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Abstract
Following a previous study by de Courcy et al. ((2009) Interdiscip. Sci. Comput. Life Sci. 1, 55-60),
we demonstrate in this contribution, using quantum chemistry, that metal cations exhibit a specific
topological signature in the electron localization of their density interacting with ligands according
to its “soft” or “hard” character. Introducing the concept of metal cation subvalence, we show that a
metal cation can split its outer-shell density (the so-called subvalent domains or basins) according
to it capability to form a partly covalent bond involving charge transfer. Such behaviour is
investigated by means of several quantum chemical interpretative methods encompasing the
topological analysis of the Electron Localization Function (ELF) and Bader's Quantum Theory of
Atoms in Molecules (QTAIM) and two energy decomposition analyses (EDA), namely the Restricted
Variational Space (RVS) and Constrained Space Orbital Variations (CSOV) approaches. Further
rationalization is performed by computing ELF and QTAIM local properties such as electrostatic
distributed moments and local chemical descriptors such as condensed Fukui Functions and dual
descriptors. These reactivity indexes are computed within the ELF topological analysis in addition
to QTAIM offering access to non atomic reactivity local index, for example on lone pairs. We apply
this “subvalence” concept to study the cation selectivity in enzymes involved in blood coagulation
(GLA domains of three coagulation factors). We show that the calcium ions are clearly able to form
partially covalent charge transfer networks between the subdomain of the metal ion and the
carboxylate oxygen lone pairs whereas magnesium does not have such ability. Our analysis also
explains the different role of two groups (high affinity and low affinity cation binding sites) present
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in GLA domains. If the presence of Ca(II) is mandatory in the central “high affinity” region to
conserve a proper folding and a charge transfer network, external sites are better stabilised by Mg
(II), rather than Ca(II), in agreement with experiment. The central role of discrete water molecules
is also discussed in order to understand the stabilities of the observed X-rays structures of the Gla
domain. Indeed, the presence of explicit water molecules generating indirect cation-protein
interactions through water networks is shown to be able to reverse the observed electronic selectivity
occuring when cations directly interact with the Gla domain without the need of water.

Keywords
Coagulation; subvalence; QTAIM; Electron Localization Function (ELF); softness; hardness; charge
transfer; electrostatic moments; Fukui functions; water networks; metals; biology

Introduction
Metal cations play a critical role in many biological systems. In most cases, they are specific
in their ability to bind to proteins and thereby confer appropriate biological function or activity.
For example, the presence of calcium cations is important in blood clotting, signal transduction,
and cell division. Specifically, in the case of blood clotting, it has been experimentally observed
that the presence of calcium is required for clot formation1. Indeed, calcium cations directly
participate in the binding and folding of the γ-carboxyglutamic acid Gla rich domain that is
common to the vitamin-K-dependent serine proteases present in the blood coagulation
cascade1. Blood plasma does not coagulate in the sole presence of magnesium ions2,3, an effect
attributed to the concomitant lack of binding of the GLA residue to negatively charged
phospholipids when only magnesium ions are present. More precisely, recent X-ray crystal
structures with a mixture of both Ca(II) and Mg(II) show that the N-terminus ω-loop segment
that is thought to be the key determinant for the binding of GLA domain to membranes has a
disordered structure when only magnesium ions are present4. In the presence of calcium ions,
GLA domains have been crystallized and a strong GLA-calcium network has been observed
with varying degree of calcium ion coordination. However, despite the mandatory presence of
calcium ion to structure the GLA domain and allowing it to point the three hydrophobic (or
anionic) residues forming “the keel” to the direction of negatively charged phospholipids found
in cellular membranes, it has also been experimentally demonstrated that the presence of
magnesium ions in addition with calcium enhance the affinity of the enzyme for both the
membrane and cofactors5.

The ability of calcium ion to coordinate water molecules with flexible coordination is thought
to be important for this function. At the theoretical level, recent first-principle Car-
Parrinello6 and force-field simulation7 studies have reported in-depth description of the
hydration shells and of the preferred coordination numbers for the calcium and magnesium
cations. Although we know that the residence time for water on magnesium ion is substantially
longer than that for calcium ion8, we as yet do not know the physical origins of the differences
between binding of calcium and magnesium ion in biological systems as no clear electron
structure-biological activity relation has been yet uncovered in realistic model systems. In this
context, we proposed to apply modern quantum chemistry to study the nature of the binding
of calcium and magnesium ions in model systems of Factors VII, IX and X, the structures of
which are based on protein structures extracted from the Protein Data Bank.

Outline
In this work, we will first focus on the fundamental interactions occurring in such systems
between the metal cations and their environment. Indeed, thanks to X-ray studies, we know
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that interactions occur between the calcium or magnesium cations and carboxylate moieties.
We will then present an extensive ab initio study of the binding of several hard and soft metal
cations to carboxylates in different position. Then, applying quantum topological approaches
such as Atoms in Molecules (QTAIM)9 theory and the topological analysis of the Electron
Localization Function (ELF)10, we shed light on the origin of the different behaviour of the
electronic structure of metal cation-ligands so as to unravel the specific cation topological
signature. The observed topological descriptions will be complemented by intermolecular
interaction energy decomposition using the Restricted Variational Space approach (RVS)11a

and the Constrained-Space Orbital variation (CSOV)11b which provide insights about the
nature, covalent or electrostatic, of the bonding between the cations and carboxylate. To
connect this work to conceptual Density Functional Theory (DFT), we will also provide a
detailed analysis by means of local chemical descriptors such as the condensed Fukui functions.
In a second part, we will present a study of models of the GLA domain from Factors IX, VII
and X of the blood coagulation process using ELF computations complemented by
multimolecular RVS energy decomposition analyses.

Method
a) Topological analysis of ELF

The topological analysis relies on a partition of the molecular space achieved in the framework
of the theory of gradient dynamics applied to a a scalar potential function, say V(r), called
“potential function” which contains the physical or chemical information. This partitioning
gives rise to a set of non overlapping molecular volumes called basins localized around the
maxima of the ELF (the attractors of the vector field). The—boundaries between these basins,
the separatrices, are zero-flux surfaces satisfying the following condition that every point r is
a unit vector normal to the surface. In the QTAIM theory of Bader9, the scalar function is the
electron density distribution whose basins have their attractors located on the nuclei and which
are therefore associated with the atoms that constitute the molecule. In order to recover a
chemist's representation of a molecule consistent with Lewis's valence picture, one must use
another “local” function that is able to describe the electron pair regions. For almost two
decades, the topological analysis of the ELF has been extensively developed and used to
analyze chemical bonding and to investigate chemical reactivity (for reviews, see refs12,13).
The ELF can be interpreted as a signature of the electron pair distribution. The relationship of
the kernel of ELF to pair functions has been established13 but, in contrast to these latter, the
ELF values are confined in the [0,1] range by a Lorentzian transformation which facilitates the
interpretation. The basins of the ELF are either core basins, labelled C(A) corresponding to the
inner shells of atom A and encompassing its nucleus (if Z>2) or valence basins denoted by V
(A, B, C...) where A, B, C are the element symbols. A valence basin can belong to a single
atomic valence shell, in this case V(A) corresponds to a lone pair, or be shared by several atoms
and associated to a bond V(A,B).

