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Abstract We present refinements of the SIBFA (Sum of Interaction Between Fragments ab
initio) and GEM (Gaussian electrostatic Model) polarizable molecular mechanics procedure to
represent the intermolecular interaction energies of metal cations. Improved forces fields for
closed-shell, open-shell and heavy metals are discussed. Some perspectives towards a multiscale
SIBFA-GEM approach using density fitting techniques are presented.
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INTRODUCTION

Divalent cations such as Zn(Il) are of fundamental importance in structural and
molecular biology, acting both as a cofactor of numerous metalloenzymes and as a key
structural element in the architecture of Zn-.finger and related proteins. It is also used
in the construction of several supramolecular structures. Although ab initio quantum
chemistry (QC) is the most accurate procedure for the computation of intermolecular
interactions, it could not be applied presently to systematically investigate very large
complexes (200 atoms) and perform detailed investigations of the potential energy
hypersurfaces. QM/MM approaches at varying levels of theory are being used for
metalloprotein simulations in which the cation-binding site is computed by QC while
its periphery is computed by standard molecular mechanics (MM) approaches.
Anisotropic polarizable molecular mechanics (APMM) methods [1] could be a viable
alternative to QM/MM if the energy potential were of sufficient accuracy. In this
contribution, we present some recent results obtained using the SIBFA (Sum of
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Interaction Between Fragments ab initio)[1] and GEM (Gaussian electrostatic Model)
[1, 2] polarizable molecular mechanics procedures. After a short methodological
section, we will show the capabilities of such methods in the reproduction of quantum
short-range effects within the electrostatic and exchange-repulsion energies in the case
of transition and heavy metals. As focus will then be given to the reproduction of ab
initio results on open-shell cations [3, 4] such as Cu(Il), some preliminary results on
Zn(Il) using a multiscale SIBFA/GEM approach [5] dedicated to the treatment of
metals are presented.

COMPUTATIONAL DETAILS

Formulation of the SIBFA Procedure.

The SIBFA intermolecular interaction energy is formulated as a sum of five
contributions:

AEint = EMTP* + Erep* + Epol + Ect + Edisp+ ELF 1)

denoting respectively the multipolar short-range penetration corrected electrostatic
(Enrp+) [6], short-range repulsion (Erep+)[7], polarization (Eyq), charge-transfer (Ec),
and dispersion (Egs,) contributions. The analytical forms of these contributions are
given in the original papers and we only recall here their essential features (see
reference 1 and references therein).

Enrp= is computed with multipoles (up to quadrupoles) that are distributed on the
atoms and bond barycentre following a procedure developed by Vigné-Maeder and
Claverie[8]. In its latest refinements [7], Eymrp+ has been augmented with an explicit
penetration term, Ep.n,. This was shown to afford for a closer match to the Coulomb
contribution, Ec which obtains from energy-decompositions analyses of the ab initio
itermolecular interaction energies. E., is formulated as a sum of bond-bond, bond-
lone pair, and lone pair-lone pair interactions. An S*/R representation has been used
since 1994 (see reference [7] and references therein). S denotes an approximation of
the overlap between localized MO’s (LMO’s) of the interacting partners.
Hybridization is on chemical bonds as well as on the lone pairs. R is the distance
between the LMO centroids. Following the Eymrp= refinements with inclusion of the
Epen term, Eyp is augmented with an S*/R* term [7].

In E; the polarizing field is computed with the same permanent multipoles as Enrp.
The field is screened by a Gaussian function of the distance between the two
interacting centres. Such a screening embodies part of short-range effects including
exchange-polarization (see for example [9]). The contribution of the induced dipoles
to the field is computed by a sclf-consistent iterative procedure. Since 1991, the
polarizabilities are tensors that are distributed on the bond barycenters and on the
heteroatom lone pairs and are derived from the LMO’s of the considered molecule or
molecular fragment by a procedure due to Garmer and Stevens [10] which has been
coded into our local code [11]. As such, both distributed multipoles and
polarizabilities can be obtained from one ab initio computation performed on a
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molecule or constitutive molecular fragment. Each molecular entity is stored in the
SIBFA library of fragment and used for subsequent assembly of molecules or
molecular complexes.

