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A remarkable conformational rearrangement occurs upon Ca**/Mg>*
exchange in the C-terminal EF-hand site (labelled site EF or EF-4) of
parvalbumin, as initially established by X-ray crystallography. Such a
conformational rearrangement is characterised as follows: (i) the co-ordi-
nation number decreases from seven oxygen atoms in the Ca-loaded
form to six oxygen atoms in the Mg-loaded form, the heptaco-ordination
of Ca** corresponding with a skewed pentagonal bipyramid configur-
ation of the seven oxygen atoms, whereas the hexaco-ordination of Mg*"
corresponds with a regular octahedral configuration of the six oxygen
atoms; and (ii) Glul01, at the relative position 12 in the EF-hand loop
sequence (labelled “Glul2”), acts as a bidentate ligand in the Ca-loaded
form and as a monodentate ligand in the Mg-loaded form. As part of the
conformational rearrangement, the %x; dihedral angle undergoes a
gauche(+) to gauche(—) transition upon substitution of Ca®* by Mg?™,
whereas the y, angle remains practically unchanged and the y; angles in
both forms adopt a nearly mirror image relationship. In order to under-
stand the molecular mechanisms underlying such a conformational
rearrangement, we undertook a theoretical study using the free energy
perturbation (FEP) method, starting from high-resolution crystal struc-
tures of the same parvalbumin (pike 4.10 isoform) differing by the sub-
stitution of their two cationic sites EF-3 (or CD) and EF-4 (or EF), i.e.
the 1pal structure with EF-3(Ca*") and EF-4(Ca?"), the 4pal structure
with EF-3(Ca**) and EF-4(Mg®"). When Mg*" is “alchemically” trans-
formed into Ca?* within the EF-4 site of 4pal, the conformational
rearrangement of Glul2 is correctly predicted by the FEP calculation.
When Ca®" is transformed into Mg?" within the EF-3 site of 4pal, the
FEP calculation predicts the topology of the fully Mg-loaded form for
which no crystallographic data is presently available. As expected,
Glu62 (at the relative position 12 in EF-3 loop) is predicted to be a
monodentate residue within a regular octahedral arrangement of six
oxygen atoms around Mg>*. We also investigated the behaviour during
Ca** /Mgt exchange of two other typical EF-hand proteins, troponin C
(TnC) and calmodulin (CaM), for which no three-dimensional structure
of their Mg-loaded forms is available so far. It is also predicted that the
EF-3 site of TnC and the EF-1 site of CaM have their invariant Glul2
residues switching from the bidentate to the monodentate configuration
when Ca®" is substituted by Mg**, with six oxygen atoms being
observed in the co-ordination sphere of the alchemically generated
Mg>" cation.
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Ca?*/Mg?*-exchange in EF-hand Proteins

Introduction

The EF-hand proteins are a large family of evo-
lutionarily related proteins with Ca*"/Mg?**-mixed
type binding sites, including a variety of subfami-
lies, such as parvalbumin (Pa), troponin C (TnC),
calmodulin (CaM), sarcoplasmic calcium-binding
protein, the essential and regulatory light chains of
myosin, the 5100 and VIS subfamilies (Kawasaki &
Kretsinger, 1994). In such proteins, Ca®"/Mg*"
exchange appears closely related to physiological
processes that involve cell excitation and relax-
ation, like in muscle contraction (Pechere et al.,
1977; Riegg, 1989). In Pa, two Ca*'-Mg*" sites
bind Ca** with the highest affinity observed so far
(Kca =10° M1 and Mg?** with moderate affinity
(Kye =25 x 10° M1, in a competitive way (Cox
et af., 1977, Cavé et al., 1979; Haiech et al., 1979;
Wnuk et al., 1982). In their initial work demon-
strating the binding of Ca®' to parvalbumin,
Benzonana et al. (1972) reported a lower value of
2.5 x 10° to 2.5 x 107 M~ for both sites. However,
their binding measurements were made in the
presence of competing Mg?", and this may explain
the lower K, value thus inferred. In TnC, a dum-
bell-shaped protein with two lobes, each con-
taining a pair of EF-hand cation-binding sites, one
of the pairs (sites EF-3 and EF-4f) corresponds
with Ca?*- §2+ sites with Ko, =2 x 107 M~! and
Kyg =5 x 10° M, whereas the remaining sites in
the N-terminal lobe are Ca®*-specific with
Kc, =10° M7, as initially determined by Potter &
Gergely (1975). A ratio of Kc,/Ky, =4 x 10% is
thus inferred for the Ca®*-Mg>* sites of Pa and
TnC, although both proteins display large differ-
ences in their intrinsic affinity constants for Ca*"
and Mg”*, by as much as two orders of magnitude.
Such an invariance of the Kc,/Ky, ratio is appar-
ently the rule for most EF-hand proteins (Kawasaki
& Kretsinger, 1994). However, in the case of CaM a
lower ratio of Kc,/Ky, of ca 2.5 x 10> has been
reported for the Caz““fMg2+ sites EF-1 and EF-2
(Tsai et al., 1987).

In the resting eukaryotic cell, at low intracellular
Ca?** concentration, these EF-hand proteins are
expected to be Mg?™ filled, since intracellular Mg**
concentration is kept rather constantly in the milli-
molar range (Robertson et al., 1981; Hou et al,
1992). Upon muscle relaxation, as reviewed by
Rilegg (1989), parvalbumin may take up the Ca*"
bound to TnC and CaM, among other calcipro-
teins, because of its high affinity for Ca®*, while
Ca** may bind first to TnC and CaM because of a
slow off-rate of Mg®>" from parvalbumin (Breen
et al., 1985, White, 1988; Falke et al., 1994), thus
eliminating the paradox that parvalbumin with its

+ The evolution-based nomenclature proposed by
Kawasaki & Kretsinger (1994) for EF-hand sites is
adopted here: both four-site EF-hand proteins TnC and
CaM correspond to sites EF-1 through EF-4, whereas the
two-site EF-hand parvalbumin is labelled with sites EF-3
(initially site CD) and EF-4 (initially site EF).

elevated affinity for Ca®" could preferentially
sequester most of the intracellular calcium immedi-
ately after a Ca®* transient increase upon cell exci-
tation. As shown by Hou et al. (1992), using
isolated frog skeletal muscle fibres, Pa facilitates
muscle relaxation in the 0-20°C range due to a
subtle balance between the temperature-depen-
dence of the Ca’" and Mg>" dissociation rates
from Pa and that of the Ca®" uptake rate by the
sarcoplasmic reticulum, in agreement with theor-
etical simulations indicating that Pa would have its
greatest relative effect at low temperatures in
skeletal muscle of poikilotherms (Gillis et al., 1982).
It is well established that Pa is present in relatively
large quantities in the muscles of lower vertebrates,
whereas in the higher vertebrates it is only present
in relatively small amounts. The presence, how-
ever, of Pa in the central nervous system of higher
vertebrates (Berchtold et al.,, 1985; Celio, 1985;
Ptyffer et al., 1987; Bliimcke et al., 1990; Hartig et al.,
1996) raises the question of a more general role of
Pa in the control of cell excitation and relaxation.

In their cation competition studies, using the
firmly bound trivalent cation Gd*" (K, =2 x 10"
M) as an NMR paramagnetic relaxation probe,
Cavé et al. (1979) showed that the ionic radius
plays an essential role in the affinity of Pa for the
IIA and IIB divalent cations. A maximum affinity
is observed for Ca®* and Cd**, with closely related
ionic radii (0.99 and 0.97 A, respectively), whereas
smaller cations, such as Mg>* (0.65 A) and Zn**
(0.74 A) display lower binding constants by three
to four orders of magnitude. A larger cation such
as Sr** (1.13 A) only experiences a decrease in affi-
nity by a factor of 10 compared to Ca**.

As first demonstrated by Declercq et al. (1991) in
a study of a set of high-resolution crystal structures
of the same parvalbumin (isoform pI 4.10 from
pike muscle) with their EF-hand sites occupied by
Ca?*, Mn** or Mg?*, some remarkable, although
subtle, changes in the protein conformation are
associated with the substitution of Ca>" by other
divalent cations with different ionic radii, in one or
both of the Pa EF-hand cation-binding sites. This
crystallographic study led to the discovery that
Glul01 in the EF-4 site (or EF) undergoes a trans-
formation from the gauche(+) 7y, rotamer
(x1 = —75°) in the Ca-loaded form to the gauche(—)
X1 rotamer (y; =+60°) in the Mg-loaded form,
while the y, dihedral angle remains unchanged
and the yx; dihedral angle adopts a nearly mirror
image relationship in both forms. As depicted in
Figure 1, it appears that the gauche(+)<>gauche(—)
transformation satisfies a well-defined criterion, i.e.
the locus of the cation remains practically invariant
within the protein tertiary structure, independent
of its occupancy by Ca** or Mg>*. The simple
rotation of the Glul01 side-chain around its C*-CP
bond, allows a change in the co-ordination number
of the central cation, the glutamyl residue contri-
buting as a bidentate ligand for Ca®* and as a
monodentate ligand for Mg?*. In the EF-3 (or CD)
site of parvalbumin the homologous glutamy! resi-
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Figure 1. Conformational transition of Glu in relative
position 12 of an EF-hand binding site when the co-ordi-
nation number of the liganded cation changes by one
unit. This transition was described in the case of the
EF-4 site of parvalbumin (Declercq et al., 1991).

due Glu62 displays a behaviour similar to that of
Glu101 upon Ca*"/Mg*" exchange, as far as the y;
angle is concerned, based on NMR evidence
(Blancuzzi et al., 1993) and, as suggested by an
infra-red study, as far as the bidentate < mono-
dentate switch is concerned (Nara et al., 1994).
Both glutamyl residues Glu62 and Glul01 occupy
homologous positions in the EF-3 and EF-4 sites of
Pa, corresponding with the relative position 12 in
the canonical EF-hand loop (Kawasaki &
Kretsinger, 1994). Interestingly, Glul2 is highly
conserved in all EF-hand loops, Glu being found
substituted only by Asp, and in only 8% of all
known sequences (Kawasaki & Kretsinger, 1994;
Falke et al., 1994). Such a substitution may lead to
an inadaptation of the protein to Ca®t/Mg*"
exchange, since the bidentate <> monodentate
transconformation would require a displacement
of the cationic locus itself and, thus, of all the other
oxygen atoms of the co-ordination sphere.

