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POLARIZATION FORCE FIELDS
FOR PEPTIDES IMPLEMENTED
IN ECEPP2 AND MM2

FRANCISCO TORRENS

Departament de Quimica Fisica, Facultat de Quimica, Universitat de Valéncia,
Dr. Moliner 50, E-46100-Burjassot { Valéncia), Spain

( Received April 1999, accepted May 1999)

The empirical conformational energy program for peptides (ECEPP2) and molecular mechan-
ics (MM2) have been used for the simulation of the For-Gly-NH, backbone. I propose two
different methods for the calculation of the polarization energy term: the polarization proce-
dure by non-interacting induced dipoles (NID) which assumes scalar isotropic point polariz-
abilities and the polarization scheme by interacting induced dipoles (ID) which calculates
tensor effective anisotropic point polarizabilities (method of Applequist). I present a compara-
tive study of ECEPP2 and MM2 + polarization. I discuss molecular mechanics results including
the total energy differences, partitional analyses of the total steric energies and torsion
dihedral angles. The « global and the ¢, 3 and § local minima are stabilized by intramolecular
hydrogen bonds. Although ECEPP2-based calculations rather under or over-estimate the rela-
tive energy of some local minima, the ID polarization energy term represents a significant
correction to the total relative energy.

Keywords: Polarization; polarizability; peptide models; amino acids; conformations; stable;
molecular mechanics

ACS Classification Codes: Amino acids, peptides and proteins; biomolecules and their synthetic
analogs; physical organic chemistry; general physical chemistry '

INTRODUCTION

The shapes of peptides and proteins have been a central theme of scientific
investigation for decades [1]. Several papers have been reported on the
topological description of the potential energy surfaces (PES) of diamides
(glycine [2-4], alanine [2-6], serine [7] and valine [3,4,8] derivatives)
and their relevance to protein folding [9]. In this article, I deal with
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N-formylglycinamide (For-Gly-NH,), which is taken as a model for a
single dipeptide [1]. I have selected this molecule as a test in my calcula-
tions for two reasons: (1) With the lack of a side chain, PES E(¢, ) is a
function of only two variables. (2) It has been established from first prin-
ciples that the idealized 2D-Ramachandran PES for a diamide has to
have nine minima (o, ap, 3, v, ¥p, 61, 6p, € and ep). Since glycine is
achiral, instead of 9 only 5 unique conformations can occur (i.e., ay = ap,
v = vp, 6y = 6p and £; = ep); see Figure 1.

The knowledge of electronic polarizabilities describing the distortion of
a molecular electronic cloud by an external field is very important to de-
scribe intermolecular energies (induction term). In addition, the intramol-
ecular force fields used in mechanical computations are usually based on
the assumption that the interaction between non-bonded atoms can be
analyzed in the same way as intermolecular interactions. Therefore, a pos-
sible improvement of modern force fields is expected from the introduc-
tion of an induction term. Unfortunately accurate experimental data on
the electronic polarizabilities of molecules are very rare, especially if one
is interested by a whole tensorial quantity instead of the usual mean
value. It seems that modern theoretical chemistry, with the help of modern
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)

FIGURE I A schematic Ramachandran type map, E = E(¢, ¢), for For-Gly-NH, indicating
the idealized locations of the expected five minima.
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computers is now able to become a substitute of difficult experimental
determinations.

For the implementation of the induction term in the interaction potential
between small molecules, one assumes that the molecular polarizabilities
are known. Molecular polarizabilities are the tensors that allow to com-
pute several moments induced in a molecule when it is placed in a non-
homogeneous electric field, which can be expanded in a point using the
field at this point and its several derivatives. When passing from small
molecules to macromolecules and from inter- to intramolecular interac-
tions, one can assume that the atomic or bond increments (i.e., atomic or
bond polarizabilities) are available. These increments allow one to divide
the global effect into a sum of local effects. With regard to the easy-handle
calculation of large molecules, I have chosen the atomic increments.

