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The hydrogen bonding interaction energies between peptide units were calculated using the ab initio MO
method with the STO-3G, 7,3/2,1 and 6-31G basis sets and a correction of the basis set superposition errors
(BSSE). The same systems were also investigated using an ab initio potential which has recently been developed
and the AMBER potential, which is widely used. The energy profiles calculated using the ab initio potential
are similar to those calculated using the 6-31G basis set. The distance and angle dependencies of the hydrogen
bonding interactions are well represented by the ab initio potential. In contrast, they are not reproduced by the

AMBER potential.

Hydrogen bonding interactions play important roles
in maintaining both the secondary and tertiary struc-
tures of biological molecules. Especially in proteins,
important structural elements, such as the a-helix and
(-sheet, cannot be formed without hydrogen bonding
interactions.

To elucidate the conformational characteristics of
proteins, the conformations of model dipeptides have
been studied using ab initio molecular orbital (MO)
methods.!™ They are of great importance, since
dipeptides can mimic segments of proteins. For pro-
tein structures, however, not only the nearest-neighbor
interactions in dipeptide, but also the interactions be-
tween the distant residues, are important. It is thus
necessary to describe the characteristics of hydrogen
bonding interactions between peptides.

Hydrogen bonding interactions have been one of the
major topics in quantum chemistry. A number of stud-
ies have been performed concerning the chemical prop-
erties of the hydrogen bond by means of ab initio MO
methods.” Ab initio MO approaches have also been ap-
plied to hydrogen bonding interactions between small
peptide fragments.—® However, only little detailed in-
formation is available concerning the interactions be-
tween the peptide units, with the correction of super-
position errors (BSSE). It is very important to take into
account BSSE in obtaining reliable intermolecular inter-
action energies.”

To clarify the properties of small molecules, the ab
initio MO method serves as an important tool. It is
impracticable, however, to apply this method to large
biological molecules, such as proteins and nucleic acids,
because of the size and complexity of biological sys-
tems. To describe the static and dynamic properties
of biological molecules, calculations using potential en-
ergy functions!'®—'? are often performed. To param-
eterize those potential energy functions, experimental
data from crystallography and spectroscopy are used
with various combinations of ab initio MO calculations.
Although these potentials are widely used in describing
the conformations of large molecules, no quantitative

#This paper is dedicated to the late Professor Hiroshi Kato.

assessment is available concerning the reliability of the
calculations using those functions. A comparison of the
structures obtained using these potential functions has
shown that they are not sufficiently sensitive to repro-
duce very specific interactions.!®!%

Recently, a new set of ab initio potentials has been
derived for interactions of biological molecules based on
only ab initio MO computations.'® For the derivation,
thirty three kinds of model molecules were used, which
are fundamental and repeating units of DNA and pro-
teins. The atoms in nucleic acids and proteins were
classified according to their chemical environments. An
effective charge, a modification of the charge obtained
from a Mulliken population analysis,'® was introduced
and used to represent the electrostatic energy. More
than thirty thousand SCF interaction energies with the
correction of BSSE using the 7,3/2,1 basis set'” were
calculated between the model molecules in order to pro-
vide reference data for the fitting procedure to obtain
parameters for 76 classes. The standard deviation was
1.61 kcalmol™! (1 kcalmol~!=4.184 kJmol~?) for in-
teraction energies spanning the range from about —220
keal mol~! to 420 kcalmol~!.

In this paper, the characteristics of hydrogen bonding
interactions between the peptide units in various forms
are described based on the ab initio MO method using
several levels of basis sets with the correction of BSSE,
and also with the ab initio potential'® and AMBER
potential.'® It is shown how calculations with the po-
tential energy functions can simulate the distance and
angle dependencies of the hydrogen bonding energies
obtained with the ab initio MO method.

Methods and Results

Ab initio MO calculations have been performed using
the programs KGNMOL,'” HONDO 7,'*) and HONDO
8,29 and the basis sets of 7,3/2,1,'” STO-3G,*") 3-
21G,?» and 6-31G.?» The counterpoise method?® was
applied to calculations of the interaction energies in or-
der to reduce the basis set superposition errors (BSSE).

