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Abstract

The optimized geometries and relative energies obtained by four force field and two semi-empirical methods were compared
with ab initio results computed for formyl-l-alaninamide. Not all methods yielded the same number of minimum energy
conformers. Furthermore, while the optimized geometries of the conformers found were comparable, the computed relative
energies varied substantially. Also, the force field calculations produced Ramachandran maps that did not even have the
appearance of the ab initio Ramachandran map.

Correlating the ab initio relative energies (DE) or free energy (DG) with the log of relative populations, ln(px=pgL
), led to

linear relationships from which four conformers deviated; two of them (aL and«L) were overly destabilized and two of them
(gL andgD) were over-stabilized. It is suggested that, after such deviations are corrected, a primary standard may be obtained
that might be useful in further investigations related to force-field parametrization as well as protein folding.q 1998 Elsevier
Science B.V. All rights reserved.

Keywords:Empirical force fields; Semi-empirical and ab initio MO methods; Alanine diamides; HCONH–CHMe–CONH2;
MeCONH–CHMe–CONHMe

1. Introduction

The Ramachandran map, associated with the
conformational behaviour of an amino acid residue,
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within a peptide or a protein molecule, is one of the
corner stones on which peptide and protein folding is
defined. Three torsional angles (f, w andq), as shown
in I , define a potential energy hypersurface [1] which
is associated with a peptide residue

E=E(f,w,q) (1)

For trans-peptide bonds,q = 180º, therefore the
potential energy hypersurface (PEHS) is reduced to
a conventional potential energy surface (PES)

E=E(f,w) (2)

where the energy is a function of two independent
variables:f and w Eq. (2). When Eq. (2) is plotted
in terms of energy contours, the graphical repre-
sentation of this PES is normally referred to as the
Ramachandran map ofI .

Numerous force fields have been proposed for the
conformational analysis of peptides and proteins. The
success of these molecular mechanics packages is
based on their different parametrizations which, in
turn, are expected to lead to different results. Some
comparisons have already been published [1,2] but
they are far from being exhaustive.

Semi-empirical MO methods, such as MINDO/3
[3], MNDO [4], AM1 [5] and PM3 [6] have been
used extensively to study molecules that are too
large for ab initio investigations. However, they are
not the generally accepted research tool for peptide
conformational analysis.

Ab initio computations have been carried out on
small peptides (II ) with P = Q = –H or P = Q =
–CH3, for glycine R = –H [2,7,8], as well as for
alanine R= –CH3 [2,7,8], valine R = –CH(Me)2
[9], serine R = –CH2OH [10] and phenylalanine
R = –CH2Ph [11].

In most of these previous studies, computations
were carried out at the RHF/3-21G level of theory
although extensive basis set computations with and
without the inclusion of electron correlation have
also been reported for R= –H, –CH3 with P= Q =
–H [12,13].

In the present paper we wish to compare the results
obtained by a variety of empirical molecular
mechanics (MM) and semiempirical MO methods
with those obtained by ab initio methods in the past,
with and without the inclusion of electron correlation.

2. Methods

In the molecular mechanics (MM) approach,
the following force fields were used, as adapted
by hyperchem [14]: MM+ [15], amber [16],
bio+ (charmm) [17], andopls [18].

In the semiempirical MO approach, AM1 [5] and
PM3 [6] were used as adapted bymopac 6.0 [19].
Computations were carried out with MM corrections
(mmok) and without MM correction (nomm).

Most of the ab initio computed results were taken
from previously published papers [2,12,20]. These
results were obtained at three levels of theory: RHF/
3-21G, RHF/6-311++G(d, p) and MP2/6-311++G(d,
p). However, some additional geometries needed to
be computed. These computations were carried out at
the RHF/3-21G level of theory using Gaussian 94
[21].

3. Results and discussion

3.1. Molecular energetics of conformations

It has been demonstred in numerous papers, as has
been reviewed recently [22], that the Ramachandran
map for a singlel-amino acid diamide has nine dis-
crete conformers. These are labelled asaD, aL, bL, dD,
dL, «D, «L, gD, gL and they form a certain pattern as
shown in Fig. 1. Earlier ECEPP/2 force field calcula-
tions [2] showed the existence of these nine minima.
The ab initio potential energy surface (PES) shows
that theaL and «L conformations have been annihi-
lated due to the presence of a high mountain ridge
which is oriented more or less along the disrotatory
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mode of motion as may be seen in the contour dia-
gram (Fig. 2) or the pseudo 3D-representation (Fig. 3)
of the Ramachandran landscape calculated for HCO–
l–Ala–NH2 [20].

The optimized torsional angles (f, w) with the com-
puted relative energies obtained by the four different
MM (MM +, amber, bio+ and opls), as well as the
ECEPP results reported earlier [2], and two semiem-
pirical MO (AM1 and PM3) computational results,
without and with MM corrections for HCONH–
CHMe–CONH2, are summarized in Table 1. Ab initio
results, obtained previously [2,12] at three levels of
theory [RHF/3-21G, RHF/6-311+ +G(d,p) and MP2/
6-311+ + G(d,p)], are also included in Table 1 for the
sake of comparison. Table 2 shows similar conforma-
tional and energetic data obtained for MeCONH–
CHMe-CONHMe.

