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ABSTRACT Cytosolic phospholipase A, is involved in several signal transduction pathways where it catalyses release of
arachidonic acid from intracellular lipid membranes. lts membrane insertion is facilitated by its independently folding C2« domain,
which is activated by the binding of two intracellular Ca®" ions. However, the details of its membrane-insertion mechanism,
including its Ca2" -activation mechanism, are not understood. There are several unresolved issues, including the following. There
are two experimentally resolved structures of the Ca®"-activated state of its isolated C2«a domain, one determined using x-ray
crystallography and the other determined using NMR spectroscopy, which differ from each other significantly in the spatial region
that inserts into the membrane. This by itself adds to ambiguities associated with investigations targeting its mechanism of
membrane insertion. Furthermore, there is no experimentally determined structure of its cation-free state, which hinders
investigations associated with its cation-activation mechanism. In this work, we generate several unrestrained molecular dynamics
trajectories of its isolated C2« domain in solution (equivalent to ~60 ns) and investigate these issues. Our main results are as
follows: a), the Ca®" coordination scheme of the domain is consistent with the x-ray structure and with previous mutagenesis
studies; b), the helical segment of the Ca2+-binding loop, CBL-I, undergoes nanosecond timescale flexing (but not an unwinding),
as can be inferred from physiological temperature NMR data and in contrast to low temperature x-ray data; and c), removal of
the two activating Ca®* ions from their binding pockets does not alter the backbone structure of the domain, a result consistent

with electron paramagnetic resonance data.

INTRODUCTION

The compartmentalization of cells and eukaryotic organelles
essentially necessitates the existence of amphitropic mole-
cules, which can reversibly partition from solution into
membrane environments. These membrane-docking or lipid-
binding molecules often show characteristic tissue distribu-
tions and are involved in a large variety of cellular processes.
C2 domains are a class of such membrane-targeting protein
modules found in a diverse array of signal transducing pro-
teins that regulate key cellular processes at membrane sur-
faces (for reviews, see (1-10)). These processes include, for
example, generation of lipid-derived second messengers,
vesicular targeting and fusion, GTPase regulation, protein
phosphorylation, pore formation by cytolytic T cells, and
ubiquitin-mediated protein degradation. Most of these C2
domains are activated by cytoplasmic Ca** signals and upon
activation dock to specific membrane-associated targets such
as phospholipids and in some cases to membrane-bound
proteins.

The structures of several (~10) Ca”-regulated C2 do-
mains, including the C2A domain of synaptotagmin I (Syt-IA),
the C2 domain of cytosolic phospholipase A, (a-isoform,
cPLA,a), and the C2 domain of protein kinase C (PKC),
have been determined by x-ray crystallography and/or NMR
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spectroscopy (11-17). All these C2 domains share a com-
mon structural motif in which they fold into two separate
four-stranded B-sheets that pack against each other to form a
sandwich. At one edge of this 8-sandwich, three interstrand
loops, termed CBL I-1II in order of their sequence in the
primary structure, form the binding clefts for the activating
Ca®" ions. The Ca”"-loaded C2 domains characterized to
date possess from one to three Ca>* ions bound in different
combinations of these binding sites (13,16,18-20).

Despite this strong structural similarity, the Ca>* -activated
states of these domains do not in particular share a common
membrane-docking mechanism. Evidence supporting the
roles of three different mechanisms exist (2,5,6,15,21-28):
a), the hydrophobic interaction mechanism in which the
binding of Ca®" ions neutralizes the membrane-docking re-
gion of the domain and enhances in interaction with zwit-
terionic membranes, b), the electrostatic switch-activation
mechanism in which the binding of Ca®" ions alters the
electrostatic potential at the docking region to the extent that it
increases its attraction to acidic (negatively charged) phos-
pholipids, and c), the coordinating lipid-activation mecha-
nism in which the bound Ca?>* ions directly coordinate with
lipid molecules. However, to date there are no fine-grained
models that can isolate and quantify the roles played by each
of these interactions (electrostatic, hydrophobic, and chela-
tion) in the membrane docking of these domains.

Here we carry out investigations to understand both the
Ca”*-activation and the membrane-insertion mechanisms
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of the C2a (C2) domain of cPLA,. cPLA, is involved in
the catalytic release of arachidonic acid from cellular phos-
pholipids, which is subsequently used for biosynthesis of
eicosanoids (prostaglandins, leukotrienes, and others). It is
regulated in multiple pathways, including those that control
Ca** ion concentrations, or those that control enzyme phos-
phorylation states, and even those that control cPLA, protein
levels, and is used to exert both rapid and prolonged effects on
cellular processes, such as inflammation. cPLA, is rapidly
activated by increased intracellular Ca>" concentrations and
phosphorylation by MAP kinase. The membrane insertion
of cPLA; is however triggered only by the binding of two
intracellular Ca®" ions to its C2 domain (2,6,19,29,30). Once
its C2 domain binds two Ca>" ions, the Ca®>"-bound portion
of the domain, including the Ca** -binding loops (CBL I-III),
inserts into the membrane interior (2).

