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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-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 energiesSE) or free energy 4G) with the log of relative populations, Ip(/p,, ), led to
linear relationships from which four conformers deviated; two of themgnde ) were overly destabilized and two of them
(yL andyp) 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 f6ldi#@8 Elsevier
Science B.V. All rights reserved.

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

1. Introduction

 In honor of Professo?ﬁp'ad Kucsman on the occasion of his 70th . .
birthday. The Ramachandran map, associated with the

* Corresponding author. 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 andw), as shown

in 1, define a potential energy hypersurface [1] which
is associated with a peptide residue

E=E(¢, ¥, w) (1)
H R H
PCAS!
I‘\I% 4’, ® ™~
H O

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

E=E(¢.Y) )

where the energy is a function of two independent
variables:¢ andy 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 of

Numerous force fields have been proposed for the
conformational analysis of peptides and proteins. The
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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 byrac 6.0 [19].
Computations were carried out with MM corrections
(MmMok) and without MM correctionfomm).

Most of the ab initio computed results were taken

success of these molecular mechanics packages id'OM Previously published papers [2,12,20]. These

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 peptidesI{) with P=Q =—-H or P=Q =
—CHg, for glycine R= —H [2,7,8], as well as for
alanine R= —CHj; [2,7,8], valine R= —CH(Me),
[9], serine R = —CH,OH [10] and phenylalanine
R = —CH,Ph [11].

results were obtained at three levels of theory: RHF/

3-21G, RHF/6-311+G(d, p) and MP2/6-314+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 singla.-amino acid diamide has nine dis-
crete conformers. These are labelled@sa,, 3., 6p,
oL, €p, €1, vYp, YL 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 thea, and e, 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—NHj, [20].

The optimized torsional angles () with the com-
puted relative energies obtained by the four different
MM (MM +, AMBER, Bio+ and orLs), 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—-CONH,, 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
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result in smooth Ef, ) 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 theErp,
AMBER, BIo+, oPLs methods located all 9 backbone
minima, the MM+ could find only 7 stationary points.
Theo ands, 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—-CONHmole-
cule, MM+ andecerp/2 had they,, AMBER andoPLs

had thea, and Bio+ had theép as the most stable
backbone structure. Similarly, for the MeCONH-
CHMe—-NHMe model compound, the MM and
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Fig. 1. Idealized PES topology for a single amino acid residue involving two complete cycles of rotation i Aoth) 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 conventid80° =< ¢ = +180°and-180° < ¢y = +180°.
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Table 1
Molecular mechanics, semiempirical MO and ab initio SCF results computed for HCONH-CHMe—-£ONH
¢ v AE*
(kcal/mol)
Molecular mechanics

MM+
ap 61.5 31.6 2.53
o not found
Br -158.4 177.7 4.46
8p -179.2 -58.4 3.82
1% not found
€p 72.1 -171.8 5.60
€L -90.9 166.8 433
o 733 -59.7 1.23
T -87.6 2.3 0.00

AMBER
ap 56.3 55.2 0.46
[o7% -64.3 -58.9 -0.18
BL -163.1 177.5 0.46
8p -165.6 -59.8 0.22
oy, -163.8 67.7 0.37
€p 61.5 -176.7 122
€L -71.0 171.4 0.26
Yo 71.9 -64.0 0.96
k79 -80.2 70.9 0.00

BIO+
ap 57.6 59.7 4.11
oy, 91.5 -36.9 -0.78
BL -139.2 160.0 -0.22
op -140.6 -37.5 -0.93
% -123.0 122.1 -0.15
€p 62.1 167.2 3.36
€L -91.0 154.9 -0.23
o 64.6 -60.9 2.41

L -97.5 1159 0.00

OPLS
op 58.1 62.9 1.23
oy, -75.2 -55.4 -0.34
B -156.7 178.8 0.03
Sp -158.9 -57.5 -0.19
o -157.9 68.1 -0.01
€p 66.1 -174.8 2.16
€L -83.7 167.2 -0.16
o 76.3 -68.4 242
T 920 772 0.00

ECEPP/2 . . -
ap 54.9 46.3 273
oy, -733 -35.6 1.14
B -154.8 157.7 1.00
dp -159.5 -57.9 2.29
[ -158.5 47.8 1.29
€p 64.5 -178.0 5.64
€L, -77.1 146.4 1.51
Yp 79.9 -63.3 827
YL -80.5 76.2 0.00

Semiempirical MO without MM correction

AM1
op not found
oy, not found
BL not found
) -118.3 -54.9 3.19
& not found
€p not found
gL -112.9 145.2 1.49
Y 75.1 -61.8 0.54
T -82.2 65.7 0.00

PM3
ap 61.5 41.7 2.05
(o8 -92.7 -52.2 043
BL not found
Sp -151.8 -59.8 0.26
1% not found
€p 63.0 -169.1 0.89
€L -75.2 145.1 -2.63
Yo 54.5 -78.8 138

T 61.6 87.9 0.00
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ECEPP/2 had they , AMBER andopLs had thex, and and PM3 approaches yielded geometrical parameters
BIo + had thes, as the most stable orientation. comparable to those of ab initio computations.