The empirical force field (MM) surfaces for
MeCONH–CHMe–CONHMe are shown in Fig. 4.
Three PES(s) out of the four force field methods
used, three PES (MM+, amber and bio+) did not

result in smooth E(f, w) functions. However, the
fourth PES, calculated by OPLS, looks more like as
expected (Fig. 4) with smooth features similar to the
relevant ab initio surface (Fig. 3). These discrepancies
exhibited by the empirical PES, are also present in the
data reported in Tables 1 and 2. While theecepp,
amber, bio+, opls methods located all 9 backbone
minima, the MM+ could find only 7 stationary points.
TheaL anddL minima were annihilated in the case of
formyl alanine amide (Fig. 4 and Table 1). However,
in the case of acetyl alanine methylamide (Table 2) all
four methods located all nine conformers. Overall, we
noticed that the number of the zero gradient points
differed as a function of the applied force field. We
also noticed that the various methods did not have the
same conformer as their global minima. As reported
in Table 1 for the HCONH–CHMe–CONH2 mole-
cule, MM+ andecepp/2 had thegL, amber andopls
had theaL and bio+ had thedD as the most stable
backbone structure. Similarly, for the MeCONH–
CHMe–NHMe model compound, the MM+ and

Fig. 1. Idealized PES topology for a single amino acid residue involving two complete cycles of rotation in bothf andw leading to four
equivalent quadrants. Location of the minima are specified by their names in terms of subscripted greek letters. The central square, marked by
broken lines, specifies the cut of the PES accepted by IUPAC convention:− 180º # f # + 180º and − 180º # w # + 180º.
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Table 1
Molecular mechanics, semiempirical MO and ab initio SCF results computed for HCONH–CHMe–CONH2
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ecepp/2 had thegL, amber andopls had theaL and
bio + had thedL as the most stable orientation.

The two semiempirical MO surfaces generated
without and with MM corrections are shown in Figs.
5 and 6 respectively. Some of them are similar to the
relevant ab initio surface (Fig. 3). However, not all of
these minima are located at the expectedf, w values
and some minima were clearly annihilated. On the
other hand, the geometry optimization results,
reported in Tables 1 and 2, revealed that the AM1

and PM3 approaches yielded geometrical parameters
comparable to those of ab initio computations.

The energetics, summarized in Tables 1 and 2, are
illustrated graphically in Figs. 7 and 8 forN-formyl-l-
alaninamide and N-acetyl-l-alaninmethylamide
respectively. As it has been noted previously [2,7],
the order of energy levels obtained by MM is not
necessarily parallel with the ab initio results. All ab
initio results reported so far [2,7,8,12], indicated that
the gL conformer is the global minimum. We may

Table 1 (continued)
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now conclude that the same inconsistency applies for
the semiempirical MO calculations as for the MM
approaches.

The reason why certain MM methods favour theaL

conformer (which is not even a minimum on the ab initio
PES) is simply due to the fact that these empirical force
fields are catering for the right-handeda-helical back-
bone orientation, i.e. (aL)n, which is the most frequently
occurring secondary structural motif in proteins.

It might be added, parenthetically, that, as has been
pointed out previously [12], the increase of basis set
size without the inclusion of electron correlation is not
a recommended practice. It is clear from Fig. 7 that for
certain conformations of HCONH–CHMe–CONH2

the relative stabilities at the HF/6-311++G(d,p) level
are low with respect to the values obtained at the
MP2/6-311++G(d,p) level of theory. The corre-
sponding energetics, associated with MeCONH–
CHMe–CONHMe, are shown in Fig. 8.

In order to ever hope to obtain, at least, a nearly
perfect force field, which is a requirement for the
correct study of protein folding, it would be desirable
to compare the computed results to some kind of a
primary standard. However, no such primary standard
exists at this time.

3.2. Population of molecular conformations

Let’s assume that in proteins, conformer (x) is
populated (px) according to its relative stability.
ChoosinggL as the reference conformer, the relative
population (px=pgL

) may be assumed to be related to
the relative stabilities (Eq. (3)) in a Boltzman type
exponential distribution (Eq. (4))
DE=Ex −EgL

(3)

px

pgL

� �
=e

+
DE
m ·e

−
b
m (4)

Fig. 2. Energy contour diagram of the Ramachandran map computed for HCONH–CHMe–CONH2 at the HF/3-21G level of theory showing
two complete cycles of rotation in bothf andw.
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or its equivalent logarithmic form (Eq. (5))

DE=m:ln
px

pgL

� �
+b (5)

Of course the more negative isDE the higher the value
of log(px=pgL

). This implies thatm is expected to be a
negative quantity.