The molecular-level details of its Ca® " -activation and mem-
brane-insertion mechanisms are, however, not completely
understood and are currently hampered by several unre-
solved issues that also include the following. To date, two
high-resolution structures of its isolated Ca® " -activated state
exist (12,16). One of these structures was determined using
x-ray crystallography, whereas the other was determined
using NMR spectroscopy. These structures are mostly
similar to each other, except with respect to the details of
the spatial region that has been suggested (2) to interact with
lipid groups during membrane insertion (see Fig. 1).
Undoubtedly, structural ambiguities associated with this
spatial region of the domain can easily be expected to trickle
down further into any investigations aimed at probing the
molecular level details of its interaction with membranes and
therefore warrants further investigations of the dynamics of its
calcium-activated state in solution. This knowledge can also
serve as a benchmark for isolating its structural and dynamical
changes associated solely with membrane insertion. Another
issue that in particular hampers investigations regarding its
Ca**-activation mechanism is the unavailability of experi-
mental structural information on its cation-free (apo-) state.
An understanding of its calcium-activation mechanism would
clearly benefit from knowledge of the dynamics of its cation-
free state in solution. To address these issues of Ca’*
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activation and membrane insertion, we generate several
molecular dynamics (MD) trajectories (equivalent to a total
simulation time of ~60 ns) of the isolated C2 domain of
cPLA, in solution, both in the presence and in the absence of
the activating Ca>" ions.

METHODS

All MD trajectories were generated using the GROMACS (version 3.1.4)
modeling software (31). The coordinates of the C2 domain of cPLA, were
taken from the x-ray crystal structure (Protein Data Bank (PDB) code: IRLW)
(12). All hydrogen atoms belonging to the optimized potential for liquid
simulations-all atom (OPLS-AA) force field (32) were added using PDB2PQR
(33), followed by a subsequent optimization of the global hydrogen-bond
network (28,33). The starting configuration of each trajectory was generated
as follows: The protein was first translated to the center of a rectangular box
(dimensions, 8.5 X 6.5 X 6.5 nm). The box was then filled with water
molecules (~11,000) using the GROMACS utility program Genbox. The C2
domain by itself, i.e., without any of the crystallographically resolved Ca**
ions, and assuming default protonation states for all titratable residues, carries
a net charge of —8 eu. Thus, some water molecules were then substituted
(selected randomly) with an appropriate combination of anions (Cl1™) and
cations (Ca>™") to neutralize the charge of the system (protein and water), the
maximum number of substitutions being 16 (8 Ca’* and 8 C17) in the case of
the simulation of the apo-state of the domain in CaCl. The system was then
subjected to a 10-ps-long MD simulation at a temperature of 100 K using an
integration time step of 1 fs. The final snapshot of this simulation was then
subjected to another 10-ps-long MD simulation at a higher temperature of 200
K and using an integration time step of 2 fs. The final snapshot of this
simulation was then used as the starting configuration for simulation at 300 K.
For all such short MD simulations that were carried out at temperatures lower
than 300 K, we found that 10 ps was enough time to allow for stabilization of
simulation box size.

For each simulation from which we gathered and report data we used the
following: NPT conditions; a temperature of 300 K; a pressure of 1.03 bar; a
Nosé-Hoover algorithm (34) with a coupling constant of 0.2 ps to maintain
temperature; a Parrinello-Rahman method (35) with a coupling constant of
1 ps to maintain boundary pressure conditions; particle mesh Ewald with
Fourier spacing of 0.15 nm, a sixth-order interpolation and a 1.0-nm cutoff
in direct space for long-range electrostatic corrections; a 1.0-nm cutoff for
van der Waal interactions, unless specified otherwise; an integration time
step size of 2 fs; the LINCS algorithm (36) to constrain all bond lengths; the
SETTLE algorithm (37) for constraining bond lengths in water molecules;
an all-atom OPLS force field (32) for protein; and a simple point charge
(SPC) model to describe water molecules, unless otherwise specified. We
understand that the lack of a polarizable force field will introduce numerical
errors in interactions involving Ca®" ions. However, the broad phenomena