In previous articles, I implemented an induction term in the MM2 force
field [10—12] for the study of dipeptide models {13] and applied it to the
study of the conformational aspects of some asymmetric Diels-Alder
reactions [14] and dipeptide models (For-Gly-NH,) [15]. In the present
work, I describe the implementation of the induction term in the ECEPP2
force field [16—18] and present a comparative study of both force fields
applied to For-Gly-NH,.

In the next section I present the main features of the implementation of
the polarization method in the ECEPP2 force field. Following that, the
electric polarization energy models are presented. Next, the interacting
induced dipoles polarization model (method of Applequist) is described.
The next section is devoted to the results for For-Gly-NH,; and their dis-
cussion. A comparative study of ECEPP2 and MM2 calculations is present-
ed and the results are compared with ab initio CPHF calculations. The
last section summarizes my conclusions.

METHOD

In my studies of the For-Gly-NH, backbone conformation I have used the
molecular mechanics methods [10]. Molecular mechanics techniques aim
at the description of macroscopic properties of physical systems in terms
of microscopic particle interactions. There are many force field programs
available today. The most frequently used method in organic chemistry is
MM2 [10-12]. In a previous article, I applied the MM2 + polarization
force field to the study of For-Gly-NH, [15].

Another frequently used molecular mechanics method for peptides is the
empirical conformational energy program for peptides version 2 (ECEPP2)
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[16]. This force field describes the molecular steric energy as a sum of the
electrostatic, non-bonded, torsional, cystine torsional and loop-closing en-
ergy components.

In order to obtain exact relative energy differences between conforma-
tions, it is necessary to optimize the geometry from appropriate starting
dihedral angles to give the gauche and trans minima [19]. For this purpose
1 have implemented the SIMPLEX MS-3 optimization algorithm [20-26]
in program ECEPP2.

The dipole moment & has been calculated from the point (atomic) dis-
tribution of net charges taken from the ECEPP2 database [16].

ELECTRIC POLARIZATION ENERGY MODELS

The appropriate treatment of non-additive many-body forces, in particular
the inductive interactions in polar polarizable molecules, has been a long-
standing problem in computer simulations of molecular conformations
[27]. The inductive interactions are modelled by interacting atomic dipole
polarizabilities. In energy minimization procedures one needs to know the
forces acting on the molecules or molecular parts. A direct approach to
the analytical evaluation of the forces and force constants, by calculating
the variation of the total electrostatic energy and of the forces under small
virtual displacements of the interaction centres has been proposed. An im-
portant advantage of the calculation of the forces by considering the varia-
tion of the energy expression with respect to the displacement of particles
is that one can discuss those cases where the induced moments are not cal-
culated self-consistently. In effect in such circumstances there are possible
dangers of using inconsistent approximate energy and force expressions.

The familiar effective pairwise additive interaction potentials used in
most molecular simulations have been extensively refined, and several inter-
nally consistent parameter sets are available [12, 19, 28 —31]. This is not the
case with model potentials that explicitly include polarization. Consider a
system of N polarizable point charges {¢’,a'}, where g’ represent point
charges and o scalar isotropic point polarizabilities in the absence of an
external electric field [32—35]. (I consider here only point charges as the
simplest case; generalization of the formulae for higher permanent mo-
ments is straightforward). The local field at position i, E’, introduces an
induced dipole i’ in the direction of the local field,
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This local electric field is due to the electric field due to all charges except
g’ and the electric field due to all induced dipoles except i’. It should be
noted that the local field is calculated only from the charges at 1-4 (and
further) atoms because I am interested in the correction of only the torsion
component of the ECEPP2 and MM2 force fields. The electric polarization
energy U is the energy required to make the induced dipoles,

- i I ale i
U=§;U__§Xi: ol

The explicit treatment of the induced dipole moments, as far as they
are generated by the electric field due to the permanent charges and dipoles
of the molecule, has been suggested [13]. Two different methods for the
calculation of the effect of the induced dipole moments on the polariza-
tion energy term have been proposed [15]: the polarization procedure by
non-interacting induced dipoles (NID), and the polarization scheme by
interacting induced dipoles (ID).

