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Abstract

The use of Frozen Core Orbitals (FCOs) at the frontier atom is proposed as an alternative to the specific frontier bond potential in the
Local-SCF/MM method. The calculations illustrate that frontier bond length is correctly recovered without adding any specific force-
field potential. It is shown that the same accuracy is reached for calculations using FCOs arising either from an atomic (ROHF) or from a
molecular calculation using Extremely Localized Molecular Orbitals (ELMOs). In addition FCOs do not modify the description of the
remaining of the QM subsystem from both an energetic and/or geometric point of view.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Quantum Mechanics/Molecular Mechanics (QM/MM)
methods are now well established techniques for the study
of complex systems and particularly of enzyme-catalyzed
reactions. Although widely used, they cannot be considered
as black boxes because the coupling of the two levels of
theory presents some problems if the boundary between
QM and MM regions is set across covalent bonds. Differ-
ent ways of representing the frontier regions have been
devised, based on the use of link-atoms [1–6], of bound-
ary-atoms (examples are the pseudo-bond [7], the adjusted
connection atom [8], the quantum capping potential (QCP)
[9] and the generalized hybrid orbital (GHO) [10,11]
approaches) or of frontier orbitals [12–15]. A recent mixed
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method has also to be mentioned, which combines the link-
atom approach and the distributed charge (and/or dipole)
in a ‘GHO-like’ philosophy [16].

A critical issue common to all these methods is the accu-
racy in the description of the geometrical parameters across
the boundary. In particular, special measures have to be
adopted to avoid too short or too long frontier bonds. In
link-atom methods modifications of either the bonded or
non-bonded force-field parameters across the boundary
[17,18] are used, while in boundary-atom approaches the
semi-empirical [8,10] or pseudo-potential [7,9] parameters
are adjusted to better reproduce the frontier geometry in
model compounds.

In frontier-orbital methods, frontier bonds are described
through strictly localized bond orbitals (SLBOs), which are
kept frozen during the QM/MM calculation. Thus the fron-
tier atom on the MM side of the boundary (‘Y’ in the follow-
ing) has one of its electrons explicitly treated at the QM level.
The combined effect of replacing the full QM atom with a
one-electron Y atom carrying a +1 point charge and of freez-
ing the frontier orbital generally yields too short frontier
bonds. In the approach based on the Local SCF (LSCF)
method [12], a special five-parameters force-field indepen-
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Fig. 1. Partitioning of the Ace-Lys-Nme dipeptide into QM (ball and
sticks) and MM (thick sticks) regions.
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dent frontier bond potential has been developed for different
frontier atom pairs, which allowed reducing the maximum
deviation from full QM calculations to 0.05 Å [14].

In this Letter, we propose an alternative approach to the
problem, by introducing in hybrid LSCF/MM calculations
the explicit description of the core electrons of Y atoms
through frozen core orbitals (FCOs). Analogously to fron-
tier SLBOs, FCOs are determined on model systems and
are kept unchanged during the LSCF calculation. Our pre-
liminary calculations suggest that adding FCOs improves
significantly the description of frontier bond lengths with-
out the need for specific parameters. FCOs are here tested
in conjunction with two different types of SLBOs, derived
either from an a posteriori localization method [19] or by
minimizing the energy under the constraint of strict locali-
zation, which yields the so-called Extremely Localized
Molecular Orbitals (ELMOs) [20–25].

2. Methods

The LSCF method has been developed to optimize a
wavefunction in the presence of frozen molecular orbitals,
which is required when performing frontier orbital-based
QM/MM calculations. It can be used at both the HF and
post-HF level, as well as with DFT approaches. For further
details see Ref. [12,14,26–28].

LSCF calculations were performed on test molecules
(ethane, methylamine and methanol) first at the full QM
level. SLBOs were calculated on each molecule at the
RHF-optimized geometry. Localization was carried out
either according to the a posteriori Weinstein–Pauncz
(WP) criterion [19,29,30] followed by deletion of the delo-
calization tails [31] or using the tail-free ELMO wavefunc-
tion [20–24]. A comparison of the two strategies has been
recently performed, suggesting that the second procedure
yields orbitals that are generally more transferable [25].
FCOs were calculated both in a molecular environment
at the ELMO level and on isolated atoms at the ROHF
level. The localization scheme (i.e. the partitioning of
the molecule into fragments) required by ELMO calcula-
tions was set up according to the molecular Lewis struc-
ture [23].