The two semiempirical MO surfaces generated The energetics, summarized in Tables 1 and 2, are
without and with MM corrections are shown in Figs. illustrated graphically in Figs. 7 and 8 fbkformyl-L-
5 and 6 respectively. Some of them are similar to the alaninamide and N-acetyli-alaninmethylamide
relevant ab initio surface (Fig. 3). However, not all of respectively. As it has been noted previously [2,7],
these minima are located at the expected values the order of energy levels obtained by MM is not
and some minima were clearly annihilated. On the necessarily parallel with the ab initio results. All ab
other hand, the geometry optimization results, initio results reported so far [2,7,8,12], indicated that
reported in Tables 1 and 2, revealed that the AM1 the v, conformer is the global minimum. We may

Table 1 ¢ontinued

[ ] AE*
(kcal/mol)
Semiempirical MO with MM correction
AM1
Op not found
ay -107.4 -26.4 3.06
BL -120.5 1345 1.57
-120.3 -58.2 3.20
&y not found
€p not found
€L not found
o 74.9 -64.2 0.54
T -81.9 67.8 0.00
PM3
op 60.3 36.4 3.31
oy, not found
B not found
dp -136.1 -62.7 0.61
8y, not found
€p not found
€L -89.6 146.2 -2.28
o 72.1 813 0.69
" -70.7 67.8 0.00
Ab initio
HF/3-21G
op 63.8 32.7 5.95
o not found
Bu -168.3 170.6 1.25
Op -178.6 -44.1 7.31
[ -128.1 29.8 3.83
€p 67.2 -171.9 8.16
€L not found
b 74.0 -57.4 2.53
T -84.5 67.3 0.00°
HF/6-311++G(d,p)
op 69.0 26.9 4.56
ay, not found
Bu -155.1 161.0 0.11
-165.2 -42.1 5.39
S -112.8 13.2 222
€D not found
€ not found
Yo 753 -55.4 2.54
L -86.2 78.8 0.00 °
MP2/6-311++G(d,p)
op 63.1 355 3.88
o, not found
Br -157.1 163.2 1.21
Op -166.0 -39.9 5.45
o not found
€p not found
€L not found
b 74.4 -49.1 2.19
Yo -82.8 80.6 0.00 ¢

* Global minima are printed in bold.
Y E (total) = - 412.474780 hartree
°E (total) = - 414.909271 hartree
9E (total) = - 416.384696 hartree
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now conclude that the same inconsistency applies for In order to ever hope to obtain, at least, a nearly
the semiempirical MO calculations as for the MM perfect force field, which is a requirement for the
approaches. correct study of protein folding, it would be desirable

The reason why certain MM methods favour the to compare the computed results to some kind of a
conformer (which is not even a minimum on the ab initio  primary standard. However, no such primary standard
PES) is simply due to the fact that these empirical force exists at this time.
fields are catering for the right-handechelical back-
bone orientation, i.eaf ), which is the most frequently ~ 3.2. Population of molecular conformations
occurring secondary structural motif in proteins.

It might be added, parenthetically, that, as has been Let's assume that in proteins, conformer) (s
pointed out previously [12], the increase of basis set Populated x) according to its relative stability.
size without the inclusion of electron correlation is not Choosingy, as the reference conformer, the relative
arecommended practice. Itis clear from Fig. 7 that for population p,/p,, ) may be assumed to be related to
certain conformations of HCONH-CHMe—-CONH  the relative stabilities (Eqg. (3)) in a Boltzman type
the relative stabilities at the HF/6-314#G(d,p) level ~ exponential distribution (Eq. (4))
are low with respect to the values obtained at the AE=Ex—E, )
MP2/6-31%#+G(d,p) level of theory. The corre- AE b
sponding energetics, associated with MeCONH-— <&> ce M m @
CHMe—-CONHMe, are shown in Fig. 8. Py,
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-300 -240-180-120 -60 -0 60 120 180 240 300 360
Phi

Fig. 2. Energy contour diagram of the Ramachandran map computed for HCONH-CHMe—CiOMNid HF/3-21G level of theory showing
two complete cycles of rotation in bothandy.
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or its equivalent logarithmic form (Eg. (5)) 3.3. Single amino acid diamides
AE=m.ln (pF’_x) +b (5) The populations of the nine discrete conformations
YL

have recently been published [2], based on a study of 73
Of course the more negativeAs the higher the value  proteins containing 11793 amino acid residues. These
of log(p./p,,)- This implies thamis expected to be a  data, essential for the present study, are given in Table 3.

negative quantity. 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

¢ v AE? (kcal mol™®)

Molecular mechanics

MM +
op 62.0 58.8 8.64
aL -63.0 -58.6 8.05
BL -165.0 179.8 8.23
dp -179.3 -58.7 7.41
oL -179.3 60.9 7.75
€p 71.0 -174.0 10.04
N -58.7 179.7 10.73
Yo 61.7 -58.6 4.42
YL -60.0 59.3 0.00