The ELF basins closely match the electronic domains of the VSEPR12 model and it has been
shown that the interbasin repulsion provides a map onto the Gillespie-Nyholm rules which
describe molecular geometry14,15. It has been recently shown that non-VSEPR structures
which occur around neutral atoms belonging to the fourth and higher periods can be explained
by considering the structure of the external core shell basins16 and hereafter referred to as
subvalence basins. Details about the ELF analysis can also be found in a recent review paper
dealing with the application of ELF to systems of biological interest17.

b) Integration of local properties within the ELF or QTAIM partition
i) Local electrostatic moments—From a quantitative point of view, a population analysis
can be carried out by integrating the electron density distribution over the basin volumes.
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Recently, the distributed moments analysis based on the QTAIM partition9 and on the ELF
basins (DEMEP)18a has been introduced which enables an extended discussion on the nature
of bonding in molecules. In this paper, we use more specifically the First Moment (denoted as
M1) which represents the local dipolar polarization of the density.

That way, the Distributed Electrostatic Moments based on the ELF Partition (DEMEP) allows
the calculation of local moments located at non-atomic centres such as lone pairs, σ bonds and
π systems. Local dipole contributions have been shown to be useful to rationalize inductive
polarization effects and typical hydrogen bond interactions. Moreover, bond quadrupole
polarization moments being related to a π character enable to discuss bond multiplicities, and
to sort families of molecules according to their bond order.

To summarize, the M0(Ω) monopole term corresponds to the negative of the population
(denoted N):

(1)

The first moments or dipolar polarization components of the charge distribution are defined
by three-dimensional integrals for a given basin Ω according to:

(2)

where Xc, Yc, and Zc are the Cartesian coordinates of the basin centres.

The five second-moment spherical tensor components can also be calculated and are defined
as the quadrupolar polarization terms. They can be seen as the ELF basin equivalents to the
atomic quadrupole moments introduced by Popelier9c in the case of an QTAIM analysis:

(3)

The first- or second-moment basin magnitude is then defined as the square root of the sum of
squared components:

(4)

Thanks to the invariance of the magnitude of any multipole rank (|M1| or |M2|) with respect
to the axis for a given bond or lone pair, the approach allows us to compare the dipolar or
quadrupolar polarization of a given basin in different chemical environments.

ii) Fukui Functions as local chemical descriptors—Beyond the computations of local
distributed electrostatic moments, it is also possible to access the topological partion of local
chemical descriptors. Among the numerous chemical indicators, the Fukui functions18b,c,
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based on the relative properties of the Highest Occupied Molecular Orbital (HOMO) and the
Lowest Unoccupied Molecular Orbital (LUMO, are interesting as they are particularly usefull
for the interpretation of chemical reactivity, particularly toward nucleophiles or
electrophiles18d. Indeed, following Parr and Yang, conceptual DFT provides such function
defined in terms of the variation of chemical potential with respect to changes in the external
potential v(r) or equivalently as the derivative of electron density with respect to changes in
the number of electrons N.

(5)

Three Fukui function are usually evaluated: f+(r), f+(r) and f0(r)

(6)

They are sometime also associated to the computation of another value called dual descriptor
(denoted Δf(r)18e,f) and calculated upon the f+(r) and the f-(r) functions:

(7)

The f+(r) function usually characterises the reactivity of a given species toward nucleophilic
attack (in that case, Δf(r)>0) whereas the f-(r) function usually caracterises the reactivity of a
given specie toward electrophilic (in that case, Δf(r)<0). When Δf(r) =0, the site's reactivity
should be equilibrated. As an analytic expression of such function is not available it remains
possible to compute them numerically using finite differences (see for example ref. 18g and
references therein).

In that case, f+(r), f+(r) and f0(r) can be computed as follows:

(8)

qx(N) represents the atomic charges associated to atom x within the N-electron species.
Recently, it has been shown18h-i that it is possible to use a QTAIM condensation scheme for
Frontier Molecular Orbitals Fukui functions using finite differences within a topological
partition. Such an approach has been shown to be particularly stable having some advantage
on other atomic evaluations of the Fukui functions scheme:

(9)

where h denotes HOMO, and l, LUMO; and the subscript x under the integration sign indicates
that the integration has to be performed only within the particular atomic domain of atom x.
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As previouslsy demonstrated for the computations of electrostatic moments, any QTAIM local
properties computations can be performed using a topological ELF analysis. In this
contribution, following the studies by Fuenteabla et al.18j, we present a Fukui analysis
performed at both QTAIM and ELF levels.

b) Computational procedures
The geometries of all formate-cation complexes were optimized using the hybrid functional
B3LYP19a,b with the Jaguar 5.5 software20. The choice of the B3LYP functional was motivated
by its observed good performance in the modelling of biomolecules containing Ca(II) and Mg
(II) cations compared to MP219b,c. We report in Supplementary Information S1 some
comparisons between different functionnals, MP2 and CCSD(T) on optimal Ca(II) (or Mg(II))-
formate geometries confirming these findings. The LACV3P**21 basis set combining a
pseudo-potential for the cation and the all-electron 6-311G** basis set for the other atoms was
employed. All geometries obtained with this less accurate energy function were then optimized
further using the hybrid functional B3LYP, but applying the all-electron 6-311++G** basis
set22 to all atoms, as provided by the Gaussian 03 software23. For the coagulation factors
studied in the second part of this paper, single point calculations were employed for the two
optimzed malonate-cation complexes at the B3LYP/6-311++G** level of theory. All
topological analysis were carried out using ELF grids of size 180 × 180 × 180 for moment
analysis (300 × 300 × 300 for pictures) with the last version of the TopMoD9024 package
coupled to the TopChem17 program providing DEMEP analysis. To compute the total
molecular dipole, we have assumed as “global (or molecular) frame” the standard orientation
provided by Gaussian 03, which computes molecular dipoles at the center of nuclear charges.
B3LYP/CSOV computations were performed with the same basis set using an inhouse version
of HONDO 95.325 whereas the GAMESS26 software provided the RVS results computed at
the Hartree-Fock level.