Whereas the two cation-binding sites of parv-
albumin, EF-3 and EF-4, are usually described as
displaying indistinguishable affinity constants for
Ca**, if not identical (Kawasaki & Kretsinger,
1994), a detailed kinetic study of whiting Pa using
the calcium-dependent fluorescence properties of
this Trp-containing parvalbumin (White, 1988)
provided evidence that four distinct microscopic
equilibrium constants for Ca®" need to be distin-
guished when the apo-protein is titrated with Ca®"
in line with the occurrence of four possible distinct
molecular species, i.e. Pa.0.0, Pa.Ca.0, Pa.0.Ca and
Pa.Ca.Ca. These four equilibrium constants for
Ca** may differ by as much as five orders of
magnitude (lying between 2 x10°M™' and
1.2 x 10" M) due to very different Ca*" off-rate
constants (from 500 to 0.001 s~!) whereas the Ca**
on-rate constants are very similar (in the 1 x 10°
to 6 x 10* M~! s7! range). Such a study appears
to be consistent with a study by Permyakov et al.
(1980a,b), stating that there are two stoichiometric
equilibrium constants for Ca?* binding to whiting

parvalbumin, namely, 5x 108 M~! and
6 x 10° M~! for the first and second Ca?* bound,
respectively. These studies with an intrinsic protein
chromophore suggest that both cation-binding
sites, EF-3 and EF-4, display rather distinct affi-
nities for Ca®*. The observation by Declercq et al.
(1991) that the EF-3 site (or CD site) was selectively
substituted by Ca®" during crystallisation of the
Mg-loaded pike 4.10 Pa, in the presence of an
excess of Mg“, also points to the occurrence of
two EF-hand sites with distinct affinities for a
given divalent cation.

There is evidence that Pa displays a third low-
affinity cation-binding site (Declercq et al., 1991,
and references therein). In their competition studies
with carp 4.25 Pa using Mn*" as an NMR water
relaxation paramagnetic probe, Cavé et al. (1979)
established that the third site displays similar
affinities for a variety of divalent cations (Ca®",
Mg?*, Mn?**, Cd*"), independently of their ionic
radii, with K, values in the mM range. Titration of
the fully Cd**-loaded form (component pl 4.25
from carp) by Mn*" as monitored by '*Cd NMR
(Cavé et al., 1982) showed that Mn*" binds to the
third site at a distance of ca 5 A from one of the
primary sites, as shown by the differential relax-
ation (line-width) induced on one of both 3Cd
resonances in the spectrum, whereas the other
13Cd resonance remains practically unaffected.
This led to the conclusion that the third site was a
satellite of one of the primary sites (erroneously
assigned to be the EF-4 site, although the corre-
sponding '*Cd resonance was the only one to dis-
play a pH-sensitive chemical shift), at close
distance of the site whereas it lies far apart from
the other site (>10 A). A subsequent '"*Cd NMR
study of parvalbumin based on the competition of
Cd*" by different lanthanides allowed to revise the
assignment of both parvalbumin '"*Cd resonances
(Drakenberg et al., 1985), so that the third site in
parvalbumin was to be viewed as an EF-3 satellite.
Such a conclusion appeared subsequently fully
substantiated by X-ray crystallographic studies of
the fully Mn-loaded form of pike pl 4.10 parvalbu-
min, as well as of mixed forms with the third site
occupied with Mg*" or NHf (Declercq et al., 1991),
in agreement with a structural prediction based on
a lanthanide ion luminescence study of parvalbu-
min in solution (Rhee et al., 1981).

As shown by X-ray crystallography with pike
4.10 parvalbumin (Declercq et al., 1991), the third
site involves Asp61 (at the relative position 11), as
a specific metal-liganding besides other carboxy-
late-containing residues shared with the primary
EF-3 site, in agreement with the initial prediction
of Rhee et al. (1981) using the Asp61-containing iso-
form pl 4.25 from carp muscle. In contrast, the
crystal structure of a parvalbumin from shark,
with Glu61, showed no indication for any electron
density compatible with cation binding at the level
of Glu6l (Roquet et al., 1992). It is presently estab-
lished, based on about 30 amino acid sequences,
that both phylogenetic lineages o and B of parv-
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albumin display Asp and Glu at position 61
(Kawasaki & Kretsinger, 1994), so that a delinea-
tion between both lineages based on the third site
does not apply, as initially suggested (Cavé et al.,
1982). The third site can also accommodate mono-
valent cations, although with a lower affinity than
that observed for divalent cations (Cavé et al.,
1979; Declercq et al., 1991). So far there is no real
understanding of the role or influence of this third
site on the general cation-binding properties of the
Asp6l-containing parvalbumins in comparison
with the Glu6l-containing ones, with apparently
no third site (see, however, Drakenberg et al.,
1985).

In order to understand the molecular basis
underlying Ca®*/Mg”*" exchange in parvalbumin,
we decided to undertake a theoretical analysis of
this protein using two high-resolution crystal struc-
tures of the Asp6l-containing pike 4.10 isoform
(Declercq et al.,, 1991), i.e. the 1Ipal structure at
1.65 A resolutlon (Pa.CaCa.NH,), with both its
high-affinity sites EF-3 and EF-4 occupied by Ca**
and the third site occupied by an ammonium ion,
and the 4pal structure at 1.75 A resolution
(Pa.CaMg.Mg), with the EF-3 site occupied by Ca**
and the EF-4 site occupied by Mg**, whereas the
third site is also occupied by Mg**. For such an
analysis, we chose the free energy perturbation
(FEP) method (for a recent review, see Kollman,
1993). Besides the fact that this method is able to
describe the conformational changes of the protein
associated with cation-exchange, it is also able to
provide, to some extent, quantitative information
on the relative stabilities of the different cation-pro-
tein complexes through the calculation of free
energy differences. We also tested the possibility
that the conformational adaptability of the Glu
side-chain at the relative position 12 is also at play
during Ca*"'/Mg**-exchange in the Ca®*-Mg*"
sites of TnC and CaM. Finally, the calculations
involved the case of the sarcoplasmic calcium-
binding protein in which Asp lies in the relative
position 12, instead of Glu.

Results

Ca?"/Mg?* exchange in the EF-3 site
of parvalbumin

Such an alchemical calculation is appealing,
since no fully Mg-loaded structure of any EF-hand
protein is known so far. As a starting structure we
selected the PaCaMg.Mg crystal structure (4pal)
which has been determined at 1.75 A resolution.
Note that our model only includes a spherical
domain of the protein structure (see Materials and
Methods). In our calculation, this domain is
centred on the cation in the EF-3 site. Its radius is
15 A, ie. all side-chains of the cation-liganding
residues are included. Obviously, the PaMgMg.Mg
structure obtained as a result of the cation trans-
formation in the EF-3 site during the FEP calcu-
lation will not be totally realistic, owing to the fact

A A
Ca® + I I > Ca™

M. g2+ + P

Figure 2. Thermodynamic cycle used to compute the
relative free energy difference (AAA) associated to Mg?*
versus Ca*" binding, by parvalbumin and other EF-hand
proteins. In practice, AAA = AA, — AA; is computed as
AAA = AA, — AA;, through the alchemical transform-
ation of Ca?* — Mg?", in water on the one hand (AAj;),
and in the studied protein EF-hand site, on the other
hand (AAy).

that a relatively large part of the protein is being
held fixed during the calculation.

In Figure 2, the thermodynamical cycle associ-
ated with Ca®*/Mg>" exchange in parvalbumin is
shown. Here, P represents the parvalbumin in
different conformational states. Note that within
such a scheme, no knowledge of the conformation-
al state of parvalbumin with its EF-3 site devoid of
any cation is required, since in the calculation of
the AA; free energy difference, the energy terms
associated with the protein cancel out. Moreover,
as recalled in Material and Methods, with the par-
ameter set used in the present study (Aqvist, 1990),
cation free energy differences in water are very
well reproduced, that is, the calculated AA;
(—77.0(£0.4) kcal/mol) is found to lie close to
experimental values, namely —79.0(£1.3) kcal/mol
(Gomer & Tryson, 1977; Marcus, 1994).