E. [12] is derived from the development of a formula due to Murrell et al. [13]. A
coupling with electrostatics is present. That is, the ionization potential, I, of the
electron donor on the one hand, and the electron affinity, Ay, and ‘self-potential’, Vi,
of the electron acceptor on the other hand, are modified by the electrostatic potential
that each undergoes in the complex. These include the effect of the induced dipoles
along with those of the permanent multipoles, thereby introducing a coupling with
polarization. Such modifications of I, Ay, and Vi were essential to account for the
very strong anticooperative character of E.; in polycoordinated complexes of divalent
cations.

Eqisp 1s computed as a sum of /R®, 1/R® and 1/R' terms. Directionality effects are
accounted for by the introduction of lone-pairs under the form of fictitious atoms. An
exchange-dispersion term was also introduced. For H-bonded complexes, Egis, was
initially calibrated on the basis of Symmetry-Adapted Perturbation Theory (SAPT,
[14]) energy-decomposition analyses.

Eir is the ligand-field energy contribution [3, 4] that can be introduced when open-
shell cation are present.

Formulation of the Gaussian Electrostatic Model: towards a
multiscale SIBFA/GEM approach.

GEM [1, 2] uses the formalism of the variational density fitting method [15], an
approach which is usually devoted to a fast approximation of the Coulomb interaction.

This method relies on the use of an auxiliary Gaussian basis set (ABS) to fit the
molecular electron density obtained from a relaxed one-electron density matrix using a
lincar combination of atomic orbitals.

P=2 xk(r)=p=2 P,our)g;(r) @)
k=1 uv

The determination of the coefficients requires the use of a modified singular value
decomposition (SVD) procedure in which the inverse of an eigenvalue is set to zero if
it is below a certain cutoff.

Using the fitted electronic densities, it has been shown [16] that it is possible to
accurately compute the intermolecular Coulomb interaction energy (see Equation 3)
from frozen monomer densities in the direct spirit of ab initio energy decomposition
schemes (see for example references [17]).

Zalg _J‘ Zap”® (rB)dr 3 J' Z5p* (1a) dr 4 J' pl(r)p’ (rB)dr
748 748 3)

By using density fitting, both long-range multipolar and short-range penetration
electrostatic energies (missing in a distributed multipole treatment) are included, the
errors being relatively small compared to reference ab initio data using the same
density matrices.

All the required integrals (electron-electron and electron-nuclear) were computed
based on the McMurchie-Davidson recursions [18] enabling the use of higher angular

Ecoulomb =

V4B V4B
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moment Gaussian functions if required. It is important to point out that the formalism
also enables an accurate representation of both electrostatic potentials and fields
enabling a direct link between GEM and SIBFA through a multiscale approach [5].

RESULTS

L. Improving electrostatics and short-range repulsion: from transition
metal to heavy metals
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FIGURE 1. Varnations of the Cu(I)-water electrostatic energy (kcal/mol) as a function of the Cu-O
distance (A) computed at the Hartree-Fock level (E, DZVP2 basis set), using distributed multipoles
(Earre) and short-range penetration corrected distributed multipoles (Eprp™)
Ec 7777777 EMTP .............. EMTP*

Figure 1 displays the variations of the Cu(I)-water electrostatic energy (kcal/mol) as
a function of the Cu-O distance. As we can see, the EMTP* formulation improves
considerably the agreement with ab initio results as penctration energy is efficiently
included. Such behaviour can be obtained for any metal cation from transition to
heavy metals.

Concerning heavy metals, Figure 2 illustrates, for example, the accuracy of the
short-range repulsion (denoted Erep*) in reproducing its ab initio exchange-repulsion
Hartree-Fock counterpart in Pb(I)-water complex.[19] The S/R+S%/R?* formulation of
Erep* enables a faithful reproduction of exchange-repulsion by the SIBFA APMM.
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FIGURE 2. Variations of the Pb(Il)-water exchange-repulsion energy (kcal/mol) as a function of the
Pb-O distance (A) computed at the Hartree-Fock level (SDD (Pb)-DZVP2) and SIBFA level.

2. Modeling Cu(II) complexes with SIBFA: ligand field and short-
range electrostatic and repulsion energies.

a) Cu(I)-water complex
Table I displays the SIBFA results for the Cu(II)-water complex.

