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Abstract: We present a new quantum mechanics/molecular mechanics (QM/MM) scheme
based on the Local-SCF method that avoids the extra-parametrization of the QM/MM
frontier by taking into account the core electrons of the hybrid frontier atoms by means of
self-consistent core orbitals (SCCO). This study follows and extends our previous investi-
gation based on frozen core orbitals (FCO) [Chem. Phys. Lett. 427 236-240(2006)]. Test
calculations on small organic compounds show that the most common atoms found in bio-
chemical systems can be used as frontier atoms without adding any parameters, and that
only relatively small geometric and energetic deviations compared to full-QM calculations
are generated.
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1 Introduction

Hybrid Quantum Mechanics/Molecular Mechanics (QM/MM) methods are well known to be pow-
erful tools for computational chemists to study chemical and biochemical processes, such as enzyme
catalysis. The basic idea of QM/MM methods exploits the local nature of the electronic modifica-
tions that occurs during a chemical reaction or during an electronic excitation. According to this
principle, QM methods can be used to treat a small localized region of the system where bond
breaking/forming takes place, whereas the surroundings is treated with MM. When solvent-solute
systems are considered, the QM:MM coupling is relatively straightforward because the two sub-
systems interact exclusively through non-bonded interactions. However, when one wants to study
macromolecular systems, special care is needed when the boundary between QM and MM regions
passes through a covalent bond. Several treatments of the QM/MM frontier have been designed
to correctly handle this problem.

The most simple and widely used scheme, called the link-atom (LA), use a monovalent atom to
cap the unsaturated QM atoms. The LA is usually a hydrogen atom[1, 2, 3, 4, 5, 6, 7, 8, 9, 10] or a
parametrized atom, like in the pseudo-bond[11], the adjusted connection atom[12] or the capping
potential[13] philosophies.

A second class of QM/MM methods use frozen orbitals to describe the boundary. For example,
the Local Self-Consistent Field (LSCF) method, developed by Rivail, Assfeld and co-workers[14,
15, 16, 17, 18, 19], employs a localized orbital to represent the frontier bond. Using the same idea,
Friesner and co-worker developed a ”frozen orbital QM/MM interface methodology”[20, 21, 22].
An extension of the LSCF method, called generalized hybrid orbital[23, 24, 25, 26, 27] (GHO), use
a set of four hybrid orbitals for each MM boundary atom, while the effective fragment potential
(EFP) method define a buffer region consisting of frozen localized orbitals between the QM and
MM parts[28].

To ensure reliable results and an accurate description of the frontier, all these methods introduce
special treatments of the boundary parameters. In the LA scheme, special treatment of the MM
boundary charges are used because of the over-polarization of the wave function due to the nearby
point charges on the QM/MM frontier[1, 12, 29, 30, 31, 32, 10, 33]. These MM point charges might
be zeroed, scaled, redistributed[33] or partially delocalized[10] to avoid the unphysical polarization.
For the parametrized atom approach[11, 12, 13], the semi-empirical or pseudo-potential parameters
are adjusted to reproduce the geometrical data of model systems. In the LSCF framework, a special
five-parameters frontier bond potential[18] (FBP) has been developed to ensure a well-described
bond length in the QM/MM frontier. Friesner and co-workers have parametrized a library of
frozen density for the side chains of all amino acids[20, 21, 22], while in the GHO scheme, a
minimal valence basis set and parametrized integrals are required for the boundary atoms[26].

These specific extra parameters, needed to achieve a correct description of the frontier, can
be considered as side-effects of the initial idea applied to connect the MM part to the QM one.
Some collateral damages result from these parametrizations. The parameters can be force field
dependent, basis set dependent, etc, resulting in a poorly transferable method and thus, to a
poorly applicable QM/MM treatment of any system. To improve the transferability and the
applicability of QM/MM methods, it is desired to get rid of these extra parameters, even if this
gain is accompagned by a slight loss of accuracy.

In a previous article[19], we have shown that the introduction of the explicit quantum descrip-
tion of the core electrons of the LSCF frontier atom, by means of a frozen core orbital (FCO),
avoids the determination of the specific FBP. As a counterpart, the determination of the FCO was
required.

In this article, we would like to show that the explicit description of the core electrons can be
handled and that acceptable accuracy can be obtained without freezing any core orbitals. No FBP
or FCO determinations are required and the core electrons of the MM boundary atom are treated
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as any other electron of the remaining QM atoms. Hence, these core electrons are described by
an orbital obtained self-consistently, that we call in the remaining of this letter a self-consistent
core orbitals (SCCO). Our aim is to show that the LSCF/MM method combined with the SCCO
scheme is a general theoretical method, free of additional parameters, that is highly transferable
and widely applicable to the major part of chemical and biochemical systems.