FIGURE 1 Partial view of the structure of the C2 domain
of cPLA, determined using (a) x-ray crystallography (12),
and (b) NMR spectroscopy (16). The B-sheets are drawn as
cartoons, the three CBLs are drawn as ribbons, and the
coordinating side chains are highlighted as stick models.
This spatial region of the domain binds Ca>* ions and is also
involved in membrane docking (2). We note two main
differences between the structures obtained using X-ray
crystallography and NMR spectroscopy: 1), the roughly
helical segment of CBL-I in the NMR structure is a well-
defined a-helix in the x-ray structure, and 2), the side chain
of residue Asp-40 does not coordinate with either of the
activating Ca®* jons in the NMR structure as it does in the
x-ray structure. This figure was made using PyMol (DeLano
Scientific, Palo Alto, CA).
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we observe in these simulations appear sufficiently robust and are not likely
to be compromised by that degree of inaccuracy.

The MD simulations were performed on the Intel Xeon Linux and the Intel
Itanium 2 Linux clusters provided by the National Center for Supercomputing
Applications at the University of Illinois, Urbana-Champaign.

RESULTS AND DISCUSSIONS

There are at present two experimentally determined structures
of the isolated Ca>* -activated form of cPLA, C2 domain: 1), a
low temperature (100 K) structure determined using x-ray
crystallography (12) and; 2), a physiological temperature (308
K) solution structure determined using NMR spectroscopy
(16). Fig. 1 illustrates the spatial region of each of these two
structures that has been identified (2) to interact with lipid
during membrane insertion. It comprises mainly the three
CBLs, CBL-I, CBL-II, and CBL-III, and the Ca2+—binding
cleft. Below we discuss the differences between these two
structures.

One difference between the x-ray structure and the NMR
structure in Fig. 1 is associated with the backbone structure
of CBL-I. We find that the segment of CBL-I, which is a
well-defined a-helix in the x-ray structure, is only roughly
helical in the NMR structure. Fig. 2 compares this helical
segment of CBL-I in the two structures from a different
visual perspective, highlighting backbone atoms of residues
involved in the formation of intramolecular hydrogen bonds.
In the x-ray structure, we see that the G-33.0 atom is hy-
drogen bonded to the D-37.N atom, the A-34.0 atom is
hydrogen bonded to the M-38.N atom, the F-35.0 atom is
hydrogen bonded to the L-39.N, and the G-36.0 is hydrogen
bonded to the D-40.N atom. This hydrogen-bonding pattern
between the backbone atoms of the ith and the (i + 4)th
residues indicates that it is a well-defined a-helix. In con-
trast, we find that in the NMR structure, only two backbone
atoms, the backbone nitrogen of Ala-34 and the backbone
oxygen atom of Met-38, are within hydrogen-bonding dis-
tance from each other, indicating that it is not an a-helix.

A further difference between the x-ray and NMR struc-
tures is associated with the coordination scheme adopted
by the C2 domain to bind Ca®" ions. From Fig. 1, we can see
that in the x-ray structure (12) the two activating Ca’>* ions
occupy adjacent binding sites, I and II, and coordinate with
five amino acid side chains. These amino acid side chains
provide either one (monodentate) or two (bidentate) coordi-
nating oxygens: Asp-40 (bidentate, bridging Ca®" I and II),
Asp-43 (bidentate, bridging Ca>* I and II), Asn-65 (mono-
dentate, Ca%* I), Asp-93 (bidentate, Ca®" II), and Asn-95
(monodentate, Ca>" 1I). In contrast, the NMR data (16)
indicate that on average, only four of these five side chains
coordinate with the two activating Ca>* ions. In particular,
Asp-40 does not coordinate with either of the activating
Ca’* ions in ~80% of the substructures. In a site-directed
mutagenesis-based study (28), it was found that a substitu-
tion of any of these five coordinating side chains to a cysteine
side chain resulted in decreasing the Ca”*-binding affinity of
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FIGURE 2 The structure of the helical segment of CBL-I as determined
using (a) x-ray crystallography (12). The helical segment is drawn as a
ribbon and the backbone atoms involved in intramolecular hydrogen bonds
are highlighted as stick models. The hydrogen bonds between the back-
bone atoms of the ith and the (i + 4)th residues are drawn as dashed lines,
and the distances between the proton donor and acceptor atoms are indicated
in angstrom units. (b)) NMR spectroscopy (16). The corresponding proton
donors and acceptor atoms are shown and the distances between these atoms
are also indicated in angstrom units. This figure was made using PyMol.

the domain, with the N-95C mutation having the least effect
on Ca”"-binding (an approximately threefold decrease) and
a D-43C mutation resulting in a complete loss of Ca’**
affinity. It was also found that a D-40C mutation resulted in
an ~21-fold loss in binding affinity and a complete
inactivation of one of the binding sites, supporting the
hypothesis that it is indeed involved in coordinating with the
bound Ca®" ions. We therefore used the crystallographically
derived Ca®"-activated structure of the domain as the start-
ing point for all the MD simulations in this work.

