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Quantum chemical calculations on some typical elements of secondary structure in peptides and groteins (
sheetsf andy turns) at the HartreeFock and MP2 correlation energy levels show considerable differences

in the stability orders of alternative structures. The correlation energy data indicate an overestimation of
hydrogen-bonded structures. Thus, correlation energy data may be misleading when comparing peptide
structures of different type, as for instance, conformations with and without hydrogen bonds or with a different
number of hydrogen bonds. This effect is corrected at the Gibbs free energy level when including thermal
energy and entropy contributions. Considerable compensation of correlation energy and entropy contributions
is mainly responsible for the relatively good correspondence of Harffeek energy differences obtained

with more extended basis sets and the free enthalpy data at the correlation energy level.
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controlled by the variation of the simplest elements of secondary H o

structure: helicesf sheets, and reverse turns. The correct 1
description of the sometimes very small stability differences
. . . (6] ' H H H (6]
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It is obvious that even relatively small errors when examining
smaller peptide units may lead to incorrect results on larger
peptides and proteins with consequences for the general
understanding of structure formation in these molecules. More- 0 H H H

over, when considering that molecular mechanics will continue HeC——N—C— C— N——C—
to be the basis for the description of the structure and dynamics ! 8 SN !
of biological macromolecules in the future, special care is
necessary in establishing empirical force fields. It is a promising
and generally accepted procedure to develop force fields on the
basis of ab initio molecular orbital (MO) theory. However, it

is by no means clear which level could be sufficient for this.
Most applications of ab initio MO theory on peptides concern entropy contributions to the Gibbs free energy, for which
geometry optimizations of some diamides, e.g. khtormyl- knowledge of the vibration frequencies is necessary, demand
glycinamides and\-formylalaninamides (For-Gly-Niand For- still greater efforts. Thus, these contributions were generally
L-Ala-NH;) or the correspondingN-acetyliN'-methylamide neglected at the higher levels of ab initio MO theory and their
derivativest*! Only a few consider triamides, e.g. selecfed  role in stabilizing different secondary structure elements in
turn structured@ 9 The influence of correlation effects is mostly peptides and proteins is not well understood until now. It is
neglected in these optimizations, and only for the simplest the aim of this paper to characterize the influence of these
peptide models For-Gly-Njand Fort-Ala-NH, are optimized  contributions on the energetic relations between selected diamide
structures available at various basis set levels consideringand triamide conformations representing typical elements of
correlation effectdhk The tedious procedure of geometry secondary structure in peptides and proteins.

optimization including correlation energy even for smaller

peptide units makes it understandable that estimations of theMethodology

influence of zero-point vibration energies, thermal energy, and
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Figure 1. Sketch of the model compounds that the calculations are
based on.

All calculations were performed employing the Gaussian 94
program packagé. As model compounds, conformers of

* Corresponding author. FAX: ++49-(0)341-9736749. E-mail:

hofmann@rz.uni-leipzig.de. N-acetylalanineN'-methylamide {) (Ac-L-Ala-NHMe), N-
IFacuIty of Chemistry, University Leipzig. acetylglycylglycineN'-methylamide 2a) (Ac-Gly-Gly-NHMe),
§8?}T/2;‘;?§%’;all§f£f" University Leipzig. andN-formylglycylglycinamide 2b) (For-Gly-Gly-NH,) were
* Faculty of Biosciences, University Leipzig. selected (Figure 1). All geometries were completely gptimized
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c” C;
Figure 2. Creqand G conformers of Ac--Ala-NHMe.