Results
I. Theoretical description of hard and soft metal-cations interactions with carboxylate moities

For blood coagulation proteins, X-ray studies clearly show that the main interactions involved
in the biological activity of such enzymes involves networks built on the interaction of calcium
or magnesium cations with carboxylate groups27. More precisely, X-rays unravel direct
malonate-Ca(II)/or Mg(II) interactions.

To start our quantum chemical description of such proteins, we present here results on the
interactions of differents metal cations with formate which are simple malonate models. As
both monodentate and bidendate formate-cations coordination are found in structures, we have
investigated the two cases. In a second part, we will focus on the specific interaction of calcium
and magnesium cations with more realistic models directly extracted from the PDB structures
of the different available Factors.

A. Topological study of hard and soft metals cations: the subvalence concept
—In order to study the differences between metal cations, we have performed ELF analysis
upon DFT computations on several metal-cation-formate complexes encompassing
monovalent cations such as Li(I), Na(I), K(I), Cu(I) and divalent cations, namely Mg(II), Ca
(II), Zn(II). They are displayed in Figure 1a and 1b. Indeed, in a recent study28, we showed
that the density of Zn(II) exhibits a striking plasticity. On the opposite, Zn(II) binding ligands
were shown to be able to adapt/redistribute their density according to their nature: sulphur
atoms were shown to be the softest, being able to spatially delocalize their lone pairs as oxygen
and nitrogen mainly contract their lone pairs volumes. The present study intends to generalize
such observations. Indeed, striking differences can be observed by visually analyzing the
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obtained ELF topological pictures that can be associated to the well known Parr and Pearson
hardness concept linked to the resistance of an atom to change or deform. One can see (Figure
1a and 1b) that the expected “hard cations” (high value of the ηA hardness parameter, see Table
III of ref. 29) such as Li(I), Na(I) or Mg(II) have a spatial localization of their electron density
condensed around the nucleus position. “Soft” cations, usually associated to lower ηA values,
exhibit specific splits within their outer-shell densities.

It is then possible to use the concept of a “subvalence” associated to outer-shell core basins
which can be seen as the topological signature for a given hard or soft behavior of the metal.
A quick look at the observed topological structures shows that the observed subvalent ELF
basins are more numerous for soft cations reflecting a more covalent character of their bonding
to formate anions (see Figure 1).

B. Subvalence: understanding physics at play—To have a deeper understanding of
the physics taking place in such interactions, it is possible to extend the ELF analysis to the
computation of local electrostatic moments (see Table I) and Fukui functions (see Tables
III) and to correlate them to RVS energy decompositions (see Table II).

From these Tables, we see that the more covalent the bonding character of the formate-cation
intermolecular bond is, the greater the RVS cation polarization energy and local ELF cation
dipole moment are. For example, a hard cation such as Na(I), which is poorly polarizable (weak
polarizability), is involved in interactions dominated by electrostatics (Table II) and does not
show any split within its subvalence whereas cations exhibiting stronger polarization and
charge transfer interactions possess a higher number of basins. Moreover, for a covalently
bonded very soft cation such as Zn(II), a subvalent Zn-O basin is observed between the formate
oxygen lone pair and the metal, a hint of electron sharing. Ca(II), which is less soft and less
covalently bonded, still exhibits a split but subvalent basins remain distributed around the
nucleus (Figure 1) and do not form any bond. Correlated CSOV energy decomposition
computations have also been performed and are fully in line with HF RVS results. Details can
be found in the Supplementary Information S2.

Observations of both monodentate and bidentate coordination modes show that “soft cation”
subvalent basins clearly have the ability to orient themselves towards the formate oxygen lone
pairs. That way, depending on its electron structure, each cation shows a specific topological
signature which enables one to predict specific abilities of the cation to interact with its
immediate environment thanks to the plasticity of its valence electron spatial organization. An
indirect measurement of the soft/hard nature of the cations can be appraised by studying the
volumes and density values of the formate oxygen lone pairs when interacting with cations.
Hard cations such as Li(I) or Mg(II) clearly act on the lone pair densities which appear lower
when compared to softer cations. Figure 2 exhibits the four oxygen lone pairs as they are when
no metal cation interacts with the formate. Volume and density values reveal a dissymmetry
between the internal and the external lone pairs, internal ones being less populated and more
contracted than the external ones. This is due to the fact that the internal lone pairs interact
with each other because of the shorter distance between them. From Figures 1 and 2, it is
possible to appraise the electronic redistribution within the oxygen lone pairs according to the
presence or not of a binding metal cation and its hardness or softness. Overall, it is important
to point out that trends are conserved between ELF observations and Parr's hardness
concept29. However, ELF pictures the final state of the cation electronic structure within the
complex after cation-ligand orbital mixing and metal density relaxation (therefore a feature
also linked to its polarizability).

Concerning the specific Ca(II)/Mg(II) differences, our results demonstrate that overall less
flexibility occurs in Mg(II) density compared to Ca(II) which tends to adjust to its immediate
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ligands. However, for Mg(II) in the monodentate binding mode, a slight increase of cation
polarization associated to a topological split of its outer shell density is noted and this leads to
the fact that Mg(II) could act slightly differently from usual hard cations. As we will see, this
will have some consequences. Figure 3 shows a ELF representation of both monodentate and
bidentate formate-Mg(II) complexes. A well-separated additional basin is found in the
monodentate complex, where a partial charge is transferred. It worth noticing that the Sr(II)
cation which is sometimes found to substitute calcium in certain conditions (ref. 30 and
references therein) exhibits the same topological pattern as Ca(II).

To conclude, as the concepts of softness and hardness are involved, it is of importance to also
consider the possibility of computing other popular local reactivity indicators, usually utilized
to rationalize such phenomena. That way, we propose here an evaluation of the different “local”
Fukui functions at both QTAIM and ELF levels. First, we computed such functions on an
isolated formate molecule (see Table IIIa and IIIb). Again, the ELF Fukui analysis clearly
shows the non-equivalence of the formate oxygen lone pairs, the external basins having
different indicators from internal lone pairs. If QTAIM tends to show a uniform Fukui
descriptor, (the dual descriptor Δf is always positive), ELF does not, as it provides a Δf negative
value on the C-H bond providing insights about a possible different reactivity. Concerning the
metal cations, Table IIIc brings interesting informations. Let's consider first the isolated metal
cations. If all cations exhibit f- values of 1, they have very different f+ values. Again, following
chemical intuition, strong differences occur between hard and soft cations. Hard cations such
as Li(I), exhibits low values of f+, whereas soft cation such as Zn(II) have f+ values tending
toward 1. The dual descriptor appears then a good global indicator reflecting the cations ranking
as Δf tends to 0 with increasing cation's softness. Table IIIc depicts the results for selected
bidentate formate cations. Global trends are preserved despite strong different bonding modes.
Again, the softer cations exhibit smaller Δf values (here more negative) than harder ones. If
they agree well, one difference between ELF and QTAIM values is observed: ELF tend to
show more difference between Ca(II) and Mg(II) than QTAIM. This is reflected by a difference
of 0.2 (QTAIM) vs. 0.3 (ELF) in the Δf values between the two cations.