AMBER
ap 58.9 60.4 -1.77
. -56.8 -62.2 -2.73
BL -179.3 -177.9 -0.81
op 179.2 -59.5 -1.89
oL -177.4 65.5 -1.73
) 62.5 -177.4 -1.79
E -62.3 178.2 -1.85
Yo 58.1 -57.4 4.97
YL -60.8 59.6 0.00

BIO +
op 61.4 556.7 -7.14
oL -65.2 -54.1 -5.49
BL -179.9 -177.9 -6.75
op -179.8 -59.1 -3.03
oL -178.1 64.7 -10.57
€p 63.0 168.8 -1.49
N -63.1 178.2 -2.41
b 57.4 -53.9 -0.98
YL -62.2 56.9 0.00

OPLS
ap 59.9 59.0 -4.50
oL -72.8 -54.4 -7.21
8L -179.2 -177.9 -4.65
op 179.6 -59.3 -5.34
oL -177.3 65.6 -5.34
€p 66.9 -174.0 -4.57
€L -63.8 178.4 -1.63
) 60.1 -55.3 -1.02

YL -62.0 58.9 0.00
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computed for MeCONH-CHMe—CONH-Me relate to  hints might be sufficient to reexamine the question of
In(py/p,, ). None of the MM results follow Eqg. (5). MM parametrization.

Furthermore some of the lines between adjacent points  Similar plots were prepared for the results obtained
do not have negative slopes. However, a segment hereby the two semiempirical methods. These correlations
and there hints that there might be considerable linearity are shown in Fig. 10.

if the forcefields were optimally parametrized. Such  The ab initio relative energiedE), as computed at

Table 2 ¢ontinued

¢ v AE? (kcal mol™)
Molecular mechanics
ECEPP/2
op 54.7 46.0 2.37
o -73.6 -34.9 0.81
BL -154.7 157.2 0.71
dp -158.2 -57.5 1.73
oL -150.7 45.6 1.10
ep 63.7 -174.8 5.07
e -75.5 139.0 1.12
Yo 71.7 -64.3 7.24
YL -80.4 75.8 0.00
Semiempirical MO without MM correction
AM1
op not found
oL not found
BL not found
op not found
oL not found
£p not found
e -106.4 145.2 1.58
Yo 76.2 -63.0 0.71
YL -83.9 68.0 0.00
PM3
ap 63.4 46.0 2.48
o -90.6 -52.7 0.79
BL -162.5 127.8 -1.06
dp -154.3 -61.1 0.65
oL not found
ep 62.2 -171.1 1.32
€L -85.5 152.1 -1.80
Yo 62.7 -45.8 2.09
YL -62.6 88.7 0.00
Semiempirical MO with MM corrections
AM1
ap not found
o not found
BL -112.5 111.9 1.86
dp -111.3 -50.8 2.96
oL not found
£p not found
g -111.4 133.6 1.78
Yb 76.5 -64.0 0.62

YL -83.6 69.6 0.00
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Table 2 ¢ontinued

é v AE? (kcal mol™)
PM3
ap 61.1 39.1 3.48
oL -110.1 -39.2 1.31
8L -144.1 132.6 -1.03
dp -134.3 -58.6 1.05
oL not found
€p 63.2 -161.1 2.37
€ -90.2 145.6 -1.73
D) 69.9 -60.4 1.02
TL -74.6 73.9 0.00
Ab initio
HF/3-21G
ap 63.4 32.7 5.80
oL not found
BL -167.1 169.4 1.13
dp -175.9 -45.2 7.24
oL -127.6 27.8 3.61
€p 64.3 -171.8 7.95
&L not found
o 74.4 -58.2 2.81
7 -85.8 69.0 0.00

#Global minima are printed in bold.
PE(total) = -490.1199478 hartree.

o
& /,//I

2sl A 7
c @ \ p AN 20/

2 X e

L
Y 0%
&, N

Fig. 3. Pseudo-3D representation of the Ramachandran landscape computed for HCONH-CHMe-aC@B8IHF/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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Table 3
Population of amino acid residue conformations in protgins

Conformation py (Pe/Py,) In(py/py,)
X

aL 4599 4.8870 +1.59
N 2743 2.9150 +1.07
BL 1581 1.6801 +0.52
YL 941 1.0000 + 0.00
oL 691 0.7343 -0.31
ap 515 0.5473 -0.60
L) 314 0.3337 -1.10
€p 274 0.2912 -1.23
Yo 135 0.1435 -1.94

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

the HF/3-21G and MP2/6-3%%G(d, p) levels of
theory, were also correlated with the log of relative
populations: i.e. Ing,/p,, ). 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 conformationsod_,e) and € ,yp)-

In the case of andg(, it should be noted that the
PES of a single amino acid diamide does not have

A. M. Rodriguez et al. / Journal of Molecular Structure (Theochem) 455 (1998) 275-301

Table 4

Total molecular energies of HCONH-CHR-COBEbmputed at
the HF/3-21G level of theory for fixegp and ¢ torsional angle
values associated with thg ande, conformations

