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Abstract Ab initio density functional methods at the B3LYP/6-311+G(d, p) and 6-31G(d) levels were
performed on several basic peptide conformations representing typical elements of secondary structure
(B-sheetsp- andy-turns). The results are compared with those from Hartree-Fock and MP2 correlation
energy calculdons. Wheeas the geometries of the structures are well described at all approximation
levels, there are considerable discrepancies of the stability orders. Contrary to the Hartree-Fock calcu-
lations, the correlation energy methods provide the more compact structures with intramolecular hy-
drogen bonds distinctly favoured over extended conformations when comparing the energy differences.
However, due to considerable compensation of correlation energy and entropy contributions, the stabil-
ity order at the Gibbs free energy level closely corresponds to that at the Hartree-Fock level.

Keywords Peptide secondary structure, Ab initio, Density functional theory (DFT), Hydrogen bonds,
Correlation energy, Gibbs free energy

bility order might strongly be affected by the choice of the
level of theory. Geometry optimisation at higher levels of
o ) ab initio MO theory is rather tedious even for smaller pep-
The description of the typical secondary structure elementgge units, Thus, most of the calculations performed so far
of peptides such as helicgssheets and reverse turns by gre |imited to several diamide and triamide structures ne-
means of quantum chemical methods is of special interegfiecting correlation energy, zero-point vibration energy and
for thg understanding of the folding process of pept.ldes ang@ntropy effects because of the time- and storage-consuming
proteins and the development of accurate force fields foprgcedure necessary for their estimation [1-13]. In a recent
calculations on larger peptides and proteins. The energy di tudy [14], we examined the influence of the basis set size
ferences between the essential structure alternatives ig the Hartree Fock (HF) and MP2 correlation energy levels
peptides are sometimes very small and, therefore, their stamq also the effect of zero-point vibration energy (ZPVE)
and entropy contributions on the stability of various peptide
structures. It could be shown that the increase of the basis
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double-C;

Figure 1 Sketch of the selected conformations of the model compaui@s, C;) and2 (Bl, Bil, double-C)
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Table 1 Energy relations and structural data of the minimum conformatiohatthe DFT and HF approximation levels [a]

Cleq C, Cx o B, a
HF/6-31G(d) AE 0.0[b] 1.7 12.1 19.7 10.8 21.7
¢ -85.4 -157.4 75.9 66.8 -132.5 -165.5
1] 79.4 158.8 -58.9 30.7 22.2 -39.8
B3LYP/6-31G(d) AE 0.0 [c] 5.9 10.9 24.1 13.0 28.7
¢ -82.9 -158.1 73.6 68.1 -126.6 -169.4
0] 72.8 164.1 -57.7 26.9 20.9 -39.3

[a] Angles in degrees, relative energies in kJ/mol
[b] E; = -492.861542 a.u.
[c] E; =-495.855138 a.u.

set size beyond the 6-31G(d) and 6-31G(d, p) Sp”t'valenffethods

basis sets affects only insignificantly the energetic relations

between the conformers both at the HF and the MP2 levels. o .

However, the HF and MP2 stability orders may be completdi€ di- and tiamides N-acetylalanylN'-methylamide (Ac-
reversed if secondary structure elements of different type kydla-NHMe) 1 and N-acetylglycylglycineN’-methylamide
compared, in particular those with and without or with a dfAc-Gly-Gly-NHMe) 2 have been selected as model com-
ferent number of intramolecular hydrogen bonds. Correl&QU”dS; Several peptide secondary structures as for instance
tion energy generally supports the hydrogen-bonded conf¢ basic structures @tsheetsf- andy-turns can be gener-
mations. However, considering zero-point vibration energi@d from these compounds (Figdde TheDFT geometry

and entropies of the various conformers at the MP2 corréfRiimisations were performed employing the Becke 3LYP
tion energy level, the stabilisation of the hydrogen-bondB#ctional [18] and the 6-31G(d) and 6-311+G(d, p) basis
structures is considerably compensated due to entropy S&S: respectively. The frequencies calculated at these levels
fects and the stability order originally estimated at the Hpan be used without scaling for the estimation of the zero-
energy level results am. Thus, a stability comparison ofPoInt v!bratlon energies and entropy contributions [19]. The
peptide conformations of different type on the basis of Mi2aUssian 94 program package was used for all calcula-
energy differences may be misleading and the stability §RNnS [20].