The calculations with potential energy functions
were carried out using the KGNMD program in
MOTECC.?» Two kinds of parameter sets were used:
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One was the ab initio potential;'® the other was the
AMBER potential,'® which is used widely in the field
of biology.

In the current work, CH3CO-NHCH;3 ( N-methylacet-
amide) was used as the smallest model molecule of the
peptide unit. The geometry of this molecule (cis form)
was optimized using the 3-21G basis set with C, sym-
metry. The optimized bond lengths and bond angles
are given in Fig. 1. The total energies of this molecule
using various basis sets are summarized in Table 1.

Two kinds of the intermolecular conformations were
taken for the hydrogen bonding CH3;CO-NHCH;
molecules: System I and System II. The former rep-
resents the hydrogen bonding interaction in the planar
form (Fig. 2), while the latter represents the perpendic-
ular form (Fig. 3). The hydrogen bonding energies were
calculated with the ab initio MO method by varying R,
which is the distance between the hydrogen bonding H
and O atoms (see Figs. 2 and 3), using the STO-3G,
7,3/2,1 and 6-31G basis sets, while taking account of
BSSE. For the same systems, the interaction energies
were calculated using the ab initio potential and the
AMBER potential. The interaction energies are sum-
marized in Tables 2 and 3 for System I and System II,
respectively. They are shown graphically in Figs. 4 and
5 for System I and System II, respectively.

For the model of an anti-parallel S-sheet in protein
we used a hydrogen bonding pair of the unit peptide:
CH3CO-NHCH;CO-NHCHj; (2-(acetylamino)- N-meth-
ylacetamide). The geometry of this unit peptide was
optimized using the STO-3G basis set with C, sym-
metry. The optimized bond lengths and bond angles
are given in Fig. 6. The geometry corresponding to the
conformation of an anti-parallel 5-sheet in protein was
constructed using the bond lengths and bond angles in
this planar form and with —139.0 for ¢ and 135.0 for
1. Here, ¢ is the dihedral angle for C_,-N,—-C,,~C},
and ¢ for N;—C,;—C;—N,;1 (see Fig. 7). The total en-
ergies of this molecule in these two conformations are
summarized in Table 4 along with two kinds of basis
sets.

The intermolecular conformation for the anti-parallel
(-sheet was constructed so as to be in the Cy symme-
try (System III; Fig. 8). The hydrogen bonding ener-
gies were calculated with the ab initio MO method by
varying R, which is the distance between the hydrogen

Table 1. Total Energies (Er) of CH;CO-NHCH3®
with Various Basis Sets

Basis set Et/a.u.

STO-3G —243.852662
7,3/2,1 —246.024050
3-21G —245.629666
6-31G —246.895658

a) The geometry was optimized with the 3-21G basis set.
The bond lengths and bond angles are shown in Fig. 1.
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bonding H and O atoms (see Fig. 8), using the STO-3G
and 7,3/2,1 basis sets, while taking account of BSSE.
For the same system, the interaction energies were cal-
culated using the ab initio potential and the AMBER
potential. The interaction energies are summarized in
Table 5 for System III. They are also shown graphically
in Fig. 9.

Discussion

Biological molecules are so large that applying the
ab initio MO method is impractical. Therefore, many
kinds of analytical pair potentials have been proposed.
These potential functions can be applied to any large
biological molecule. However, only a few detailed anal-
yses have been carried out concerning whether they can
represent the distance dependency and the angle depen-
dency of many kinds of interactions which are formed
in biological molecules.

No estimate of the qualities of potential energy func-
tions can be made through a comparison of the struc-
tures of biological molecules calculated using the poten-
tial energy functions with experimental observations.
The structures of biological molecules vary with the ex-
perimental conditions. Since it is very difficult to take
account of all of the experimental conditions in calcu-
lations, a straightforward comparison between the cal-
culated and experimental structures may lead to mis-
understandings. Any assessment should therefore be
based on how the potential energy functions can simu-
late the computational results using the ab initio MO
method with a basis set of good quality.