Conformation ¢ ¥ E(HF/3-21G)
o -69.8 -36.8 -412.456752
&L -74.7 +167.8 -412.458130

"Interpolated from the grid points of tHe= E(¢,y) surface using a
cubic spline function.

stabilizing effect that originates from outside of the
single amino acid residue. We have computed the
energy of thea; and e, conformations of HCNH-
CHMe—-CONH, at RHF/3-21G level of theory
(Table 4), at fixedp and ¢ 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, thg, and+y, 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 destabilizep by about 8 kcal mott and
by about 3 kcal mot* at the HF/3-21G level of theory

these conformers as stable minima. Thus, nothing is (Fig. 11A). Of course, the needed destabilization

stabilizing these conformers when they are isolated
from the polypeptide chain. However, both the
[20,23] ande| [23,24] minima reappear if there is a

Table 5

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 mdi (Fig. 11B) foryp andy,

Scaled stabilitiesAES**®Y for the conformations of HCONH—CHMe—CONtnd MeCONH-CHMe—CONHMe computed at the HF/3-21G

level of the theory

Conformation HCONH-CHMe-CONH
X

MeCONH-CHMe-CONHMe

AEHFa AAEShm AEHF + AEscaIed AEHFa AAEshift AEHF + AEscaIed
AAEshifI AAESh‘ﬂ

oL [11.31] -14.48 -3.13 -6.28

L [10.45]° -11.53 -1.08 -4.23

BL 1.25 1.25 -1.90 1.13 1.13 -1.87
YL 0.00 3.15 3.15 0.00 0.00 +3.00 3.00 0.00
oL 3.83 3.83 0.68 3.61 3.61 +0.61
ap 5.95 5.95 2.80 5.80 5.80 +2.80
0p 7.31 7.31 4.16 7.24 7.24 +4.24
) 8.16 8.16 5.01 7.95 7.95 +4.95
Yo 2.53 8.26 10.79 7.64 2.81 +7.83 10.64 +7.64

dComputed at the HF/3-21G level of theory.

POptimized with fixeds,  angle pairs since these conformations are located at the side of a mountain ridge. Fixed torsional angles were taken

from [20]. Fora: ¢ = —69.8 andy = - 36.8. Fore: ¢ = —74.7 andy =167.8.



285

/&1 Z 9|Bue euoisio)
pue & T aj6ue [euoIsio] ‘[ST1dO ‘(WWYVHD) + OId ‘Y] SP|ol} 9240} UdIaQIP Jnoy Buisn SNHNOD—3INHD—HNOD3 Jo} paindwod adeaspue| uelpueysewey {7 ‘6i4

A. M. Rodriguez et al. / Journal of Molecular Structure (Theochem) 455 (1998) 275-301

ss /.@
“s\““\\\\ &mwmwwws 50 & 2 m 2
il .oo = e
7 X
iy o 2 i g 55
s Ml et ¥
Wy 2 \\\\\\\\\\ Wi 2
Y - L 23
e <l ?
a0 <
_s‘ =)
. +NIN
s I @_#N,. % s I zmr&o#o
e e T 3! e
.z.__..&.._.._,__,,_____,_____— . Il i <
(X . ‘——E———— ! ; vestihnenas -
.=‘ \> __M==== =, i _,_..a,..‘.d.u_... <=
il ‘g I "z
.7 o &
o0 o2
g z
2 3
H o lg =g
e oL
s g 2
oo |2 2 .
A
Y 1 8 "3




286 A. M. Rodriguez et al. / Journal of Molecular Structure (Theochem) 455 (1998) 275-301

AM1 mmok

ozl 08 OV
UOHBULIO) |0 183Y BANRIdY

AM1 nomm

QZv 08 OV
uoWeWIO0} JO 1e3Y BAEIRY

PM3 mmok

PM3 nomm

"y
Y
U
V.1,

7

7,
7%
%,

%

4
%

N
RN
St
M
R

RN
BRI

)
N
QONRY
N
XM
NN
R

0Zv 08 OV ¢
UONEWIO} JO 1B3Y SANRIRY

07y 08 OV ¢
UOHEW.0} JO 183U dAneIeY

Fig. 5. Ramachandran landscape computed for HCONH-CHMe—-CQISHg two different semiempirical methods (AM1 and PM3) wittmpk) and without fomm) MM

correction. Torsional angle 1 is and torsional angle 2 ig.



A. M. Rodriguez et al. / Journal of Molecular Structure (Theochem) 455 (1998) 275-301 287

i
i@!‘

o e—— i
o —

e
=3

h
i

V4 X
CED (@]
= o2 ™
= =3 =
< o
2w 8 v of s v o
UIIBULIO} O 183 SAIRIIY UOIBULIOY JO YBAY SANRIAY

AM1 nomm
PM3 nomm

oz os ov of 2 8 v o
uOHRWIO} JO 189Y BANBISY UONRULIO} O 183Y BNeOY

Fig. 6. Ramachandran landscape computed for MeCONH-CHMe—-CONHMe using two different semiempirical methods (AM1 and PM@&pwitar(d without fomm) MM

correction. Torsional angle 1 is and torsional angle 2 ig.



