12, and 16) that are significantly larger
than those typically used for an electrostatic description of
protein interiors. These moderate values of protein dielectric
constant implicitly account for penetration of water into the
Ca2+-binding pocket (38) and also help account for the
conformational relaxation of flexible side chains (39, 40). It
is important to note that these are not the dielectric constants
of the protein, but are used to implicitly absorb the effects
of certain phenomena that are not explicitly modeled in the
calculation of pKa. The pseudo-pKa values resulting from
each of the six conformers were then averaged using the
probabilities listed in Table 2 as weights. The weighted
averages of pseudo-pKa for different assumptions of the
protein dielectric constant are listed in Table 3.

The calculated pseudo-pKa values reveal the importance
of electrostatic factors in the Ca2+-binding roles of Asp 43,
Asp 40, and Asp 93. Notably, Asp 43 consistently exhibits
a higher pseudo-pKa than either Asp 40 or Asp 93, indicating
that the negative charge of its carboxylate is more destabi-
lized by the local environment. Examination of the structure
(24) reveals the sources of this destabilization: the Asp 43
carboxylate is more sequestered from solvent than those of
Asp 40 and 93, and is within 3.5 Å of seven carboxylate
and carbonyl oxygens (D40 OD1, D40 OD2, T41 O, P42
O, N65 OD1, D93 OD1, A94 O). The high pseudo-pKa of
Asp 43 further indicates that it would have the highest
general cation affinity of the coordinating side chains. Such

a high cation affinity, plus its bridging position between sites
I and II, fully explain the observation that Asp 43 is the most
important Ca2+-coordinating ligand. By contrast, Asp 40, the
only other bridging ligand, consistently exhibits the lowest
pseudo-pKa in the calculations and thus possesses a signifi-
cantly lower cation affinity than Asp 43. Thus, the different
electrostatic environments of Asp 43 and Asp 40 explain
the smaller contribution of the latter to Ca2+ affinity. The
remaining ligand, Asp 93, is bidentate like Asp 43 and Asp
40, and it possesses a consistently higher pseudo-pKa than
Asp 40 indicating a higher cation affinity. However, the
observation that Asp 40 plays a greater role in defining Ca2+

affinity than Asp 93 indicates that the bridging position of
Asp 40, as well as its contributions to site I, outweigh the
contributions of Asp 93 to site II in the overall binding of
two Ca2+ ions.

In the Ca2+-occupied site, the three coordinating Asp
residues are fully deprotonated to provide bidentate coordi-
nation in sites I and II; however, the pseudo-pKa’s calculated
in the absence of Ca2+ emphasize that the apo binding pocket
would be partially protonated if the residues within the pocket
remain fixed in their Ca2+-coordinating positions. In this case,
the calculations performed for dielectric constants of 8 and
12, which are reasonable values for a ligand binding cleft
within a protein, indicate that the three Asp residues would
bind from 1 to 2 protons in the absence of bound cations.
More likely, the coordinating side chains would relax to
conformations different from their Ca2+-coordinating state
to optimize their electrostatic environment of the apo binding
pocket, so that the calculated number of bound protons is
an upper limit. As a result, the net negative charge of the
apo pocket is between-3 and-1 eu. By contrast, when
the pocket is loaded with two Ca2+ ions, the three coordinat-
ing Asp residues are fully deprotonated to provide bidentate
coordination, but the positive charge of the two divalent
cations (+4 eu) completely cancels the coordinating negative
charge (-3 eu), yielding a net positive charge of+1 eu.
These findings indicate that in a cellular setting, the Ca2+-
binding pocket switches from a negatively charged “off” state
to a positively charged “on” state when it is loaded with
two divalent cations during a Ca2+ signal. Such findings have
important implications for a molecular understanding of the
electrostatic switch that controls, at least in part, membrane
docking.