. : TABLE 1: Conformation Characteristics for the C 7¢q and Cs
theory and characterized by the eigenvalues of the force Forms of For-L-Ala-NH, at Various Levels of ab i MO

constants matrix. The optimizations were considered to be Theory from Different Sources?
finished when the four default criteria of Gaussian 94 were

fulfilled. In all cases the maximum residual force was below Cred G’
0.001 mdyn. The frequencies obtained at the two approximation method @ e @ y AEC
levels were used for the estimation of the zero-point vibration HF/3-21G —-845 67.3 —168.3 1706 52
energies, the thermal energy, and entropy contributions. To test HF/4-21G —84.7 668 —166.6 1699 58
whether the conclusions might be influenced by the overestima- 336'3}6:* 852 re4 ~180 ok 3
tion of the frequencieg at the HF.and MP2 levels, the cglculations HF/gzglg_;G(d,p) _gg:g 722 _126:2 122:2 1:3
of the thermodynamic properties were repeated with scaled yr/6-314++G(d,p) —86.2 78.8 —161.0 161.0 0.5
frequencies according to the recommendations of Pople‘et al. MP2/3-21G -819 684 -—170.2 1741 10.0
for the 6-31G* basis set. MP2/4-21G —81.6 68.2 —-1695 1746 103
MP2/6-31G* —82.7 77.7 -—158.7 167.5 6.0
. . MP2/6-31G** —83.0 77.6 -—159.8 166.6 6.2
Results and Discussion MP2/6-311G(d,p) -81.8 81.8 -158.8 168.3 5.9

MP2/6-311+G(d,p) —828 80.6 —157.1 1632 5.

aFrom refs 1e-k and this work? See Figure 1¢In kJ/mol; E(Cs)
— E(Creq- ¢ In degrees.

The conformations of Ac-Ala-NHMe (1) and the simpler
For-Gly-NH, and Fort-Ala-NH; compounds have frequently
been the subject of investigations at the HartrEeck (HF)
level of ab initio MO theory employing various basis set
levelsta At least for the latter two molecules the influence
of the correlation energy on the stability relations between
various conformers was examingek However, thermody-
namic data including zero-point vibration energies are not
available. Regardless of the basis set level, the most importan
conformers for all three compounds are the so-calleg éhd
Cs conformations (Figure 2). The form is the simplest
model structure for & turn in peptides realizing a complete
change of the direction of a peptide sequence via three aminob
acids supported by a hydrogen bond between the peptide bond
of the first { — 1) and third {+ 1) amino acid (Figure 2)'_ The basis set. Thus, some authors conclude that basis set extension
Cs form correqunds to a negrly extended conformation and and correlation energy effects are compensating.
reflects the basic conformation gf sheet structures. To In fact, the results of our HF/6-31G* and MP2/6-31G*

|IIusFrate dsotm(? ene(rjgf(:nc atnd structufral ;ZR?CtEI’HTabrI]e' ﬁ SUM-calculations on the larger Ac-Ala-NHMe compound. confirm
marizes data from ditierent sources for a-NF2 whic the above-mentioned stability aspects (Table 2).

were obtaine(_i both at the H'.: and the MP2 Cor_relation €Nergy  There are more examples where correlation energy favors
levels employing various basis sets. The following conclusions cyclic structures over extended or open ones. Thus, the higher
could be drawn from these data: stability of nonclassical carbocations over their classical coun-
(i) The MP2 correlation energy results show the pseudocyclic terparts is only found when the correlation energy is con-
Creqform distinctly more stable than the extendegoBnforma- siderecfac The same is true for the cyclic structure of
tion, whereas both structures are energetically nearly equivalenttrithiapentalene and its derivatives which can only be reproduced
with only a small preference of theturn at the HF level when  after inclusion of correlation energy, whereas the open structure
employing more extended basis sets. On the basis of theajternatives are still the preferred minimum conformations on
correlation energy data it is sometimes concluded that more the Hartree-Fock energy hypersurface and even disappear at
compact peptide structures such as hydrogen-bonded conformathe correlation energy levél. Similar effects seem to appear
tions are generally favored over extended ohes. in pseudocyclic peptide structures formed by hydrogen bonds.
(i) Within the same series, HF and MP2, respectively, the However, the situation reverses when additionally calculating
energy differences agree rather well when going from the the thermal energy and entropy contributions. At the Gibbs
6-31G* to the 6-311+G(d,p) basis set, whereas the low-level free energy level (Table 2), the;igand G conformers are again
3-21G basis set shows the:dconformation distinctly more of comparable stability as already predicted at the Hartree
stable in the two series. Thus, the 6-31G* or 6-31G** basis Fock level employing larger basis sets. A detailed analysis