2 Computational Details

The particularity of the LSCF method is that it optimizes a wave function in the presence of
frozen molecular orbitals[17, 18, 34, 35, 36, 37]. The QM subsystem can be treated at both the
spin-restricted or unrestricted Hartree-Fock (HF) and density-functional theory (DFT) level for
single point calculations and geometry optimizations. Post-HF LSCF single-point calculations are
also possible and extension to geometry optimizations is underway. In QM/MM calculations[38,
39, 40, 41, 19, 42], the connecting bond is described by a strictly localized bond orbital (SLBO).
This SLBO is determined on a model compound that possesses the chemical bond of interest and
applied to the system under investigation according to the transferability principle. The two atoms
defining the connection between the QM and the MM subsystems are called X and Y for the atom
on the QM side and on the MM side respectively. The Y atom can be called a quantum-classical
atom (QCA) since, while on one side it possesses basis functions and a nuclear charge, on the other
side it has a classical atomic point charge, van der Waals parameters, and force field parameters
corresponding to bonding interactions with the MM part. The classical parameters are those of the
force field used to describe the MM part without any fudging adjustment for QM/MM calculations.
The QM/MM interactions are summarized in table 1. One shall not forget that, in addition to
these non-electronic QM/MM interactions, the MM point charges interact with the electrons of
the QM fragment giving rise to the polarization of the wave-function. This polarization is the most
important component of QM/MM methods. If the X-Y bond is covalent then we consider that the
X and Y atom contributes each by one electron to the SLBO. In that case, the Y atom bears a
nuclear charge of +1. If the X-Y bond can be considered as dative then the nuclear charge of the Y
is either 0 or +2 depending if it gives 0 or 2 electrons to the QM fragment. In a previous study[19],
we proposed to add the core electron of the Y atom to the QM part. The nuclear charge of the Y
atom is then equal to the number of core electron + the number of valence electrons participating
to the QM system. In that previous study, the core electrons were described by means of FCO.
In the present study, the core electrons are considered as any other electron of the QM fragment.
Hence, they are described by self-consistent core orbitals (SCCO).

In order to compare the SCCO and the FCO scheme, we perform the same calculations at the
same level of theory as the previous study[18]. First, benchmark LSCF calculations on small target
molecules (ethane, methylamine and methanol) that possess the three most common bonds found
in organic molecules (C-C, C-N and C-O bonds) are computed. The SLBO are determined at
the full-QM RHF/6-311G** level of theory according to the a posteriori Weinstein-Pauncz (WP)
criterion[43, 44] followed by the deletion of the orthogonalization-delocalization tails. Furthermore,
FCOs are determined as Extremely Localized Molecular Orbitals (ELMOs)[45, 46, 47, 48, 49, 35]
through calculations on the target molecules following a Lewis structure localization scheme (see
Ref. [19] for more details). This point is motivated by the best transferability of the ELMO
scheme[35]. Besides, it has been shown[19] that the way the FCO is determined (from a ROHF
calculation on the isolated atom or an ELMO calculation on the molecular environment) leads to
indistinguishable results.

In addition to these model systems, we perform QM/MM calculations on the cytidine nucleoside
to check the applicability of the new SCCO scheme to larger biomolecular systems (see fig. 1).
Two QM/MM boundary locations have been considered, corresponding to the three cases studied.
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Table 1: Details of the QM/MM interactions. The atom of the quantum part are labelled Q and
the ones of the MM part C. Z(A) and q(A) represent respectively the nuclear charge and the
classical atomic point charge of atom A. Pµν is the µνth element of the density matrix.

Bonds Y-C1

Angles X-Y-C1, Y-C1-C2

Torsion Q1-X-Y-C1, X-Y-C1-C2, Y-C1-C2-C3

vdWa Qi-Yk, Qi-Cj , Yk-Cj , Yk-Yl
b

Electrostatics
Z-Z Z(Qi)-Z(Yk), Z(Yk)-Z(Yl)b
Z-q Z(Qi)-q(Yk), Z(Qi)-q(Cj), Z(Yk)-q(Cj), Z(Yk)-q(Yl)b
q-qa q(Yk)-q(Cj), q(Yk)-q(Yl)b

e-Z
∑

k

∑
µν Pµν〈µ|Z(Yk)

rk
|ν〉

e-q
∑

k

∑
µν Pµν〈µ| q(Yk)

rk
|ν〉,

∑
j

∑
µν Pµν〈µ| q(Cj)

rj
|ν〉

aStandard 1-4 condition of classical force fields
bk #= l

The Amber ff99 [50, 51] force field is used and to ensure the charge neutrality of the MM part, the
RESP[52, 53] protocol is applied to determine the classical charges.