Subsequently, real QM/MM calculations were carried
out on the two different protonation states of the lysine
amino acid capped with an acetyl and an N-methyl group
(see Fig. 1). The AMBER force-field [32] as implemented
in GAUSSIAN98 [33] was used, together with atom charges
determined according to the RESP protocol [34] on the
RHF-optimized protonated form.

The 6-311G** basis set was used throughout this Letter
(except for the RESP calculation, which employed the rec-
ommended 6-31G* basis set). All LSCF type calculations
together with WP localizations were performed with a
locally modified version of the GAUSSIAN98 package, while
ELMO calculations were carried out with a local code [23]
which has been recently interfaced with the GAMESS-UK
package [35].
3. Results and discussion

The effect of considering FCOs in QM/MM calcula-
tions was first investigated through pure LSCF calcula-
tions on the ethane molecule, where the frontier was set
at the C–C bond. The hydrogen atoms of the classical
region were removed to determine the influence of the
QM wavefunction alone on the structure of the molecule
and to devise a force-field independent model. The CX–CY

bond (where CX is on the QM and CY on the MM side)
and the CY core electrons were described through an
SLBO and FCO, respectively, which were determined
through an ELMO calculation on the complete ethane
molecule and kept frozen during the LSCF iterations on
the CH3–C fragment. In this way three of the CY elec-
trons were explicitly included in the QM calculation and
a +3 charge was assigned to the CY nucleus to keep elec-
troneutrality. In the following, this type of calculation will
be referred to as LSCF/+3. Calculations without FCOs
were also performed for comparison and they will be
referred to as LSCF/+1.

In Fig. 2 the energy profile obtained by rigid scan along
the CX–CY distance is reported for LSCF/+3 calculations,
together with the LSCF/+1 and the full-RHF results
obtained on the complete ethane molecule. It is evident
that the LSCF/+3 equilibrium distance is much closer to
the RHF value than the LSCF/+1. As previously men-
tioned, a specific frontier bond potential was developed
to adjust the LSCF/+1 energy profile to the SCF one,
which accounts for both the atomic orbital overlap varia-



Fig. 2. Energy profile (in a.u.) along the C–C distance (in Å) calculated for
ethane at the RHF and for the CH3–C fragment at the LSCF/+1 and
LSCF/+3 levels with the 6-311G** basis set.
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tion and the nuclei-ion repulsion [14]. The use of FCOs in
the present LSCF/+3 calculation can clearly model only
the latter effect and one can see from Fig. 2 that it plays
a significant role on the position of the minimum but also
on the curvature at the minimum and on the width of the
well. Since the frontier bond is not expected to break dur-
ing QM/MM calculations, the behaviour at large atomic
separation is irrelevant. One can conclude that FCOs are
enough to obtain correct geometries and no more specific
potential is needed.

To assess the dependence of the results from the way the
FCO is determined, we tested the core orbital obtained
from a ROHF calculation on the isolated carbon atom,
but the resulting energy profile was indistinguishable from
that obtained using an ELMO FCO, implying that the var-
iation of the core orbital on going from atom to molecule is
negligible, at least for our purposes1.

Moreover, we checked that the introduction of the
FCO does not perturb the description of other degrees
1 Since the ground state of the isolated carbon atom has a non-null
angular momentum, the ROHF core orbital obtained using polarization
basis functions has not a perfect spherical symmetry (in fact, for cartesian
d functions, one of the dXX coefficients, with X = x, y or z, is slightly
different from the other two), so that the results obtained using it in a
molecular environment depend on its orientation. Even if this dependence
is small (in the present calculation reorienting the orbital by simply
switching the unequal dXX component with one of the other two in turn
yields a variation of at most 0.2 kcal/mol in the minimum energy and of
0.0003 Å in the frontier bond length), using ELMO core orbitals allows to
avoid this ambiguity. Another way to solve this problem could be
calculating carbon core orbitals without d functions, i.e. using a 6-311G
basis set. Also in this case, the variation from results obtained with
ROHF/6-311G** core orbitals is negligible (at most 0.3 kcal/mol for the
energy and 0.0003 Å for the bond length).
of freedom by determining the LSCF/+3 minimum geom-
etry of the CH3–C fragment. Results for selected distances
and angles and for the overall RMS deviation from the
reference RHF structure are reported in Table 1 as LSCF
(ELMO)/+3, together with the full-RHF and LSCF
(ELMO)/+1 values. One can see that the deviation from
RHF results is generally lower for the LSCF(ELMO)/
+3 calculations with respect to LSCF(ELMO)/+1 also
for the internal coordinates involving only ‘full’ QM
atoms.