DISCUSSION

The experimentally determined effects of coordinating side
chain substitutions on Ca2+ binding to the cPLA2R C2
domain reveal the relative importance of the site I and site
II coordinating residues in the binding of two Ca2+ ions. Site
I plays a more important role in defining the macroscopic
Ca2+ affinity, since the [Ca2+]1/2 is 3-fold more sensitive,
on a per-oxygen basis, to replacement of coordinating
oxygens in site I than in site II. Thus, substitution of
monodentate Asn 65 in site I causes a 3-fold greater Ca2+

affinity loss than the equivalent substitution of monodentate
Asn 95 in site II. Similarly, substitution of Asn 65 in site I
causes a 3-fold greater affinity loss than the substitution of
either of the two Asp 93 coordinating oxygens in site II,
assuming that the Ca2+ affinity loss due to replacement of
bidentate Asp 93 stems from equal contributions of its two
coordinating oxygens. The simplest model consistent with

Table 2: Probabilities of the Six Possible Sequences of Protonationa

sequence of protonation
probability

P(i f j f k)
resulting

conformer no.

Asp43f Asp40f Asp93 0.46 1
Asp43f Asp93fAsp40 0.40 2
Asp40f Asp43f Asp93 0.06 3
Asp40f Asp93f Asp43 0.04 4
Asp93f Asp40f Asp43 0.02 5
Asp93f Asp43f Asp40 0.02 6
a For the three coordinating aspartates in sites I and II, the probability

of each indicated protonation sequence was calculated using eq 6 (see
methods). Since a given protonation sequence generates a unique set
of conformational optimizations in a path-dependent fashion, each
protonation sequence yields a different final conformation and hydrogen-
bond network for the coordinating aspartates.

Table 3: Averaged Pseudo-pKa Values for the Aspartates in the C2
Domain Ca2+-Binding Pocketa

weighted average of pseudo-pKa

residue PD constant) 8 PD constant) 12 PD constant) 16

Asp 40 6.3 5.4 5.1
Asp 43 12.0 9.2 8.4
Asp 93 10.6 10.2 8.8

a Calculations were carried out for indicated values of the protein
dielectric (PD) constant, based on a pseudo-structure of the Ca2+-binding
pocket in which the two Ca2+ ions were removed from the crystal
structure of the Ca2+-occupied C2 domain (24), and titratable protons
were then added using the six different sequences of protonation (Table
2). The pseudo-pKa values resulting from each of the six conformers
were averaged using weights listed in Table 2.
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these findings is an ordered binding model in which the first
Ca2+ ion typically binds to site I and the second Ca2+ ion
binds to site II, since for a cooperative binding site pair the
site that loads first with ligand largely defines the apparent
ligand affinity. However, because the loss of coordinating
oxygens in site I and II exhibit only a modest 3-fold
difference in their effects on Ca2+ affinity, it is likely that
the ordered binding mechanism is not perfect, such that the
first Ca2+ ion will sometimes bind first to site II rather than
site I.

The findings provide the first experimental support for the
hypothesis that the bridging ligands Asp 40 and 43 play an
essential role in positive cooperativity (24). Loss of Asp 40
is observed to eliminate positive cooperativity, while loss
of Asp 43 eliminates all detectable Ca2+ binding. A simple
mechanism that explains the role of these two side chains in
cooperativity begins with the apo site, wherein charge
repulsion between the coordinating Asp carboxylates ensures
that they are partially protonated and generally not in their
Ca2+-binding orientations (37). The binding of the first Ca2+

ion, either to site I or II, drives the conformations of the
bridging side chains Asp 40 and 43 into their Ca2+-binding
positions. At the same time, the binding of the first Ca2+

ion partially or completely deprotonates the three Asp
residues. Together these events triggered by the binding of
the first Ca2+ ion prepare the structure and protonation state
of the remaining site for the second Ca2+-binding event. As
a result of this preordering, the second Ca2+ ion is able to
bind with higher affinity than the first, accounting for the
strong positive cooperativity between the two sites. The
magnitude of this positive cooperativity is especially striking
given the close proximity of the two Ca2+ ions, which
generates considerable electrostatic repulsion between the
two divalent cations. Since Ca2+ usually binds first to site I,
it is primarily site I that defines the overall Ca2+ affinity,
while site II usually binds the second Ca2+ ion and benefits
from the preorganization provided by prior Ca2+ binding to
site I.