TABLE 1. SIBFA and MP2 (DZVP2) electrostatic, exchange-repulsion and total interaction energies
for the Cu(II)-water complex at equilibrium distance (kcal/mol).

lines.
Ligand SIBFA Ab initio SIBFA*-LF
Eesnrpaare* -73.1 -93,0 -94.0
Eex/rep 25.8 50,8 51.1
Eesnrpnare + Eexrep 47.3 -42.2 -42,9
AEiy -87.7 -83,2 -87.8

SIBFA*-LF denotes the latest version of SIBFA [4] that includes all short-range
effects in both electrostatic and repulsion. As we can see, such corrections coupled to
ligand field (LF) corrections [3] closely match the ab initio MP2 results.

b) Cu(Il)-Poly-aqua complexes

Table II displays the SIBFA results for the Cu(Il)-(H-O)n — complexes, respectively
with 6 water molecules in the first solvation shell, 4 in the first shell and 1 in the

second (5+1); 4 in the first shell and 2 in the second (4+2).
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TABLE II. SIBFA and MP2 (DZVP2) total interaction energies for the Cu(II)-(H,O)n complexes at
equilibrium distance (kcal/mol).

SIBFA-LF SIBFA MP2
Ligands AE d(Cu—0) AE d(Cu—0) | SIBFA-LF SIBFA
(H,0)6 -340,7 1,99/2,17 -349.4 2,06 -346,4 -347,1
(Hﬁ))cs)i -335,8 1,98-2,0/2,21 -340,9 1,99 -343.5 -342.2
2

(H0)— i ) i
(0 3327 1,98/1,99 3315 197/1,99 339,6 334,2
Here also, SIBFA*-LF is clearly able to energetically rank the 4 different

complexes against MP2.

3. From GEM to a multiscale SIBFA/GEM integrated scheme.

a) Modeling Metals using GEM.

The GEM methodology has been recently successfully applied to water complexes
as first results on metals were shown for clectrostatic and exchange-repulsion. We
present here some preliminary results [5] on polarization energies computed using
GEM densities for both metal and water coupled to the SIBFA polarization scheme [1,
9]. Figure 3 displays the polarization energy of a water molecule interacting with a
Ca(Il). As we can see, the GEM approach offers a quasi-exact match of the ab initio
polarization energy (here computed at the B3LYP level), even at very short-range
when coupled to the SIBFA damping scheme [1, 9].

3 30
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B 70 e
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2 120 damping)
S / GEM (with Damping)
»
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= /
& -220
Ca(ll)-OH2 distance (Angstroms)

FIGURE 3. Variations of the Ca(II)-water exchange-repulsion energy (kcal/mol) as a function of
the Pb-O distance (A) computed at the Hartree-Fock level (SDD (Pb)-DZVP2) and GEM levels (with or
without damping).

b) Towards a multiscale SIBFA/GEM approach.
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Of course as GEM requires the computations of integrals, one would like to be able
to limit the approach to a subsystem like in QM/MM (see Figure 4).

SIBFA

FIGURE 4. (left) Schematics of the multiscale SIBFA/GEM approach; (right) in this model of the
alcoolate deshydrogenase (ADH) active site, GEM is limited to the treatment of the Zn(II) cation.

We present here a scheme where GEM is only applied to the Zn(Il) metal cation
and limited to the computation of the polarization and charge transfer energies.

Table III displays results on complexes of Zn(II) with formamide and imidazol. It
also displays a more complex system: the alcoolate deshydrogenase (ADH) active site
(see Figure 4 and reference [20] for details). As we can see, the scheme offers a high

level of accuracy when compared to QC.

TABLE III. SIBFA, SIBFA-GEM and ab initio results (HF, SBK basis set) for selected complexes.
The ADH geometry is extracted from reference [20].

Complexe Ab initio SIBFA SIBFA/GEM
Epol Ect Epol Ect Epol Ect
Zn(formamide)2* -61,6 -122 61,7 -9.6 -59.8 -9.2
Zn(imidazol)32+ -132,5 -37,7  -128,2  -29.2 -136,9 -33,5
Zn(imidazol)42+ -1326  -37,6  -1272  -296 -133,7 -33,0
ADH -84,5 -43,0 930 -4173 -83,7 -41,7
191

Downloaded 08 Apr 2009 to 10.0.105.95. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/proceedings/cpcr.jsp



CONCLUSION

As we have seen the SIBFA and GEM methods can be applied to a vast range of
molecules and metals, from transition metals to heavy metals. The development of an
integrated SIBFA-GEM multiscale scheme should enable use to perform computations
on very large system with high accuracy. Such an interface with GEM which can itself
be coupled to QM should give rise in the near future to a multilevel QM/GEM/SIBFA
methodology since GEM offers a direct connection between multipoles and densities.
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