3.3. Single amino acid diamides

The populations of the nine discrete conformations
have recently been published [2], based on a study of 73
proteins containing 11 793 amino acid residues. These
data, essential for the present study, are given in Table 3.
Fig. 9 shows how the MM relative energy values

Table 2
Molecular mechanics, semiempirical MO and ab initio SCF results computed for MeCONH–CHMe–CONHMe

f w DEa (kcal mol−1)

Molecular mechanics

MM +
aD 62.0 58.8 8.64
aL −63.0 −58.6 8.05
bL −165.0 179.8 8.23
dD −179.3 −58.7 7.41
dL −179.3 60.9 7.75
«D 71.0 −174.0 10.04
«L −58.7 179.7 10.73
gD 61.7 −58.6 4.42
gL −60.0 59.3 0.00

AMBER

aD 58.9 60.4 −1.77
aL −56.8 −62.2 −2.73
bL −179.3 −177.9 −0.81
dD 179.2 −59.5 −1.89
dL −177.4 65.5 −1.73
«D 62.5 −177.4 −1.79
«L −62.3 178.2 − 1.85
gD 58.1 −57.4 4.97
gL −60.8 59.6 0.00

BIO +

aD 61.4 55.7 −7.14
aL −65.2 −54.1 −5.49
bL −179.9 −177.9 −6.75
dD −179.8 −59.1 −3.03
dL −178.1 64.7 −10.57
«D 63.0 168.8 −1.49
«L −63.1 178.2 −2.41
gD 57.4 −53.9 −0.98
gL −62.2 56.9 0.00

OPLS

aD 59.9 59.0 −4.50
aL −72.8 −54.4 −7.21
bL −179.2 −177.9 −4.65
dD 179.6 −59.3 −5.34
dL −177.3 65.6 −5.34
«D 66.9 −174.0 −4.57
«L −63.8 178.4 −1.63
gD 60.1 −55.3 −1.02
gL −62.0 58.9 0.00
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computed for MeCONH–CHMe–CONH–Me relate to
ln(px=pgL

). None of the MM results follow Eq. (5).
Furthermore some of the lines between adjacent points
do not have negative slopes. However, a segment here
and there hints that there might be considerable linearity
if the forcefields were optimally parametrized. Such

hints might be sufficient to reexamine the question of
MM parametrization.

Similar plots were prepared for the results obtained
by the two semiempirical methods. These correlations
are shown in Fig. 10.

The ab initio relative energies (DE), as computed at

Table 2 (continued)

f w DEa (kcal mol−1)

Molecular mechanics

ECEPP/2

aD 54.7 46.0 2.37
aL −73.6 −34.9 0.81
bL −154.7 157.2 0.71
dD −158.2 −57.5 1.73
dL −150.7 45.6 1.10
«D 63.7 −174.8 5.07
«L −75.5 139.0 1.12
gD 71.7 −64.3 7.24
gL −80.4 75.8 0.00

Semiempirical MO without MM correction

AM1
aD not found
aL not found
bL not found
dD not found
dL not found
«D not found
«L −106.4 145.2 1.58
gD 76.2 −63.0 0.71
gL −83.9 68.0 0.00

PM3
aD 63.4 46.0 2.48
aL −90.6 −52.7 0.79
bL −162.5 127.8 −1.06
dD −154.3 −61.1 0.65
dL not found
«D 62.2 −171.1 1.32
«L −85.5 152.1 −1.80
gD 62.7 −45.8 2.09
gL −62.6 88.7 0.00

Semiempirical MO with MM corrections

AM1
aD not found
aL not found
bL −112.5 111.9 1.86
dD −111.3 −50.8 2.96
dL not found
«D not found
«L −111.4 133.6 1.78
gD 76.5 −64.0 0.62
gL −83.6 69.6 0.00
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Table 2 (continued)

f w DEa (kcal mol−1)

PM3
aD 61.1 39.1 3.48
aL −110.1 −39.2 1.31
bL −144.1 132.6 −1.03
dD −134.3 −58.6 1.05
dL not found
«D 63.2 −161.1 2.37
«L −90.2 145.6 −1.73
gD 69.9 −60.4 1.02
gL −74.6 73.9 0.00

Ab initio

HF/3-21G
aD 63.4 32.7 5.80
aL not found
bL −167.1 169.4 1.13
dD −175.9 −45.2 7.24
dL −127.6 27.8 3.61
«D 64.3 −171.8 7.95
«L not found
gD 74.4 −58.2 2.81
gL −85.8 69.0 0.00b

aGlobal minima are printed in bold.
bE(total) = −490.1199478 hartree.

Fig. 3. Pseudo-3D representation of the Ramachandran landscape computed for HCONH–CHMe–CONH2 at the HF/3-21G level of theory. The
PES shown corresponds to the upper right hand quadrant of Fig. 1 and Fig. 2.
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the HF/3-21G and MP2/6-311++G(d, p) levels of
theory, were also correlated with the log of relative
populations: i.e. ln(px=pgL

). The results are shown in
Fig. 11. The hint of linearity is clearly present here,
much more so than was observed in the case of MM
and semiempirical results (Figs. 9 and 10). It is clear
from Fig. 11 that we need to focus our attention to two
sets of conformations: (aL,«L) and (gL,gD).