288 A. M. Rodriguez et al. / Journal of Molecular Structure (Theochem) 455 (1998) 275-301

respectively. One may wonder why the, and v, Table 6
conformations are stabilized so excessively in these Scaled stabilities AE***) for the conformations of HCONH-
isolated forms of the peptide. Alternatively we may CHMe-CONH computed at the MP2/6-333G(d,p) level of

ask what process is responsible for the destabilization 1€
of these conformations on going from the isolated AE"F AAE™  AERF 4+ ApSee
amino acid to the protein environment. AAES™

If the excessive stabilization in the isolated state is [-1.60]° -1.60 -4.10
caused by €O....... H-N type hydrogen bonding, s, [-0.26]° -0.26 -2.76
which holds the seven-membered ring together in 6. 121 121 -1.29
both they, (C7) andyp (C7) conformations, thenin 7t g'ggb 2:50 325?)0 +0%-8°
proteins the destabilizing process must work against (XLD [3'_88] 388 +133
this type of intramolecular hydrogen bonding. At any 5 5.45 5.45 +2.95
rate, it is clear that something is different in the case of &, [5.67]° 5.67 +3.17
single amino acid diamides in vacuum concerning 7o 2.19 531 7.50 +5.00
these four conformersyf, v, e anda) in compar-  scomputed at the MP2/6 311:++G(d,p) level of theory.

ison to other conformers of the amino acid residues in °Obtained by interpolation or extrapolation of the plot given in Fig.
proteins. A similar anomaly is not observed for the 11B.
remaining five conformationsf(, 6., ap, 6p ande,).

H

N

o

RELATIVE ENERGY (kcal/mole)

AM1 PM3 HF/6-311 MP2/6-311

MM + AMBER BIO + OPLS ECEPP/2 NOMM NOMM  HF/3-21G  + +Gl(d,p) + +Gl(d,p)

Fig. 7. Relatives energies of alanine diamide: HCONH-CHMe-C@bbhformations as obtained by various empirical, semi-empirical and
non-empirical (ab initio) methods.
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If we are willing to shiftyp, v, e, anda, to the 3.4. Diamino acid diamides
correlated line of slope- 3.94 as shown in Fig. 11A,
for the RHF/3-21G results, then we have a new set of  Since the proposed primary standard is based on the
stability values which are summarized in Table 5. In(p./p, ) values, perhaps one should look for the
Using this set of unifiedAES**®values, for the nine  transferability of these Ip¢/p,,) values. One may
conformations, one gets a reasonable straight line make an assessment on the basis of the recently pub-
(Fig. 12) that correlates ab initidE values, now lished [24] 49 dipeptide (i.e. diamino acid diamide)
scaled for the protein environmenfE>®®y, with results. The log relative population of dipeptide con-
the Infp,/p, ) obtained from protein X-ray. A set of  formationxy, denoted here as Ip(,/p,, ,, ) for the 49
AES®yalues were also determined on the basis of cases found by ab initio molecular study [24] are
the MP2/6-313+G(d,p) as summarized in Table 6. In  summarized in Table 7. Alternatively we may con-
the absence of anything better, we may accept, at leaststruct a set of approximate log relative populations
tentatively, the AE*®* values, obtained from the to mimic these Ing,,/p, ., ) values according to the
RHF/3-21G computation for HCONH-CHMe- following definition
CONH,, as the primary standard for conformational D B, D By
stability with respect to which the MM and semiem- In KX) ()] :In(x) +In(> (6)
pirical MO results may be assessed. Py / APy Py Py

}ZL
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g YD ED &y BL
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9
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14

-10 |- 5, AM1 PM3

-~ MM+ AMBER BO+ OPLS ECEPP/2 NOMM NOMM HF/3-21G

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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Fig. 9. Correlation of relative energieAE) computed with the use of five different force fields [MiM AMBER, BIO + (CHARMM), opPLs and
EcePP/2] with the log of relative populations [Ip{/p,, )] for MeCONH-CHMe—-CONHMe.

The resulting 81 approximate populations are sum- the type:
marized in Table 8. Of course no identity can be

expected between the data presented in Tables 7 anqn< Pry ) =M In pr) (m)] +B (7)
8, but it would be nice to see a linear relationship of Pyiv Py / \ Py
Table 7
Natural log of relative populations, Ipg,/p, ., ). of dipeptide conformations«y) in proteing