Hydrogen bonding interactions play important roles
in biological systems. Potential functions should be able
to represent the distance and angle dependencies of the
hydrogen bonding interactions, so that those functions
can be used to obtain information concerning biologi-
cal molecules, such as the energy-minimized structures
of peptides or proteins. The purpose of the current
work was to obtain an assessment of the potential en-
ergy functions concerning the hydrogen bonding inter-
action between peptide units. It is impractical, how-
ever, to use an extended basis set for hydrogen bonding
peptide units. Instead of using an extended basis set,
we can use a basis set of moderate size, if we take into
account BSSE.? For hydrogen bonding systems, single-
determinant (Hartree-Fock) calculations are acceptable
for investigating the geometry.2®

Figure 4 shows the hydrogen bonding interaction en-
ergy profiles for a pair of small model peptides in the
planar form, using various levels of methods. The hy-
drogen bonding energies calculated with the STO-3G
basis set were quite underestimated, because of the lim-
ited flexibility of this basis set. The 7,3/2,1 basis set
gives interaction energies of better quality, even though
it is called “minimal basis set”. This basis set gives
almost the same value (R=2.0 A) for the optimum dis-
tance of the hydrogen bond as is obtained with the 6-
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Optimized geometry of CH3CO-NHCH; in Cs symmetry with the 3-21G basis set. a) Bond lengths in A; b)

Table 2. Interaction Energies (AE) of System 12

R/AP) AE /kcal mol ™!

ab initioMO ab initioMO ab initioMO ab initio AMBER

(6-31G) (7,3/2,1) (STO-3G) potential potential

1.40 7.17 3.75 491.34
1.50 1.09 1.44 6.18 -2.36 207.36
1.65 —-2.97 —5.80 59.05
1.75 —-5.43 —4.29 —-0.34 —6.48 24.66
1.85 -6.34 —4.88 —1.43 —6.62 8.79
2.00 —6.80 —5.05 —2.26 —6.36 —0.77
2.10 -6.75 —4.92 —2.48 —6.06 -3.15
2.25 —6.41 —4.58 —2.54 —5.55 —4.43
2.40 -5.92 —-4.17 —-2.43 —5.04 —4.58
2.50 —-5.57 -3.89 —2.31 —-4.71 —4.44
3.00 -3.97 -2.70 —-1.67 -3.40 -3.23
4.00 ~2.14 —-1.43 —-0.90 —-1.91 —1.69
5.00 -1.32 —0.87 —0.55 -1.18 —1.01
8.00 —0.46 —0.29 —0.19 —-0.39 —0.35

a) Planar hydrogen bonding system of two CH3CO-NHCH3 molecules. See Fig. 2.

b) R

is the distance between hydrogen bonding H and O. See Fig. 2.

Fig. 2. System I: the planar form of the hydrogen
bonding CH3CO-NHCH3 molecules. R is the dis-
tance between hydrogen bonding H and O atoms.

31G basis set, which is a double-zeta level. The STO-
3G basis set gives a slightly larger value (R=2.25 A)
for the optimum distance of the hydrogen bond.

For the same system, the interaction energies calcu-

Fig. 3. System II: the perpendicular form of the hy-
drogen bonding CH3CO-NHCH3 molecules. R is the
distance between hydrogen bonding H and O atoms.

lated with the ab initio potential are close to those with
the 6-31G basis set, even though the optimum hydrogen
bond distance is a slightly shorter (R=1.85 A). The ab
initio potentials were obtained from the ab initio MO
interaction energies with the 7,3/2,1 basis set. In this
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Table 3. Interaction Energies (AE) of System II*
R/AP AE [kcal mol™?
ab initioMO ab initioMO ab initioMO ab initio AMBER
(6-31G) (7,3/2,1) (STO-3G) potential potential
1.50 7.39 244.89
1.75 4.20 4.30 6.98 —0.81 36.01
1.85 1.58 1.96 4.33 —-1.92 15.73
2.00 —-0.79 —-0.05 1.84 —-2.72 2.42
2.15 —1.98 —1.01 0.48 —-2.97 —2.46
2.25 —2.38 —-1.32 —0.04 —-2.99 -3.77
2.40 —2.62 —-1.51 —-0.47 —2.89 —4.46
2.50 —2.64 —1.53 —0.61 —-2.78 —4.49
2.75 —2.43 -1.39 —-0.72 —2.44 —4.02
3.00 —2.08 —-1.17 —0.66 —2.09 -3.36
4.00 —1.00 —0.55 —-0.35 -1.07 —1.50
5.00 —0.54 -0.29 -0.19 —0.56 —-0.73
8.00 —-0.13 —0.06 —0.04 —0.10 —-0.14
a) Perpendicular hydrogen bonding system of two CH3CO-NHCH3 molecules. See Fig. 3.
b) R is the distance between hydrogen bonding H and O. See Fig. 3.
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Fig. 4. Plots of the interaction energies (AE) of Sys- Fig. 5. Plots of the interaction energies (AE) of Sys-