ders at the HF level employing sufficiently large basis sets

agree quite well with the Gibbs free energy differences ab-

tained at the correlation energy level due to error compenggsults and discussion

tion between the correlation energy and entropy parts.

In the search for more efficient methods to calculate P§BE/6-31+G(d) calculations on FarAla-NH, [1] provide six

tide structures, the applicationa initio density functional . . . .

theory (DFT) seems to be promising because it is less ex%qlmésméonfgrmg tlgr,\s) Ovc;?cilp;teegﬁf‘ol igﬁ;ﬁ%%pgfxg?ce
sive than othemb initio methods including correlation en-L_'&Tg_NHMeMl ét tﬁ,e HI£/6-3lG(d) level (Table 1, see also
ergy and may be, therefore, better capable to treat Iarﬂ%‘fs. 2-9,11,13). The first four of them show some relations

molecules [15-17]. However, some of the abov'e-mentioné% eptide secondary structures. The so-callegfarm rep-
problems may also be expected in DFT calculations. In or gfenting the global minimum on the gas phase potential en-

to test tfhe efﬂdmenlcy Ioft.the DFTbmthods ];F’dr thesef purp?sg y hypersurface is realised by a seven-membered ring closed
We perlormed caiculations on basic peptide conformatl hydrogen bond (Figure 1). It is the simplest model for a
which represent typical elements of secondary structure fa

X . -Hrn in peptide structures which reverses a peptide chain
compared the obtained results with those of the correspoiid-i .ee ‘amino acids. The less stable, €onformer corre-

sponds to the approximate mirror image of the, @eptide
backbone{or y) with theL-Ala side-chain in pseudo-axial
position to the seven-membered ring. Much more important

ing MP2 and HF calculations [14].
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Table 2 Structural data of

the peptide badone of 1. gF/B-SlG(d) c CB3LYP/6-3lG(dC):
Bond lengths in A, bond and 7eq 5 7eq 5
torsion angles in degrees
Bond lengths
C.C, 1.512 1.513 1.519 1.522
CN, 1.349 1.348 1.360 1.362
N,C, 1.457 1.442 1.468 1.449
C,C, 1.535 1.526 1.552 1.538
C.N, 1.345 1.345 1.359 1.360
NeC, 1.446 1.448 1.451 1.453
Bond angles
C,CN, 116.2 115.8 116.2 115.5
C,N,C, 123.0 122.2 123.0 122.0
N.C,C, 109.8 107.4 110.8 106.9
C,CNg 114.6 115.6 1134 115.0
CNC, 121.2 121.7 122.3 123.0
Torsion angles
C,CN.C, (w) 179.6 -179.9 -177.5 176.7
C,N,C,C; (6) -85.4 -157.4 -82.9 -158.1
N.C,C.N, () 79.4 158.8 72.8 164.1
C,CNC, (w) -174.0 179.4 -175.7 177.5

is the G form (Figure 1) that represents the parent conformeaitural peptides. Interestingly, the basic conformation for
for the B-sheet conformation in peptides anatpms. The right-handed helicesa), which frequently occurs in pep-
a, conformation is the basic structure for left-handed hetides and proteins, is not indicated fbrand appears only
ces.Although it appears as a minimum conformation ¥pr when considering the influence of polar solvents [5, 8, 21].
left-handed helices were not found in longer sequencesToEe DFT calculations completely confirm this general pic-
ture of the conformation df. The structure and energy data
for the six conformers are given in Table 1 for comparison.

