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Abstract

A total of eleven basis sets from 3-21G to 6-3111++G(d,p) have been used at the HF and MP2 levels of theory for geometry
optimizations of the global, v, (¢ = - 75°, ¥ = + 75°) and the second lowest, By, (¢ = — 150°, ¥ = + 150°) minimum energy
conformations of the L enantiomer of HCO—NH-CH(CH 3)-CO-NH,. The results showed that due to fortuitous cancellation of
correlation and basis set effects, the HF/3-21G energy-difference of these conformers agrees well with the MP2/6-311++G(d,p)
energy difference, while the HF/6-311++G(d,p) energy difference converges erroneously toward zero.

The other legitimate conformers were optimized at the HF/3-21G, HF/6311++G(d,p), and MP2/6-311++G(d,p) levels of
theory. The results showed that one of the minima disappeared at HF/6-311++G(d,p) and one more of the minima did not occur
at the MP2/6-311++G(d,p) level of theory. The correlation and basis set effects stabilized the higher energy conformers.

Keywords: Ab initio Ramanchanran map; Basis set size; For—Gly—NH»; For—L-Ala~NH,; Peptide model; Electronic structure

1. Introduction

Compounds containing geminally substituted car-
bons (I), where the substituents (X and Y) contain

* Corresponding author.

either lone pairs or pi-electronic systems with
spatially extended electron density, may show
unusual conformational behaviour with respect to
hydrocarbons. For example in difluorine derivatives
(X,Y =F) the F-C—F bond angle becomes too small.

The potential energy surface (PES) of hydrocarbons
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(e.g. X,Y = CH3) contains nine minima corresponding
to nine legitimate conformations (cf. Scheme 1).

However, in substituted compounds some of these
nine critical points may not occur. For example, in
compounds where X and Y are OH, SH or other
heteroatom-containing groups the E(¢,¥) PES of
hydrocarbons may be altered dramatically by the
interacting groups.

In peptides (II) two amide groups are attached dif-
ferently to the central carbon atom (one at the C
terminus, the other at the N terminus).

...~CONH CONH-...

II

Nevertheless, if the system behaves in an ideal
fashion one can expect the existence of nine
legitimate minima [1] on the 2D-conformational
PES (cf. Scheme 1). For peptides the traditional nota-
tion for the nine legitimate minima, utilized in
Scheme 1, is replaced by another symbolism, invol-
ving subscripted Greek letters (cf. Scheme 2).

In examining Schemes 1 and 2, note that the tradi-
tional 2D-Ramachandran map [2], in the [UPAC-IUB
convention [3], represents a different cut of the PES
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which is shown by a square of broken lines at the
centre of Fig. 1. We should distinguish two types of
N- and C-protected amino acid derivatives: achiral,
for which glycine (III) is the sole example, and chiral
for which we have numerous examples, L-alanine (IV)
and Dp-alanine (V) being the simplest. Ab initio
calculations have been carried out for N-formyl-
glycinamide (III) and N-formylalanine amide (IV
and V).

H o H
HCoNH ~ CONH:
m
H  CHs CHy H
/\<
HCONH ~ CONHz HeonH ~ CONHz
v v

The calculations revealed that in the achiral case
(III), the annihilation of the critical points is sym-
metrical, the degenerate pairs of the «; and op con-
formations and the degenerate pairs of the £ and &p
conformations were missing from the 2D-PES (left-
hand side of Scheme 3). In chiral molecules (e.g. IV),
as might be expected, fewer critical points were miss-
ing in a nonsymmetric way. In the case of HCO-L-
Ala—-NH; the o and £ minima disappeared (cf. mid-
dle of Scheme 3) and in the case of HCO-D-Ala—
NH, the op and ep minima disappeared (cf. right-
hand side of Scheme 3). Such distortion of the PES
clearly indicates that the geminal substituents strongly
interact. Scheme 3 is derived from the results of HF/3-
21G calculations. If the HF method is implemented
with larger basis sets these missing minima do not
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parameters of these conformations are also sensitive
to the inclusion of correlation energy. For this reason,
it seemed highly desirable to perform systematic
‘benchmark’ type calculations, with increasing basis
set size and with the inclusion of electron correlation,