tem I calculated with various methods. @, ab initio
MO (6-31G); A, ab initio MO (7,3/2,1); W, ab initio
MO (STO-3G); O, ab initio potential; [1, AMBER
potential.

case, however, the interaction energy profile calculated
with the ab initio potential resembles that calculated
with the 6-31G basis set.

Figure 5 shows the hydrogen bonding interaction en-
ergy profiles in the perpendicular form. This confor-
mation is far away from the optimal hydrogen bonding
interaction. The ab initio MO interaction energies are
smaller than those for the planar form (shown in Fig. 4),
with any basis set. Both the 6-31G and the 7,3/2,1 ba-
sis sets give a similar optimum distance of the hydrogen
bond in this conformation (R=2.5 A). Stabilization by
a hydrogen bonding interaction is not obtained with the
STO-3G basis set in this conformation.

For the perpendicular system, the interaction energy

tem II calculated with various methods. @, ab initio
MO (6-31G); A, ab initio MO (7,3/2,1); B, ab initio
MO (STO-3G); O, ab initio potential; [J, AMBER
potential.

profile calculated with the ab initio potential resembles
that calculated with the 6-31G basis set. Here again, the
optimum hydrogen bond distance is a slightly shorter
(R=2.25 A).

For the planar form of the CH3CO-NHCHj3 molecules
(System I; Table 2 and Fig. 4), the optimum hydrogen
bond distance with the AMBER potential is about 2.4
A with an interaction energy of —4.58 kcalmol~!. For
the perpendicular form (System II; Table 3 and Fig. 5),
the optimum hydrogen bond distance with the AMBER
potential is about 2.5 A with an interaction energy of
—4.49 kcalmol~!. As shown in Figs. 4 and 5, the energy
profiles for both the systems are quite similar. These
results mean that the AMBER potential is not able to
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Table 4. Total Energies (Er) of CHsCO-NHCH,CO-
NHCH;® with Various Basis Sets

Hr1

Optimized geometry of CHsCO-NHCH,CO-NHCHj3 in Cs symmetry with the STO-3G basis set. a) Bond

Table 5. Interaction Energies (AE) of System II1*

- R/AY AE /kcal mol ™!
Basis set Er/au. — — —
) ab initioMO  ab initioMO ab initio AMBER
STO-3G —447.993320 (7,3/2,1) (STO-3G) potential potential
STO-3G —447.987523°) T 1 1054
7,3/2,1 —452.106539°) 40 088 1015.45
Lt i . 1.50 5.72 15.27 —1.03 434.40
a) The bond lengths and bond angles optimized in 1.60 —-0.95 8.23 —6.32 192.29
Cs symmetry with STO-3G basis set are shown in 1.70 —4.62 3.68 —8.50 85.91
Fig. 6. b) Total energy corresponding to the geometry 1.80 —6.46 0.78 —-9.17 37.10
(Fig. 6) optimized in Cs symmetry with STO-3G basis 1.90 ~7.20 ~1.00 —9.11 13.99
set. c¢) Total energy corresponding to the geometry in _ _ _
the conformation of anti-parallel 3-sheet, using the bond 3(1)8 ;?(2) _gg? —2615? _ggg
lengths and bond angles shown in Fig. 6. 2'20 —6'71 2.85 7'47 4'97
2.30 —6.22 —2.88 —6.84 -5.97
2.50 -5.20 —2.63 —5.65 —6.07
T (Ii H R H © 2.75 —4.03 -2.12 —4.40 —5.12
N cle \C/ ,\ll (|l 3.00 -3.07 —-1.64  —343  —4.06
o .
¥ / N ¥ \ / N 4.00 -1.10 —0.57 —-1.27 —1.49
N
..... AN NT AN N 500  —0.46 ~022  -047  —0.58
|_( \R| | I / \R“ 7.00 -0.10 —0.04 —-0.02 -0.11
H o a) Hydrogen bonding system of two CHzCO-
NHCH2CO-NHCH3 molecules in anti-parallel B-sheet
conformation. See Fig. 8. b) R is the distance between
i-1 i - th residue i+ hydrogen bonding H and O. See Fig. 8.
Fig. 7. Schematic representation of the protein main
chain.