(a) Cut 1: C-N case (b) Cut 2: C-C and C-O cases

Figure 1: Partitioning of the cytidine nucleoside into QM (ball and sticks) and MM (thin sticks)
regions. Two QM/MM boundary locations have been considered.

Next, the accuracy of the new scheme is checked against energetic values. We perform QM/MM
calculations on the two protonation states of the lysine amino acid capped with an acetyl and a N-
methylacetamide group at the N-terminus and C-terminus respectively (Figure 2). The QM/MM
frontier is located between the Cα and Cβ atoms. The Amber ff99 force field and the RESP
protocol is applied in the same manner as above.

All QM/MM calculations are performed with our modified version of the Gaussian 03[54] pack-
age linked to the Tinker software[55] for the MM calculations.
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(a) Protonated form (b) Neutral form

Figure 2: Partitioning of the Ace-Lys-NMe dipeptide into QM (ball and sticks) and MM (thin
sticks) regions. The QM/MM boundary is located between the Cα and Cβ atoms.

3 Results and Discussion

3.1 Test Calculations

To study the intrinsic influence of the MM frontier atom on the geometric parameters of the
QM/MM frontier, we performed LSCF calculations on the ethane, methylamine and methanol
molecules. The frontiers were set, respectively, at the C-C, C-N and C-O bonds and, first, the
MM hydrogen atoms are removed to provide a force field independent model. Because each Y
atom participates to the SLBO with one electron, a +1 nuclear charge was set to the Y atom (we
refer to these calculations as LSCF/+1 in the following as was proposed previously[19]). However,
when FCO or SCCO are used, the core electrons must be taken into account, and consequently,
a +3 nuclear charge is carried by the frontier atom to ensure the electroneutrality (LSCF/+3
calculations).

In table 2, we report the equilibrium distances and angles for the three molecules at the
LSCF(WP)/+1, LSCF(WP)/+3 FCO and the LSCF(WP)/+3 SCCO level of theory (figure 3).
One can see that the LSCF/+1 scheme gives reasonable deviation from RHF values for the angles
(RMSD∠) but largely underestimate the C-Y bond lengths, which justifies the development of a
FBP in the previous LSCF/MM methodology[18]. The introduction of the explicit description
of the Y core electrons reduces the deviation between LSCF/+3 and RHF bond lengths without
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affecting the other degrees of freedom. The SCCO scheme, in addition to avoid the FCO determina-
tion, gives bond lengths in better agreement with the RHF values compared to the FCO approach
whatever the kind of chemical bond. More precisely, the SCCO scheme reduces the distance root
mean square deviation (RMSDd) from RHF results to 0.025, 0.006 and 0.032 Å for the ethane,
methylamine and methanol molecules, respectively. Changing the localization criterion does not
affect the just derived conclusion. For example, the C-C bond length of the ethane molecule in the
LSCF/+3 SCCO framework is 1.557, 1.554, 1.559 and 1.562 Å for the Magnasco-Perico[56, 57],
Boys-Foster[58], Pipek-Mezey[59] and Weinstein-Pauncz[43, 44] criterion respectively.

Table 2: Selected distances (in Å) and angles (in degrees) calculated for CH3-R (R = CH3, NH2,
OH) using the RHF, LSCF(WP)/+1, LSCF(WP)/+3 FCO and LSCF(WP)/+3 SCCO level of
theory with the 6-311G** basis set. For LSCF calculations, deviations from the corresponding
RHF values are reported in parentheses, together with the distance and angle RMSD (RMSDd and
RMSD∠ (in Å and degrees) of the structure of the CH3-Y fragment.