0 HC H H Again, all attempts to localise the basic conformation for right-
i \: | handed helices failed. There is a fair agreement between the
Hoc G N /C4‘C /NG\C _H important backbone rotation angtgsindy (Figure 1) given
1 |3 ”5 4 by the various methods. The peptide backbone bond lengths,
H G H o) g H bond angles and torsion angles for the most important C

and G conformers, which might be useful as reference data,
are presented in Table 2. Considering the energetic relations
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Table 3 Structural, energetic and thermochemical data obtained at various levels of ab initio theory for selected minimum
conformations ofl [a]

HF/6-31G(d) Becke 3LYP/6-31G(d) Becke 3LYP/6-311+G(d,p) MP2/6-31G(d)
C7eq Cs C7eq Cs C7eq Cs C7eq Cs
-85.4 -157.4 -82.9 -158.1 -83.5 -154.8 -82.9 -158.6
W 79.4 158.8 72.8 164.1 76.1 159.0 77.9 161.1
AE 0.0[b] 1.7 0.0(c] 5.9 0.0[d] 3.4 0.0e] 7.2
AG 0.9 0.0(f] 0.0[g] 2.7 0.9 0.0(h] 0.0(] 3.5

ZPVE [j] 0.200765 0.200229 0.187269 0.186831 0.185506 0.184976 0.190620 0.190136

S [K] 457.9 464.3 458.5 467.2 459.0 473.9 463.6 473.9
[a] Angles in degrees, relative energies in kd/mol [g] G = -495.706874 a.u.

[b] E; = -492.861542 a.u. [h] G = -495.865071 a.u.

[c] E; =-495.855138 a.u. [i1 G =-494.159913 a.u.

[d] E; = -496.0112363 a.u. [i] In a.u.

[e] E; =-494.310898 a.u. [K] In J/mol-K

[f] G = -492.700161 a.u.

between these two basic peptide conformers, the DFT reswitsich corresponds to thg sheet structure in peptides and
show the same stability increase for the hydrogen-bongedteins and does not exhibit hydrogen bonds, may serve as a
C,eq conformer relative to the extended €nformer as al- reference conformation. Referring the stability of the turn
ready found in the MP2 calculations [14], whereas both caonformations to this structure provides an idea on the fold-
formations are still of comparable stability at the HF levelg tendency of peptidehains. Adlitionally, the so-called
(Table 3). Obviously, correlation energy supports the mateuble-C conformation with two hydrogen bonds (Figure 1)
compact peptide conformers. Again as is at the MP2 appraafresponding to two consecutiygurns in a peptide chain
mation level, the DFT stability order is changed at the Gibb&s considered. According to quantum chemical calculations
free energy level when considering zero-point vibration efi-0], this conformer belongs to the most stable conforma-
ergies and entropies. It can be seen that the DFT as weli@ss on the potential energy hypersurfac@ adlthough ex-
the MP2 free enthalpy differences agree well with the corgerimental hints for its existence in condensed phase are miss-
sponding energy differences obtained at the HF level (Tablg. The comparison of the energetic relations between the
3). This close correspondence of the HF energy to the Déanformers at the HF and DFT levels shows the expected
and MP2 free enthalpy data is caused by a considerable cdifferences (Tabl&). Wheeas the extended conformer is most
pensation of correlation energy and entropy effects. Incresible at the HF level, the double-€nformer with the two
ing the basis set from 6-31G(d) to 6-311+G(d, p) in the DRydrogen bonds is preferred according to the DFT calcula-
calculations does not change this situation. tions. Comparing the stabilities of the t@«urns,Bll is more
Compound2 may serve as another example to charactstable tharfll as it is typical for3-turns with the amino acid
ise these aspects. The conformation of this triamide modegiigcine in the third position [23, 24]. Since the two confor-
characterised by the backbone torsion anglgs Y.,,, ¢,.,, mations are of the same type, i.e. both have one hydrogen
and ., (Figure 1). Most important are the iars B-turns bond, their stability order does not change at the various ap-
that reverse a peptide chain via four amino acids as for pneximation leels. This can also be seen when comparing
stance thg3l (common turn) and th@ll (glycine turn) con- the HF and MP2 results [14], whereas the stability of the
formations (Figure 1), which are frequently found in peptidegtended form relatively to the turn conformations is com-
and proteins [22-24]. Both turns are stabilised by a hydrogaetely reversed at the two different levels. Calculating the
bond between the first and third peptide bonds. The peptibbs free energies at the DFT level provides the stability
backbone geometry parameters for these two important tunder extended > double;€ BII > (I which shows the ex-
in Table 4 obtained with the DFT calculations show aga@nded conformer again more stable than the hydrogen-bonded
good agreement with the HF/6-31G(d) data. For the discaguctures as it is estimated at the HF energsl l@hehigher
sion of the stability relations, the extended conformatioorder in the more compact structures reflected by lower en-
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Table 4 Structural data of