reappear [4]. Furthermore, at the HF/6-31 G(d) level
of theory another minimum () has disappeared.
More recently, Schifer and coworkers [5] have
shown, for the v, and (3, conformations of For—L-
Ala—NH,, that the relative stabilities and geometrical
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Fig. 1. 1dealized PES topology for a single amino acid residue involving two complete cycles of rotation in both ¢ and ¥. Location of the
minima are specified by their names in terms of subscripted Greek letters. (Schemes 1 and 2 are equivalent to each of the four quadrants.)
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on selected conformers of some simple peptides. In
this study we discuss the results for For-Gly—NH,
and N-formyl-L-alanine amide (IV).

2. Computational methods

Ab initio HF and MP2 geometry optimizations on
typical backbone conformations (labelled «, ap, B,
YL, YD 01, Ops €1, €p), were performed. The GAUSSIAN
90 program[6] was used and the geometries were opti-
mized until the largest gradient was decreased below
1.5 x 107 a.u. (OTP = tight).

The HF and MP2 methods were implemented with
11 standard basis sets for 81 and  conformations for
a complete study, and only some selected basis sets
were employed for the other conformations. The 11
standard basis sets employed are listed below:

3-21G

4-21G

4-31G

6-31G
6-31++G
6-31G(d,p)
6-31++G(d,p)
6-311G
6-311++G
6-311G(d,p)
6-311++G(d,p)

N=Re - IR B N N S I

—_ =
—_

The MP2 calculations were performed even with low
quality basis sets in order to present a more complete
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study; it was, however, not expected that basis scts
without polarization function perform well in combi-
nation with the MP2 method.

3. Results and discussion

We have carried out preliminary computations on
the 8, and vy conformations of For—Gly—NH, and
For—Ala—NH,. From the results presented in Table 1
it is clear that their energy difference

AE(BL - ’YL) = E(BL) —E(‘YL)

computed at the lowest (HF/3-21G) and highest
(MP2/6-311++G(d,p)) levels of theory provided sur-
prisingly similar results. Consequently the basis set
extension effects and the electron correlation effects,
introduced here at the MP2 level of theory, cancel
each other for these molecules. This effect is well
known and frequently used for molecular geometry
studies [7]; it is, however, quite rare for energy differ-
ences. In order to explore the frontiers of the validity
of the above mentioned cancellation we carried out a
detailed investigation on the dependence of the value
of AE(BL - <L) on the level of quantum theory
applied.

In the first part of this paper we present the HF and
MP2 results for the 8; and -y conformations of For—
L-Ala—NH,. The numerical results are summarized in
Table 2. This table includes torsional angles ¢,¥ for
conformers 3; and vy and total energies for the two

Table 1

Total and relative energies for §; and v, conformations for For—-Gly—NH; and For—Ala—-NH, computed at various levels of theories

Basis set EYF (Hartree) AEMF EMP? (Hartree) AEMP

(kcal mol ™) (kcal mol ™)

BL YL BL YL

For-Gly—-NH,

3-21G -373.647749 -373.648787 0.65 - - -

6-311G(d,p) -375.853161 ~375.852293 -0.54 -377.00726° -377.00949* 1.40

6-311++G(d.p) -375.863521 -375.862320 -0.75 -377.02815° -377.03043° 1.43

For—Ala—NH,

3-21G -412.472783 -412.474780 1.25 -413.301276 -413.305097 240

6-311G(d,p) -414.900210 -414.900685 0.30 -416.36077°¢ -416.363014¢ 1.41

6-311++G(d,p) -414.909098 -414.909271 0.11 -416.38278° -416.384696° 1.21

* Geometry optimized at MP2 = FC/6-31G(d,p) level of theory.
® MP2 = FC/6-311++G(d,p)//MP2 = FC/6-311G(d,p).