RHF LSCF(WP)/+1 LSCF(WP)/+3
FCO SCCO

Ethane
d(C-C) 1.527 1.118(-0.409) 1.585(0.057) 1.562(0.035)
d(C-H) 1.086 1.104(0.018) 1.094(0.008) 1.094(0.007)
∠(H-C-C) 111.2 114.0(2.8) 114.0(2.8) 114.6(3.4)
∠(H-C-H) 107.7 104.6(-3.1) 104.6(-3.1) 103.9(-3.8)
RMSDd — 0.290 0.041 0.025
RMSD∠ — 3.0 3.0 3.6
Methylamine
d(C-N) 1.454 1.030(-0.424) 1.439(-0.015) 1.454(0.000)
d(C-H)a 1.088 1.110(0.022) 1.097(0.009) 1.096(0.008)
∠(H1-C-N) 114.6 115.2(0.6) 116.2(1.6) 116.5(1.9)
∠(H2-C-N) 109.4 114.6(5.2) 113.3(3.9) 113.4(4.0)
∠(H1-C-H2) 108.0 103.8(-4.2) 104.4(-3.6) 104.3(-3.7)
∠(H2-C-H2’) 107.3 103.6(-3.7) 104.1(-3.1) 103.6(-3.7)
RMSDd — 0.300 0.030 0.006
RMSD∠ — 3.8 3.2 3.4
Methanol
d(C-O) 1.399 0.947(-0.453) 1.323(-0.077) 1.356(-0.043)
d(C-H)a 1.085 1.116(0.031) 1.100(0.015) 1.098(0.013)
∠(H1-C-O) 107.4 113.7(6.3) 111.4(4.1) 110.7(3.3)
∠(H2-C-O) 112.0 116.1(4.1) 115.8(3.8) 115.6(3.6)
∠(H1-C-H2) 108.3 103.0(-5.3) 104.1(-4.2) 104.3(-4.0)
∠(H2-C-H2’) 108.7 103.2(-5.5) 104.3(-4.4) 105.1(-3.6)
RMSDd — 0.321 0.033 0.032
RMSD∠ — 5.3 4.1 3.6
aAverage over the methyl group

In figure 4, we report the energy profile of the ethane, methylamine and methanol molecules
obtained by rigid scan along the C-Y bond (Y=C,N,O) at the RHF, FCO and SCCO levels of
theory. As one can see, the LSCF/+3 schemes significantly improve the position of the minimum
and exhibit similar energy profile for small atomic separation. This point is a great improvement
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Figure 3: Atom labels and partitioning of the CH3-R (R = CH3, NH2, OH) molecules into QM
(ball and sticks) and MM (thin sticks).

compared to LSCF/+1 calculations. For large interatomic distance, the LSCF/+3 scheme present a
different behaviour compared to full-RHF calculation, due to the neglect of the SLBO readjustment.
This latter point is irrelevant for geometric considerations because the frontier bond is not expected
to break during QM/MM calculations. From the energetic point of view, the readjustment of the
SLBO had to be considered and preliminary results are encouraging[37].

To determine the influence of the MM hydrogen atoms of the R fragment, we report the
equilibrium distances and angles in the case of mechanical embedding (ME) (MM3 force field[60,
61, 62, 63, 64, 65, 66, 67]) only and with electronic embedding (EE) (OPLS-AA force field [68, 69,
70, 71, 72, 73, 74]. As shown in table 3, the inclusion of the MM surrounding does not influence
the conclusions of the previous paragraph whatever the kind of embedding. However, we point out
the influence of the classical point charge of the Y atom. For example, in the case of the methanol
molecule, taking into account the MM charge of the Y atom induces a 0.034 Å decreasing of the
C-O distance compared to ME only. As the native OPLS-AA atomic point charges do not preserve
the neutrality of the MM part (expect for the ethane case due to symmetry considerations), we
report the same calculations with atomic point charges obtained according to the RESP procedure.
The results exhibit slight modifications of the equilibrium bond lengths and angles with respect to
the change of the MM charges, which is expected for the C-Y distance that is sensitive to the charge
of the Y atom. We conclude that the LSCF/+3 SCCO scheme allows to have a good geometrical
description of the QM/MM boundary independently of the force field (ME or EE) and the set of
classical atomic point charges.

3.2 Cytidine nucleoside

In order to check the reliability of the SCCO scheme on larger systems, we consider the cytidine
molecule. The partitioning schemes between the QM and MM parts are depicted on fig. 1. For
the first case (cut 1: fig. 1a), the QM/MM frontier has been set to the C-N bond connecting the
ribose ring to the cytosine nucleobase, and the ribose ring which is considered at the QM level.
The second case (cut 2: fig. 1b) corresponds to QM/MM calculations comprising two QM/MM
frontiers located to the C-C and C-O bonds of the ribose moiety, and we treat the nucleobase at
the QM level. For the three chemical bonds (C-C, C-N and C-O), the WP SLBO determined on
the previous model systems (ethane, methylamine and methanol) are used.