Py ap eL B YL oL ap op €D YD
Px
aL 0.9628
gL
BL -1.3398 -1.2321 0.3895 -0.8109 -1.1987 -0.9651 -2.4384
YL 0.9658 -0.0741 0.00 -0.6168 -1.0986 -1.8918 -1.8405 -2.1972
oL -0.2616  —-0.9045 -0.5188 -1.5041 -1.0521 -2.1282
ap -0.5458 -1.0521 -1.5041 -0.7587 -2.5337 -2.1282
ép -1.4023 -1.2254 -2.0637 -2.3514 0.1125 -2.7568 -3.4499
€p -0.8109 -1.5041 -1.7918 -2.5337 -2.8904 -2.0637 -3.0445
b -0.8299 -2.6391 -2.6391 -2.1282 -3.0445 -3.2268 -3.4499

@although 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—NH
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Table 8
Natural log of constructed relative populations, |{p,, )(p,/p,, )], of single peptide conformations @ndy) in proteins
Py o €€ BL YL oL op 6p &p YD

Px 1.59 1.07 0.52 0.00 -0.31 -0.60 -1.10 -1.23 -1.94
o 1.59 3.18 2.66 211 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 0.52 211 1.59 1.04 0.52 0.21 -0.08 -0.58 -0.71 -1.42
YL 0.00 1.59 1.07 0.52 0.00 -0.31 -0.60 -1.10 -1.23 -1.94
oL -0.31 1.28 0.76 0.21 -0.31 -0.62 -0.91 -141 -1.54 -2.25
ap -0.60 0.99 0.47 -0.08 -0.60 -0.91 -1.20 -1.70 -1.83 -2.54
dp -1.10 0.49 -0.03 -0.58 -1.10 -1.41 -1.70 -2.20 -2.33 -3.04
€p -1.23 0.36 -0.16 -0.71 -1.23 -1.54 -1.83 -2.33 -2.46 -3.17
b -1.94 -0.35 -0.87 -1.42 -1.94 -2.25 -2.54 -3.04 -3.17 -3.88

o +2]
o
(@]
e
=
o
I +14
L
<
0.00
-14
-24
o 2 6D Oy 5D | BL g o
1.94 -1.23-1.10  -0.60 -0.31 0.52 1.07 1.59
-2 4 0.00 ) 1 +2
&t( Px

Fig. 10. Correlation of relative energieSE) computed with the use of two different semi-empirical methods (AM1 and PM3) with the log of
relative populations [Ing/p,, )] for MeCONH-CHMe—-CONHMe.
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Fig. 11. Correlation of relative energiesSg) with In(p,/p,, ). The relative stabilities were computed at two ab initio levels of theory [HF/3-21G
(upper portion A) and MP2/6-3#%G(d,p) (lower portion B)] including HCONH-CHMe- CONfand MeCONH-CHMe-CONH

The approximate nature of Imf{/p, )(py/p,)]. as

defined in Eq. (4), must be emphasized since it is

the same for two amino acids irrespective of their 10 T T T
sequence. For example thepp(/p,, ,, ) for apép is L Shifted
—2.534 and fodpap it is —2.351 (see Table 9). The

approximate value for both of them +9.60-1.10=
-1.70 as calculated according to Eqg. (6). The fact that S B
-1.70 is notably different from both2.53 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
scaleapdép anddpap 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
IN(Py/Py,) aNd IN[E,/p,, )(By/p,, )] is far from
being perfect, the two scales appear to be analogous. value
Plotting the RHF/3-21G energies [24] of HCONH—- B 8 L & %L Q%Lz LEfL? 55
CHMe—-CONH, against Infy/p, , ) as well as o vy v | 4
In[(py/p,, )(Py/P,, )] taken from Table 7 and Table 8 2 -
respectively, as shown in Fig. 14A and Fig. 14B
respectively, clearly reveals that the two population rig 12 Correlation oE=***(derived from HF/3-21G molecular
scales are more or less equally useful. Taking a computations) with Ing,/p,,)-

Shifted

/vulue

L\Eswled (Kcal / mol)

-5—

Shifted __J)

0
In (P /Pg)
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Fig. 13. Interdependence of diamino acid (dipeptide) segment populations in protejgsdn(, ) with that generated from single amino acid

populations in proteins Inf /p,, )(py/p,, )] (see Eq. (7).
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Table 9