At last, LSCF/+3 calculations with a SLBO determined
according to the WP criterion were performed for compar-
ison purposes. The LSCF(WP)/+3 results in Table 1 are of
similar accuracy as the LSCF(ELMO)/+3 ones, even if the
frontier bond distance is slightly better reproduced in the
latter case.

Analogous calculations were performed on methylamine
and methanol to test FCOs when the Y atom is a nitrogen
or an oxygen2. From Table 1 it is evident that also in these
cases using FCOs greatly improves frontier bond lengths.
For both molecules WP frontier distances are somewhat
better than ELMO ones, but it is the opposite for other
degrees of freedom, so that the overall RMS deviation
from RHF is similar for the two kinds of SLBOs. More-
over, as for the carbon atom in the calculations on ethane,
using a nitrogen or oxygen FCO obtained from ROHF cal-
culations on the isolated atom does not influence signifi-
cantly the results (data not shown).

Contrary to the ethane case, methyl hydrogens both in
methylamine and methanol are not equivalent, as is visible
from the different values of the angles H1–C–N(O) and
H2–C–N(O) (see Fig. 3 for atom numbering) in Table 1.
In LSCF calculations this asymmetry can be completely
ascribed to the shape of the SLBO, as in our model the
hydrogen atoms of the classical region do not influence
the QM region. Moreover, the different values yielded by
ELMO and WP SLBOs can be interpreted just on the basis
of their different shape. In Fig. 3 the two SLBOs are com-
pared for both molecules through two isosurfaces of the
difference juELMO(r)j2 � juWP(r)j2 plotted for the 0.001
(solid) and the �0.001 a.u. (mesh) values. It can be seen
that the ELMO is larger than the WP SLBO in the region
around the C–Y bond that is opposite to the lone pairs,
which then explains why for methylamine we have
aELMO

H1�C�N > aWP
H1�C�N and aELMO

H2�C�N < aWP
H2�C�N. The same

effect is responsible for the valence angles in methanol.
These different shapes are expected from the variational
nature of ELMOs, which implies that for them the repul-
sion and then the overlap between the bond and the lone
pair orbitals is minimized.
2 For these molecules the Lewis localization scheme used in ELMO
calculations was modified so that the lone pairs of the heteroatom were
delocalized over first-neighbor atoms. This prevented mixing between core
and lone pairs, which could happen if the same partial basis set is used for
their determination and which then would not yield a proper FCO.



Table 1
Selected distances (in Å) and angles (in degrees) calculated for CH3–R (R = CH3, NH2, OH) using the RHF, LSCF(ELMO)/+1, LSCF(ELMO)/+3 and
LSCF(WP)/+3 wavefunctions with the 6-311G** basis set

RHF LSCF(ELMO)/+1 LSCF(ELMO)/+3 LSCF(WP)/+3

Ethane
rC–C 1.527 1.162 (�0.365) 1.571 (0.044) 1.585 (0.057)
rC–H 1.086 1.106 (0.019) 1.097 (0.011) 1.094 (0.008)
aH–C–C 111.2 114.1 (2.9) 113.7 (2.5) 114.0 (2.8)
aH–C–H 107.7 104.4 (�3.3) 104.9 (�2.8) 104.6 (�3.1)
RMSD 0.130 0.038 0.045

Methylamine
rC–N 1.454 1.060 (�0.394) 1.418 (�0.037) 1.439 (�0.015)
rC–H

a 1.088 1.109 (0.021) 1.097 (0.009) 1.097 (0.009)
aH1–C–N 114.6 120.8 (6.2) 119.6 (5.0) 116.2 (1.6)
aH2–C–N 109.4 111.4 (2.0) 110.4 (1.0) 113.3 (3.9)
aH1–C–H2 108.0 104.2 (�3.8) 105.2 (�2.7) 104.4 (�3.6)
aH2–C–H20 107.3 103.6 (�3.6) 105.0 (�2.3) 104.1 (�3.1)
RMSD 0.141 0.024 0.030

Methanol
rC–O 1.399 1.016 (�0.384) 1.312 (�0.088) 1.323 (�0.077)
rC–H

a 1.085 1.117 (0.032) 1.101 (0.016) 1.100 (0.015)
aH1–C–O 107.4 103.7 (�3.7) 105.0 (�2.4) 111.4 (4.1)
aH2–C–O 112.0 119.5 (7.5) 116.9 (4.9) 115.8 (3.8)
aH1–C–H2 108.3 103.8 (�4.6) 105.7 (�2.6) 104.1 (�4.2)
aH2–C–H20 108.7 104.4 (�4.4) 105.6 (�3.1) 104.3 (�4.4)
RMSD 0.140 0.041 0.033

Only unique hydrogen atoms are considered (see Fig. 3 for atom numbering). For LSCF calculations, deviations from the corresponding RHF values are
reported in parentheses, together with the RMSD (in Å) of the structure of the CH3–Y fragment.

a Average over the methyl group.