The results for the cytidine nucleoside are summarized in table 4. For the two cases, the
LSCF(WP)/+3 SCCO scheme gives reasonable equilibrium frontier bond lengths compared to the
full-RHF calculations with a maximum deviation of 0.050 Å. The largest deviation is found for
difficult case where the X atom is connected to several Y atoms (cut 2). One can see that the
accuracy of the new scheme is similar to that of the LSCF/+1 FBP[18] and LSCF/+3 FCO[19]
approach. This clearly shows the limitation of the point charge model for the representation of the
frontier atom.
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Figure 4: Energy profile (in a.u.) along the C-C, C-N and C-O bond (in Å) for the ethane,
methylamine and methanol molecules at the RHF level of theory and for the CH3-R fragment at
the LSCF(WP)/+3 FCO and SCCO level of theory with the 6-311G** basis set.

3.3 Ace-Lys-NMe Dipeptide

In this section, we examine the overall performance of the SCCO scheme on QM/MM systems. As
a benchmark, the protonated and neutral forms of the Ace-Lys-NMe dipeptide are computed at
the full-RHF/6-311G** level of theory for a conformer with a completely extended side chain, since
proton affinities are very sensitive and very difficult cases[75]. We performed QM/MM calculations
with full geometry optimization. The frontier is located between the Cα and Cβ atoms (figure 2)
and the side chain of the lysine residue is treated at the QM level. For the LSCF/+1 scheme, the
C(sp3)-C(sp3) FBP[18] is applied to the boundary. The FCO and SLBO are determined on the
ethane molecule thanks to ELMO calculations following the same methodology as previously (see
above). The RMSD of the QM (MM resp.) part, RMSDQM (RMSDMM resp.), and the overall
RMSD are computed following the method of Kabsch[76] implemented in the VMD software[77].

The results are gathered in table 5. The three theoretical schemes give reasonable frontier
bond lengths and RMSDQM values lower than 0.044 Å. The main deviations between the full-
QM and the QM/MM structures come from the MM part (RMSD $ RMSDMM ). In the case of
the protonated form of the lysine, although one can see that the Cα-Cβ distance obtained with
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Table 3: Classical point charges (in electrons) of the corresponding force field, selected distances (in
Å) and angles (in degrees) calculated for CH3-R (R = CH3, NH2, OH) using the LSCF(WP)/+3
SCCO level of theory with the 6-311G** basis set. Deviations from the corresponding RHF values
are reported in parentheses, together with the distance and angle RMSD—RMSDd and RMSD∠—
(in Å and degrees) of the structure of the CH3-Y fragment.

Force Field MM3 OPLS-AA OPLS-AA
Charge Set — OPLS-AA RESP
Ethane
q(C) — -0.1800 -0.0189
q(H) — 0.0600 0.0063
d(C-C) 1.567(0.040) 1.589(0.042) 1.565(0.038)
d(C-H) 1.095(0.009) 1.095(0.009) 1.094(0.008)
∠(H-C-C) 114.8(3.6) 114.6(3.4) 114.6(3.4)
∠(H-C-H) 103.6(-4.1) 103.9(-3.8) 103.9(-3.8)
RMSDd 0.029 0.030 0.027
RMSD∠ 3.9 3.6 3.6
Methylamine
q(N) — -0.9000 -0.4446
q(H) — 0.3500 0.2223
d(C-N) 1.462(0.008) 1.465(0.011) 1.482(0.028)
d(C-H)a 1.097(0.009) 1.105(0.017) 1.100(0.012)
∠(H1-C-N) 116.8(2.2) 117.1(2.5) 117.2(2.6)
∠(H2-C-N) 113.8(4.4) 113.6(4.2) 113.4(4.0)
∠(H1-C-H2) 104.1(-3.9) 103.9(-4.1) 103.9(-4.1)
∠(H2-C-H2’) 103.5(-3.8) 103.2(-4.1) 103.5(-3.8)
RMSDd 0.009 0.014 0.022
RMSD∠ 3.7 3.8 3.7
Methanol
q(O) — -0.6830 -0.3177
q(H) — 0.4180 0.3177
d(C-O) 1.358(-0.041) 1.325(-0.074) 1.354(-0.045)
d(C-H)a 1.099(0.014) 1.107(0.022) 1.101(0.016)
∠(H1-C-O) 110.4(3.0) 111.4(4.0) 110.9(3.5)
∠(H2-C-O) 116.0(4.0) 116.2(4.2) 116.0(4.0)
∠(H1-C-H2) 103.9(-4.4) 103.7(-4.6) 103.9(-4.4)
∠(H2-C-H2’) 105.2(-3.5) 104.2(-4.5) 104.6(-4.1)
RMSDd 0.031 0.055 0.034
RMSD∠ 3.8 4.3 4.0
aAverage over the methyl group