The step-by-step (AX =0.1) alchemical trans-
formation of PaCaMg.Mg (4pal) into PaMgMg.Mg
is illustrated in Figure 3 with respect to some criti-
cal geometrical features of the EF-3 site upon
Ca*"/Mg*" exchange by plotting: (i) the variation
of time-averaged cation-oxygen distances as a
function of the transformation parameter A; and
(i) the variation of the three torsional angles y;
through y; of Glu62. When A = 0.05, seven oxygen
atoms are co-ordinating the Ca®*-like cation at a
mean distance of 2.3 A. This latter value happens
to be significantly lower than the corresponding
mean distance in the crystal structure, namely,
2.4 A (Declercq et al., 1991). Moreover, an eighth
oxygen atom, the 0% of Glub9, lies in the calcu-
lated structure at a distance, 2.7 A, significantly
shorter than in the crystal structure, namely, 3.5 A.
This certainly reflects the inaccuracies of the force
field used to describe cation-oxygen interactions
(see Discussion). A topology with seven oxygen
atoms in the co-ordination shell of the cation,
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Figure 3. Ca?" — Mg?" transformation within the
EF-3 site of parvalbumin. (a) Average cation-oxygen
distances. Diamonds, Asp51 carboxylate oxygen atoms;
squares, Asp53 carboxylate oxygen atoms; triangle,
Ser55 hydroxyl oxygen; cross, Phe57 carbonyl oxygen;
reverse triangles, Glu59 carboxylate oxygen atoms;
circles, Glu62 carboxylate oxygen atoms. (b) Average
values of the three torsional angles of the Glu62 side-
chain, for each value of A (A =0 corresponds to the Ca
state of the cation, while A =1 corresponds to its Mg
state). Glu62 is in relative position 12 of the EF-hand
motif.

which is expected in the case of a Ca?*-like atom,
is clearly restored when A becomes larger than
0.35, and this topology is kept when A increases up
to L =0.85. A general decrease in the cation-oxy-
gen distances is observed as the A value increases,
which is correlated with the ionic radius decrease
of the simulated cation (see Materials and
Methods), in agreement with X-ray -crystallo-
graphic studies of parvalbumins substituted by
divalent cations differm% in their ionic radii,
namely, Ca®*, Cd**, Mn** and Mg*" (Declercq
et al., 1991; Swain et al., 1989). During the last step
of the simulation (A, =0.95), the O oxygen of
Glu62 leaves the co-ordination sphere and becomes
an outer shell atom at a distance greater than 3 A
from the central cation, Mg®*-like, whereas the O*
oxygen of Glu62 comes significantly closer to the
cation. This corresponds to the transformation of
Glu62 from a rather symmetrical bidentate ligand
to a monodentate one. At this point, the co-ordina-
tion shell of the cation corresponds with a strict
hexaco-ordination, in agreement with crystallo-
graphic data on the EF-4 binding site of the
PaCaMg.Mg structure, as well as with numerous
structural data on solvated Mg®*" (Ohtaki &

Radnai, 1993). However, mean Mg**-oxygen dis-
tances, namely, 1.9 A, are significantly shorter than
experimentally observed ones, namely, 2.1 A,
the EF-4 site of 4pal, and 2.00-2.15 A for Mg2+—
water oxygen distances (Ohtaki & Radnai, 1993).
This latter fact certainly also reflects the inaccura-
cies of the force field used. Note that rather sym-
metrical results are observed in the reverse
simulation, that is, when A is decreasing from
A =0.95 to the initial A =0.05 value. This means
that the results found at each A value do not
depend too much on the way the initial conditions
of each simulation are determined. It also means
that the time span of the simulations performed at
each A value is large enough, so that it allows for a
reasonable equilibration of the system between
each Al.

Since we observed that Glu62 undergoes the
most dramatic change during the Ca*" — Mg*"
transformation, we also plotted the variations of
the three torsional angles y,; through y; of Glu62 as
a function of A (Figure 3(b)). All three angles
remain practically unchanged for A values in the
range 0.05-0.85. A marked variation is observed
when A =0.95, as Glu62 becomes a monodentate
ligand of the central cation, y, varying from nearly
—60° to —30°, ¥, from nearly —190° to —160° and
3 from nearly —40° to —90°. Although our theor-
etical approach clearly predicts that Glu62, in the
EF-3 site, undergoes a transformation from a
bidentate to a monodentate ligand, the latter
results markedly differ from what was expected
from the comparison of the crystal structures PaCa-
CaNH,; (1pal), or PaCaCa.Mg (3pal), with
PaCaMg.Mg (4 Z}Dal) It was found that substitution
of Ca?" by Mg" in the EF-4 site corresponds with
a large variation of y;, a nearly zero variation of
Yo, and a significant variation of x;. As a matter of
fact, the y;-y5 values of Glu62 observed during the
A =0.95 simulation are very close, within 10°, to
those of Glul01, when the EF-4 site is occupied by
Mn?* (Declercq et al., 1991).

As described in Materials and Methods, each
simulation at a given A value is performed with a
5 ps equilibration period followed by a 10 ps tra-
jectory. Thus, the question of whether the system is
fully relaxed after 15 ps at A =0.95 has to be
addressed, as well as whether the behaviour of the
system at this A value is different from its behavior
at A =1.0, i.e. when the central cation in the EF-3
site is a “pure” Mg>*. Thus, a 100 ps molecular
dynamics (MD) simulation was performed, with
L = 1.0, starting from the point reached at the end
of the A = 0.95 calculation. As shown in Figure 4, a
remarkable feature is observed during this trajec-
tory, as far as the Glu62 torsional angles are con-
cerned. Whereas the y, angle remains stabilised at
a mean value of —170° all along the trajectory
(data not shown), this is not the case for both 1y,
and y3 angles. In the first half of the trajectory, yx;
and y; transition spikes are observed, both angle
variations being strongly correlated. In contrast, in
the second half of the 100 ps trajectory, relatively
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Figure 4. Dynamical behaviour of the y; (continuous
line) and y; (broken line) torsional angles of the Glu62
side-chain, during a 100 ps time span starting at the end
of the Ca** — Mg?* transformation within the EF-3 site
of parvalbumin. The yx, angle remains rather constant
around a —170° value (data not shown).

long-lasting variations of y;, and y; are observed,
%1 jumping from nearly —40° to +50°, and y; from
nearly —90° to —180°. As found when a longer
trajectory is considered (100 ps more, data not
shown), Glu62 is in equilibrium between two
states, one observed when A = 0.95 and in the most
part of the 50 first ps of the trajectory performed at
A =1.0, and the other one observed nearly half of
the time during the remaining 50 ps of the trajec-
tory performed at A = 1.0 (see Figure 4), as well as
later on (data not shown). Interestingly, the latter
conformational state is very close to the one
observed with Glul01, in the Mg-loaded form of
the EF-4 site (see Table 1). Since the system we stu-
died is restricted to a sphere around the EF-3 site,
and since it is likely that an unrestricted system
would have more possibilities to relax, our results
strongly suggest that upon Ca**/Mg*"-exchange
the EF-3 binding site undergoes a conformational
rearrangement very similar to the one experimen-
tally observed in the EF-4 site. Geometrical features
of the EF-3 site occupied by Mg?*, as inferred from
one snapshot picked near the end of the 100 ps
trajectory performed with A =1.0 (Figure 4), are
shown in Figure 5. It underlines the fact that
x1=4+50°, y,=-170° and yx;=-180° in the

Glu62 side-chain correspond with a quite regular
oxygen octahedron around the central cation, in
agreement with the known features of the EF-4
site, when it is occupied by Mg?*.

The possibility that the Glul2 side-chain hap-
pens to be highly flexible within the EF-hand sites
of parvalbumin has also to be considered. To do
so, another 100 ps MD simulation was carried out
starting from the crystal structure PaCaMg.Mg,
with A = 0.0, i.e. in the case of EF-3 loaded with a
pure calcium. A single conformational state is
observed for Glu62 over the entire trajectory (data
not shown). It is similar to the state observed at
A =0.05 during the FEP calculation (see Figure 3).
Thus, the occurrence of a conformational equili-
brium for the Glu62 side-chain seems to be unli-
kely in the Ca-loaded form.

The free energy calculations carried out with
both systems described in the legend to Figure 2,
the cation in water on the one hand, and the
protein-bound cation on the other hand, allow
for the calculation of the corresponding free
energy difference. As shown in Table 2, a value
of AAA = AA, — AA;=4.4(£0.5) kcal/mol was
obtained, which corresponds with a ratio of Ca%+
and Mg”* affinity constants of roughly 10° at room
temperature, in good agreement with experimental
data (see Introduction). The relevance of such a
result will be discussed below. It suggests that the
model and the potential energy function used in
the present study are able to lead, in spite of differ-
ent approximations, to a quite good description of
the main energetical features of an EF-hand bind-
ing site.

Mg?*/Ca?" exchange in the EF-4 site
of parvalbumin

The PaCaMg.Mg crystal structure (4pal) was
also taken as a starting point to investigate Mg**/
Ca®" exchange within the EF-4 site. Such an
additional FEP calculation is intended to be a test
of the validity of the approach used in order to
obtain the above results, on the EF-3 site of parv-
albumin, as well as on other EF-hand sites (see
below), since the structure to be reached at the end
of the calculation, PaCaCa.Mg, is already known
by X-ray crystallography (3pal).