Of course, the numerical values strongly depend on the (never unique) topological partion
scheme and therefore on the density attribution to atoms/centers18h but the ELF and AIM
approaches are not subject to strong basis set/diffuse functions dependence18a,h and are quite
stable. Overall, beyond the numbers, an interesting qualitative agreement is observed and
supports the previously depicted ELF subvalence basins and the numerical values extracted
from others interpretatives techniques described above.

II. Metal cation's electron structure / biological activity relationship in coagulation proteins
We use here the commonly accepted terminology to first differentiate the γ-carboxyglutamic
acid itself identified as (Gla) from the γ-carboxyglutamic acid-rich-domain identified as
(GLA), secondly to name the first 11 residues at the N-terminal extremity of the ω-loop, and
third to specifically identify residues 4, 5 and 8 (5, 6 and 9 for FIX) from the previous sequence
as the keel. In addition, since we have to compare several GLA domain crystal structures each
having their Ca(II) or Mg(II) positions differently numbered, we will use for clarity purpose
the same numbering for all, that is, the one found in the crystal structure of the human Factor
VII (1DAN, see ref. 38)

Metal cation's electron structure / biological activity relationship in
coagulation proteins

When a blood vessel is injured, a cascade of protein-protein interactions1 rapidly occurs leading
to the formation of a cross-linked fibrin clot, eventually restoring the integrity of the circulatory
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system. A number of proteins involved at the early stage of the process are vitamin K-dependent
zymogens of serine proteases31. Among this family of coagulation factors, especially factor
VII, once activated and bound to tissue factor (TF), activates zymogen factors IX and X into
functional factors IXa and Xa. These in turn transform prothrombin in active thrombin which
is ultimately responsible for the conversion of fibrinogen to fibrin32. A cell-based model of
coagulation, which incorporates the important roles of endothelial cells and platelets, has
recently been introduced and this more physiological view appears to be gaining
acceptance33. Many other factors and cofactors are necessary for the completion of the
mechanism, but we will focus only on two steps1.

Structural analysis and biological activity
The above mentioned three factors are comprised of four domains. At the N extremity, we find
a GLA domain, followed by two Epidermal Growth Factor (EGF) like domains, namely EGF1
and EGF2, terminated by a Serine Protease (SP) domain. The primary structures of GLA
domains (residues 1 to 48) are highly conserved34: only a few residues differ along the
sequences of factor VII, IX and X. Remarkably, the first nine Gla residues, as well as two
cysteines are always found precisely at the same place. Accordingly, for all factors, two
hydrophobic residues are adjacent to the first group of two Gla residues: Phe4 and Leu5 for
FVIIa and FXa factor, Leu6 and Phe9 for FIXa. We can also notice the presence of an Asn
residue in the second position of the sequence. Moreover, analysis of the pdb files for these
factors show that the secondary structures are also very similar and essentially superimposable.
From the N-extremity to the end of the domain we find successively the ω-loop with its two
(mentioned above) hydrophobic amino-acids along with either another hydrophobic residue
(FVIIa - Leu8 and FXa - Met8) or an cationic one (FIXa – Lys6) pointing their side chains
toward the exterior of the protein. Three α-helices are also found. The first two are parallel and
maintained so by a disulfide bridge established by the two cysteines cited before. All Gla
residues are distributed along these three sub-units: Gla6 and 7 are at the top of the central loop
of the ω-loop; Gla14, 16, 19 and 20 belong to the first α helix whereas Gla25, 26 and 29 belong
to the second. The third α-helix links the GLA domain to the remaining part (3rd helix) of the
protein. A Gla residue can also be found in this part of the domain. In all examined X-ray
structures, eight cations are present38. One cation is located at the hinge between the third α
helix and the first chain of EGF1 domain. The other seven cations are found aligned at the
interstice between the base of the two parallel α helices, and the top of the ω-loop. In this zone,
two groups of cation binding sites can be defined. The first group is called “high affinity” Ca
(II) binding sites39 and is constituted by the 5 inner Ca(II) sites (numbered 3, 4, 5, 6, 8,
respectively)38. Within these sites, Ca(II) was found coordinated 6, 7, 7, 7 and 3 times
respectively at distances included in the 2.4 – 2.8 Å range in the very first GLA domain ever
structurally determined (1992), namely the GLA domain of Ca-Prothrombin Fragment I (see
Figure 4 and Table III of ref. 35). Subsequently several authors36,37,41 reported very similar
coordination numbers and distances for the factors studied here. The second group is called
“low affinity” Ca(II) binding sites define the two external sites. At these positions, cations can
be either Ca(II) or Mg(II). Figure 4 lists the cation binding sites present in different PDB
structures of the studied factors GLA domains. Occupation by, either Ca(II) or Mg(II), in all
binding sites seems to be due to details in the preparation of the protein crystal during the X
ray crystallization process. In fact, F VIIa (1DAN)38, F IXa (1J35)39 and F Xa (1IOD)40 were
prepared using only CaCl2 as crystallographic salt. It is noticeable that all the binding sites are
occupied by calcium, solely present in the environment. When MgCl2 is added to CaCl2, at
physiological concentration, for the preparation of F IXa (1J34)39, all the inner binding sites
are occupied by calcium, while the external binding sites are occupied by magnesium. But,
prepared in the same conditions, a recent X-ray structure deposited in the Protein Data Bank
by Bajaj et al. shows a Mg(II) residing in the central site number 5, replacing a Ca(II) in the
GLA domain of F VIIa (2A2Q)41. However, when only MgCl2 is used for the preparation of
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F Xa (1P0S)4, the two external sites contain a Mg(II) cation, but the sole central site number
5 shows a third Mg(II) cation. In addition, contrary to the five other structures that contain it,
no ω-loop is present in the structure of this domain, its constitutive peptide seeming to “float”
in the environment. From these observations, it may be deducted that Ca(II) cations are
necessary in the central zone to structure the ω-loop, and that the external sites are usually
occupied by magnesium. Close examination of the binding of the ω-loop to the rest of the GLA
domain reveals the network of interactions between the amino acids borne by the ω-loop, the
cations and the aminoacids present in the two anti-parallel α helices. In all factors where the
ω-loop is present, except for F VIIa with Mg(II) in the central site, the NH3