the peptide badione of2. HF/6-31G(d) B3LYP/6-31G(d)

Bond lengths in A, bond and Bl Bl Bl Bl

torsion angles in degrees
Bond lengths
C.C, 1.511 1.508 1.518 1.516
C,N, 1.360 1.355 1.371 1.364
N,C, 1.449 1.442 1.459 1.454
C,C 1.524 1.527 1.537 1.540
C.N, 1.348 1.350 1.362 1.365
NeC, 1.443 1.444 1.451 1.453
C,C, 1.526 1.527 1.539 1.539
CgNy 1.341 1.341 1.357 1.356
NoC,o 1.446 1.447 1.452 1.453
Bond angles
C,CN, 116.1 116.3 116.2 116.4
C,N,C, 120.6 118.7 120.9 119.6
N,C,Cq 116.2 1111 116.5 110.9
C,CN, 117.0 115.5 116.2 114.9
C.NC, 122.9 122.7 122.5 122.3
N:C.Cq 116.1 116.3 115.7 115.5
C,CNg 117.6 117.8 116.4 116.6
C:CsCyo 120.9 120.7 121.3 120.6
Torsion angles
C,CN.C, (w,) -165.9 169.6 -168.6 172.4
C,N,C,C. (¢,) -73.3 -60.9 -73.4 -62.3
N,C,CN; (W,) -17.7 136.4 -14.1 130.3
C,CNC, (@) 175.6 -174.6 170.5 -170.5
C.N,C,Cq(d,) -101.9 95.5 -105.3 102.5
N.C,CeNg(W,) 11.9 -11.7 16.4 -16.7

C,C:NC, () 175.9 -176.3 176.6 -176.7
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Table 5 Structural, energetic and thermochemical data obtained at various levels of ab initio theory for selected minimum

conformations o® [a]

HF/6-31G(d)

Becke 3LYP/6-31G(d)

extended Bl B double-C, [b] extended Bl B double-C, [b]
®.q -179.9 -73.3 -60.9 -85.8 179.4 -73.4 -62.3 -81.2
1/ -179.7 -17.7 136.4 65.4 179.8 -14.1 130.3 63.7
[0 -179.7 -101.9 95.5 -86.1 180.0 -105.3 102.5 -82.7
1/ -179.7 11.9 -11.7 60.9 -179.9 16.4 -16.7 64.7
AE 0.0c] 5.9 1.2 2.7 5.7 8.8 5.2 0.0[d]
AG 0.0f] 20.2 16.6 14.7 0.0g] 17.0 12.5 9.0
ZPVE [i] 0.229991 0.231450 0.231671 0.231804 0.213901 0.215348 0.215420 0.215862
SIj] 558.6 516.2 513.5 527.8 564.6 524.3 528.4 525.1
MP2/6-31G(d)
extended Bl Bll double-C, [b] 9 |_{ :\H 'T' 9 I—‘||_|
H.. Co Cu Cs . Cio
1 -171.2 -72.1 -58.6 -83.2 e '\lls ﬁ5 4C—7 l\llg ‘H
HA  H H H
Wy -176.9 -21.2 139.8 66.4
2