Table 1. Dihedral angles (in degrees) of the glutamate side-chain at the relative position 12 of the EF-hand motifs

of parvalbumin

EF-hand motif Cation X1 A2 %s
EF-3: crystal structures® Ca%t —78, —67, =72 175,169,176 —-12, -9, —24
EF-4: crystal structures® Ca?t —78, =72 -179, =177 —31, =37
EF-4: crystal structure® Mg>+ 62 -172 -167
EF-3: simulated structure Mg+ 50 —-170 —180

Comparison between experimental (Declercq et al., 1991) and theoretical data. The simulated structure corresponds with the con-
formational state achieved within the 80-100 ps region of the MD trajectory (see Figure 4).

 Dihedral angles of Glu62 in crystallographic structures 1pal, 3pal and 4pal, respectively.

® Dihedral angles of Glu101 in crystallographic structures 1pal and 3pal, respectively.

¢ Dihedral angles of Glul01 in the crystallographic structure 4pal.
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Figure 5. Predicted geometry of the EF-3 site of parv-
albumin, when it is occupied by Mg®*. Oxygen atoms
and the magnesium atom are represented as large
spheres, grey and white ones, respectively. A dotted line
means that the corresponding cation-oxygen distance is
smaller than 2.0 A. The geometry displayed corresponds
with a snapshot along the MD trajectory within the 80-
100 ps region (see Figure 4) so that the monodentate
Glu62 displays the yx; gauche(—) rotamer. This Figure was
drawn with the Molscript program (Kraulis, 1991).

As indicated in Figure 6(a), when A = 0.05 (Mg-
state) the cation is hexaco-ordinated, its ligands
being Asp90, Asp92, Asp94, Met96 (main-chain
C =0), a water molecule along the —X direction,
and Glul01 (monodentate) along the —Z direction,
at the relative position 12 of this EF-hand motif.
During the Mg*t — Ca** transformation, as soon
as A =0.15, Asp92 becomes a bidentate ligand.
This is probably not a meaningful result, since in
all known crystal structures of Ca-loaded parv-
albumins, Asp92 behaves as a monodentate ligand.
However, both oxygen atoms of Asp92 remain
close to the central cation up to A =0.95, the
Ca-state. At A =0.55, Glul01 becomes a bidentate
ligand, so that the cation co-ordination number
rises to eight.

On the other hand, the backward Ca?t — Mgpr
transformation is first characterised by an exchange

Table 2. Relative free ener%y difference (AAA), in kcal/
mol, associated to the Ca®*— Mg?" alchemical trans-
formation in water and in parvalbumin EF-hand sites,
starting from three different crystallographic structures

Structure EF-3 site EF-4 site

PaCaMg.Mg (4pal) 44405 —-15+21
PaCaCa.Mg (3pal) 29+0.0 —-0.5+£0.0
PaCaCa.NH, (1pal) 51+£03 6.6 19

The hysteresis measured at the end of the
Ca*t — Mg*" — Ca* transformation is given as an estimation
of the accuracy of our calculations. With our model and para-
meter set, the free energy difference between the two cations in
water is nearly —77.7 kcal/mol.

<Cation-Oxygen distance> (A)

-50 |- -

Dihedral angle (°)

100 |- . ey

50 X3 7 . B

Figure 6. Mg*" — Ca*" transformation within the
EF-4 site of parvalbumin. (a) Average cation-oxygen dis-
tances. Diamonds, Asp90 carboxylate oxygen atoms;
squares, Asp92 carboxylate oxygen atoms; triangles,
Asp94 carboxylate oxygen atoms; cross, Met96 carbonyl
oxygen; circles, Glul01 carboxylate oxygen atoms; plus,
water 246 hydroxyl oxygen. (b) Average values of the
three torsional angles of the Glul01 side-chain, for each
value of A (A =0 corresponds with the Mg state of the
cation, while A =1 corresponds with its Ca state).
Glul01 is in relative position 12 of the EF-hand motif.

of liganding oxygen atoms which occurs at
A =095 Whereas Asp90 becomes bidentate,
Asp92 switches simultaneously from the bidentate
to the monodentate configuration. Thus, the cation
co-ordination number remains equal to eight, but
the nature of the liganding atoms differ from what
it is at the end of the Mg*" — Ca** transformation.
At A <025 both Asp90 and GlulOl residues
switch from the bidentate to the monodentate con-
figuration, so that the cation becomes hexaco-ordi-
nated for A values close to zero, when the system
is in a Mg-state, in agreement with experimental
data. Note that Asp94, in relative position 5,
behaves as a monodentate ligand all along the
“round-trip” Mg?*" — Ca®t — Mg?* FEP calcu-
lation. Moreover, as expected, all cation-oxygen
distances within the co-ordination sphere progress-
ively increase during the Mg** — Ca** transform-
ation, from a mean value of 1.9 A, up to a mean
value of 2.3 A. As observed during our previous
calculation, these distances are slightly shorter than
the experimentally determined ones. The instability
of the configuration of the eight oxygen atoms
around Ca?*, exhibited in the A = 0.95 simulations
is not presently understood, but it is likely that it is
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also a consequence of the inaccuracies of the poten-
tial energy function used here, since it occurs in
the context of an incorrect prediction, namely, that
there are more than seven oxygen atoms in the co-
ordination shell of Ca*. Note, however, that octa-
co-ordination of Ca®* has often been observed, in
particular during MD simulations of this cation in
a water environment (Allouche, 1997; Periole et al.,
1997; 1998, and references therein), but also in
many crystal structures of small molecules
(Kaufman-Katz et al., 1996).

It is clear that the pattern shown in Figure 6(a) is
less symmetrical than the corresponding pattern
shown in Figure 3(a), i.e. the one associated with
Ca*"/Mg**-exchange within the EF-3 site. How-
ever, the conformational behaviour of the Glul01
side-chain is much more symmetrical, as judged by
the variation of the torsional angles x;-x5 all along
the round-trip transformation (see Figure 6(b)),
than in the previous case (Figure 3(b)). The y,
value remains almost constant all along the trans-
formations, at a —180° value which corresponds to
a trans rotamer about the CP-C” bond. In the initial
Mg-loaded form, y; =+450° corresponds to the
gauche(—) rotamer about the C*-CP bond, whereas
at the end of the Mg*" — Ca®" transformation,
x1 = —60° corresponds to the gauche(+) rotamer, y;
switching simultaneously from —170° to —60°, in
nearly perfect agreement with what is found in the
crystal structure of the fully Ca-loaded form PaCa-
Ca.Mg (3pal), as well as in PaCaCa.NH, (1pal; see
Table 1) in spite of the fact that the filling of the
third site is different in this latter structure.

Finally, though the structural features observed
during the FEP calculation itself with EF-4 are clo-
ser to experimental data than in the calculation
with EF-3, the free energy difference value
obtained seems at variance with the experimental
result (see Table 2), since the affinity of the EF-4
site for Mg*" is found to be greater, or at best
equal, to its affinity for Ca®*. This is a rather para-
doxical result, since the value obtained in the case
of the EF-3 site was found to be a quite reasonable
one in comparison with the experimental data.
However, the possibility that this result is also
meaningful may have to be taken seriously, since it
is consistent with the fact that PaCaMg.Mg was
crystallised as a unique form (Declercq ef al., 1991).
Indeed, if the EF-4 site was found occupied by
Mg?* in all crystal cells of this form, the EF-3 site
being occupied by Ca**, this means that the ratio
of the affinity constants for Ca** and Mg*" is lar-
ger in the case of the EF-3 site than in the case of
the EF-4 site, at least in the conditions used to crys-
tallise the PaCaMgMg form, ie. at low Ca®"
(impurity level) and very high Mg concentrations
(magnesium sulfate was used as the precipitating
agent). One possibility is that such a distinction
between the binding properties of the two parv-
albumin EF-hand sites occurs when the so-called
“third site”” of parvalbumin (Declercq et al., 1991)
is occupied by Mg?" instead of a monovalent cat-
ion (ammonium) in the 1pal structure. In order to

test this hypothesis, other FEP calculations were
performed, starting from the fully Ca-loaded forms
PaCaCa.Mg (3pal) and PaCaCa.NH, (lpal), in
which the third site is occupied by Mg** and NH{,
respectively. As shown in Table 2, the AAA values
obtained at the end of Ca®" — Mg?" transform-
ations in the EF-3 site of PaCaMg.Mg, PaCaCa.Mg
or PaCaCa.NH, are of similar magnitude, ranging
between 2.9 and 5.1 kcal/mol. When such a trans-
formation is performed within the EF-4 site of
PaCaCa.NH,, the AAA value obtained is also a
large one, namely, 6.6 kcal/mol. As a matter of
fact, in the case of this latter structure (1pal), both
EF-hand sites of parvalbumin display similar rela-
tive binding properties with respect to Ca** and
Mg?*, in agreement with standard experimental
data, as well as with the hypothesis that the bind-
ing properties of the EF-4 site of parvalbumin are
not the usual ones when the third site is occupied
by Mg?*, like in 3pal or 4pal.