In the case ofaL and«L, it should be noted that the
PES of a single amino acid diamide does not have
these conformers as stable minima. Thus, nothing is
stabilizing these conformers when they are isolated
from the polypeptide chain. However, both theaL

[20,23] and«L [23,24] minima reappear if there is a

stabilizing effect that originates from outside of the
single amino acid residue. We have computed the
energy of theaL and «L conformations of HCNH–
CHMe–CONH2 at RHF/3-21G level of theory
(Table 4), at fixedf and w values, and as may be
seen from Fig. 11A, they are way above the line fitted
to the five points. Thus, in the isolated peptides these
conformers are understabilized with respect to the
protein environment.

In contrast to the above, thegD andgL conforma-
tions are overstabilized in their isolated state with
respect to the protein environment. In order to
mimic their stability in a protein environment, we
need to destabilizegD by about 8 kcal mol−1 andgL

by about 3 kcal mol−1 at the HF/3-21G level of theory
(Fig. 11A). Of course, the needed destabilization
values are method dependent. For example at MP2/
6-311++G(d, p) level of theory, these values turn out
to be 5.6 and 2.6 kcal mol−1 (Fig. 11B) forgD andgL

Table 3
Population of amino acid residue conformations in proteinsa

Conformation
x

px (px=pgL
) ln(px=pgL

)

aL 4599 4.8870 +1.59
«L 2743 2.9150 +1.07
bL 1581 1.6801 +0.52
gL 941 1.0000 6 0.00
dL 691 0.7343 −0.31
aD 515 0.5473 −0.60
dD 314 0.3337 −1.10
«D 274 0.2912 −1.23
gD 135 0.1435 −1.94

aData taken from [2]. It consists of 11 793 amino acid residues in 73
proteins carefully selected for their accuracy.

Table 4
Total molecular energies of HCONH–CHR–CONH2 computed at
the HF/3-21G level of theory for fixedf and w torsional angle
values associated with theaL and«L conformations

Conformation f w E(HF/3-21G)

aL −69.8 −36.8 −412.456752*

«L −74.7 +167.8 −412.458130*

*Interpolated from the grid points of theE = E(f,w) surface using a
cubic spline function.

Table 5
Scaled stabilities (DEscaled) for the conformations of HCONH–CHMe–CONH2 and MeCONH–CHMe–CONHMe computed at the HF/3-21G
level of the theory

Conformation
x

HCONH-CHMe-CONH2 MeCONH-CHMe-CONHMe

DEHF a DDEshift DEHF +
DDEshift

DEscaled DEHF a DDEshift DEHF +
DDEshift

DEscaled

aL [11.31]b −14.48 −3.13 −6.28
«L [10.45]b −11.53 −1.08 −4.23
bL 1.25 1.25 −1.90 1.13 1.13 −1.87
gL 0.00 3.15 3.15 0.00 0.00 +3.00 3.00 0.00
dL 3.83 3.83 0.68 3.61 3.61 +0.61
aD 5.95 5.95 2.80 5.80 5.80 +2.80
dD 7.31 7.31 4.16 7.24 7.24 +4.24
«D 8.16 8.16 5.01 7.95 7.95 +4.95
gD 2.53 8.26 10.79 7.64 2.81 +7.83 10.64 +7.64

aComputed at the HF/3-21G level of theory.
bOptimized with fixedf, w angle pairs since these conformations are located at the side of a mountain ridge. Fixed torsional angles were taken
from [20]. ForaL: f = − 69.8 andw = − 36.8. For«L: f = − 74.7 andw =167.8.
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respectively. One may wonder why thegD and gL

conformations are stabilized so excessively in these
isolated forms of the peptide. Alternatively we may
ask what process is responsible for the destabilization
of these conformations on going from the isolated
amino acid to the protein environment.

If the excessive stabilization in the isolated state is
caused by CyO.......H–N type hydrogen bonding,
which holds the seven-membered ring together in
both thegL (C7

eq) andgD (C7
ax) conformations, then in

proteins the destabilizing process must work against
this type of intramolecular hydrogen bonding. At any
rate, it is clear that something is different in the case of
single amino acid diamides in vacuum concerning
these four conformers (gD, gL, «L andaL) in compar-
ison to other conformers of the amino acid residues in
proteins. A similar anomaly is not observed for the
remaining five conformations: (bL, dL, aD, dD and«L).

Fig. 7. Relatives energies of alanine diamide: HCONH–CHMe–CONH2 conformations as obtained by various empirical, semi-empirical and
non-empirical (ab initio) methods.