The most important coordinating ligand is Asp 43, which
is the only coordinating side chain essential for Ca2+ binding
to both sites I and II. The strong contribution of Asp 43 to
the Ca2+ affinity arises partly from its structural role as a
bridging ligand, since it provides coordination to Ca2+ ions
in both sites I and II and contributes to the positive
cooperativity between the two sites. In addition, pseudo-pKa

calculations carried out for the apo binding pocket with the
coordinating residues fixed in their Ca2+-binding positions,
indicate that the local electrostatic environment destabilizes
the negative charge of the Asp 43 carboxylate, thereby
substantially increasing its general cation affinity relative to
the other coordinating Asp residues. This destabilization
results from a more buried location as well as proximity of
the Asp 43 carboxylate to seven carboxylate and carbonyl
oxygens within 3.5 Å. As a result of its central importance,
Asp 43 is the only one of the five coordinating side chains
for which substitution completely eliminates Ca2+ binding
to both sites I and II, as well as Ca2+-activated membrane
docking.

Finally, the pseudo-pKa calculations for three coordinating
Asp side chains in sites I and II indicate that in the absence
of bound cations, with the coordinating residues fixed in their
Ca2+-binding positions, at least two of the Asp side chains

are partially or fully protonated. It is worth noting that this
result was also provided by calculations carried out for the
protonation model generated by a simultaneous protonation
of all aspartates (shown as conformer 7 in Figure 3). These
calculations suggest that the apo binding pocket could retain
up to 1 to 2 bound protons, yielding a net charge for the
pocket of-3 to -1 eu. As a result, the negative charge of
the three coordinating Asp residues is not fully developed
until two Ca2+ ions bind, at which point the three Asp
carboxylates are fully deprotonated so that they can serve
as bidentate ligands. When the binding pocket is filled with
two divalent cations such as Ca2+, the net charge becomes
positive at+1 eu. Thus, in a resting cell prior to a Ca2+

signal, the apo binding pocket possesses a net negative
charge, and switches to a net positive charge upon Ca2+

loading. Notably, the pseudo-pKa calculations indicate that
electrostatic switch models must take into account the
significant protonation state of the apo C2 domain before
Ca2+ binds, which reduces the magnitude of the Ca2+-
triggered electrostatic change available for regulation of
membrane docking. The reduced magnitude of this electro-
static switch increases the relative importance of other
activation mechanisms, particularly the direct or indirect
coordination of the two Ca2+ in the binding pocket by lipid
headgroup oxygens upon membrane docking. Evidence
supporting the essential roles of both the electrostatic switch
activation mechanism and the coordinating lipid activation
mechanism is now available for C2 domains, suggesting that
both mechanisms contribute to Ca2+-activated membrane
docking (5, 6, 14, 41-45).

To fully understand Ca2+-activated membrane docking,
high-resolution structural information is needed for the Ca2+-
loaded C2 domain docked to the membrane surface. Con-
siderable information is now available regarding the structure
of the protein-membrane complex formed when the cPLA2R
C2 domain binds to a lipid bilayer: EPR studies have
revealed the depth of C2 domain penetration into the
membrane and the angle of the domain relative to the
membrane surface (1, 46). However, nothing is yet known
about the effects of protein insertion on local lipid structure,
which must be significantly perturbed. To define the effects
of protein insertion on the positions and conformations of
the surrounding lipid molecules, it will again be necessary
to employ both experimental and computational methods to
develop a more complete molecular picture of the protein-
membrane interface.
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