set levels may be judged to be of sufficient quality to describe
the energetic relations in the two approximations of ab initio
MO theory.

(iii) The agreement of the torsion angle values goandy
t(:alculated at the various basis set levels is rather satisfactory
both within the HF and MP2 series, respectively, and between
the two approximation series. The largest variationg @nd
Y are about 10
(iv) Surprisingly, the energetic data obtained with the 3-21G
asis set at the Hartre€-ock level agree rather well with the
P2 correlation energy data for the high-level 6-31G(d,p)



Stability of Secondary Structures of Peptides

TABLE 2: Torsion Angles, Total Energies, Zero-Point
Vibration Energies, and Free Enthalpies and Entropies for
the Creq and Cs Conformation of Ac-L-Ala-NHMe (1) at the
Hartree—Fock and Correlation Energy Levels and the
Energy and Free Enthalpy Differences between the Two
Conformers

MP2/6-31G* HF/6-31G*

C7eqa C5a C7eqa C5a
@° —82.9 —158.6 —85.4 —157.4
yYP 77.9 161.1 79.4 158.8
Er¢ —494.310 898—494.308 149—492.861 542—492.860 889
AE% 0.0 7.2 0.0 1.7
ZPVE® 0.190 620 0.190 136 0.200 765 0.200 229
G¢ —494.159 913—494.158 569—492.700 161—492.700 521
AG% 0.0 3.5 0.0 -0.9
g 463.6 473.9 457.9 464.3

2 See Figure 1°In degrees¢ In au.?In kJ/mol.¢ Related toCreq
fIn J/mol K.
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the positioni + 2, whereas th@l conformation predominates
for mostL-amino acids. The energetic relations between these
important pseudocyclic elements of secondary structure and the
extended conformation might characterize the folding tendency
of the open peptide chain. It is obvious, that the above-
mentioned problems may essentially influence the conclusions
drawn at the various approximation levels. In Table 3, the
results of the calculations a?a and2b at the HF level show
the gl more stable than the3l turn in agreement with
experimental data. However, the extended form is still distinctly
more stable than both turns.

When including correlation energy, the situation changes.
Now, the twog turn structures are more stable than the extended
form, whereas the energy relation between the two turns is not
influenced since they are of comparable structure type. The
preference of the extended conformation over the turn structures
is again established at the Gibbs free energy level when
considering correlation energy, thermal energy, and entropy

shows the considerable compensation of correlation and entropycontributions. When repeating the calculations of the thermo-
effects mainly responsible for this behavior and a small dynamic properties with scaled frequencies at both approxima-
destabilizing effect of the thermal energies on the pseudocyclic tion levels, nearly the same free enthalpy differences between
structures (Table 2). The hydrogen-bonded ring systemy@f C  the corresponding conformations were obtained without cor-
has a higher order than the extendedf@m as indicated by  rection. It should be noticed that the characteristic conformation
an entropy decrease. This destabilizing effect is compensatedangles agree rather well again for all structures at both

by the correlation energy which favors the pseudocyclic approximation levels (Tables 2 and 3).
structures over the extended ones. Remembering the above-

mentioned good agreement of the low-level HF/3-21G energy cqnclusions

differences between#gand G and those from high-level MP2/

6-31G* or even MP2/6-31t+G(d,p) ab initio calculations, it The quantum chemical results for some typical elements of
can be concluded that the MP2 correlation energy results maysecondary structure in peptides and proteins show considerable
be misleading in calculations on peptide structures when differences between the stability orders obtained at the Hartree
conformations of different type are compared as is the case for Fock and the correlation energy levels. Surprisingly, the energy

the pseudocyclic &qand the extendedsJorm.