+ extremity of Ala1
(or Tyr1 for F IXa) establishes three H-bonds with the surrounding residues, namely carbonyl
O of Gln21 (F VIIa), Ala21 (F Xa) or Lys22 (F IXa), Oε4 of Gla20 (F VIIa and F Xa) or Gla21
(F IXa) and Oε4 of Gla26 (F VIIa and F Xa) or Gla27 (F IXa). In F VIIa (2A2Q), however, a
single H-bond remains with Oε2 of Gla26. Comparison between coordination numbers and
coordination distances for each cation of the two structures of F VIIa (1DAN vs. 2A2Q), as
given in Table 2 of ref. 41 by Bajaj et al., reveals that when only Ca(II) is present in the five
inner sites, direct coordinations of cations by the carbonyl O of Ala1 (or Tyr1 for F IXa),
Oδ1 of Asn2, Oε1 and Oε4 of Gla6 and, Oε1, Oε2 and Oε4 of Gla7 are observed. By contrast,
in F VIIa (2A2Q), where the central Ca(II) is substituted by Mg(II) with two water molecules
(S209 and S363) completing the coordination number of this cation, the same interactions are
observed, but this time through a network of eight water molecules (S209, S262, S363, S411,
S508, S602, S694 and S722), present in between the cations and the ω-loop. As a consequence,
the ω-loop has moved down approximately 0.5 Å in order to leave enough space for water to
insert (See Figure 2A of ref. 41).

The existence of the ω-loop is of much importance in that the very first step of the coagulation
process is for coagulation factors to co-localise on cell surfaces42. In that step, the biological
function of the GLA domain is directly first responsible for the linkage of the factors to the
membranes, and ultimately to the fibrin clot. This can be done thanks to the three hydrophobic
residues of the ω-loop43 (or two hydrophobic residues and a cationic one in the F IXa), oriented
in such a way that they are able to dive deeply inside the membrane and interact through
hydrophobic bonds with neighbouring lipids43,44, in addition probably through a buried salt
bridge involving Lys5 of F IXa43. The deep insertion of the GLA domain inside the membrane
also allows the creation of an interaction between a phosphatidylserine (PS) of the membrane
and the Ca(II) cation present in the binding site number 8, strengthening the anchorage of the
coagulation factor inside the cellular membrane45. Inhibition of the GLA domain by direct
ligand bonding to the ω-loop (such as snake venom protein, see ref. 39) is responsible for the
loss of membrane linking with a subsequent loss of the coagulation process.

Theoretical study of interactions of Ca(II) vs Mg(II) with malonate groups
In this section we systematically supplement ELF analysis with detailed RVS energy
decomposition results.

In GLA domains, the transformation of glutamic acids in Gla is realised by the action of vitamin
K and several specific enzymes with the addition of a carboxylate group to the γ-carbon of the
glutamate46; two carboxylate groups borne by the same γ carbon constitutes a malonate group.
Two malonates coordinating a metal cation is one of the unit structures observed in GLA
domains, displaying as many as four monodentate formate-cation interactions. Two different
computations at the same level of theory (B3LYP/6-311G++G**) have been performed on
these systems: a single point calculation using directly extracted geometries from PDB
structures on which H atoms were added, and geometry optimisations using the previous
systems as starting points. At the end of the optimisation process, the obtained complexes show
the two approximate planes of malonates perpendicular to each other around the metal cation,
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itself four times tetrahedrally coordinated with coordination distances of approximately 2.1 Å
for the magnesium, and 2.4 Å for the calcium. A calcium complex was extracted from the PDB
structure of F Xa (1IOD), whereas the magnesium complex was extracted from the PDB
structure of F IXa (1J34). From these two systems, external binding sites (number 7 or 9) are
selected, in which cations are surrounded by solvation shell water molecules: two for Mg(II)
and three for Ca(II). Figures 5a and 5b shows the ELF topological analysis on the two optimized
geometries. As expected, Mg(II) (Figure 5a) does not exhibit any split of its subvalence,
whereas Ca(II) (Figure 5b) has its subvalence split into four well separated basins, oriented in
such a manner that no oxygen lone pair faces a cation basin. The same pattern is observed in
Figure 6a for Mg(II) and Figure 6b for Ca(II) as the one described above, within the extracted
geometries. Thus, upon increasing the coordination number from two in the bidentate formate-
cation complexes, to four in the optimized geometries shown in Figures 5a and 5b and
ultimately to their maximum in the extracted complexes, each cation consistently exhibits the
same behaviour. Table IV reports the results of the RVS analysis disclosing the individual
contributions of the interaction energies for the two malonates-cation complexes shown in
Figures 5a and 5b, 6a and 6b. These results show first a greater electrostatic term for Mg(II)
less compensated by the repulsion term than for Ca(II). As a result, the excess of electrostatic
energy reflected by the negative first order term of Mg(II) over Ca(II) is of -90 kcal/mol for
the optimized complexes and less than -77 kcal/mol for the extracted geometries, reflecting
the hardness of the Mg(II) cation. Since a RVS analysis can separate the second order energies
for each constitutive monomer of a many-body system, the individual polarization energies of
the cations are also reported. It can thus be observed that, as Ca(II) moves away from its optimal
geometry, its polarization increases, and that Mg(II) is essentially not polarized. The charge
transfer contribution in the Ca(II) complexes decreases upon moving away from the optimal
geometry but remains significant whereas it is null for the Mg(II) optimized complex, and
slightly increases in the complex extracted from X-ray crystallography. It can be deduced that,
contrary to Mg(II), Ca(II) is polarized as it is in the bidentate formate-cation type of complex,
and that the charge transfer contribution becomes selective of one cation to another in such
complexes. Thus Mg(II) enters in a more electrostatic type of interaction, whereas a polarized
Ca(II), generating a stronger charge transfer, enters in a more covalent type of interaction. It
is important to point out that we also perform such analysis in the presence of an additional
PCM implicit solvent. We did not observe any changes in the topology of the system. Such
results can be found as Supplementary Information S3.

Theoretical study of the selectivity Ca(II)/ Mg(II)
a) Is Mg(II) cation strictly hard in the gas phase?