Table 6
Scaled stabilities (DEscaled) for the conformations of HCONH–
CHMe–CONH2 computed at the MP2/6-311++G(d,p) level of
theory

DEHFa DDEshift DEHF +
DDEshift

DEscaled

aL [−1.60]b −1.60 −4.10
«L [−0.26]b −0.26 −2.76
bL 1.21 1.21 −1.29
gL 0.00 2.50 2.50 0.00
dL [3.30]b 3.30 +0.80
aD 3.88 3.88 +1.33
dD 5.45 5.45 +2.95
«D [5.67]b 5.67 +3.17
gD 2.19 5.31 7.50 +5.00

aComputed at the MP2/6− 311++G(d,p) level of theory.
bObtained by interpolation or extrapolation of the plot given in Fig.
11B.
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If we are willing to shiftgD, gL, «L andaL to the
correlated line of slope− 3.94 as shown in Fig. 11A,
for the RHF/3-21G results, then we have a new set of
stability values which are summarized in Table 5.
Using this set of unifiedDEscaledvalues, for the nine
conformations, one gets a reasonable straight line
(Fig. 12) that correlates ab initioDE values, now
scaled for the protein environment (DEscaled), with
the ln(px=pgL

) obtained from protein X-ray. A set of
DEscaled values were also determined on the basis of
the MP2/6-311++G(d,p) as summarized in Table 6. In
the absence of anything better, we may accept, at least
tentatively, theDEscaled values, obtained from the
RHF/3-21G computation for HCONH–CHMe–
CONH2, as the primary standard for conformational
stability with respect to which the MM and semiem-
pirical MO results may be assessed.

3.4. Diamino acid diamides

Since the proposed primary standard is based on the
ln(px=pgL

) values, perhaps one should look for the
transferability of these ln(px=pgL

) values. One may
make an assessment on the basis of the recently pub-
lished [24] 49 dipeptide (i.e. diamino acid diamide)
results. The log relative population of dipeptide con-
formationxy, denoted here as ln(pxy=pgLgL

) for the 49
cases found by ab initio molecular study [24] are
summarized in Table 7. Alternatively we may con-
struct a set of approximate log relative populations
to mimic these ln(pxy=pgLgL

) values according to the
following definition

ln
px

pgL

� �
py

pgL

� �� �
= ln

px

pgL

� �
+ ln

py

pgL

� �
(6)

Fig. 8. Relative energies of alanine diamide: MeCONH–CHMe–CONHMe conformations as obtained by various empirical, semi-empirical and
non-empirical (ab initio) methods.
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The resulting 81 approximate populations are sum-
marized in Table 8. Of course no identity can be
expected between the data presented in Tables 7 and
8, but it would be nice to see a linear relationship of

the type:

ln
pxy

pgLgL

� �
=M ln

px

pgL

� �
py

pgL

� �� �
+B (7)

Fig. 9. Correlation of relative energies (DE) computed with the use of five different force fields [MM+ , amber, bio + (charmm), opls and
ecepp/2] with the log of relative populations [ln(px=pgL

)] for MeCONH–CHMe–CONHMe.

Table 7
Natural log of relative populations, ln(pxy=pgLgL

), of dipeptide conformations (xy) in proteinsa

py aL «L bL gL dL aD dD «D gD

px

aL 0.9628
«L

bL −1.3398 −1.2321 0.3895 −0.8109 −1.1987 −0.9651 −2.4384
gL 0.9658 −0.0741 0.00 −0.6168 −1.0986 −1.8918 −1.8405 −2.1972
dL −0.2616 −0.9045 −0.5188 −1.5041 −1.0521 −2.1282
aD −0.5458 −1.0521 −1.5041 −0.7587 −2.5337 −2.1282
dD −1.4023 −1.2254 −2.0637 −2.3514 0.1125 − 2.7568 −3.4499
«D −0.8109 −1.5041 −1.7918 −2.5337 −2.8904 −2.0637 −3.0445
gD −0.8299 −2.6391 −2.6391 −2.1282 −3.0445 −3.2268 −3.4499

aAlthough 81 dipeptide conformations are expected to be present in protein, here only those 49 conformations are included which were found by
ab initio geometry optimization [24] for HCONH–Ala–Ala–NH2.
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Fig. 10. Correlation of relative energies (DE) computed with the use of two different semi-empirical methods (AM1 and PM3) with the log of
relative populations [ln(px=pgL

)] for MeCONH–CHMe–CONHMe.

Table 8
Natural log of constructed relative populations, ln[(px=pgL

)(py=pgL
)], of single peptide conformations (x andy) in proteins

py aL «eL bL gL dL aD dD «D gD

px 1.59 1.07 0.52 0.00 −0.31 −0.60 −1.10 −1.23 −1.94
aL 1.59 3.18 2.66 2.11 1.59 1.28 0.99 0.49 0.36 −0.35
«L 1.07 2.66 2.14 1.59 1.07 0.76 0.47 −0.03 −0.16 −0.87
bL 0.52 2.11 1.59 1.04 0.52 0.21 −0.08 −0.58 −0.71 −1.42
gL 0.00 1.59 1.07 0.52 0.00 −0.31 −0.60 −1.10 −1.23 −1.94
dL −0.31 1.28 0.76 0.21 −0.31 −0.62 −0.91 − 1.41 − 1.54 −2.25
aD −0.60 0.99 0.47 −0.08 −0.60 −0.91 −1.20 −1.70 −1.83 −2.54
dD −1.10 0.49 −0.03 −0.58 −1.10 −1.41 −1.70 −2.20 −2.33 −3.04
«D −1.23 0.36 −0.16 −0.71 −1.23 −1.54 −1.83 −2.33 −2.46 −3.17
gD −1.94 −0.35 −0.87 −1.42 −1.94 −2.25 −2.54 −3.04 −3.17 −3.88
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The approximate nature of ln[(px=pgL
)(py=pgL