distinguish System II from System I.

As shown in Fig. 4, the optimum hydrogen bond dis-
tance calculated with the AMBER potential is about
0.5 A longer than that calculated with the 6-31G and
7,3/2,1 basis sets. At distances where the calculations
with the ab initio MO method show a large stabilization
by a hydrogen bonding interaction (i.e., R of around 2.0

R), the calculations with the AMBER potential show a
large repulsion. This implies that the AMBER, poten-
tial cannot properly describe the conformations of the
hydrogen bonding molecules.

As shown in Figs. 4 and 5, the energy profiles calcu-
lated with the ab initio potential resemble those calcu-
lated with the 6-31G basis set. The ab initio potentials
were obtained from the ab initio MO interaction ener-
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Fig. 8.  System III: hydrogen bonding CH3zCO-
NHCH>CO-NHCH3 molecules in the conformation
of anti-parallel 8-sheet. R is the distance between
the hydrogen bonding H and O atoms.

5.0

0.0

AE [ kcal mol-1

‘10-0 L] T T L] v ) T
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

R/A

Fig. 9. Plots of the interaction energies (AE) of Sys-
tem III calculated with various methods. A, ab initio
MO (7,3/2,1); B, ab initio MO (STO-3G); O, ab ini-
tio potential; [J, AMBER potential.

. gies with the 7,3/2,1 basis set by the fitting.!®) For deriv-
ing the ab initio potentials, thirty three kinds of model
molecules were used, and a total of more than thirty
thousand interaction energies were calculated and used
for the fitting. It should be stressed that the molecules
and conformations which were used in the current work
were not included in the course of the derivation of the
ab initio potentials.

The energy profile calculated with the STO-3G basis
set for System III is almost the same as that for System
I, in spite of the different number of hydrogen bonds
formed in the systems. This implies the incapability
of the STO-3G basis set to represent the intermolec-
ular interactions. In contrast with the STO-3G basis
set, the energy profile calculated with the 7,3/2,1 basis
set for System III is deep and narrow compared with
that for System I, in correspondence with the differ-
ent number of hydrogen bonds formed in the systems.
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This indicates that the 7,3/2,1 basis set is suitable for
calculations of the interaction energies between large
molecules.

For System III, the optimum hydrogen bond distance
calculated with the AMBER potential is about 0.5 A
longer than that calculated with the 7,3/2,1 basis set.
The hydrogen bonding interaction in the form of an
anti-parallel B-sheet is stable at a distance (R) of around
2.0 A, where the calculations with the AMBER poten-
tial show a repulsion. The AMBER potential seems to
be inadequate for the hydrogen bonding system. The
tendency of the hydrogen bonding interaction energies
is represented well by the ab initio potential.

The bond lengths and bond angles in both of the
interacting molecules vary upon hydrogen bond forma-
tion. Here, however, they were not taken into consid-
eration, since the purpose of the current work was not
to obtain the exact geometries of the hydrogen bonding
molecules, but to assess potential energy functions. The
geometries of the interacting molecules are kept fixed in
order to compare the hydrogen bonding energies calcu-
lated with the various levels of methods.

The numerical calculations were carried out on the
IBM Powerstation at the National Cancer Center Re-
search Institute, and on the HITAC M680H at the com-
puter center of the Institute for Molecular Science. This
work was supported in part by a Grant-in Aid for Scien-
tific Research from the Ministry of Education, Science
and Culture.
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