As far as the dynamical behaviour of Glu in rela-
tive position 12 upon Ca**/Mg**-exchange is con-
cerned, in the two FEP calculations performed
with the EF-3 site, starting from the Ca-loaded
forms 1pal and 3pal, no clear dihedral transition is
observed, even when a 100 ps trajectory is per-
formed at A = 1.0. In the calculations with the EF-4
site, dihedral transitions are observed in the case of
1pal, when 100 ps more at A = 1.0 are performed,
but they are significantly different from the exper-
imentally known one (y, being involved in the
transition, for instance). Nevertheless, all calcu-
lations correctly predict an hexaco-ordination for
Mg?*, Glu in relative position 12 becoming mono-
dentate upon Ca®*/Mg?>*-exchange.

Mg2*/Ca?* exchange in other EF-hand proteins

As shown in Figure 7, a symmetrical round-trip
pattern is observed in the case of the Ca**/Mg*"

A

<Cation-Oxygen distance>

L R L
0 0.5 1

Figure 7. Ca®' — Mg”*" transformation within the
EF-3 site of troponin C, average cation-oxygen distances,
for each value of A (A =0 corresponds with the Ca state
of the cation, while A =1 corresponds with its Mg
state). Diamonds, Aspl06 carboxylate oxygen atoms;
squares, Asnl08 carboxylate oxygen; triangles, Asp110
carboxylate oxygen atoms; cross, Phell2 carbonyl oxy-
gen; circles, Glull7 carboxylate oxygen atoms; plus,
water176 hydroxyl oxygen.
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exchange in the EF-3 site of troponin C. This
pattern is rather similar to the one calculated for
the parvalbumin EF-3 site (see Figure 3(a)). The
Glul17 of troponin C, which is homologous to
Glu62 of parvalbumin, undergoes a transition from
a bidentate (Ca-loaded site) to a monodentate
configuration (Mg-loaded site). At the end of the
Ca** — Mg*" transformation, the conformational
state of Glull7 is closely related to the state
obtained at the same point, in the case of parval-
bumin Glu62 (see Figure 3(b)). Noteworthy, no
gauche(+) — gauche(—) transition is observed for y,
(data not shown). Very similar results are obtained
when the Ca**-Mg*" EF-1 site of calmodulin (Tsai
et al., 1987) is studied, Glu31 (in relative position
12 of EF-1) undergoing the bidentate to monoden-
tate transition (data not shown). Finally, since in
all our calculations the crucial role of Glu in rela-
tive position 12 on Ca®*/Mg>" exchange is under-
lined, a FEP calculation was performed in the case
of the EF-1 site of the sarcoplasmic calcium-bind-
ing protein (Vijay-Kumar & Cook, 1992) in which
an Asp lies in relative position 12 (Asp27). In this
case, a hexaco-ordination of Mg** is also ?redicted
but Asp12 remains bidentate all along Ca**/Mg>*-
exchange, while Asp3 (Aspl8), along the Y axis,
switches from the bidentate to the monodentate
configuration (data not shown).

Discussion

The alchemical substitution of Mg** by Ca** in
the EF-4 site of Pa allowed us to test the validity of
our theoretical predictions in the light of both
known states of the EF-4 site, Ca*" or Mg**-
loaded, in the high-resolution crystal structures
1pal and 4pal, respectively (Declercq et al., 1991).
As shown in Figure 6(a), the most striking trend is
the progressive adaptation upon A variation of the
oxygen-cation distances for all co-ordinating atoms
to the evolution of the ionic radius (as simulated
by the A variation), with the exception of the
carboxylate oxygen atoms of GlulOl. Indeed, the
carboxylate O* atom of Glul01 enters (Ca*" bind-
ing) or leaves (Mg>" binding) the co-ordination
sphere of the cation during the alchemical trans-
formation. The O atom, the other carboxylate
oxygen, follows the adaptive trend of the other
oxygen atoms and remains constantly part of the
co-ordination sphere of the central cation. The fact
that GlulO1 switches between a monodentate
ligand (Mg** binding) and a bidentate ligand state
(Ca®" binding) in the parvalbumin EF-4 site during
the FEP calculation with 4pal apparently validates
our approach. Furthermore, as shown in
Figure 6(b), the rearrangement observed at the
level of GlulO1 is characterised by a variation of
both dihedral angles y, and 5 whereas y, remains
constant, in agreement with X-ray crystallographic
data. Thus, taken together, the results presented in
Figure 6 are satisfactorily mimicking the structural
features observed experimentally, the confor-

mational rearrangement of the GlulO1 side-chain
upon Ca**/Mg>*-exchange being remarkably well
predicted. These results justify our attempt to use
the same approach in the case of the parvalbumin
EF-3 site for which only the Ca*"-bound state is
known, as far as crystallographic evidences are
concerned, as well as in the case of other EF-hand
proteins (TnC and CaM) for which no tertiary
structure with bound Mg?* is known so far.

At present, a tertiary structure of parvalbumin
with both its primary sites, EF-3 and EF-4, occu-
pied by Mg®" is not available. As shown in
Figure 5, starting from the 4pal crystal structure, or
Pa.CaMg.Mg, our approach leads to a geometry of
the Mg**-loaded EF-3 site, in the structurally
unknown Pa.MgMgMg form. Since the calcu-
lations were only carried out with a protein subdo-
main and not with the whole protein molecule (see
Materials and Methods), the fully Mg?*-loaded
form thus generated is not to be considered as a
totally realistic tertiary structure of the novel
Pa.MgMg Mg form. However, we consider the
geometrical features of the EF-3 site itself to be
structurally accurate. Indeed, the predicted struc-
ture fully satisfies the co-ordination requirements
of Mg*" by an EF-hand motif, the hexaco-ordina-
tion being sharply defined with a regular octa-
hedral arrangement of the liganding oxygen atoms
around the central cation (see Figure 5). Moreover,
as expected, Glu62, which is homologous to
Glul0l in the EF-4 site, acts as a monodentate
ligand.

It is interesting to note that Strynadka & James
(1989) speculated that the co-ordination geometry
of the HLH sites in the EF hand proteins with an
invariant glutamyl residue at the relative position
12 in the loop are designed to accommodate, separ-
ately, both Ca*" and Mg”": (i) in order to adapt the
site so that it would bind Mg>*, subtle changes in
the torsional angles y, and y; would rotate the
Glul2 carboxylate group so that its plane would be
approximately perpendicular to the equatorial
plane: in this configuration only one of the Glul2
carboxylate would still be on the equatorial plane
(as in Ca?" co-ordination) and co-ordinating to the
metal ion along the —Z-axis, allowing the other
five co-ordinating ligands to cluster more closely
around a smaller Mg?* with the appropriate octa-
hedral co-ordination; and (ii) subtle adaptations
with rotations of ca 30° about y; in the residues at
positions X, Y and Z could finally adapt to Mg*"
co-ordination. As experimentally determined in the
case of parvalbumin (Declercq et al., 1991) with its
EF-4 site occupied by Ca** and Mg>* (Ipal and
4pal crystal forms, respectively): (i) the Mg**-sub-
stituted form adopts a strictly octahedral co-ordi-
nation with Glul2, ie. Glul0l, acting as a
monodendate, in agreement with the predictions
by Strynadka & James (1989), whereas Ca®* in the
EF-4 site is heptaco-ordinated with Glul01 acting
as a bidentate ligand within a skewed pentagonal
bipyramid; (ii) however, the main variation in the
torsional angles of Glul2 based on the crystallo-
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graphic data resides in y; with ca 120° variation
(barrier dependent transconformation) between
both forms, Ca** and Mg”" substituted, whereas
X, remains practically unaffected and y; undergoes
a variation of ca 40° in order to optimise the octa-
hedral geometry around Mg?*, in contrast with the
predictions by Strynadka & James (1989). Such a
conformational rearrangement upon Ca*"/Mg**-
exchange at the level of the EF-hand site can be
viewed as a “crankshaft” motion with a C*-CP axis
(passing through one of the co-ordinating Of)
remaining practically invariant, whereas the
cranked segment undergoes ca 120° rotation
around the axis; (iii) finally, the residues along X,
Y and Z show an adaptation of their y; torsional
angles with no crossing of a barrier (variations
within 30°). Apparently, a larger conformational
repertoire is to be considered at the level of Glul2
if one considers the rearrangement of the glutamyl
side-chain upon substitution of Ca®* by Mn** (the
latter has an ionic radius intermediate between
those of Ca** and Mg”"). In the EF-4 site substi-
tuted by Mn** (crystal structure 2pal; Declercq
et al., 1991), Glul2 has all its three torsional angles
%1, %> and x5 affected in comparison with the Ca®*-
filled form; similarly, the EF-3 site substituted by
Mn?* (in the full Mn?*-loaded form 2pal), has its
three Glul2 torsional angles ¥, %, and Y5 affected.
Apparently, subtle structural differences in the cat-
ion size as well as in the protein tertiary structure
could orient differently the rearrangement of the
Glul2 side-chain. Our simulation of Mg**-co-ordi-
nation in the EF-3 site of parvalbumin suggests
that all torsional an§les Y1, Y2 and ¥ could be
involved during Ca**/Mg*" exchange, without
specifically affecting y; which would then remain
as a gauche(4) rotamer, although skewed. How-
ever, upon prolongation of the MD trajectory after
alchemical transformation of Ca®* by Mg®" in the
parvalbumin EF-3 site (Figure 4), an interconver-
sion between both y, gauche(+) and gauche(—) rota-
mers occurs as sharp and complementary
transitions of both y; and y; torsional angles,
whereas the y, angle remains practically constant,
in agreement with the crankshaft-type motion
described above.