)], as
defined in Eq. (4), must be emphasized since it is
the same for two amino acids irrespective of their
sequence. For example the ln(pxy=pgLgL

) for aDdD is
−2.534 and fordDaD it is −2.351 (see Table 9). The
approximate value for both of them is−0.60−1.10 =
−1.70 as calculated according to Eq. (6). The fact that
−1.70 is notably different from both−2.53 and−2.35
is not really an issue since it represents only a shift in
the scale. The point here is that on the real population
scaleaDdD and dDaD are different (the difference is
0.2) yet on the approximate scale as defined by Eq. (6)
these two values are identical.

Fig. 13 shows that although the correlation between
ln(pxy=pgLgL

) and ln[(px=pgL
)(py=pgL

)] is far from
being perfect, the two scales appear to be analogous.
Plotting the RHF/3-21G energies [24] of HCONH–
CHMe–CONH2 against ln(pxy=pgLgL

) as well as
ln[(px=pgL

)(py=pgL
)] taken from Table 7 and Table 8

respectively, as shown in Fig. 14A and Fig. 14B
respectively, clearly reveals that the two population
scales are more or less equally useful. Taking a

Fig. 11. Correlation of relative energies (DE) with ln(px=pgL
). The relative stabilities were computed at two ab initio levels of theory [HF/3-21G

(upper portion A) and MP2/6-311++G(d,p) (lower portion B)] including HCONH-CHMe- CONH2 and MeCONH-CHMe-CONH2.

Fig. 12. Correlation ofDEscaled(derived from HF/3-21G molecular
computations) with ln(px=pgL

).
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Fig. 13. Interdependence of diamino acid (dipeptide) segment populations in proteins ln(pxy=pgLgL
) with that generated from single amino acid

populations in proteins ln[(px=pgL
��py=pgL

)] (see Eq. (7)).

Fig. 14. Correlation ofDE values computed at the HF/3-21G level of theory for HCONH–Ala–Ala–NH2 with A (upper) ln(pxy=pgLgL
) and B

(lower) ln[(px=pgL
��py=pgL

)].
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Table 9
Summary of relative populations and stabilities (DE) of dipeptides conformations

xy pxy
a (pxy=pgLgL

) ln(pxy=pgLgL
)b DEa ln[(px=pgL

)(py=pgL
)] c

aL dL 330 2.6190 0.9628 3.13 1.28
aD aD 59 0.4683 −0.7587 4.73 −1.20
aD bL 73 0.5794 −0.5458 5.69 −0.08
aD dD 10 0.0794 −2.5337 8.64 −1.70
aD dL 28 0.2222 −1.5041 8.29 −0.91
aD gD 15 0.1190 −2.1282 8.04 −2.54
aD gL 44 0.3492 −1.0521 4.78 −0.60
bL aL 33 0.2619 −1.3398 6.91 2.11
bL bL 432 3.4286 1.2321 2.05 1.04
bL dD 38 0.3016 −1.1987 8.59 −0.58
bL dL 56 0.4444 −0.8109 5.03 0.21
bL «D 48 0.3810 −0.9651 8.87 −0.71
bL gD 11 0.0873 −2.4384 4.34 −1.42
bL gL 186 1.4762 0.3895 1.65 0.52
«D aD 10 0.0794 −2.5337 7.04 −1.83
«D bL 56 0.4444 −0.8109 8.41 −0.71
«D dD 7 0.0555 −2.8904 15.37 −2.33
«D dL 21 0.1666 −1.7918 4.85 −1.54
«D «D 16 0.1270 −2.0637 14.57 −2.46
«D gD 6 0.0476 −3.0445 10.31 −3.17
«D gL 28 0.2222 −1.5041 7.29 −1.23
dL aD 75 0.5952 −0.5188 9.72 −0.91
dL bL 97 0.7698 −0.2616 4.46 0.21
dL dD 28 0.2222 −1.5041 11.28 −1.41
dL «D 44 0.3492 −1.0521 6.11 −1.54
dL gD 15 0.1190 −2.1282 5.78 −2.25
dL gL 51 0.4048 −0.9045 3.52 −0.31
dD gD 12 0.0952 −2.3514 12.97 −1.70
dD bL 37 0.2937 −1.2254 7.47 −0.58
dD dD 141 1.1190 0.1125 14.33 −2.20
dD «D 8 0.0635 −2.7568 14.09 −2.33
dD «L 31 0.2460 −1.4023 5.88 −0.33
dD gD 4 0.0317 −3.4499 9.84 −3.04
dD gL 16 0.1270 −2.0637 7.00 −1.10
gL aD 42 0.3333 −1.0986 5.09 −0.60
gL bL 117 0.9286 −0.0741 4.17 0.52
gL dD 19 0.1508 −1.8918 4.53 −1.10
gL dL 68 0.5397 −0.6168 3.20 −0.31
gL «D 20 0.1587 1.8405 5.40 −1.23
gL «L 331 2.6270 0.9658 5.61 1.07
gL gD 14 0.1111 −2.1972 2.34 −1.94
gL gL 126 1.00 0.00 0.00 0.00
gD bL 9 0.0714 −2.6391 6.87 −1.42
gD dD 6 0.0476 −3.0445 8.73 −3.04
gD dL 15 0.1190 −2.1282 6.11 −2.25
gD «D 5 0.0397 −3.2268 9.15 −3.17
gD «L 55 0.4365 −0.8289 6.57 −0.87
gD gD 4 0.0317 −3.4499 4.69 −3.88
gD gL 9 0.0714 −2.639 2.11 −1.94