Ca®*-activated state of the C2«a domain

In this section, we report on results obtained from MD
trajectories generated for the Ca®"-activated structure of the
domain. In a 10-ns-long MD trajectory of the domain
generated in explicit solvent, we find that each of the
bridging side-chain residues, i.e., Asp-40 and Asp-43,
coordinate with both Ca®" ions throughout the entire course
of the trajectory. We also find that Asp-93 does not at any
point in the trajectory coordinate with the calcium ion in site
I, a result consistent with both crystallographic (12) and
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NMR (16) data. We also find that the monodentate side
chains, Asn-65 and Asn-95, coordinate with only their
respective Ca®* ions in sites I and II. We also note that
unlike the coordinating side chain of Asn-65, the coordinat-
ing side chain of Asn-95 does not coordinate with its Ca>*
ion throughout the entire course of its trajectory. The
coordinating side chain of Asn-95 undergoes continuous
fluctuations throughout the simulation such that at some
instances it is within coordinating distance from the Ca*>* ion
in site II and at other instances it is not. This is illustrated in
Fig. 3 via a superimposition of snapshots taken at every
0.5 ns of the MD trajectory. This result is in fact consistent
with previous mutagenesis studies (28), which revealed that
the side chain of Asn-95 plays a less significant role than the
side chain of Asn-65 in Ca®* binding. In those experiments,
a N-95C mutation had resulted in an approximately threefold
loss in Ca”" -binding affinity, whereas a N-65C mutation had
resulted in an approximately ninefold loss in Ca®"-binding
affinity. In essence, we find that the coordination scheme
of the two activating Ca®>" ions as seen in the x-ray crystal
structure is well maintained throughout the course of the
simulation.

Table 1 shows the root mean square (RMS) deviations
of backbone atoms belonging to different segments of the
domain, with different models of water employed in the
simulation. We find that the majority of the secondary struc-
ture of the domain predicted by the crystallographic data is
maintained. We also note that CBL-I has the highest RMS
deviation among the three CBLs.

The RMS fluctuations of the backbone atoms of the
domain are shown in Fig. 4. As expected, we find that the
backbone atoms belonging to the -sheets undergo lower
RMS fluctuations than those belonging to the loops. How-
ever, we find that the backbone atoms belonging to the short
two-turn helix in CBL-I undergo the highest RMS fluctua-

FIGURE 3 Coordinating side chains in the Ca>*-binding cleft of the do-
main. Snapshots were taken at every 0.5 ns of a 10-ns-long MD simulation
of the cPLA, C2 domain and superimposed over each other. The side chains
are drawn as stick models and the Ca®" ions are drawn as spheres. We find
that the crystallographic coordination scheme is maintained throughout the
course of the simulation. This figure was made using PyMol.
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TABLE 1 Average RMS deviations (in angstrom units) of
backbone atoms belonging to different segments of the C2
domain computed from 10-ns-long MD trajectories generated
using different water models: SPC, SPC/E, and TIP4P

Segment Residue ID SPC SPC/E TIP4P
CBL-I 29-43 1.5 1.4 1.4
CBL-II 50-72 1.0 1.0 1.0
CBL-III 94-99 0.7 0.7 0.5
B-sheets - 1.2 0.9 1.0

We find that irrespective of the water model used in these simulations, the
backbone atoms belonging to the CBL-I undergo the highest RMS devia-
tion from their x-ray coordinates.