We note that the Mg-oxygen distances in the
simulated EF-3 site are slightly shorter than the
experimental mean value observed in the case of
the EF-4 site substituted by Mg>* (4pal crystal
structure), and this is to be due, as stated above, to
some inaccuracies of the potential used to describe
protein-cation interactions. A point to be con-
sidered more critically is the conformational
rearrangement undergone by the side-chain of
Glu62 upon substitution of Ca*" by Mg?" in the
EF-3 site. In contrast with the side-chain of Glu101
in the EF-4 site, Glu62 displays a variation of all its
x dihedral angles in order to adapt its geometry to
the co-ordination of Mg?*, as shown in Figure 3(b).
Whereas the side-chain adopts the gauche(+) con-
formation with x; =—60° in the starting 4pal
form, the end of the Ca®" — Mg?* transformation

is characterised by y; = —40° which corresponds
with a skewed gauche(+) rotamer with, therefore,
no switch to the gauche(—) rotamer (as is the case
of Glul01). However, if the MD trajectory is pur-
sued for 100 ps (Figure 4), the dihedral angle y;
undergoes rapid changes to x; =50° and remains
stabilised in the gauche(—) rotameric state for
periods of time sufficiently long to conclude that
the gauche(—) rotamer is representative of the con-
formation of the side-chain of Glu62 when EF-3 is
substituted by Mg*" (note that spikes still occur all
along the trajectory). As shown in Figure 4, the
gauche(—) y, rotamer is automatically accompanied
by the y3 = —170° rotamer in the MD trajectory
while the y, angle remains constant at about
—170° (not shown). Whether the gauche(—) rotamer
about the y,; dihedral angle is the unique confor-
mational state of the Glu62 side-chain, or whether
there is a mixture of skewed gauche(+) and gau-
che(—) in equilibrium, remains an open question. It
is to be noted that the variations of the dihedral
angles are strongly correlated. One conformer
(labelled I) of Glu62 would correspond to the fol-
lowing set of calculated dihedral angles: y; = 50°
(gauche(—)), ¥, =—170° and y;=—180°, to be
compared with the values observed with Glul01
in the EF-4 site occupied by Mg*" (experimental
values in 4pal: 1y, =62° x,=-172° and
%3 = —167°) whereas a second conformer (labelled
IT) could be y; = —30 to —40° (skewed gauche (+)),
1= —160° and y; =—-90°. No other conformer
was predicted for Glu62 thus suggesting that the
steric conditions provided by the protein at the
level of Glu62 lead to a restricted number of con-
formations (two namely, if not a single one, upon
Mg** co-ordination). NMR studies of the fully Mg-
loaded form of pike 5.0 Pa have shown that both
EF-3 and EF-4 sites behave symmetrically at the
level of their x; rotameric states for both Glul2
residues, i.e. Glu62 and Glul01l. Moreover, based
on two-dimensional 'H NMR evidence, it was
shown that Mg**-loaded EF-3 and EF-4 sites do
not display the more stable gauche(+) rotamer
which is found in their Ca”*"-loaded states
(Blancuzzi et al., 1993). Thus, our predictions are
consistent with the NMR results in the sense that
the simulated sites, EF-3 and EF-4, display the y;
gauche(—) rotamers for their Glul2 residues upon
the alchemical transformation of Ca®" into Mg>*.
As far as the conformational rearrangements of
both side-chains of Glu62 and Glu101 upon Ca®*/
Mg**-exchange are concerned, as inferred from our
calculations, we conclude that the two homologous
residues which occupy the relative position 12 in
the respective EF-hand loop sequences are likely to
behave symmetrically. This was to be expected,
given the approximate 2-fold symmetry that relates
the EF-3 and EF-4 motifs within the EF-hand pair
domain of parvalbumins (as initially described by
Kretsinger & Nockolds, 1973). However, such a
symmetry can only be approximate since, as
shown by "3Cd NMR, both sites EF-3 and EF-4
display distinct '*Cd signals, as a consequence of
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local differences between these sites (Drakenberg
et al., 1978).

On the other hand, the calculated free energies
which in principle allow for the calculation of the
K,/ Ky ratio for the affinities of the EF-4 site for
Ca®* and Mg>* do not seem to be in agreement
with presently available experimental evidence
(note that, however, so far no values of K., and
Kyg have been measured for the 4.10 isoform con-
sidered in the present work). Since our calculations
only involved a subdomain of the protein centred
around the cation bound to the EF-4 site, in which
all atoms are left free to move whereas the remain-
ing atoms are kept rigid or under defined con-
straints (see Materials and Methods), it is possible
that free energy calculations which lead to a small
negative AAA(Ca** — Mg*") value are biased by
such a truncation. Such a result is observed in the
cases of the 4pal and 3pal structures (see Table 2).
However, if the calculation is carried out starting
from the 1pal crystal structure, the result is a large
positive AAA(Ca*" — Mg?*) value of nearly
6.5 kcal/mol which is consistent with all
AAA(Ca*™ — Mg®™) values (3-5 kcal/mol) calcu-
lated in the case of the EF-3 site. Since in the case
of 1pal, the third site is occupied by a monovalent
cation whereas in 3pal and 4pal it is occupied by a
divalent cation, namely Mg?*, one can wonder
whether there may be some long-range influence,
direct or indirect, of the chemical nature of the cat-
ion bound to the third site on the respective affi-
nities of the primary site EF-4 for Ca** and Mg>*.
As mentioned in the Introduction, such a third site
has only been observed in the case of parvalbu-
mins substituted by Aspé6l, as is the case of pike
410 where, based on X-ray crystallographic evi-
dence, the third site was found to be located in the
vicinity of the primary site EF-3. Thus, the putative
effects of the third site on the binding capacity and
selectivity of the primary EF-4 site for both diva-
lent cations Ca*" and Mg?* are not easily rational-
ised, since the distance between both sites is quite
51gmf1cant (nearly 10 A). However, the crystalhsa—
tion in the presence of a large excess of Mg”" of a
defined molecular species in the case of pike 4.10
in which the EF-4 site is selectively substituted by
Mg?>* and the EF-3 site is occupied by Ca** (crystal
structure 4pal), suggests that under such con-
ditions (full occupancy of the third site by Mg>"),
both primary sites may indeed differ markedly by
their respective affinities for Ca*t and Mg*". In
future works, we will take advantage of the avail-
ability of the tertiary crystal structure of an alpha
parvalbumin, determined at a resolution of 1.54 A
(Roquet et al., 1992), with no third site, to confirm
our results as well as our paradoxical hypothesis.

Note that Table 2 presents a set of alchemical
Ca**/Mg?" transformations within EF-3 and EF-4
sites of parvalbumin taken individually. Some of
the simulated forms are expected to be highly rep-
resented in solution (and possibly under in vivo
conditions), whereas others are much less abun-
dant due to their relative thermodynamic stab-

ilities. In their initial study of the binding of
calcium ions by whiting parvalbumin by Trp fluor-
escence, Permyakov et al. (1980b) showed that
Ca**-binding to the apo-protein can be described
by the successive binding of two Ca’" to the
parvalbumin molecule with binding constants K
ca 5x 108 M~! and K, ca 6 x 10° M~L. This con-
clusion is in contrast with an initial study
(Benzonana et al., 1972) of the binding of calcium
to parvalbumins (major component pl 4.6 from
hake muscle, Merluccius merluccius, and two major
components, pl 4.88 and 4.50 from frog muscle,
Rana esculenta) by the **Ca-Chelex partition meth-
od, in which it was concluded that these proteins
have two high-affinity sites with similar affinities
(K4=0.1 x 107 to 0.4 x 107® M; but measured in
the presence of Mg>*; see the Introduction). Based
on high-resolution 'H NMR spectroscopy, it is
established that titration of the apoform PaCa0
(with both its sites EF-3 and EF-4 devoid of any
divalent cation) of pike 5.0 parvalbumin with Ca**
results in the occurrence of two one-calcium inter-
mediate species, i.e. Pa0Ca and PaCa0, before the
fully Ca-loaded species PaCa, is formed (Blancuzzi
et al., 1993). Titration with Mg>" apparently results
in the occurrence of a single one-magnesium inter-
mediate species Pa(0,Mg) before formation of
PaMgMg (Blancuzzi et al., 1993). The possibility
remains open that the intermediate state Pa(0,Mg)
could be a mixture of both forms Pa0Mg and
PaMg0 if the resolution achieved by NMR is not
sufficient. The titration of PaMgMg with Ca**
apparently involves a single intermediate species
Pa(Ca,Mg) (Blancuzzi et al, 1993). The latter is
likely to correspond to PaCaMg with EF-3 substi-
tuted by Ca*" and EF-4 by Mg®', taking into
account the occurrence of a single crystal form
PaCaMg.Mg in the case of pike 4.10 parvalbumin
(Declercq et al., 1991). It thus appears that the fill-
ing of the two primary sites, EF-3 and EF-4 of
parvalbumin, follows a complex pattern which
depends on the initial state of the protein as well
as on the nature of the cation itself. The simulated
forms in Table 2, PaMgCa.Mg and PaMgCa.NH,,
even if they are thermodynamically unfavoured
could thus occur under specific conditions in sol-
ution. However, in the present state of our study,
it is likely that the interdependence between both
sites (there is a hydrogen bond between the NH of
[1e58 and the CO of 11e97, which links both loops;
Kretsinger & Nockolds, 1973) at the structural and
energetic levels is not well represented in our cal-
culations. Since the alchemically transformed cat-
ion and all atoms away from the cation by more
than 11 A are kept fixed, the structural variations,
therefore, do not include any variation of the inter-
cationic distance EF-3/EF-4. This distance is
slightly more than 11 A in the crystal forms 1pal,
3pal and 4pal (Declercq et al., 1991) being 11.79
and 11.94 A for 1pal (PaCaCa NH4) and 3pal
(PaCaCa.Mg), respectively, and 11.48 A for 4pal
(PaCaMg.Mg). The simulated form PaCaMg.Mg
starting from 3pal is, therefore, not totally realistic,
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since the Ca(EF-3)-Mg(EF-4) distance remains iden-
tical with the Ca-Ca distance in 3pal. Similarly, the
Mg-Mg distance in the simulated form
PaMgMg.Mg is also unrealistic, since it is identical
with the Ca-Mg distance in 4pal. As stated
below, it is likely that the Mg-Mg distance in
PaMgMg.Mg is less than the Ca-Mg distance (in
PaCaMg.Mg). Indeed, the intercationic EF3/EF4
distance will certainly be a stringent test to
validate future all-free-atoms calculations of
parvalbumin. Note that, since the M§2+ in the
third site is only 5 A away from Ca®"(EF-3) in
PaCaMg.Mg (4pal), it is free to move durmg the
calculations, as are most of the atoms surround-
ing it. As expected, the alchemical transformation
of 4pal into the simulated form PaMgMg.Mg
shows that the distance Mg(EF-3)-Mg(third site)
is shorter than the distance Ca(EF-3)-Mg(third
site) in the initial form 4pal.