aTaken from [24].
bNumbers correspond to the numbers given in Table 7.
cNumbers correspond to the numbers given in Table 8.
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6 3 kcal mol−1 deviation from the perfect straight
line, one gets a fairly large number of points falling
within these limits. The numbers, on the basis which
Fig. 14 is constructed, are based on the acceptance of

theDEscaledvalues of a single amino acid diamide (i.e.
HCONH–CHMe–CONH2). In turn, the DEscaled

values are based on the ln(px=pgL
) data, the population

of various conformations of single amino acid

Table 10
Success rate for the five MM methods used, in terms of number of conformations, to score within6 3 kcal mol−1 limits of the ab initio
established scaled relative stabilities (DEscaled)

Force field DEscaledby HF/3-21G DEscaledby MP2/6-311+ + G(d,p)

Within 6 3 kcal mol−1 Border line Within 6 3 kcal mol−1 Border line

MM + 1 0 2 0
AMBER 5 0 6 1
BIO + 3 0 3 0
OPLS 3 1 2 1
ECEPP/2 7 0 7 0
Total 19 1 20 2
(slope) 0.81 0.60
(intercept) −0.21 −0.35

Fig. 15. Correlation of relative energies (DE) computed with the use of five different force fields [MM+, amber, bio+(charmm), opls and
ecepp/2] for HCONH–CHMe–CONH2 with DEscaledgenerated at the HF/3-21G molecular level of theory.
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Table 11
Thermodynamic properties of HCONH–CHMe–CONH2 computed at the HF/3-21G level of theory for the seven stable conformations

Ea DEb Sc Ga DGb

aD −412.465294 5.95 87.7 −412.357189 5.35
bL −412.472783 1.25 87.7 −412.364536 0.73
dD −412.463135 7.31 88.6 −412.355356 6.50
dL −412.468680 3.83 90.3 −412.361753 2.48
«D −412.461774 8.16 88.9 −412.354334 7.14
gD −412.470750 2.53 86.2 −412.361099 2.89
gL −412.474780 0.00 86.7 −412.365707 0.00

Fig. 16. Correlation of relative energies (DE) computed with the use of five different force fields [MM+, amber, bio+(charmm), opls and
ecepp/2] for HCONH–CHMe–CONH2 with DEscaledgenerated at the MP2/6-311++G(dp) level of theory.
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residues in proteins. This is how theDEscaled was
arrived at as the primary standard. In view of that
we need to compare the ab initioDEscaled values
with the computed MM relative stabilities:DEMM.

Plotting the relative stabilities computed by MM

(DEMM), using five different force fields, against the
"primary standard",DEscaled, as defined at the HF/3-
21G and at the MP2/6-311++G(dp) levels of theory
(Figs. 15 and 16 respectively) one gets a much stronger
hint of linearity than it was apparent in Fig. 7. Taking a

Table 12
Scaled Gibbs free energy of stabilities (DGscaled) for the conformations of HCONH–CHMe–CONH2 computed at the HF/3-21G level of theory

Conformationx DGHF DDGshift DGHF + DDGshift DGscaled

bL 0.73 0.73 −1.87
gL 0.00 2.60 2.60 0.00
dL 2.48 2.48 −0.12
aD 5.35 5.35 2.75
dD 6.50 6.50 3.90
«D 7.14 7.14 4.54
gD 2.89 6.91 9.80 7.20

Fig. 17. Correlation of relative energies (DE) computed with the use of two different force fields [AM1 and PM3] for: HCONH–CHMe–
CONH2 with DEscaledgenerated at the HF/3-21G molecular level of theory.
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6 3 kcal mol−1 deviation from the perfect straight line,
which corresponds to the hypothetical case

DEMM =DEscaled (8)

one gets a number of points falling within these limits.
Just how many points of each of the five MM fall
within these limits may be regarded as a measure of
success of the individual force fields.

Such an assessment is summarized in Table 10.
A linear least-square fit to the points that fall

within the above limits yields a straight line,

Eq. (9), which gives an indication how the MM
methods, on average, correlate with the primary
standard chosen above.