The NID polarization method assumes scalar isotropic point (atomic)
polarizabilities. Since the electric field at each position has to be evaluated
to determine the induced dipoles, the polarization energy is most easily
evaluated from this field,

1< o
U=—§ZQ-E-E

The most important aspect by which my treatment differs from earlier
methods is that the local electric field from which the induced dipole
moments are evaluated does not depend on the polarizabilities {a’}. On the
other hand, the polarization procedure by interacting dipoles (ID) allows
the interaction of the induced dipole moments by means of tensor effective
anisotropic point polarizabilities (method of Applequist [36—40]).

Both NID and ID algorithms have been implemented in the ECEPP2
and MM2 programs. A database of atomic polarizabilities [41] has been
implemented in the block data of both programs.

The atomic polarizabilities used (NID methods) and obtained (ID
procedures) in the calculation of the polarization energy term of For-Gly-
NH,; are reported in Table I. On one hand, for ECEPP2 the total molecular
polarizabilities are greater for the ID calculations than for the NID results.
Moreover, the atomic polarizabilities of the H, C and N atoms are greater
with ID. However, the atomic contributions from the O atom are greater



'sajodip paonpur Sundesayw £q uonezierod
'ssfodip padnput Sunoelajut-uou Aq uonezueod (JIN ,

0576 18C°6 6CL6 L7801 2801 08°01 £88°01 6L701 12L°9 - [e10L
LST0 651°0 0100 8600 860°0 L60°0 6600 L60°0 60°0 CH
651°0 £91°0 010°0 101°0 8600 660°0 01°0 860°0 600 tH
1eo £1C0 §§TC 090°1 $s0'1 650°1 £LO'1 LSOl 8790 N CHN-1Ax0q1ED
95¢°0 LSE0 s6e’l 85£°0 09¢°0 LSE0 86€°0 Lst0 S6E°1 o
LT90 8790 SLOO 8790 8790 8790 8790 8790 $LOO o]
9LY’1 ¥89°1 LOV0 L6911 6691 989°1 91L'1 889°1 LOV0 VH
$89°1 ¥89°1 LOV0 0TLl (U eIL’l 9IL1 869°1 LOV'0 VH
Sve'l ove’l Lol 1se'l tSe'l (921 £St'l 6vt’l L20'1 VO
91°0 wro 0100 001°0 1oro 660°0 001°0 001°0 60°0 NH
1170 1o §§TT 050°1 $s0'1 [AY U 0S0°1 950°1 829°0 N SuBALD
¥e9°0 9£9°0 SLOO ¥£9°0 9¢9°0 Se9°0 w90 $£9°0 SLO0 D
w90 Poc°0 S6t'l 19¢°0 99¢°0 980 69¢°0 19¢°0 g6¢’l 8]
$99°1 1291 LOv'0 699°1 699°1 §99°1 9L9°1 999°1 LOY'0 H w0y
L g Ly 3 Q A o 0 A-0 wory anpisay
ar+aimwn aIN +TWI al+tddiadd dIN +Tddd0d
SUONBULIOJUOD

CHN-AID-104 10j A310u0 uonezirejod oy} jo vonemoes sy Ul (A1 + ZdddDd) PaureIqo pue (QIN + {dddDI) pasn (¢Y) seniqezuejod stwoly [ 19V.L

1102 AJtenuer $T 85 :8T

© v pspeo jumog



18:58 14 January 2011

Downl oaded At:

FORCE FIELDS FOR PEPTIDES 397

with NID. When the five a~¢ ID results are compared, similar atomic and
total molecular polarizabilities are obtained. On the other hand, for MM2
the total molecular polarizabilities are greater for NID than for ID. Fur-
thermore, the atomic polarizabilities of the N and O atoms are greater with
NID. However, the atomic contributions from the H and C atoms are
greater with ID. When both 7 and -~y ID results are compared, similar total
molecular polarizabilities are obtained. The comparison of ECEPP2 and
MM2 + polarization calculations show that the dispersion of the results be-
tween both NID methods (3 A%) is halved when the ID polarization is used.