Other trends observed during our theoretical
analysis are somewhat difficult to match with
experimental data. Asp92 becomes a bidentate
ligand after a small variation of the A parameter
when starting from the 4pal Mg**-loaded form.
Even when Glul01 switches from a monodentate
to a bidentate configuration, at A =0.55
(Figure 6(a), Asp92 remains a bidentate ligand up
to A =095, so that the theoretically predicted
structure of the Ca**-loaded EF-4 site corresponds
with an octaco-ordinated Ca?*, at variance with
known features of EF-hand crystal structures, in
which Ca** is always found to be heptaco-ordi-
nated (Declercq et al., 1988; Swain et al., 1989).
Although a co-ordination number of eight oxygen
atoms around Ca®' in the EF-4 site had been
initially reported for the crystal structure of carp
4.25 parvalbumin (Kretsinger & Nockolds, 1973;
Moews & Kretsinger, 1975), heptaco-ordination of
Ca®* found in the parvalbumin EF-4 site appears
to be the rule, based on subsequent X-ray crystallo-
graphic analyses of several fully Ca®*-loaded parv-
albumins at high resolution (Declercq etal., 1988,
1991, 1996; Roquet et al., 1992; Swain et al., 1989;
McPhalen et al., 1994). Moreover, we note an
exchange of the oxygen atoms of Asp90(051) and
Asp92(0®) when crossing the borderline at A =1
(Figure 6(a)), so that during the backward trans-
formation (Ca*" — Mg*™) the octaco-ordination of
the central cation down to A =0.35 is ensured
through the participation of Asp90 as a bidentate
ligand. It is interesting to consider here the case of
the Mn”*-loaded EF-4 site of parvalbumin, as
available in the 2pal crystal structure of pike 4.10
parvalbumin with both sites EF-3 and EF-4 substi-
tuted by Mn**, as well as the third site (Declercq
et al., 1991). Mn?* is a divalent cation with an ionic
radius intermediate between the ionic radii of Ca*"
and Mg**. It is, therefore, expected that the A vari-
ations during Ca*"/Mg** exchange, as given in
Figure 6(a), will lead, en passant, to the prediction
of the geometrical features of the EF-4 site occu-
pied by Mn?**. However, no participation of Asp90
or Asp92 as bidentate ligands is observed at the

level of the EF-4 site of the 2pal structure substi-
tuted by Mn*" (Declercq et al., 1991). Thus, it is
likely that the octaco-ordination of Ca** observed
in all our calculations is due to the inaccuracy of
the description of Ca*™-oxygen interactions
through our potential energy function. As a matter
of fact, the potential energy functions used by pro-
grams like CHARMM are not expected to perform
well when the electrostatic interactions involved in
the calculations are strong ones, as in the case of
cation-carboxylate co-ordination, since in such pro-
grams all polarizability effects are only taken into
account in an effective manner (Brooks et al., 1983).
In particular, the two oxygen atoms of the carboxy-
late group in glutamate residues are described as
being equivalent, from the electrostatic point of
view; both are considered to be partially charged,
with g =—0.57. However, one expects that the
electronic distribution in the carboxylate moiety
will be significantly different when the Carboxgl
late is involved in a direct interaction with Ca**
in a monodendate or in a bidentate configur-
ation. As a consequence, the monodendate con-
figuration may prove more stable with respect
to the bidentate one, than what it is in the pre-
sent state of the description of cation-oxygen
interactions in CHARMM. In order to test this
hypothesis, new sets of parameters for describ-
ing cation-oxygen interactions are presently
being developed. As a first step, a protocol
allowing for parameters extraction from ab initio
calculations on small enough systems has been
designed (Periole et al, 1997, 1998). The next
step will be to include explicit polarizability in
the classical description of the atoms. Note that
one aspect of our present study is to show that
meaningful results can be obtained using the
present state of the potential energy function of
CHARMM, without any explicit description of
polarizability effects, even when quite polar
binding sites are studied, as is the case of both
EF-3 and EF-4 sites of Pa.

On the other hand, since atoms lying more than
11 A away from the cation being alchemically
transformed were held fixed during our simu-
lations, the cation in the primary EF-4 site, there-
fore, corresponds to a fixed atom during the
alchemical transformation of Ca?' into Mg*"
within the EF-3 site, and this is likely to affect the
simulated protein conformation. Indeed, it is
known by X-ray crystallography with pike 4.10
parvalbumin, that the intercationic distance
between sites EF-3 and EF-4 is dependent on the
nature of the cation bound (Declercq et al., 1991).
The exchange of Ca** by Mg*" in the EF-4 site
thus results in a shortening of the cation-cation dis-
tance by 0.3-04 A between sites EF-3 and EF-4.
There is experimental evidence by "H NMR (pike
5.0 component) that the oxygen-Mg distances in
the EF-3 site are reduced when Ca?" is substituted
by Mg?*, thus accounting for the strong chemical
shift variations of the hydroxyl proton of the invar-
iant Ser55 that are induced (electric field effects)
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upon changing the ionic radius of the bound cation
(data not shown). The intercationic distance in
Pa.MgMg Mg (pike 4.10) is not presently known
experimentally. Growing of crystals from the fully
Mg-loaded form of pike 4.10 in solution (as
assessed by 'H NMR) only yielded the hybrid
form Pa.CaMg.Mg (4pal; Declercq et al., 1991).
Although the fully Mg-loaded form of pike 5.0
parvalbumin, i.e. Pa.MgMg, with no third site in
the presence of Glu6l, has been characterised by
two-dimensional 'H NMR (Blancuzzi et al., 1993;
A. Cavé, unpublished results), the intercationic dis-
tance Mg®"/Mg?" is not presently available in pike
5.0 Pa.MgMg. Based on structural effects related to
the Mg-co-ordination, one can speculate that the
Mg?t/Mg?* distance in the fully Mg-loaded
parvalbumin forms will be shorter by an additional
0.3-0.4 A, so that the intercationic distance in this
form will be about 11.1-11.2 A: (i) all the oxygen-
metal distances in EF-3 are shorter by 0.4 A in
comparison with Ca-co-ordination, as shown in
our simulations; (ii) since both sites EF-3 and EF-4
are connected through hydrogen bonds (short anti-
parallel B—strand), the shortening of the oxygen-
metal distances in the EF-3 site upon substitution
of Ca®* by the smaller ion Mg** will bring the EF-
3 and EF-4 sites closer (by 0.3-0.4 A), assuming
that the hydrogen bond pattern between both sites
is not perturbed. However, in our simulations, the
Mg?* in the EF-4 site belongs to the class of fixed
atoms (see Computational methods) during the
alchemical transformation of Ca*' into Mg*"
within the EF-3 site, starting from the crystal struc-
ture Pa.MgMg.Mg. Therefore, the final geometry of
the simulated Pa.MgMg.Mg form does not include
such subtle effects. This could be achieved only
when FEP calculations on much larger systems,
with two completely free EF-hand sites, are per-
formed. Note that such calculations would be very
lengthy.