tions among all the other backbone atoms of the domain. An
investigation of the MD trajectory of the backbone atoms of
the CBL-I reveals that these large fluctuations correspond
to a flexing of this helix but not an unwinding of the helix
as reported in cases of other Ca>*-binding proteins such as
calmodulin (38). We find that the hydrogen bonds between
the backbone proton donor (nitrogen) and acceptor (oxygen)
atoms of the helical segment of CBL-I (illustrated in Fig. 2)
periodically break and re-form during the simulation. The
evolution of distances between these four acceptor oxygen
atoms and their corresponding donor nitrogen atoms in this
MD simulation are plotted in Fig. 5 a, for the simulation with
the SPC water model. We find that at any given instance of
the simulation, none of these four proton donors stay simul-
taneously within hydrogen-bonding distances from their cor-
responding acceptors. Instead, and especially in the cases of
the proton donors of residues L-39 and D-40, we see that on
several occasions they approach within hydrogen-bonding
distances of their corresponding acceptors in residues F-35
and G-36 for nanosecond timescale intervals and move away
from them during other time intervals. Essentially, we find
that at a given instance of the entire trajectory, there is at
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Residue Number
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FIGURE 4 RMS fluctuation of backbone atoms of the cPLA2 C2 domain.
SPC, SPC/E, and TIP4P refer to RMS fluctuations of backbone atoms com-
puted from 10-ns-long MD trajectories generated using those water models.
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FIGURE 5 Time series of the distances between the four proton donor
atoms (backbone nitrogens) and the four corresponding acceptor atoms
(oxygens) belonging to the helical region of CBL-I. These distances were
computed at every 10 ps of a 10-ns-long MD simulation of the cPLA, C2
domain in solution. (@) Wild-type domain. (b) G-36C mutant. (¢) G-33T-G-
36C mutant.
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most one proton donor within hydrogen-bonding distance
from its corresponding acceptor. This result is reflective of
the average NMR structure (16) of the helical segment of
CBL-I, where only one proton donor is within hydrogen-
bonding distance from its corresponding acceptor. This MD
simulation however does not predict the same proton donor
to be within hydrogen-bonding distance from its correspond-
ing acceptor that was predicted by the NMR data, which may
be due to the relatively small sampling time of the MD simu-
lation when compared against the dwell time of a proton donor
near its corresponding proton acceptor. Together, we find that
the structural dynamics of CBL-I are more consistent with the
NMR data than with the crystallographic data.

We find that this nanosecond timescale flexing of the
helical segment of CBL-I is due to the presence of the two
glycine residues, Gly-33 and -36. Note that Gly-33 is located
at the N-terminus of the helical segment, and Gly-36 is located
halfway through the helical segment. The Ramachandran
plots of these glycines computed from this 10-ns-long MD
trajectory are shown in Fig. 6. We find that in the given
environment, the backbone torsional angles of Gly-36 show
no specific preference toward forming either a left-handed or
a right-handed helix, and the backbone torsional angles of
Gly-33 show a higher preference toward forming a left-
handed helix. As control experiments, we generated two
other 10-ns-long MD trajectories of the domain using the
same environmental variables, but in one simulation we
mutated Gly-36 to a cysteine residue (G-36C mutant) and in
the other simulation, we mutated both glycine residues to
residues having bulkier side chains: Gly-33 to a threonine
and Gly-33 to a cysteine (G-33T-G-36C mutant). We found
that the G-36C mutation reduced the flexing of the helical
segment, especially at its C-terminal, whereas the G-33T-G-
36C double mutation completely removed the nanosecond
timescale flexing of the helical segment. However, neither of
these two mutations resulted in a simultaneous stabilization
of the four intramolecular hydrogen bonds. We found that in
the simulation conducted with the G-36C mutation (Fig. 5 b),
the hydrogen bond between the backbone atoms of residues
Phe-35 and Leu-39 broke within the first nanosecond of the
trajectory and stayed broken throughout the trajectory. And
in the simulation conducted with the double mutation (Fig.
5 ¢), three of the four hydrogen bonds, i.e., between the
backbone atoms of Ala-34 and Met-38, the backbone atoms
of Phe-35 and Leu-39, and the backbone atoms of Tyr-33
and Asp-37, broke within the first nanosecond of the tra-
jectory and stayed broken throughout the trajectory. An
investigation of the backbone torsional angles indicates that
the residues belonging to the helical segment continue to
adopt a helical structure despite these tethered intramolecular
hydrogen bonds. Essentially, we find that the mutations of
the glycines to residues that have bulkier side chains results
in decreasing the flexing of the helical segment of CBL-I.
The reason that some of the backbone hydrogen bonds break
in all these three simulations is perhaps a consequence of
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FIGURE 6 Ramachandran plots of the two glycine residues, G-33 and
G-36, found in the helical segment of CBL-I of the cPLA2 C2 domain.
These Ramachandran plots were computed from a 10-ns-long MD simu-
lation of the domain in solution.

their exposure to water, which competes with these back-
bone hydrogen acceptors and donor atoms for hydrogen
bonding (see below).