 Geometry optimized at MP2 = FULL/6-311++G(d,p) level of theory.
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Fig. 2. Correlation of relative energy of the 8, conformation, with respect to the global minimum (y.), [AE = E(8) ~ E(yL)), for For—Ala—
NH,) with computed total energy E(y,) that measures the quality of the wave function according to the variational theorem in the HF
formalism. The different solid and open points, shown on the HF and MP2 curves respectively, symbolize different basis sets.

conformations, £(8) and E(vy) in Hartrees, as well as
the relative energies, AE, in kcal mol™ computed at
the HF and MP2 levels of theory implemented with
eleven basis sets. The relative energy values are pre-
sented in Fig. 2 as a function of E(vy). This presenta-
tion is suitable because lower energy means a better
quality wave function, according to the Variational
Theorem for the HF method. It should be noted that
the MP2 method is not variational, however; the
energy decreases with the improvement of the basis
set. The convergence of ¢ and ¥ angle values with
increasing basis set size are plotted in Fig. 3. Fig. 4
shows the same information as Fig. 3 from a bird’s
eye point of view.

From Table 2 and Fig. 2 it is clear that the HF
method converges to an unrealistically small energy
difference as the basis set size increases. Only the HF/
3-21G and 4-21G methods provide an energy differ-
ence; this result is very close to that obtained at the
MP2/6-311++G(d,p) level of theory. Needless to say,
small basis sets are the only hope for any effort that

aims to carry out ab initio computations on oligo-
peptides.

The results in Table 2 clearly show the limited
utility of the non-polarized basis set at the MP2
level of theory. The results calculated with the four
basis sets (nos. 6, 7 and 10, 11), including polarization
functions, indicate very good agreement with each
other; all non-polarized results, however, provide
rather large variation (in the range 0.70 to 2.46 kcal
mol ). However, the discrepancy is not all that large,
in fact, it is within 2 kcal mol ™" for all conformations.
The average energy difference of the MP2 method
implemented with the four basis sets using the polar-
ization function is 1.33 kcal mol ™,

In the second part of this paper the calculations
were attempted at the HF/3-21G, HF/6-311++G(d,p)
and MP2/6-311++G(d,p) levels of theory for all of the
nine legitimate conformations (eep, a1, 81, Yp> Y1 Op:
81, €p, £.) of For—Ala—NH,). These results are sum-
marized in Table 3 and shown graphically in Fig. 5.
The results in Fig. 5 indicate that the relative order of
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Fig. 4. Birds-eye point of view of Fig. 3.

the minima is conserved on going from the HF/13-
21G to the MP2/6-311++G(d,p) level of theory; the
differences do change, however. It is interesting to
note that when electron correlation is included the
higher is the relative energy for a given conforma-
tion and the lower is the AE. Consequently, the
relative instability of the various conformers is
decreased by the correlation effects. The energy
reduction due to correlation energy contribution is
illustrated in Fig. 6.

Considering the change in torsional angles, one can
see in Fig. 3 a general trend in the shifting of the
location of the minima with the increase of the basis
set size. The position of 3| is shifted towards the y
conformational centre and the position of v towards
the £, conformational centre. These shifts represent a
general basis set effect which is only slightly modified
by the inclusion of electron correlation (Fig. 3). The
minimum corresponding to the ep conformation dis-
appears at the HF/6-311++C(d,p) level of theory. This
was the highest energy conformer at the HF/3-21G
level of theory. This minimum does not reappear at
the MP2/6-311++G(d,p) level of theory; moreover

another minimum, the &; conformation disappears.
This was a low lying minimum at the HF/3-21G
level of theory, shifted toward the large basin around
the -+, minimum. This shift was more than 50° of
¢ at the HP3-21G level of theory. This very shallow
minimum disappears from the MP2/6-311++G(d,p)
PES.