differences at the higher correlation energy level might be

A second example may illustrate these aspects. The com-misleading when comparing peptide conformations of different

pounds 2a, and 2b are simple models to descrihe turn

conformationg®< g turns reverse the direction of peptide

chains via four amino acids. Two importghturn conforma-
tions are thefl (common) andsll (glycine) turns, which are

type, e.g. structures with or without hydrogen bonds or structures
with a different number of hydrogen bonds. Consideration of

solely the correlation energy overestimates the importance of
hydrogen-bonded structures, which is corrected by the thermal

frequently found in peptides and proteins. Both turns are energy and entropy contributions at the Gibbs free energy level.
characterized by a hydrogen bond between the peptide bondsCompensation of entropy and correlation energy effects is
of the first and fourth amino acid (Figure 3). The varigis  mainly responsible for the relatively good correspondence
turns are defined by the torsion angles.1, ¥i+1, @i+2, and between HartreeFock energy differences obtained at a suf-
itz Of the second and third amino acids (Figures 1 and 3). ficiently high basis set level, e.g. HF/6-31G* and higher, and
The gl turn is preferred, when the amino acid glycine enters the free enthalpy data at the correlation energy level. Establish-

Figure 3. Extendedpl, andgll turn conformations for Ac-Gly-Gly-NHMe.
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TABLE 3: Torsion Angles, Total Energies, Zero-Point Vibration Energies, and Free Enthalpies and Entropies for the Extended

Méohle et al.

Form and the g1 and Bll Turns of the Model Compounds Ac-Gly-Gly-NHMe (2a)2 and For-Gly-Gly-NH , (2b)° at the
Hartree—Fock and Correlation Energy Levels and the Energy and Free Enthalpy Differences between the Conformers

MP2/6-31G* HF/6-31G*
extendedl ple plic extendedl ple plic
@ir1® —-171.2 —72.1 —58.6 —179.9 -73.3 —60.9
—180.0 -711 —-59.7 180.0 —72.2 —61.8
Pis —-176.9 —-21.2 139.8 —179.7 —-17.7 136.4
—180.0 —20.9 137.9 180.0 —18.1 134.7
@i —179.8 —99.6 92.7 —179.7 —101.9 95.5
-177.5 —101.8 96.4 —179.9 —103.5 97.6
Pisd —179.8 15.3 —14.0 —179.7 11.9 —-11.7
—179.8 12.8 —-11.4 180.0 10.3 —10.2
Er® —662.542 161 —662.546 443 —662.547 719 —660.641 395 —660.639 135 —660.640 946
—584.206 460 —584.208 500 —584.209 562 —582.565 953 —582.562 801 —582.564 254
AE"9 0.0 —-11.2 —14.6 0.0 5.9 1.2
0.0 —5.4 -8.1 0.0 8.3 45
ZPVE® 0.217 266 0.218 868 0.219 081 0.229 991 0.231 450 0.231671
0.159 130 0.161 235 0.161578 0.170 076 0.171 679 0.171 928
G® —662.374 123 —662.371 191 —662.372 070 —660.458 731 —660.451 053 —660.452 395
—584.090 736 —584.085 813 —584.086 375 —582.436 383 —582.429 458 —582.430 556
AGH9 0.0 7.7 54 0.0 20.2 16.6
0.0 12.9 11.4 0.0 18.2 15.3
g 580.4 522.5 520.7 558.6 516.2 513.5
502.0 448.4 446.5 469.7 443.1 441.8

a First values? Second values. See Figure 3¢ In degrees¢In au.f In kJ/mol.9 Related to the extended forrhin J/mol K.
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