To ascertain that this flexing of the helical segment in
CBL-I was not an artifact of the SPC water model (39) used
in this simulation, we carried out two other 10-ns-long MD
simulations of the wild-type domain in explicit solvent. In
one simulation, we used a simple point charge-extended
(SPC/E) water model (40), and in the other simulation we
used a TIP4P water model (41). The RMS deviations of
backbone atoms computed from these simulations are listed
in Table 1, and the RMS fluctuations of backbone atoms
computed from these simulations are included in Fig. 4. We

971

find that the RMS fluctuations and the RMS deviations of the
corresponding CBLs in the three simulations are slightly
different from each other and so are the corresponding proton
donor-acceptor distance dynamics of the backbone atoms of
the helical region of CBL-I (data not shown). This is ex-
pected, as these three water models agree with each other and
with experiments in reproducing such physical properties
like average configurational energies (42—44) but differ from
each other in reproducing other important physical properties
like isotropic dielectric constants (42,43) and self-diffusion
constants (45). (For a comprehensive review of properties of
water models see Guillot (46)). The important point is that
whatever the water model, the helical segment of CBL-I
undergoes flexing.

We also tested the effect of some other simulation param-
eters on the flexing of the helix. In all the above MD simu-
lations, we used an OPLS-AA (32) force field for proteins.
Normally, when using an OPLS-AA force field for proteins,
Lennard-Jones (LJ) interactions are truncated beyond a dis-
tance of ~1.0 nm (32). This is because LJ interactions decay
as a sixth-order function. However, beyond the cutoff dis-
tance these LJ interactions, although seemingly very small,
are always attractive. Omitting these attractive interactions
beyond a 1.0-nm distance has been shown to decrease
density of lipid bilayers (S. W. Chiu and E. Jakobsson,
unpublished) and therefore may have resulted in the flexing
of the helix. To ascertain that the decrease in the helicity of
CBL-I seen in these simulations was not a result of these LJ
cutoff lengths, we generated a separate 3-ns-long MD tra-
jectory of the calcium-activated wild-type domain not only
using a higher LJ cutoff of 16 A but also enforcing LJ pair
list updates at every integration time step. We did not see any
systematic effect on the helicity of CBL-L.

In essence, we find that the helical segment of CBL-I (in
wild-type domain) undergoes nanosecond timescale flexing,
and its average structure is consistent with NMR data, rather
than the low temperature (100 K) x-ray data. This difference
between the x-ray and NMR (or MD) structures of CBL-I is
perhaps due to the differences between the environmental
conditions of x-ray crystallography and solution NMR spec-
troscopy (or these MD simulations). It is well known that the
propensity for formation of an a-helix is influenced by its
degree of exposure to water, as well as local temperature (see
for example (47-51)). Thermal fluctuations can cause local
opening and closing of backbone CO-NH hydrogen bonds,
and if the local environments of such hydrogen bonds are not
shielded from water, as in this case, water molecules can
compete for hydrogen bonding with backbone donors and
acceptors and decrease their stability. The x-ray crystalliza-
tion conditions of low temperature can be expected to de-
crease both the rate and magnitude of opening and closing of
backbone CO-NH hydrogen bonds and thereby stabilize
them to a larger extent in comparison with physiological
conditions, as present in NMR experiments or in our current
MD simulations. In the very same context, it is interesting to
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note that during membrane insertion, time-resolved fluores-
cence resonance energy transfer (FRET) studies have iden-
tified (2) CBL-I to lie at the interface of lipid tails and lipid
headgroups, which is an environment where one can expect a
reduced exposure of its helical segment to water and there-
fore provide for conditions that increase the propensity of the
formation of a well-defined a-helix.

Coordinating side chains in the apo-state

The structure of the apo-state of the C2a domain, that is, the
structure of the C2 domain without any bound cations, is not
known. Nevertheless, in the absence of Ca’>* ions in the
binding cleft, it is easy to argue that the high density of
negative charges in the binding cleft created by three as-
partates (D-40, D-43, and D-93) and two asparagines (N-65
and N-95) would result in a complete disruption of the binding
pocket. This appears to be a very likely scenario, especially
because all these side chains belong to flexible loops CBL-I,
CBL-II, and CBL-III (illustrated in Fig. 1). However, electron
paramagnetic resonance (EPR) studies have shown that the
Ca**-binding event triggers only small and localized changes
in the dynamics of these coordinating loops (2). Therefore,
it had previously been hypothesized (28) that some of these
coordinating aspartates may be protonated in the absence of
any cations in the binding cleft and that the neutrality of these
aspartates might be preventing the loops from undergoing any
large conformational changes upon Ca®" binding.