INTERACTING INDUCED DIPOLES POLARIZATION
MODEL (METHOD OF APPLEQUIST)

One considers the molecule as being up of N atoms (represented by
i,j,k,...), each of which acts as a point particle located at the nucleus,
and responds to an electric field only by the induction of a dipole moment,
which is a linear function of the local field [39,40]. If a Cartesian coordi-
nate of the field due to the permanent multipole moments is E;, then the
induced moment x/ in atom i is

N
ui=a - (E;+ZT;{J-“;,) (1)
JD

where o is the polarizability of atom i and T} is the symmetrical field
gradient tensor, T;’; = (1/e)V}- E{;, ¢ is the charge of the proton, and the
subscripts a, b, ¢, ... are standing for the Cartesian components x, y, z. The
expression in parentheses in Eq. (1) is the total electric field at atom i,
consisting of the external field plus the fields of all the other induced di-
poles in the molecule.

The set of coupled linear equations (1) for the induced dipole moments
can conveniently be expressed in compact matrix equation form, if one
introduces the 3N x 3N matrices T and a, with elements T/, and o/, - 67 (6"
being the Kronecker §), respectively. In order to supress the restriction
in the sum, the elements T/ are defined as zero. Similarly £ and g are
3N x 1 column vectors with elements E! and p’. Equation (1) is thus writ-
ten in matrix form,

=
Il
Qi
N
ot
[ey]]
+
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=
—
i
QI
~ i
txy
+
il
~ i
=i



18:58 14 January 2011

Downl oaded At:

398 F. TORRENS

where I is the 3N x 3N-dimensional unit matrix. This matrix equation can
be solved for the induced dipole as

p=(i-a0) aE=ak

Here the symmetrical many-body polarizability matrix A has been
introduced:

= = _ o=\ —1 _
A=(1—a-T) &

It is important to emphasize that the many-body polarizability matrix
describes a non-local polarizability response of the system. In effect, an
electrostatic field at point j gives rise not only to an induced moment at j
(proportional to the diagonal block element Afb), but it contributes (non-
locally) to the induced moments of all the other sites as well.

CALCULATION RESULTS AND DISCUSSION

I have calculated the five minima of the conformational PES of For-Gly-
NH,; with a version of the ECEPP2 program which includes, besides the
standard algorithm, both polarization methods (NID and ID). These
minima were described by Perczel et al. [2] at the ECEPP2 level, using the
grid method for the geometry optimizations [42]. These minima were also
described by Perczel et al. [2] and Viviani et al. [3,4] at the ab initio level
using second derivative techniques for the geometry optimizations [43, 44].
These conformations are shown in Figure 2. The «, ~, § and £ minima are
folded conformations while the 8 minimum is fully planar. The ECEPP2 +
polarization calculations have been optimized with the SIMPLEX MS-3
algorithm [22].

The total energy differences are shown in Table II and compared with
MM2 molecular mechanics and ab initio SCF 3-21G (optimized geometry)
references [3, 4]. Five structures are found with the ECEPP2 methods, two
with the MM2 methods and four with the ab initio method. The three types
of methods show at the same time only two structures (3 and «). These are
the only minima with MM2 and the two main minima with ECEPP2 and
ab initio. The ECEPP2 + polariation relative energies of the 3 local mini-
mum are in agreement with the reference calculations, lying between the
MM2 + ID and ab initio values.
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(e)

FIGURE 2 Molecular mechanics (ECEPP2) structure for For-Gly-NH,. (a) o minimum,
(b) fully-planar 4 minimum, (¢} v minimum, {(d) § minimum and (e) £ minimum. The «, ~, §
and ¢ minima are folded conformations. (See Color Plate XVIII).

It is well known that intramolecular hydrogen bonds contribute to
stabilization of the ~ conformers independently of the nature of the side
chain [2, 5]. The variation of this contribution to the stability of the vari-
ous -y conformers may be anticipated from the variations of the length of
the hydrogen bond which occurs between a hydrogen atom bonded to the
terminal nitrogen and the oxygen of the carboxylic group at the other end.
The formation of this hydrogen bond between both ends of the backbone
results in the formation of a cycle in which the optimum hydrogen bond
length is modified by the angular tension.