[0 -179.8 -99.6 92.7 -85.2
W, -179.8 15.3 -14.0 67.7 [a]l Angles in degrees, relative energies in kJ/mol

[b] Chair conformation
AE 14.6 3.4  0.0¢€] 0.3 [c] E;=-660.641395 a.u.

[d] E; = -664.550692 a.u.
AG 0.0h] 7.7 5.4 3.4 [e] E;=-662.547719 a.u.

[f] G = -660.458731 a.u.
ZPVE [i] 0.217266 0.218868 0.219081  0.219339] G = -664.382142 a.u.

[h] G = -662.374123 a.u.
SIi] 580.4 522.5 520.7 530.8 [i] ina.u.

[il in 3/mol-K

tropy values is responsible for their destabilisation in COMBanclusions

parison to the3-sheet structure. Even if the correlation en-

ergy methods (DFT, MP2) provide the same general tendency i ] ] )

of the stability orders of the various peptide conformers, thee results of this study show considerable discrepancies of

quantitative agreement is not perfect. Interestingly, the éfi¢ Stability order of basic peptide conformations dependent

tropy values for the twp-turns and the double-Gonformer ©ON the employed approximation level in the calculations.

are rather similar despite the different number of hydrogB§membering the sometimes small energy differences be-

bonds. Obviouslythe B-turn conformations with only one tWeen structure alternatives of peptides, errors found for

hydrogen bond and the double-€onformer with its two Shorter peptide sequences, even if they are small, may lead

y-turns are of comparable order. to incorrect descriptions of larger systems and may be mis-
leading in our general understanding of structure formation
in peptides and proteins. Most important is the different de-
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scription of the stabilities of hydrogen-bonded conformatioBs Brooks lll, C. L.; Case, D. AChem. Ret993 93, 2487-

at the Hartree-Fock and correlation energy levels. In order to2502.

get reasonable stability orders for peptide conformers of df- Perczel, A.; McAllister, M. A.; Csaszar, P.; Csizmadia, I.

ferent type by means of density functional theory or other G.J. Am. Chem. So&993 115, 4849-4858.

correlation energy methods, it is necessary to consider zer@-Béhm, H.-JJ. Am. Chem. So&993 115, 6152-6158.

point vibration energies and entropies, whereas HF eneldy Schéafer, L.; Newton, S. Q.; Cao, M.; Peeté:s,Van

differences obtained with more extended basis sets may beAlsenoy,C.; Wolinski, K.; Momany, F. AJ. Am. Chem.

sufficient for the same purpose due to considerable compen-Soc.1993 115 272-280.

sation of the correlation energy and entropy contributiori®. Méhle, K.; Guimann, M.; Hofmann, H.-ll. Comput.

The effects described here demonstrate some serious prob€hem.1997 18, 1415-1430.

lems for a reasonable description of peptide and protein strii8-Beachy, M. D.; Chasman, D.; Murphy, R. B.; Halgren, T.

tures by means of theoretical methods and make a reliableA.; Friesner, R. AJ. Am. Chem. S0d997, 119 5908-

extension of these formalisms to the condensed phase diffi-5920.

cult. These aspects might also be important for the develég- Mohle, K.; GuBmann, M.; Rost, A.; Cimiraglia, R.;

ment of empirical force fields on the basis of different ap- Hofmann, H.-JJ. Phys. Chem. A997 101, 8571-8574.

proximation leels of ab initio MO theory. 15.Parr, R. G.; Yang, WDensity-Functional Theory of At-
oms and Molecule©xford University: New York, 1989.
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