To test this hypothesis, we generated three separate MD
trajectories, differing only in the definition of the water model.
One simulation was carried out with SPC water (39), one with
SPC/E water (40), and one with TIP4P water (41). Each of
these trajectories was initiated after removing the crystallo-
graphically resolved Ca®" ions from the binding cleft and
setting the three aspartates (D-40, D-43, and D-93) to be fully
charged. All these simulations were carried out in the presence
of eight Ca?* and eight CI™ ions, roughly corresponding to a
Ca®" concentration of 40 mM, and balancing the C2 domain
net charge of —8 eu, so that the entire system is electroneutral.
In such a situation, we note that the concentration of the Ca>*
ions necessary to balance the negative charge of the C2
domain is quite high, whereas in the EPR experiments on the
apo-state, the calcium concentration is kept very low by the
chelator EDTA to ensure observation of the apo-state. In our
system, we ensure sampling of only a true apo-state by
employing the following strategy: we tracked the distance of
each Ca®" ion in the simulation box from the side-chain
carboxylate carbon atom (Cvy) of Asp-43 and collected MD
data only up to the point when no Ca>* ions were within 15 A
(> Bjerrum length at 300 K) from this atom. Because data
obtained from all these simulations were qualitatively similar,
we present data only from the simulation that was generated
with SPC (39) water. We were able to sample data up to the
first 1.6 ns of the trajectory, before a calcium ion drifted too
close to the binding site.
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As can be seen from Fig. 7, the RMS deviations of backbone
atoms from the crystal structure in all the three loops remained
similar to those that were observed for the Ca”* -activated state.
Clearly, the removal of Ca>* ions from the binding cleft was
not accompanied by any rearrangements of the backbone. This
implies that in the absence of bound Ca®" ions in the binding
cleft, the large electrostatic repulsive forces between the neg-
ative charges of the three aspartates are entirely negated via a
combination of screening by the water in the cavity and side-
chain rearrangements. To identify these side-chain rearrange-
ments, we first calculated the RMS deviations of the side chains
of all the residues that were coordinating the Ca>" ions in the
crystal structure, i.e., Asp-40, Asp-43, Asp-93, Asn-65, and
Asn-95. We found that residue Asp-43 showed the least RMS
deviation (<1 A) among all these residues. So we then plotted
the distances of the charge groups on these residues, that is,
the carboxyl group on the aspartates, the amine group on
asparagines, and the carbonyl group on asparagines, from the
carboxyl group of Asp-43 as a function of time. Fig. 8 (separate
plots) shows the evolution of these distances during the course
of the 1.6-ns-long trajectory. We find that the side chains of
both asparagines (N-65 and N-95) have rotated such that in the
absence of any Ca”" ions, their amino groups now face the
empty cation-binding cleft. This is illustrated in Fig. 9 using a
1-ns snapshot of the MD trajectory. These rotations allow them
to electrostatically interact with the aspartates in the binding
cleft (Asn-65 with Asp-43, and Asn-95 with Asp-93) and
relieve the electrostatic energy of the binding cleft. Simulta-
neously, the side chain of residue Asp-40 moves away from the
rest of the charge groups in the binding cleft, which increases
the size of the cavity. This allows water to shield the interaction
between Asp-40 and the other two aspartates, Asp-43 and -93.
These three side-chain motions effectively reduce the repulsive
forces between the charged aspartates without any rearrange-
ments of the protein backbone. Interestingly, we find that these
side-chain rearrangements occur almost instantaneously, within
the 20 ps of equilibration carried out at lower temperatures.

We interpret this result based on the assumption that a 1.6-ns-
long simulation is enough to capture any transitions in the
torsion angles of the protein backbone in the vicinity of the cleft.
We believe this is a reasonable assumption, because only a
single nanosecond long MD trajectory of the apo-state of the C2
domain of protein kinase Cg was reported to result in significant
backbone rearrangements of its Ca2+—binding cleft (52).

Together, we find that the removal of Ca?" ions from the
binding cleft produces no noticeable backbone rearrange-
ments, a result consistent with EPR data (2) and obtained
despite considering all the three aspartates, D-40, D-43, and
D-93, to be in their fully charged states.

CONCLUSIONS AND SUMMARY

The specific conclusions we draw from the unrestrained
dynamics of the C2 domain of cPLA, in solution are
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In the Ca2+-activated state, the coordination complex as
revealed by the low temperature x-ray structure (12) is main-
tained throughout the course of the simulation. We also
note that unlike the coordinating side chain of monodentate
Asn-65, the coordinating side chain of monodentate Asn-
95 undergoes continuous fluctuations throughout the simu-
lation such that at some instances it is within coordinating
distance from the Ca2+ ion in site II and at other
instances it is not. This result is consistent with previous
mutagenesis studies (28), which revealed that the side
chain of Asn-95 plays a less significant role than the side
chain of Asn-65 in Ca2+ binding.

. In the Ca2+-activated state, the short two-turn helical seg-

ment of CBL-I is not likely to be a well-defined a-helix
under physiological conditions, a result consistent with
NMR data (16) and different from x-ray data (12).