In the GLA domain of F Xa (1P0S), in which only magnesium ions are present in the
environment, a Mg(II) is observed to be three times coordinated to oxygen atoms of Gla 16
and 26, in the 2.3 -2.5 range of distances. Figure 7a and 7b compare the topology of Mg(II) in
two positions: the first one (Figure 7a) coming from an external cation site (site n°7 of F IXa
1J34), the second one (Figure 7b) is the central site (n°5). Due to the low resolution (2.8 Å) of
the crystal structure of F Xa (1P0S), no water molecule is resolved near the cation in the central
site n°5. Despite the fact that water must be present within the coordination sphere of Mg(II)
in a real enzyme, no water molecule is considered in the present theoretical gas phase study,
so that the coordination number is four for the external site, and three for the central site. As
can be seen in Figure 7a, the cation does not exhibit any split of its subvalence, wheras in Figure
7b, the presence of the additional basin (red circle), recalling the monodentate formate-Mg(II)
binding mode, clearly suggests that Mg(II) transfers a part of its density in this additional basin.
This is confirmed by the magnitude of the RVS charge transfer contribution (see FXa 1P0S in
Table V), namely -7.6 kcal/mol, instead of a null charge transfer in the optimized geometry.
In this particular case, it is important to point out that Mg(II) does not have a hard cation

de Courcy et al. Page 11

J Chem Theory Comput. Author manuscript; available in PMC 2011 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



behaviour since it exhibits some subvalence capabilities. However, if such a finding is
important to understand the electronic distribution in Mg(II) complexes, could it have an impact
when considering more realistic condensed phase GLA domains containing explicit solvent
molecules?

b) Selectivity of Ca(II) vs. Mg(II) cations within the six Gla domains
From Figure 4, we have found three possible binding sites for Mg(II), namely sites n° 7 and 9
(external) and 5 (central), the latter exhibiting either a Mg(II) or a Ca(II). The other sites are
exclusively occupied by Ca(II) cations, a necessity to structure the ω-loop in its functional
geometry. These observations have been confirmed by several experiments, in which Mg(II)
and Ca(II) were added at physiological concentration to a previously divalent cation-free
environment2. When only Mg(II) is present, no enzymatic activity occurs. This is to be put in
relation with the F Xa (1P0S) structure where the ω-loop is not formed. When only Ca(II) is
present, the enzymatic activity is signicantly higher, but can be enhanced by the addition of
Mg(II). The three possible Mg(II) sites are constructed from three pairs of malonates provided
by: site n° 5 Gla16 and 26 (Gla17 and 27 for F IXa), site n°7 Gla14 and 19 (Gla15 and 20 for
FIXa) and site n°9 Gla25 and 29 (Gla26 and 30 for F IXa). Close examination of these sites
reveals that they all share the same pattern in which the cation is coordinated by two groups
of two oxygens residing in the same size of two almost parallel malonate groups. Such geometry
recalls the optimized geometry of the two malonates bound to a cation complex. Because they
are not perfectly tetrahedral, these three binding sites will be called “deformed tetrahedral”
cation binding sites. Figure 6a and 6b show ELF pictures of such a “deformed tetrahedral”
binding site occupied by a Mg(II) cation as extracted from site n° 9 of F IXa (1J34) and a Ca
(II) cation as extracted from site n° 7 of F Xa (1IOD) respectively. From Table IV, RVS total
energies gives us the preferrence of Mg(II) over Ca(II) within this type of sites by a difference
of -109.4 kcal/mol for the optimized geometries, and -91.1 for the extracted ones. This is due
to the excess of first order energies in favour of Mg(II), namely -89.4 and -76.5 kcal/mol
respectively. This is consistent with Mg(II) not splitting its subvalence and thus involved in
more electrostatic types of interactions. The presence of water molecules (two for Mg(II) and
three for Ca(II)) within the coordination sphere of cations does not modify this conclusion (see
Table V).

The four other sites, however, are less structured as Ca(II) cations are coordinated four to eight
times, in both monodentate and bidentate mode, by several carboxylate groups belonging to
different Gla residues, as well as by carbonyl groups of the backbone of Ala1 (Tyr1 for F IXa)
and the side chain of Asn2. For example, in the site n° 6 of F IXa (1J34), Ca(II) is found eight
times coordinated, by Tyr1, Gla21 in a monodentate mode, Gla7 and 17 in a bidentate mode
and two water molecules (Figure 8b). The now familiar split of the subvalence of Ca(II) is
observed. An ELF computation performed on this model, reveals that the net charge of the
cation within the system is +1.67 instead of +2 in the fundamental state. This means that, up
to one third of an electron was transferred from the ligands oxygen lone pairs to the Ca(II)
cation, consistently with Ca(II) able to adapt its electronic density to its environment by
splitting its subvalence, thus entering in more covalent types of interactions. This capacity of
adaptation for Ca(II) explains why, when only present in a coagulation factor environment, all
the binding sites are loaded with Ca(II) (F VIIa 1DAN, F IXa 1J35 and F Xa 1IOD).

Therefore, with respect to the experimental results shown in figure 5 of ref. 2, a mechanism
can be proposed for the activation of Vitamin K-dependent coagulation factors by Mg(II) and
Ca(II) cations. Upon introducing first Mg(II) to a cation-free environment of an enzyme, one
Mg(II) cation goes to each of the three “deformed tetrahedral” binding sites (n° 5, 7 and 9),
completing its coordination sphere with two water molecules. At this stage, the enzyme is not
active and the ω-loop is not structured (F Xa 1P0S). When Ca(II) is added, one Ca(II) cation
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goes to each of the four other sites (n° 3, 4, 6 and 8). This anchors Ala1 (or Tyr1 for F IXa)
and Asn2 to the rest of the GLA domain47 and folds the peptide in this particular ω geometry
through interactions involving Gla6 and 7 (Gla7 and 8 for F IXa) and the rest of the domain
(F VIIa 2A2Q). However, prepared with the same mix of cations at physiological
concentration39 as the one used to prepare F VIIa (2A2Q)41 for the crystallization process, F
IXa (1J34) exhibits a Ca(II) cation in central site n° 5 instead of a Mg(II) cation. Could the
occupation of the central binding site n° 5 by either a Mg(II) (2A2Q) or a Ca(II) (1J34) be
explained by the topological difference of the two cations?

c) Direct interactions with cations vs. interactions with cations through water
We consider here a system constituted by the five central Ca(II) binding sites extracted from
the geometry of the GLA domain of F VIIa (1DAN) which is very similar to the one of F IXa
(1J34). This complex was built from the backbone of Ala1, a formamide group representing
the side chain of Asn2, two malonates for Gla6 and 7; Ala1, Asn2, Gla6 and Gla7 being part
of the ω-loop, in addition with three malonates groups from Gla16, 20 and 26 and a formate
given by Gla29 and the five Ca(II) ions. In addition, up to six water molecules were placed on
the calcium ions according to their position in the X-ray structure. This system, which is
globally neutral, is an X-ray crystal snapshot where hydrogens and waters have been added,
focusing on the interactions between Ca(II) cations and their ligands. Such system is found in
X-ray crystal structures 1DAN, 1J34, 1J35 and 1IOD in which cations directly interact with
their environment. Figure 9 exhibits the ELF study on this system. This picture reveals the
network of interactions between the subvalence basins of the cations and the lone pairs of the
coordinating oxygens. The split of all Ca(II) subvalences indicates that these interactions are
partially covalent because built from electronic exchanges between the cations and the lone
pairs being present in their immediate environment. This results into a network of many-body
interactions at the centre of the GLA domain. QTAIM values of M1 of each Ca(II), computed
with the ELF function, confirm the intensity of the charge transfer. Ca(II) n° 3 and 5, being
each seven-fold coordinated, have the lowest value of the series with a M1 of 0.041 D, and a
net charge of +1.66 instead of +2, whereas Ca(II) n° 4 and 6, with six coordinations exhibit
enhanced values, namely 0.060 D and +1.68, for M1 and the charge respectively. Ca(II) n° 8,
being four times coordinated, shows values of M1 very close (0.166 D, +1.72) to the one found
for the small bidentate formate-cation complex (0.160 D and +1.70 for M1 and the charge
respectively, see Table 1). This indicates that the greater the coordination number, the less the
polarization and therefore the residual charge.