Summary of relative populations and stabiliti@s=j of dipeptides conformations

xy Py’ (Py/Pyiv) IN(Py/ Py )" AE* In{(px/Py ) (Py/Py )]
o 6 330 2.6190 0.9628 3.13 1.28
ap ap 59 0.4683 -0.7587 4.73 -1.20
ap BL 73 0.5794 -0.5458 5.69 -0.08
ap Op 10 0.0794 -2.5337 8.64 -1.70
ap &L 28 0.2222 -1.5041 8.29 -0.91
ap Yp 15 0.1190 -2.1282 8.04 -2.54
ap YL 44 0.3492 -1.0521 4.78 -0.60
BL oL 33 0.2619 -1.3398 6.91 211
BL BL 432 3.4286 1.2321 2.05 1.04
BL 6p 38 0.3016 -1.1987 8.59 -0.58
BL oL 56 0.4444 -0.8109 5.03 0.21
BL ep 48 0.3810 -0.9651 8.87 -0.71
BLvp 11 0.0873 -2.4384 4.34 -1.42
BLyL 186 1.4762 0.3895 1.65 0.52
&p ap 10 0.0794 -2.5337 7.04 -1.83
ep BL 56 0.4444 -0.8109 8.41 -0.71
ep Op 7 0.0555 -2.8904 15.37 -2.33
ep 0L 21 0.1666 -1.7918 4.85 -1.54
€p &p 16 0.1270 -2.0637 14.57 -2.46
€D YD 6 0.0476 -3.0445 10.31 -3.17
ep YL 28 0.2222 -1.5041 7.29 -1.23
8L ap 75 0.5952 -0.5188 9.72 -0.91
oL BL 97 0.7698 -0.2616 4.46 0.21
8. 6p 28 0.2222 -1.5041 11.28 -1.41
8L &p 44 0.3492 -1.0521 6.11 -1.54
8L YD 15 0.1190 -2.1282 5.78 -2.25
oL vL 51 0.4048 -0.9045 3.52 -0.31
8p Yo 12 0.0952 -2.3514 12.97 -1.70
6p BL 37 0.2937 -1.2254 7.47 -0.58
8p 6p 141 1.1190 0.1125 14.33 -2.20
8p €p 8 0.0635 -2.7568 14.09 -2.33
dp &L 31 0.2460 -1.4023 5.88 -0.33
8p vYp 4 0.0317 -3.4499 9.84 -3.04
dp YL 16 0.1270 -2.0637 7.00 -1.10
YL ap 42 0.3333 -1.0986 5.09 -0.60
YL BL 117 0.9286 -0.0741 4.17 0.52
YL 6p 19 0.1508 -1.8918 4.53 -1.10
L 6L 68 0.5397 -0.6168 3.20 -0.31
YL €D 20 0.1587 1.8405 5.40 -1.23
YL EL 331 2.6270 0.9658 5.61 1.07
YL YD 14 0.1111 -2.1972 2.34 -1.94
YL YL 126 1.00 0.00 0.00 0.00
Yo BL 9 0.0714 -2.6391 6.87 -1.42
b 0p 6 0.0476 -3.0445 8.73 -3.04
b oL 15 0.1190 -2.1282 6.11 -2.25
b €p 5 0.0397 -3.2268 9.15 -3.17
b €L 55 0.4365 -0.8289 6.57 -0.87
Yb YD 4 0.0317 -3.4499 4.69 -3.88
Yo YL 9 0.0714 -2.639 211 -1.94

#Taken from [24].
®Numbers correspond to the numbers given in Table 7.
°Numbers correspond to the numbers given in Table 8.



Table 10

A. M. Rodriguez et al. / Journal of Molecular Structure (Theochem) 455 (1998) 275-301 295

Success rate for the five MM methods used, in terms of number of conformations, to score witBikcal mol® limits of the ab initio
established scaled relative stabilitiese¢c2"*y

Force field AES@edhy HF/3-21G AES@edhy MP2/6-311+ + G(d,p)
Within = 3kcalmol*  Border line Within + 3 kcal mol*  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

+ 3 kcal mol'* deviation from the perfect straight the AE**®*values of a single amino acid diamide (i.e.
line, one gets a fairly large number of points faling HCONH-CHMe—CONH). In turn, the AES®@®
within these limits. The numbers, on the basis which values are based on thefp(p,, ) data, the population
Fig. 14 is constructed, are based on the acceptance ofof various conformations of single amino acid

ECEPP/2
o-=

AE (Kcal/mol)
(@]

L €L BL g dp Sp Ep i
71 -45 -19 80.6 28 42 50 78
IJ' V | V v * ¥
-5 0 5
AgHF/3-216

Fig. 15. Correlation of relative energieAE) computed with the use of five different force fields [MVAMBER, BIo+(CHARMM), OPLs and
ecepp/2] for HCONH—-CHMe—CONH with AES@*generated at the HF/3-21G molecular level of theory.
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Table 11
Thermodynamic properties of HCONH-CHMe—-COMNebmputed at the HF/3-21G level of theory for the seven stable conformations
E? AEP s G? AGP
ap -412.465294 5.95 87.7 -412.357189 5.35
BL -412.472783 1.25 87.7 -412.364536 0.73
dp -412.463135 7.31 88.6 -412.355356 6.50
oL -412.468680 3.83 90.3 -412.361753 248
£p -412.461774 8.16 88.9 -412.354334 7.14
b -412.470750 2.53 86.2 -412.361099 2.89
YL -412.474780 0.00 86.7 -412.365707 0.00
I |
//V\
10} AN 5 —
7 \ I\
MM+ 4 \ /B
v AN

! \
Ny O\ ECEPP/2

AE (Kcal/mol)

0
AEMP2/6-3l1+ G (d.p)

Fig. 16. Correlation of relative energieAE) computed with the use of five different force fields [MiVAMBER, Bio+(CHARMM), OPLS and
EcepP/2] for HCONH—CHMe—CONH with AES®®*generated at the MP2/6-344G(dp) level of theory.
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Fig. 17. Correlation of relative energieaR) computed with the use of two different force fields [AM1 and PM3] for: HCONH-CHMe—
CONH, with AES**generated at the HF/3-21G molecular level of theory.