. In the Ca2+-activated state, the helical segment of CBL-

I undergoes nanosecond timescale flexing. This nano-
second timescale flexing is due to the presence of two
glycine residues, Gly-33 and -36, that make up the helical
segment. We find that a simultaneous substitution of
these glycines to amino acids having bulkier side chains
completely eliminates this flexing. FRET studies (2) have
shown that CBL-I belongs to the region of the domain
that inserts into the lipid bilayer during membrane inser-
tion. It is therefore possible that these glycine residues
play a vital role in the process of membrane insertion by

Time (ns)

0.4 0.8 1.2 1.6

of the backbone atoms of CBLs of the domain.
The RMS deviation profiles of (¢) CBL-I, (b)
CBL-II, and (¢) CBL-III, computed from the
simulation of the cation-free state of the domain
are compared to their corresponding RMS devi-
ation profiles computed from the simulation of
the Ca*-bound state of the domain.

1.2 1.6

imparting flexibility to CBL-I. In this context, we note
general evidence of the functional significance of protein
flexibility or ‘‘intrinsic disorder’” (53) and particular
evidence for the role of functional disorder in protein-
protein association triggered by Ca2+ binding (54). Based
on the results of our work, we suggest as a hypothesis to be
tested in future work that protein flexibility also plays arole
in Ca2+-mediated protein-lipid association. Furthermore,
we also hypothesize that the functional role of the flex-
ibility is to also provide for a transient exposure of CBL
hydrophobic side chains on the protein surface, thus
facilitating association with the membrane. This hypoth-
esis will be explored in future studies of membrane asso-
ciation with the Ca2+-bound state.

. We find that when we introduce pseudotorsional re-

straints into the helical portion of CBL-I via point
mutations, we eliminate the nanosecond timescale flexing
of the helix, but this still does not result in the formation
of a well-defined a-helix. This is most likely due to the
exposure of CBL-I to water under conditions of phys-
iological temperatures. It is well known that thermal
fluctuations can cause local opening and closing of back-
bone CO-NH hydrogen bonds, and if the local environ-
ments of such hydrogen bonds are not shielded from
water, as in this case, water molecules can compete for
hydrogen bonding with backbone donors and acceptors
and decrease their stability (47-51). This is also supported
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by the observation that the dynamical details of the helical
segment of CBL-I are dependent on the water model used
for simulating the domain in solution (see Fig. 4).

5. We find that removal of both bound Ca2+ ions from the
crystal structure does not result in altering the backbone
structure of the domain, a result consistent with EPR data
(2). We find that the large electrostatic repulsive forces

1ns snapshot CBL 1

FIGURE 9 Ca*"-binding cleft of the cPLA, C2 domain in the absence of
bound calcium. This structure was generated by replacing Ca>* ions in the
binding cleft with water molecules and then carrying out 1 ns of MD. We see
that the secondary structure of the binding cleft is essentially unchanged.
The large negative potential in the binding cleft created as a result of the
removal of the two crystallographically resolved Ca®>" ions is released via
three well-defined side-chain motions: y-angle rotations (indicated) of the
aspargines Asn-65 and -95 and a movement of Asp-40 away from the
binding cleft.
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between the negative charges in the binding cleft were
negated via three well-defined side-chain rearrangements:
x-angle rotations involving the side chains of the two
asparagines (Asn-65 and -95) and a movement of residue
Asp-40 away from the binding cleft.

. The side chains coordinating with the bound Ca2+ ion

in the crystal structure belong to flexible loops CBL-I,
CBL-II, and CBL-III. Therefore, in the absence of the
activating Ca2+ ions in the binding cleft it seemed
plausible (28), before the simulations presented in this
work, to argue that the high density of negative charges
in the binding cleft created by three aspartates (D-40,
D-43, and D-93) and two asparagines (N-65 and N-95)
would result in a disruption of the binding pocket struc-
ture. However, in this study we find that MD trajectories
generated upon removal of both bound Ca2+ ions from
the crystal structure and setting all the three aspartates to
be fully charged results in no changes in the secondary
structure of the domain. We therefore now find no reason
to believe that any of these aspartates would be pro-
tonated in the apo-state of the domain. These aspartates
are exposed to solvent in the apo-state, which suggests
only minor shifts from bulk titration state values (55),
and charging them simultaneously does not result in any
backbone rearrangements of the domain, consistent with
EPR data (2).

. Our inference from these simulations, that the three as-

partates in the binding cleft are likely to be charged in the
absence of any bound Ca2+ ions, suggests that the net
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charge in the binding cleft increases by 4 eu upon Ca2+
activation. This suggests that electrostatics plays a vital
role in triggering membrane insertion.
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