The two Ca*"/Mg*™-binding sites of TnC in the
C-terminal lobe of the protein molecule correspond
with a pair of EF-hands with a high degree of
homology at the level of their tertiary fold with the
unique EF-hand pair domain of parvalbumin.
Though it is assumed that the Mg-loaded forms
are associated with the resting muscle whereas the
Ca-loaded forms selectively interact with other
muscle proteins in the contractile machinery and
participate in muscle activation (Riiegg, 1989), and
whereas a high-resolution crystal structure of a
Ca-loaded form of TnC is already known, there
are no experimental data concerning the tertiary
structure of any Mg-loaded form of TnC. Starting
from the 1.8 A-resolution crystal structure of TnC
with both its EF-3 and EF-4 sites substituted by
Ca** (1top; Satyshur et al., 1988), it appeared of
interest to generate a Mg-loaded form of TnC,
using the FEP approach which has been rather
successful in predicting the geometry of both
EF-hand sites of parvalbumin upon Ca*"/Mg**-
exchange. Again the essential role of the confor-
mational flexibility of the glutamyl residue at the

relative position 12 in the EF-hand sequence on
Ca®*/Mg*" exchange is emphasised by our study
of the transformation of the EF-3 site, initially
loaded with Ca*" in the crystal structure, into a
Mg?**-loaded site. In the case of the Ca**-Mg**
binding EF-1 site of calmodulin (Tsai et al., 1987),
a similar conclusion is reached. A more detailed
description of the simulated forms of TnC and
CaM substituted by Mg** will be given else-
where. Our results suggest that with respect to
the Glul2 torsional angles, different situations
may occur.

Conclusion

Our theoretical study supports the hypothesis
that the invariant Glu residue at the relative pos-
ition 12 in the cation-binding loops of the EF-hand
proteins operates as an essential residue in Ca**/
Mg”** exchange through its ability to switch
between different conformational states in such a
way that the basic co-ordination requirements of
the two physiologically relevant ions, Ca**t and
Mg?*, can be met upon binding to the protein with
no other major rearrangement of the global fold of
the protein. Indeed, the positioning of the cation
within the tertiary structure remains practically
unperturbed in the tertiary structure while the
Glul2 side-chain compensates for the differences in
cation co-ordination. In the case of parvalbumin,
both EF-3 and EF-4 sites require two conformation-
ally distinct states of their Glul2 residues, which
essentially differ by their y; dihedral angles:
gauche(+) and gauche(—) for the Ca?* and Mg?*-
loaded states, respectively. It is possible that the
gauche(+)/gauche(—) interconversion of Glul2 is
not systematically associated with Ca**/Mg**
exchange as suggested by our theoretical predic-
tions with two other EF-hand proteins, troponin C
and calmodulin, although in both cases Glul2
switches from a monodentate form (Mg>*-loaded)
to a bidentate one (Ca®*-loaded). However, as far
as this interconversion of the Glul2 side-chain is
concerned, it is difficult to give a firm conclusion
in the present state of our studies, since it proved
difficult to predict. Indeed, in a set of studies start-
ing from different Pa Ca®*-loaded crystal struc-
tures (lpal, 3pal or 4pal), the experimentally
known conformation of the Mg**-loaded form (in
the EF-4 site) was successfully predicted, but only
once (in the EF-3 site, starting from 4pal), and after
a subsequent 100 ps MD simulation of the final
state.

Finally, our theoretical prediction with an EF-
hand protein containing Asp instead of Glu at
position 12 (the sarcoplasmic binding protein)
suggests that the substitution of the bismethylene
side-chain of Glu by the monomethylene side-
chain of Asp strongly reduces the conformational
flexibility at position 12, so that Aspl2 remains
conformationally unperturbed (bidentate) during
the simulation of Ca*"/Mg?" exchange. In this
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case, other ligands in the EF-hand site are likely
to participate in the differences of co-ordination
with Ca?* and Mg>*.

Materials and Methods
High-resolution crystal structures

The Protein Data Bank codes of the studied structures
are the following. For parvalbumin (Declercq et al.,
1991), 1pal; PaCaMg.NH,, 3pal; PaCaCa.Mg, 4pal;
PaCaMg.Mg. For troponin C (Satyshur et al., 1988), 1top.
For calmodulin (Chattopadhyaya et al., 1992), 1cll. For
the sarcoplasmic calcium-binding protein (Vijay-Kumar
& Cook, 1992), 2scp.

Computational methods
Model

FEP requires an efficient sampling of the configura-
tional space and, as a consequence, only protein sites can
be studied with this method, using commonly available
computer power. Therefore, systems studied were all
built as follows: starting from the crystallographic struc-
ture, including crystallographic water, a 15 A radius
sphere of water molecules picked from an equilibrated
cubic box was added around the cation, with all water
molecules having their oxygen atom closer than 2.3 A to
a protein heavy (i.e. non-hydrogen) atom being removed.
Then, all amino acid residues lying more than 15 A
away from the cation in the studied protein site were
removed. Moreover, atoms lying more than 11 A away
from the cation were held fixed, as well as heavy atoms
lying more than 9 A away, and the cation itself. Thus,
atoms were free to move in a 9 A radius sphere, sur-
rounded by a soft boundary in which water molecules,
for instance, were only free to rotate.

Force field

The CHARMM-22 force field with “extended” CHj,
CH,, and CH atoms (Brooks et al., 1983) was used for
the calculation of energies and forces in the system, the
water molecules being modelled with a three-point-
charge model, namely the TIP3P model (Jorgensen et al.,
1983), which had been specifically developed for mixed
protein/water system studies; the corresponding par-
ameters are given, for instance, by Alary et al. (1993).
During the molecular dynamics runs, a 14 A cutoff was
used for coulombic and Lennard-Jones interactions,
together with a SHIFT truncation procedure, which was
designed in order to smooth the interaction function
near the cutoff value (Brooks et al., 1983). The dielectric
constant was set to unity.

Parameters used to describe the cation-oxygen
Lennard-Jones interaction are those determined by
J. Aqvist. With this parameter set, radial distribution
functions of water oxygen atoms around each cation are
very well reproduced in MD simulations, as well as their
absolute hydration free energies, in FEP calculations
(Aqvist, 1990). Note that the parameters for cation-pro-
tein oxygen Lennard-Jones interactions were deduced
from Aqvist’s values using Berthelot-Lorentz rules, as
they are implemented in CHARMM, taking care of the
fact that a different set of rules is implemented in the
program used in the original study (Aqvist, 1994). It was
checked that Aqvist’s results for divalent cations in a

water environment can be reproduced using CHARMM,
such a parameter set, and our 15 A radius sphere with-a-
soft-boundary model (data not shown).

Minimisation and molecular dynamics simulations

In order to release the potential energy excess due to
short interatomic distances which may appear as a result
of the model-building process, or as a consequence of
the fact that the crystallographic structure is spatially
averaged over all crystal cells, 500 minimisation steps
were performed, with the conjugate gradient algorithm
available in CHARMM (harmonic constraints were
imposed on protein atom positions during this process,
with k = 50 kcal mol~! A~2).

In order to integrate the equations of atomic motion,
the Verlet integration algorithm was used (Verlet, 1967).
Since protein and water bond lengths were constrained
to their equilibrium values, with the SHAKE algorithm
(Ryckaert et al., 1977), a timestep of 2 fs was chosen (Van
Gunsteren & Karplus, 1982).

During the first 3 ps, the system was thermalized by
progressively modifying the atomic velocities, in order to
reach an averaged 300 K temperature. Then, during
15 ps, the system was equilibrated, that is, the atomic
velocities were periodically checked (every 500 steps),
and reassigned according to an overall scaling, when the
averaged temperature was found to be outside a 5K
window around the expected 300 K temperature.

Free energy difference calculations

With the free energy perturbation method, differences
between the binding free energies of two ligands
(labelled A and B) of a given protein can be computed,
by progressively transforming one ligand into the other
in a water environment on the one hand, and within a
protein site on the other hand. All along such “computer
alchemical” transformations, the environment of the
ligand in water or in the protein is supposed to change
in a quasi-continuous way, so that accurate samples of
the part of the configurational space in which there are
some differences in the environment of the two ligands
can be obtained.

Such transformations are achieved by using a hybrid
potential energy function:

VN, L) = (1 = WVAEN) + AVe(EN)

where A is a coupling parameter varying from 0 to 1, all
along the calculation, and where V() and Vy(rN) are,
respectively, the potential energies of interaction of
ligand A and B with their environment, for a given set of
atomic coordinates, ™. The free energy difference
between states A and B, i.e. AA,g, can then be obtained

from (Zwanzig, 1954; Bennett, 1975):

ms

AAnp = —ksT Z ]n(e—V(rN.)_,+Ak)—V(rN,kl)/kBT>kl
i

where kg is the Boltzmann constant, T the absolute
temperature, and where the brackets indicate that an
ensemble average has to be computed for each of the A,
values. Note that there is no approximation involved in
the above formula.

From a practical point of view, starting from the end
of a 10 ps equilibration period during which A =0.05, a
series of ten MD simulations is performed. In each simu-
lation, i.e. for a given A; value, the system is first equili-
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brated over a 5 ps time span, and then, from the follow-
ing 10 ps trajectory, a sample of 500 configurations is
picked, from which the ensemble average involved in
the above formula is calculated, both for AL = —0.05 and
Al =40.05. Then, A is increased by AA=0.1, the last
point of the previous simulation being the first point of
the next one, etc. Finally, starting from the A =0.95
value, a backward transformation is performed, so as to
obtain a measure of the quality of the calculation (the
free energy difference along the round-trip path
A=0—-A=1—A=0 should be zero, if a perfect
sampling has been obtained, and if no systematic drift
has occurred during the calculation).
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