Fig. 3. Isosurfaces of the difference juELMO(r)j2 � juWP(r)j2 plotted at the 0.001 (white solid surface) and �0.001 a.u. (black mesh surface) values for
methylamine (a) and methanol (b).

3 Since the relative energies of the protonated and unprotonated forms
are significantly influenced by the orientation of the two peptide bonds
with respect to the amine group and for the current partitioning the u and
w angles are mainly determined by the force-field, this constraint was
necessary to isolate the influence of FCOs on deprotonation energies.
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To assess the performance of FCOs in a real QM/MM
environment a further test was performed on the lysine
amino acid. Full-RHF/6-311G** optimizations were car-
ried out on both the protonated and deprotonated forms
of the Ace-Lys-Nme dipeptide. Since the aim of this exam-
ple is to compare different methods, we did not consider the
full lysine conformational space, but only a conformer with
a completely extended side chain. QM/MM optimizations
were then performed setting the boundary at the Ca–Cb

bond and describing the side chain at the QM level (see
Fig. 1). Classical terms involving both QM and MM atoms
were considered according to the scheme reported in Ref.
[14]. Moreover, the u and w dihedrals defining the orienta-
tion of the two amide groups were constrained to their
RHF values3.

Also in this case calculations were performed both with
and without the FCO, which was obtained on the ethane
molecule together with the two types of SLBOs. As
reported in Table 2, the frontier bond length deviations
from RHF yielded by the three methods are similar to



Table 2
Energetic and geometric data calculated for the protonated (P) and neutral (N) form of lysine at the RHF, LSCF(ELMO)/+1, LSCF(ELMO)/+3 and
LSCF(WP)/+3 level with the 6-311G** basis set

RHF LSCF(ELMO)/+1 LSCF(ELMO)/+3 LSCF(WP)/+3

Etot(P) �665.536821 �212.301496 �213.426853 �213. 442916
Etot(N) �665.161689 �211.929661 �213.049365 �213.066150
DE 235.4 233.3 (�2.1) 236.9 (1.5) 236.4 (1.0)
rCa–Cb 1.531 1.206 (�0.325) 1.576 (0.045) 1.591 (0.060)
RMSD(rQM–Cb) – 0.025 0.021 0.017
RMSD(aQM–Cb�Ca) – 3.7 3.4 3.5
RMSD(aCb–Ca–MM) – 3.8 5.1 5.4
RMSDQM – 0.062 0.031 0.043

Total energies (including MM contributions for LSCF) are reported in a.u., while DE = Etot(N) � Etot(P) is in kcal/mol. Distances and distance RMSD
values are in Å, while RMSD over angles are in degrees. RMSDQM (in Å) refers to the positions of QM atoms (Ca excluded).
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those of the CH3–C fragment, with LSCF(ELMO)/+3 giv-
ing the smallest value. Furthermore, distances and angles
involving Cb and its QM neighbours (RMSD(rQM–Cb)
and RMSD(aQM–Cb–Ca)) are reproduced by the three meth-
ods with the same accuracy, which is comparable to the lit-
erature values [11,17]. However, the introduction of the
FCO improves the overall deviation of the side chain from
RHF (RMSDQM).

At last, LSCF/+3 calculations allow reducing the devia-
tion from the RHF deprotonation energy DE by 0.6–
1.1 kcal/mol, with WP SLBO yielding the best value. All
values are anyway within the accuracy that can be expected
for QM/MM calculations of this kind [8,11,17,18].

4. Conclusions

In this Letter the introduction of frozen core orbitals
(FCOs) is proposed as an alternative approach to solve
the problem of the frontier bond length shortening in the
LSCF/MM hybrid method. Our preliminary calculations
on test molecules, representative of three of the most com-
monly found chemical bonds (namely the C–C, C–N and
C–O single bonds), suggest that FCOs allow to recover a
significant part of the repulsion between the frontier bond
atoms, yielding an average error for the frontier bond
length of 0.06 Å from the SCF value without the need of
adding a potential with specific parameters. Moreover, fur-
ther tests show that FCOs do not modify the description of
the rest of the QM subsystem, both from the geometric and
the energetic point of view. As a future improvement, the
variation of the SLBO with the frontier bond length could
be taken into account.
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