The o and 8 local minima are stabilized by one intramolecular hydrogen
bond forming a 5-membered ring N—H.--N (o) or N—H.--O (B).
Moreover, the v global and é local minima show two shared intramolecu-
lar hydrogen bonds forming a 5-membered ring N—H --- N and closing a
ring with 7 members N—H - -- O (v), or forming two shared 5-membered
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ringgs N—H---N (6). On the other hand, the ¢ local minimum shows
no intramolecular hydrogen bond. It should be pointed out that the en-
ergy differences among minima are expected to be smaller for For-Gly-
NH, than for the remaining For-X-NH, amino acid dipeptide models (X
stands for any amino acid) because glycine (Gly) is the most flexible amino
acid (note that Gly-Gly-X-Gly-Gly pentapeptides are used as models of
random coil arrangements around amino acid X in nuclear magnetic
resonance) [45].

The partitional analyses of the ECEPP2 total steric energies for the five
conformers are reported in Table III. No contribution of the torsional, nor
cystine torsional nor loop-closing energy components has been observed.
The v global minimum is stabilized with respect to the remaining minima
by the electrostatic energy term. It should be remarked that the polariza-
tion energy term is rather big when compared with the electrostatic and
non-bonded component parts and with the total steric energy. The
ECEPP2 + NID polarization energy represents ca. 20% of the total energy
and the ECEPP2 + ID induction energy represents ca. 44% of the total
energy. For MM2, the MM2 + NID polarization component is ca. 9% and
the MM2 + ID polarization is ca. 16% of the total energy. Note that both
total energies and their component parts cannot be compared directly be-
tween different force fields because only the relative total energy differences
have physical meaning [10].

The dipole moments g for the five conformers are reported in Table IV.
The ECEPP2 + polarization p values compare better than the MM2+
polarization ones with the ab initio reference calculations. ECEPP2 +
polarization rather underestimates p while MM2 4 polarization overesti-
mates them. The dispersion of the results is smaller for ECEPP2 + polariza-
tion because in this version of the ECEPP2 methods, the bond distances
and angles are frozen during the optimization process, and only torsions
around the dihedral angles are allowed [17]. In particular, the u results
for the g fully-planar local minimum show a constant value independ-
ently of the inclusion of the polarization energy terms in the force field.
It should be remarked that, for both types of force fields, the effect of
polarization corrects the dipole moments in the direction of the reference
calculations, slightly increasing them for ECEPP2 and rather decreasing
them for MM2.

The torsion dihedral angles (¢ and 1) for both families of force fields has
been reported in Table V. The effect of ECEPP2 + polarization on ¢ and
@ is rather big (e.g., 28—47° for local minimum §). The effect on the re-
maining geometric parameters has a small individual effect on the chain
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conformation because the amide bonds are known to be planar around the
sp® nitrogen atoms. Moreover, the stretching and bending movements are
more rigid than the dihedral angle changes, and carry out shorter move-
ments. However, the combined effect on the overall conformation of the
changes associated to the 33 conformational degrees of freedom corre-
sponding to For-Gly-NH,, is difficult to predict.

CONCLUSIONS

From the preceding discussion the following conclusions can be drawn.

1. The results of the present work clearly indicate that due to the creation
and annihilation of critical points, caused by excessive repulsive or ex-
cessive attractive interactions, it may become necessary to recalibrate
empirical force fields. It appears that the results of good-quality ab initio
calculations might be suitable as primary standards for such a calibra-
tion. At least in the present study for For-Gly-NH,, molecular mechanics
was able to predict, without and with the inclusion of the polarization
energy term, the global minimum of the conformational PES. It is also
clear that, in order to see at least a good portion of the total picture, the
N-formylamides of all naturally occurring L-amino acids must be stud-
ied by ab initio methods as well as the amides of dipeptides, tripeptides
and tetrapeptides.