In view of such systematic trends in torsional
angles it appeared to be worth examining other geo-
metrical parameters. Table 4 shows some selected
geometrical parameters as a function of basis set
size increase and the inclusion of electron correlation.
In general the MP2 molecular volume is larger than
the HF value. It is well known from the literature [7]
that the improper treatment of electron correlation in
the HF method causes bond lengths to be under-
estimated with a good quality basis set (close to the
HF limit). Since in the HF calculations the electron—
electron repulsion terms are underestimated, the elec-
trons tend to move too close to one another which
results in compact bonds. Earlier studies showed [8]
an inverse relationship between the quality of the
basis set and the predicted bond lengths at the HF
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311++G(d,p) level of theory.

level of theory. Usually the simpler basis sets tend
to compensate for the deficiency of the HF method
and can give results quite close to the experimental
values and to the results obtained at a much higher
correlated level of theory. The results in Table 4
show that while the change in bond angles is not
always in the same direction one can clearly see that
at most of the basis set levels the HF calculations
usually provide shorter bond lengths than the corre-
sponding MP2 calculation. This effect is more visible
at the chain ends, and less evident for internal bonds
where the dihedral interactions may compensate the
general bond shortening.

In Table 5 the effects of the geometry optimizations
are summarized. Because of the high cost of the HF
and MP2 geometry optimizations implemented with

large basis sets, it is always reasonable to try to opti-
mize the molecular energy at lower level of theory and
then perform a single point calculation with the
extended basis sets. The idea behind this is that the
energy decrease due to the basis set effects is nearly
constant in a limited range around the minima because
both energy hypersurfaces are flat here. Thus if the
equilibrium geometries at the higher and lower level
of theories are consistently in the same range, the
energy differences calculated without further geo-
metry optimizations will approximate well the true,
i.e. large basis set, energy differences. The results in
Table 5 show that the effect on the total energy result-
ing from further geometry optimization is only -0.003
or -0.004 Hartree at HF level of theory. Thus, on the
basis of the above one would expect similar AE values
between the HEF/6-311++G(d,p)//HF/6-311++G(d,p)
and the HF/6-311++G(d,p)//HF/3-21G calculations
and this is indeed the case. In contrast to that, one
would expect vastly different AE values between
MP2/6-311++G(d,p)//MP2/6311++G(d,p) and the
MP2/6-311++G(d,p)//HF/3-21G calculations. Indeed
it is remarkable that in this latter case the AE values
are within less than 0.4 kcal mol™' even though the
change in total energies is of the order of 100 kcal mol
(-0.155 Hartree). Thus HF/3-21G optimized geo-
metries can be used for the estimation of energy dif-
ferences with correlated methods implemented with
large basis sets, within the above error bars, for pep-
tide and oligopeptide conformers. More interestingly
the HF/3-12G energy differences of peptide confor-
mers approximate well the energy differences calcu-
lated at very high levels of theory.
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Table 4
Selected geometrical parameters of HCO—-NH-CH-Me—CONH3; as a function of level of theory applied
No. Basis set Level B YL
NI-C1 (A) CI-C2(A) (2-C1-N1(¢) NI-Cl(A) Cl-C2(A) C2-CI-N1(°)
1 321G HF 1.4512 1.5222 106.39 1.4723 1.5350 109.81
MP2 1.4681 1.5424 105.67 1.4914 1.5550 110.66
2 4-21G HF 1.4522 1.5240 106.30
MP2 1.4697 1.5446 105.62 1.4928 1.5568 110.84
3 4-31G HF 1.4460 1.5640 107.33
MP2 1.4643 1.5341 107.01 1.4854 1.5460 110.66
4 6-31G HF 1.4482 1.5182 107.36 1.4662 1.5298 110.09
MP2 1.4675 1.5370 107.09 1.4878 1.5485 110.80
5 6-31++G HF 1.4495 1.5186 107.52 1.4661 1.5303 109.96
MP2 1.4710 1.5337 107.31 1.4893 1.5471 110.20
6 6-31G(d,p) HF 1.4423 1.5250 107.44
MP2 1.4422 1.5234 106.99 1.4599 1.5345 109.47
7 6-31++G(d,p) HF 1.4439 1.5252 107.62 1.4585 1.5361 109.64
MP2 1.4453 1.5223 107.31 1.4610 1.5349 109.02
8 6-311G HF 1.4482 1.5155 107.51 1.4656 1.5270 109.94
MP2 1.4625 1.5267 107.35 1.4817 1.5376 110.01
9 6-311++G HF 1.4487 1.5163 107.59 1.4655 1.5282 110.05
MP2 1.4649 1.5249 107.49 1.4830 1.5384 109.81
10 6-311G(d,p) MP2 1.4423 1.5260 107.23 1.4594 1.5368 109.22
11 6-311++G(d,p) HF 1.4441 1.5256 107.53 1.4584 1.5364 109.56
MP2 1.4443 1.5245 107.53 1.4597 1.5371 109.13
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Table 5