LSCF(ELMO)/+3 SCCO method is the less accurate one, all QM/MM schemes give similar RMSD
values and structures (fig. 5). For the neutral form, the LSCF/+3 schemes do not permit to obtain
RMSD values of the same accuracy as the LSCF/+1 framework. However, the FCO and SCCO
schemes reduce the deviation from the RHF deprotonation energy ∆E by 1.4 and 1.0 kcal/mol
respectively. We conclude that the description of the Y core electrons by means of FCO or SCCO
does not significantly affect the geometry of both the QM and/or MM part compared to LSCF/+1
FBP calculations and reduces the energetic deviation from full-QM calculations. As one can see
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Table 4: X-Y equilibrium distances of the cytidine nucleoside at the RHF and LSCF(WP)/+3
SCCO level of theory with the 6-311G** basis set. Two types of QM/MM boundary location
have been considered and depicted on fig. 1. The Amber ff99 force field is used for QM/MM
calculations and the MM charges are determined according to the RESP procedure. Deviations
from the corresponding RHF values are reported in parentheses.

RHF LSCF(WP)/+3 SCCO
Cut 1
d(C-N) 1.473 1.488(0.015)
Cut 2
d(C-O) 1.389 1.369(-0.020)
d(C-C) 1.538 1.588(0.050)

(a) Protonated form (b) Neutral form

Figure 5: Overlay of the protonated and neutral form of the Ace-Lys-NMe dipeptide structure
at the full RHF (black), LSCF(ELMO)/+3 FCO (orange) and LSCF(ELMO)/+3 SCCO (purple)
level of theory.

from the results gathered in table 5, taking into account the core electrons of the Y atom by means
of a FCO or a SCCO leads to similar results. Besides, the SCCO scheme permits to avoid the
FCO determination.

4 Conclusions

In this article, we have introduced the concept of self-consistent core orbitals (SCCO) as an al-
ternative of our previously frozen core orbitals (FCO) approach based on the hybrid LSCF/MM
method. The new theoretical scheme avoids the extra-parametrization of the QM/MM boundary
and the FCO determination. We have shown that the explicit inclusion of the core electrons by
means of a SCCO orbitals leads to results of comparable quality than the ones obtained with the
FCO approach. Compared to full-QM calculations, the SCCO scheme induces small geometri-
cal and/or energetic deviations on both model systems and larger biomolecules like polypeptides
and nucleosides. Furthermore, we have shown that several types of chemical bonds with different
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Table 5: Energetic and geometric data for the protonated (P) and neutral (N) form of lysine at
the RHF, LSCF(ELMO)/+1 FBP, LSCF(ELMO)/+3 FCO and LSCF(ELMO)/+3 SCCO level of
theory with the 6-311G** basis set. The Amber ff99 force field is used for QM/MM calculations
and the MM charges are determined according to the RESP procedure. Distances and distance
RMSD values are in Å and the ∆E = Etot(N) − Etot(P ) is in kcal/mol.

RHF LSCF(ELMO)/+1 LSCF(ELMO)/+3
FBP FCO SCCO

Protonated form
d(Cα-Cβ) 1.536 1.519(-0.017) 1.573(0.037) 1.589(0.053)
RMSDQM — 0.029 0.038 0.044
RMSDMM — 0.367 0.377 0.359
RMSD — 0.374 0.393 0.362
Neutral form
d(Cα-Cβ) 1.526 1.520(-0.006) 1.573(0.047) 1.588(0.062)
RMSDQM — 0.028 0.035 0.037
RMSDMM — 0.571 1.154 1.140
RMSD — 0.532 1.031 1.021
∆E 235.4 239.0(3.6) 237.6(2.2) 238.0(2.6)

polarities (C-C, C-N, C-O) can be considered and correctly handled. This last point is a real
improvement since it is not always possible to cut a C-C bond to divide the macromolecules.

According to these conclusions, the only user-dependent parameters for LSCF/MM calculations
are the strictly localized bond orbitals (SLBO). As outlook, we are currently investigating and
testing the reliability of this new theoretical scheme in the evaluation of the protonation affinities
of some polypeptides for the case of the peptide bond QM/MM boundary location.
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