residues in proteins. This is how theEs"* was (AEwm), using five different force fields, against the
arrived at as the primary standard. In view of that “primary standard"AES®* as defined at the HF/3-
we need to compare the ab initiaAES®® values 21G and at the MP2/6-333G(dp) levels of theory
with the computed MM relative stabilitiessEMV. (Figs. 15 and 16 respectively) one gets a much stronger
Plotting the relative stabilities computed by MM hint of linearity than it was apparent in Fig. 7. Taking a

Table 12

Scaled Gibbs free energy of stabilitiesG***® for the conformations of HCONH—CHMe—CONomputed at the HF/3-21G level of theory
Conformationx AGHF AAGSTT AGMF + AAGS AGSeaed

BL 0.73 0.73 -1.87

YL 0.00 2.60 2.60 0.00

oL 2.48 2.48 -0.12

ap 5.35 5.35 2.75

op 6.50 6.50 3.90

€p 7.14 7.14 4.54

Yo 2.89 6.91 9.80 7.20
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Fig. 18. Correlation ofAG values, computed at the HF/3-21G level of theory for HCONH-CHMe—-C@N#tith relative populations:

In(py/p,,)- The correlation foAE***®djs shown for comparison (see Fig. 12).

+ 3 kcal mol* deviation from the perfect straight line,

which corresponds to the hypothetical case

AEMM - AEscaIed

(8)

Eqg. (9), which gives an indication how the MM
methods, on average, correlate with the primary

standard chosen above.

AEyy = (slopgAE>**%+ (intercep)

one gets a number of points falling within these limits. ©)

Just how many points of each of the five MM fall If the (slope) is unity and the (intercept) vanishes then

within these limits may be regarded as a measure of one has a perfect fit. However, the (slope) and (intercept)

success of the individual force fields. are far from such ideal values, as may be seen in Table
Such an assessment is summarized in Table 10. 10. The fitted straight lines are also shown in Figs. 15
A linear least-square fit to the points that fall and 16 for AE***® established for RHF/3-21G and

within the above limits yields a straight line, MP2/6-31G levels of theory respectively.

Table 13
Selected optimized geometrical parameters of HCO—NH-CH-Me—-CQisidomputed by various methods
Method BL YL

N1C1 (A) cicz (A C2CIN1P)  NIC1 (A cicz (8 C2CIN1{)
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
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Fig. 17 shows analogous representations for the two AES®®¢ The principle of such a definition is irre-

semiempirical methods (AM1 and PM3) used.

3.5. The overstabilization of-turn (yp) and inverse
y-turn (yy)

We may now return to the question of over-
stabilization of they conformations as proposed by
the definition of the primary standard for stability,
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Fig. 19. Distribution of molecular conformations in the Ramachan-
dran framework computed by (A) empirical, (B) semi-empirical and
(C) non-empirical methods.

spective of whether it is based on the HF/3-21G or
MP2/6-31%+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 valtv with respect taAH
or AE. For this reason, the frequencies were computed
and the AG values were generated for HCONH-
CHMe—-CONH 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 AG values against Im/p, ) values, taken from
Table 3, we obtain a fairly good correlation as shown
in Fig. 18.

Clearly they_ andyp points are shifted towards
the straight line more closely than they were on the
AES®@® However, the change is hardly satisfactory.
While MP2/6-31%+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. Th&aG*@*%alues are summarized
in Table 12. TheAAG®"™ values, 2.60+4,) and 6.91
(vo) are much smaller than theAES"™ values 3.15
(yL) and 8.26 4p) listed in Table 5.

Another factor may be that in the protein structures
the C=0....H-N hydrogen bonds, which hold the
andyp 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 the values
from their ideal 180° (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 the and
vp 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.
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Fig. 20 shows graphically thg, ¢ values optimized  Acknowledgements
by the various methods for HCONH-CHMe—-COWMH
and MeCONH-CHMe—-CONHMe. As far as other The continued financial support of the Natural
optimized geometrical parameters are concerned, Sciences and Engineering Research Council
they are also more comparable than computed relative (NSERC) of Canada is gratefully achowledged. The
energies. Selected bond lengths and bond angles,research was also supported in part by the Hungarian
summarized in Table 13, show the extent of Scientific Research Foundation (OTKA N° F-017188,
comparability. F-013799, T-016328, and T-017129) Budapest, Hun-
In conclusion, it is fair to say that empirical force gary and by grants from Universidad Nacional de San
fields (MM) and semiempirical MO calculations are Luis (UNSL) and Consejo Nacional de Investiga-
far more reliable when used for computing geometries ciones Cierificas y Tenicas (CONICET), Argentina.
of molecular conformers than when used for the Leslie L. Torday would like to thank the Hungarian
assessment of relative stabilities of various Eotvos Fellowship Committee for granting a research
conformers. fellowship at the University of Toronto.
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