DEMM = (slope)DEscaled+ (intercept) (9)

If the (slope) is unity and the (intercept) vanishes then
one has a perfect fit. However, the (slope) and (intercept)
are far from such ideal values, as may be seen in Table
10. The fitted straight lines are also shown in Figs. 15
and 16 forDEscaled established for RHF/3-21G and
MP2/6-31G levels of theory respectively.

Table 13
Selected optimized geometrical parameters of HCO–NH–CH–Me–CONH2 as computed by various methods

Method bL gL

N1C1 (Å) C1C2 (Å) C2C1N1 (8) N1C1 (Å) C1C2 (Å) C2C1N1 (8)

Empirical
MM + 1.4503 1.5308 109.81 1.4528 1.5292 111.00
AMBER 1.4578 1.5324 109.96 1.4573 1.5326 110.47
BIO + 1.4788 1.5506 110.55 1.4776 1.5512 110.24
OPLS 1.4560 1.5284 109.69 1.4556 1.5302 110.39
Semi-empirical
AM1 1.4429 1.5509 111.90
PM3 1.4854 1.5331 108.19 1.4899 1.5387 111.34
Non-empirical
HF/3-21G 1.4512 1.5222 106.39 1.4723 1.5350 109.81
HF/6-311+ + G(d,p) 1.4441 1.5256 107.75 1.4584 1.5364 109.56
MP2/6-311+ + G(d,p) 1.4443 1.5245 107.53 1.4597 1.5371 109.13

Fig. 18. Correlation ofDG values, computed at the HF/3-21G level of theory for HCONH–CHMe–CONH2, with relative populations:
ln(px=pgL

). The correlation forDEscaledis shown for comparison (see Fig. 12).
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Fig. 17 shows analogous representations for the two
semiempirical methods (AM1 and PM3) used.

3.5. The overstabilization ofg-turn (gD) and inverse
g-turn (gL)

We may now return to the question of over-
stabilization of theg conformations as proposed by
the definition of the primary standard for stability,

DEscaled. The principle of such a definition is irre-
spective of whether it is based on the HF/3-21G or
MP2/6-311++G(d, p) computations.

One may wonder how much of this overstabiliza-
tion is due to entropy factors. When a cyclic structure is
formed the system is more ordered, therefore its entropy
is expected to increase the valueDG with respect toDH
or DE. For this reason, the frequencies were computed
and the DG values were generated for HCONH–
CHMe–CONH2 at the HF/3-21G level of theory.

Clearly, this level of theory is not recommended
for reliable frequency calculations but it is thought
to be at least indicative of the shift in relative
stability. The results are shown in Table 11. Plotting
the DG values against ln(px=pgL

) values, taken from
Table 3, we obtain a fairly good correlation as shown
in Fig. 18.

Clearly thegL and gD points are shifted towards
the straight line more closely than they were on the
DEscaled. However, the change is hardly satisfactory.
While MP2/6-311++G(d, p) results would be more
reliable, nevertheless it is not expected that the change
will be sufficiently large to override the overstabiliza-
tion phenomenon. TheDGscaledvalues are summarized
in Table 12. TheDDGshift values, 2.60 (gL) and 6.91
(gD) are much smaller than theDDEshift values 3.15
(gL) and 8.26 (gD) listed in Table 5.

Another factor may be that in the protein structures
the CyO....H–N hydrogen bonds, which hold thegL

andgD conformations in the 7-membered ring, are not
as strong as they are in their isolated form. One could
only speculate what might cause the weakening of this
internal hydrogen bond in the protein. One such pos-
sibility could be the involvement of structural water
molecules in the protein crystal, while another possi-
bility might be the slight distortion of theq values
from their ideal 180º (trans) configuration. These pos-
sibilities however have not been investigated. Conse-
quently, we are not in a position, at this stage to offer,
an explanation for the overstabilization of thegL and
gD conformations.

3.6. Molecular conformations

The various methods yield torsional angles that are
far more comparable than relative energies (Tables 1
and 2). The Ramachandran-type presentation (Fig. 19)
illustrates this point.

Fig. 19. Distribution of molecular conformations in the Ramachan-
dran framework computed by (A) empirical, (B) semi-empirical and
(C) non-empirical methods.
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Fig. 20 shows graphically thef, w values optimized
by the various methods for HCONH–CHMe–CONH2

and MeCONH–CHMe–CONHMe. As far as other
optimized geometrical parameters are concerned,
they are also more comparable than computed relative
energies. Selected bond lengths and bond angles,
summarized in Table 13, show the extent of
comparability.

In conclusion, it is fair to say that empirical force
fields (MM) and semiempirical MO calculations are
far more reliable when used for computing geometries
of molecular conformers than when used for the
assessment of relative stabilities of various
conformers.
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Fig. 20. Bar diagrams off andw variations as computed by various methods. The HF/3-21G values are shown as · · ·. The methods used are
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Perczel, Ö. Farkas and I.G. Csizmadia, J. Am. Chem. Soc., 118
(1996) 7809-7817.(e) A. Perczel, O¨ . Farkas, J.F. Marcoccia
and I.G. Csizmadia, International J. Quantum Chem., 61
(1997) 797-814.
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