2. The comparison of ECEPP2 and MM2 + polarization calculations for
For-Gly-NH, shows that ECEPP2 gives a better description of the glob-
al conformational PES, while in MM2 the inclusion of the polarization
energy gives a better description of the relative energy difference between
the two main minima.

3. The polarization energy term has not been revealed necessary in the
ECEPP2 geometry optimization for For-Gly-NH,, but it influences the
energy differences between the conformers. In particular, this difference
for only the polarization component is 44% of the total energy differ-
ence, resulting of the same order of magnitude that the energy differ-
ences reported in the ab initio reference calculations. An extension of
the present study to alanine, serine and valine analogues of For-Gly-
NH; would give an insight into a possible generality of this conclusion.
For these N-formylamides the changes of geometry due to polarization
are expected to be even smaller because all the amino acids are more
rigid than glycine [45].
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4. 1 want to deal with the analytical calculation of the overall conforma-
tional change induced by the electric polarization energy. Further work
is in progress dealing with the calculation of the changes induced by
polarization in the molecular and atomic indices of the For-Gly-NH,
conformers. This work will take advantage of the capabilities of the
TOPO program [46—-48] written for the simulation of the molecular
shape through the calculation of electrostatic and geometric descriptors
and topological indices of molecules, including the fractal dimension of
the accessible surface.
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APPENDIX

Hamiltonians

In the MM2 + polarization methods, the geometry optimization is carried
out with the block diagonal Newton-Raphson method of the program MM?2
[10]. The diagonal of the Hessian is calculated analytically [49]. In this
work, I have used the MM2 (1980) set of parameters [12]. The parameters
for hydrogen bonding and for amides, polypeptides and proteins have been
included according to Refs. [28] and [30], respectively. For both NID and
ID polarization formulations, a scheme for the analytical polarization en-
ergy, gradient and Hessian has been developed based on the electric field
value, its gradient and Hessian [13]. The polarization interactions are taken
into account only for atoms located at position 4 (and further) referred to
bonds between atoms placed at 1-2. A database of atomic polarizabilities
has been built up from coupled Hartree-Fock (CPHF) calculations of the
polarizability tensors of a series of molecules containing the main func-
tional groups which are present in peptides [41].

In the ECEPP2 + polarization methods, the energy minimization is
performed with the SIMPLEX MS-3 optimization algorithm [22], which
has been implemented in the code for this work. The original parameter set
(ECEPP version 2) [17] has been used along the calculations. The polar-
ization interactions are considered only for atoms located at 1-4 (and
further).
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Algorithms

FORTRAN programs MMID2 [13-15] and ECEPPID2 include the
polarization procedure by non-interacting induced dipoles (NID) and the
polarization scheme by interacting included dipoles (ID). Both programs
are available from the author and are free for academics.

Expressions

The expression for both NID and ID polarization schemes are given in the
sections “Electric polarization energy models” and “Interacting induced
dipoles polarization model (method of Applequist)”, respectively.

Validation

Results of checks undertaken to validate the simulation were published for
For-Gly-NH, with MM2 + NID [3] and MM2 +ID [15]. Also, for Diels-
Alder dienophiles, with MM2 +1ID [14]. Reference calculations for For-
Gly-NH, with ECEPP2 were published by Perczel et al. [2].

The SIMPLEX MS-3 [20-22] optimization algorithm was tested in the
program AMYR for the theoretical simulation of molecular associations
and reactions that was applied to benzene dimers {50, 51], s-terazine di-
mers, benzene-s-tetrazine dimers [51], azine dimers [52, 53}, phthalocyanine
(dimers [54-57], clusters [57] and (-crystal [57,58]) and coronene clus-
ters [59, 60]).

Other Details

One only molecule (For-Gly-NH,) has been presented in this work in 5 dif-
ferent conformations. The CPU time for a typical run is 4s for MMID2 and
9s with ECEPPID2 in an IBM RISC System/6000 590. Starting geometries
were taken from the ab initio and ECEPP2 optimized geometries from Refs.
[2] to [4]. An improved DRIVE optimization scheme has been implement-
ed in the MMID2 program. Details and results are reported in Ref. [15].
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