In the GLA domain of F VIIa (2A2Q), the central Mg(II) is found six times coordinated: four
times tetrahedrally by malonates of Gla 16 and 26 and two times by water molecules S209 and
S363 (Figure 8a). The formamide moiety of Asn2, a formate group from Gla7 and a third water
complete the network of H-bonds through which this central Mg(II) contributes to structure
the ω-loop. As seen in Figure 8a, the central Mg(II) subvalence remains almost perfectly
spherical, as in the bidentate formate-Mg(II) complex and in the two malonates-Mg(II)
tetrahedral optimized geometry. Close examination of the RVS polarization contribution
(Table V) reveals that, if the cation is as expected almost not polarized, the polarization of the
three water molecules accounts for approximately 30% of the total polarization of -92.7 kcal/
mol. Indeed, one of the water molecules is highly polarized and bears a Epol(RVS) value of
-13.9 kcal/mol. Thus interactions between the cation and the ω-loop are established through
highly polarized water molecules.

While the presence of Ca(II) is required2,3,48 in the central region for effective coagulation
function, it has been demonstrated that the affinity of coagulation factors for, either cellular
membranes45,49, Tissue Factors5 or anticoagulant agents36,40, is strongly enhanced when
external sites are occupied by Mg(II)40. This supports our findings that these sites are better
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stabilized by Mg(II)37 rather than Ca(II). Therefore, the difference of the two geometries (1J34
and 2A2Q) resides in the fact that, in 2A2Q, the central site is occupied by a Mg(II) which is
only able to complete its coordination shell with water, for which the residence time has been
measured to be in the order of one micro second8. This explains the greater distance between
the two α-helices and the ω-loop (2A2Q case), namely the interposition of a water layer.
Therefore, one of the roles of the cations is to fix water, which in turn binds to the ω-loop
through a network of H-bonds. By contrast, in FIXa 1J34, where all the central cation binding
sites are occupied by Ca(II), interactions take place directly between metal cations and the lone
pairs borne of its ligating oxygens. In this connection, it was recently demonstrated that water
layers present either between separate domains of a protein or in between different proteins
are in dynamic as short time exchanges with the solvation water present in the environment
are observed50,51. Therefore, it is possible to make the hypothesis that F VIIa crystallized by
Bajaj et al. (2A2Q) with interactions through water (ie: water mediated interactions), could be
present free in the blood plasma since the latter is a highly hydrophilic environment. On the
other hand, the GLA domain of F IXa crystallized by Shikamoto et al. (1J34), is found bound
to a ligand (in this case a snake venom protein); this binding could impose the “direct
interactions with cations” geometry. It is, then, perhaps reasonable to suggest that this is the
geometry that inserts deeply into the cell membrane, the interior of which is a highly
hydrophobic environment. Indeed, the insertion within the membrane may expel water
molecules from the inserted part of the GLA domain, imposing a switch between “physics at
play”: going from “through water structure” to “direct electronic interactions structure”.

Conclusion
In this contribution, we have used several theoretical tools to illustrate the relationship between
the electronic structure of selected metal-cation complexes and the so-called hard and soft
chemical behaviour. The ELF analysis allows ranking cations according to their topological
signature, namely their ability to split their valence into sub-domains (subvalent basins). Hard
cations will not exhibit such a capability as soft cations do so. The covalent character of the
ligand-metal cation interaction is associated with a basin between the metal and the
neighbouring heavy atoms. That way, such a covalent interaction can be directly affected by
the cations environment and, as we have seen, an electrostatic interaction as in Mg(II)
monodentate-like complexes can become covalent exhibiting an extra subvalent localization
basin under specific stress conditions. This topological metal cation ranking has been shown
to be relevant when compared to RVS and CSOV energy analysis as well as in good qualitative
agreement with local Fukui Functions extracted from both QTAIM and ELF analysis.

Our integrated methodological approach uncovered a clear relationship between the underlying
metal electron structure and the biological activity of enzymes such as Vitamin K-dependent
coagulation factors. The present approach could also be then extended to other biological
systems involving metal cations. It is also important to point out that these results on metal
cations-ligands, such as the dissymmetry between internal and external carboxylate oxygen
lone pairs, could also provide useful informations for the design of new force fields7a,52.
Moreover, applications to the problem of blood coagulation allowed us to address the Ca(II)
vs. Mg(II) selectivity in their interaction with GLA domains. The two only X-ray structures,
crystallized using the same Mg(II)/Ca(II) mix found in physiological conditions (1J34 and
2A2Q) have been investigated.

In the first (1J34), Ca(II) has been shown to be more covalently bonded to ligand than Mg(II)
enabling the creation of a “direct charge transfer network” between its subvalence and the
carboxylate oxygen lone pairs. We also showed that this concept could also uncover the distinct
role of the two cation binding sites present in GLA domains. Being at the origin of the observed
charge transfer network, calcium cations are mandatory in the central region to conserve the
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folding, whereas external binding sites are better stabilised by Mg(II) rather than Ca(II) in
agreement with experiment thanks to strong electrostatic interactions with the environment.