The basis set and geometry optimization effects on the energy differences between various conformations of HCO-NH-CH-Me—~CONH,

Conformation HF/6-311++G(d,p)

MP2/6-311++G(d,p)

Optimized HF/3-21G geometry Optimized HF/3-21G geometry

Ea AEl) Ea AEh EA AEb Ea AEb
op -414.902009 4.56 -414.898017 4.90 -416.378508 3.88 -416.223174 4.25
o - - - - - - — -
B ~-414.909098 0.11 —-414.905789 0.02 -416.382776 1.20 -416.227822 1.33
Bu -414.900675 5.39 -414.896793 5.67 -416.376003 5.45 -416.220719 5.79
S -414.905726 222 -414.902639 2.00 - - -416.225329 2.89
€p - - -414.895836 6.27 - - -416.219606 6.48
€L - - - - - — - -
. -414.905223 2.54 -414.901673 2.60 -416.381196 220 -416.226826 1.95
YL -414.909271 0.00 -414.905824 0.00 -416.384696 0.00 -416.229940 0.00

* In hartree.

® In keal mol ™.

References

[1] A. Perczel, J.G. Angyén, M. Kajtir, W. Viviani, J.-L. Rivail,
J.-F. Marcoccia and I.G. Csizmadia, J. Am. Chem. Soc., 113
(1991) 6256.

[2] G.N. Ramachandran, C. Ramakrishnan and V. Sasisekharan, J.
Mol. Biol., 7 (1963) 95.

{3] IUPAC-IUB, Commission on Biochemical Nomenclature.
Arch. Biochem. Biophys., 145 (1971) 405; J. Mol. Biol., 52
(1970) 1; Biochemistry 9 (1970) 3471.

[4] T. Head-Gordon, M. Head-Gordon, M.J. Frisch, G. Brooks and
J. Pople, J. Am. Chem. Soc., 113 (1991) 5989.

[5] R.F. Frey, J. Coffin, S.W. Newton, M. Ramek, V.K.W. Cheng,
F.A. Momany and L. Schifer, J. Am. Chem. Soc., 114 (1992)
5369.

[6] M.J. Frisch, M. Head-Gordon, G.W. Trucks, J.B. Foresman,
H.B. Schlegel, K. Raghavachari, M.A. Robb, C. Gonzalez,
D.J. DeFrees, D.J. Fox, J.J.P. Stewart, S. Topiol and J.A.
Pople, GaussiaN go (Revision F), Gaussian Inc., Pittsburgh,
PA, 1990.

[7] W.J. Hehre, L. Radom, P.v.R. Schleyer and J.A. Pople, Ab
Initio Molecular Orbital Theory, John Wiley and Sons, New
York, 1986.

[8] G.I. Csonka, M. Erdési and J. Réffy, J. Comp. Chem. 15
(1994) 925.