In the second structure (2A2Q), in which some interactions between metal cations and Gla are
established through the presence of crystallized water molecules, we have shown that
magnesium is able to form “an indirect charge transfer network” with malonates through its
interaction with two highly polarized water molecules that are responsible for a structure of
the ω-loop similar to that observed in the first structure (1J34). To conclude, as the two crystal
structures have been solved, they could be the two interconverting forms of a same system,
each form with a different water requirement. In both cases, the ω-loop is present. This is a
requirement for the active enzyme, but the underlying physics is not the same. In the first
structure, the folding is mainly due to electronic effects: Ca(II) is preferred in the five central
binding sites. By contrast, the presence of water molecules is able to reverse the direct electronic
selectivity of cations (Mg(II) could be present if interacting with two water molecules). This
clearly indicates that solvent dynamical effects could play a key role in the observed structure
of the domain. The pathway between the two structures might be established through a series
of molecular dynamics simulations. It also emphasizes again53 the importance of “discrete”
water molecule to understand the stability of biological systems as the presence of a limited
number of structured water molecules could be critical to obtain meaningful theoretical models.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1a. ELF representation of formate interacting in a bidentate mode with metal cations
Topological analysis of interactions between a formate and seven metal cations revealed at the
isosurface coefficient of 0.87 (except for Cu(I) and Zn(II) complexes where it is 0.77). As seen
in these pictures, electron densities remain condensed around the nucleus position for hard
cations such as Li(I), Na(I) and Mg(II), whereas electron densities are split in four distinct
subunits (basins), avoiding oxygen lone pairs, for softer cations such as K(I) and Ca(II), and
split in two distinct subunits (basins), one of which inserted between oxygen lone pairs and
the cation, for soft cations such as Cu(I) and Zn(II). In soft cation complexes, a blue sphere
describes the core electrons of the cations. In hard cation complexes, the spherical subvalence
obscures the core electrons so that the blue sphere is not visible.
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Figure 1b. ELF representation of formate interacting in a monodentate mode with metal cations
Isosurface coefficient used to make theses pictures are the same as the ones used for Figure
1a. A very similar pattern is observed as for the bidentate formate-cation complexes. The Mg
(II) electron density stays spherical. In the Ca(II) complex, three basins have merged into an
annular one still avoiding oxygen lone pairs. The same split as for the bidentate complex is
shown for Zn(II).

de Courcy et al. Page 19

J Chem Theory Comput. Author manuscript; available in PMC 2011 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. ELF representation of a formate without a binding cation
This picture presents a formate in an uncomplexed state, where densities are not rearranged
through interactions with a cation. Volumes of the oxygen lone pairs can be compared to the
ones of formatecations complexes shown in Figures 1a and 1b.
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Figure 3. ELF representation of formate-Mg(II) complexes at the isosurface coefficient of 0,22
The electron density of the two formate-Mg(II) complexes are compared in this picture.
Contrary to the bidentate formate-Mg(II), where the subvalence stays spherical, in the
monodentate formate-Mg(II) an additional basin appears at the opposite side of the
coordination to the oxygen. This is consistent with the augmentation of both M1 shown in Table
1, and charge transfer energy shown in table 2 for this complex.
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Figure 4. Description of metal cations coordination sites of six GLA domains
The picture is a representation of the GLA domain of F VIIa (1DAN), exhibiting its constitutive
parts including the seven cation binding sites. For each site, a comparison of six X-ray
geometries shows its occupation by either a Mg(II) or a Ca(II), according to the crystallographic
salt used for the preparation.
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Figure 5.
a Optimized geometry of 2 malonates-Mg(II) complex.
b Optimized geometry of 2 malonates-Ca(II) complex.
All the following fictures were revealed at the 0.87 isosurface coefficient. These pictures
exhibit the perfect tetrahedral binding mode of the cations. Mg(II) subvalence is spherical, Ca
(II) one is split in four well separated basins recalling the bidentate formate-cations complexes.
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Figure 6.
a Extracted 2 malonates-Mg(II) “deformed tetrahedral” complex.
b Extracted 2 malonates-Ca(II) “deformed tetrahedral” complex.
The Mg(II) complex is the binding site n° 7 of F IXa (1J34), the Ca(II) one is the binding site
n° 9 of F Xa (1IOD). Water molecules complete the coordination sphere of each cation: 6 for
Mg(II) and 7 for Ca(II). Cation coordinations are also disclosed in order to evidence the
“deformed tetrahedral” binding mode of the cations. Each cation behavior dos not change as
the number of coordination increases.
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Figure 7.
a “Hard” Mg(II) binding mode.
b “Soft” Mg(II) binding mode.
c Localization of the two binding modes within F Xa (1P0S).
Electron densities are revealed at the isosurface coefficient of 0.22. The additional basin shown
in the red circle is confirmed by the increase of the charge transfer energy illustrated in Table
4 (-7.6 kcal/mol). As it is the case when only Mg(II) is present in a Vitamin K-dependent
coagulation factor environment, the cations occupy only the three tetrahedral binding sites,
being unable to structure the ω-loop, leaving its constitutive peptide floating.
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Figure 8.
a Extracted geometry of binding site n° 5 of F VIIa (2A2Q) with Mg(II).
b Extracted geometry of binding site n° 6 of F IXa (1J34) with Ca(II).
Figure 8a shows a tetrahedral binding site loaded with a Mg(II) cation, that structure the ω-
loop through a network of H-bonds established by highly polarized water molecules
coordinated to the cation. Figure 8b shows direct interactions between a Ca(II) cation and some
constitutive segments of the ω-loop. The subvalence pattern of the two cations stays consistent
with the one observed in all the studied geometries, whatever the size of the system considered.
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Figure 9. Topological analysis of the five central Ca(II) binding sites of F VIIa (1DAN) GLA domain
This picture unravels the network of charge transfer based interactions between the five Ca(II)
cations and the oxygen lone pairs borne by Gla residues of the two upper α-helices in one hand,
and the oxygen lone pairs borne by Ala1 (backbone), Asn2 (side chain) and Gla6 and 7 of the
lower ω-loop in the other hand. These interactions structure the ω-loop in its functional
geometry. It can be noticed that Ca(II) cations show different patterns of their subvalence split
according to their different numbers of coordinaton. The numbering os the Calcium ion binding
sites in Fig. 4 is used.
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Table IV
Theoretical RVS analysis of tetrahedral cation binding sites

RVS energies decomposition has been performed upon theoretical models of tetrahedral binding sites. They are
build on the same number of atoms (no water molecules are considered) in order to directly compare the energy
contributions. Optimized geometries are the extracted ones on which optimisation process was realised. Mg(II)
complexes first order terms are greater than the ones of Ca(II) complexes, whereas Ca(II) cations are more
polarized and generate a greater charge transfer than for Mg(II). This is consistent with Mg(II) cation with a
spherical subvalence entering in more electrostatic type of interactions, and Ca(II) cation splitting its subvalence
and create more covalent type of interactions.

kcal/mol 2 malonates + Mg(II) 2 malonates + Mg(II) 2 malonates + Ca(II) 2 malonates + Ca(II)

Geometry Optimised F IXa 1j34 Optimised F Xa 1iod

Figure number 5a 6a 5b 6b

Electrostatic -777.7 -703.3 -709.0 -636.8

Repulsion 90.8 68.2 111.5 78.2

First order energies (e1) -686.9 -635.1 -597.5 -558.6

Polarization of cations -0.1 -0.3 -0.6 -2.2

Polarization -94.2 -90.5 -63.0 -61.5

Charge transfer 0.0 -1.4 -11.2 -9.7

Second order energies (e2) -94.2 -91.9 -74.2 -71.2

Total e1 + e2 -781.1 -720.9 -671.7 -629.8
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