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ABSTRACT: The intramolecular interaction energy and the structure of interactions 
in poly(L-alanine) were calculated in the region near the aa-helix with the semiempirical 
potential functions of nonbonded, electrostatic, rotational, and hydrogen-bonding inter­
actions. In the conformation of the aR-helix of poly(L-alanine) the nonbonded inter­
action makes the most dominant contribution to the total energy of the conformation 
and the hydrogen-bonding energy is almost its 1/7. However there exists between a 
peptide pair separated by three peptide units a large interaction energy which comes pre­
dominantly from the hydrogen-bonding interaction. On the contrary the nonbonded 
interaction exists mostly between nearest neighbor peptide units. On deforming the 
conformation slightly from the aR-helix, this hydrogen-bonding interaction disappears, 
although the other kinds of interaction remain. almost unchanged. Spacially specific 
hydrogen-bonding fastens the polypeptide chain as a clamp only when the peptide chain 
takes certain special conformations. Thus it can be concluded that the hydrogen bond 
is very important for the stability of the a-helix, and it plays an especially essential 
role for the cooperative helix-coil transition. It is also emphasized that the structure 
of interaction energy is important for the study of the protein conformation. 
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In the cooperative helix-coil transition of 
polypeptides the hydrogen bond is assumed to 
play an important role, as one can see in the 
various theories of helix-coil transition such 
as developed by Miyake,1 Zimm and Bragg2 or 
Lifson and Roig. 3 On the other hand according 
to the calculation of interaction energy in poly­
peptides by Ooi, et al., 4 the most dominant 
contribution comes from nonbonded interaction 
and the hydrogen-bonding energy is about its 
1/4 at the a-helix conformation of polyalanine 
as given in Table I. Further, they showed that 
the interaction energy is minimum at the right­
handed a-helix (aR) conformation, and moreover 
that it is still minimum without the hydrogen 
bond at almost the same conformation. Now 
can we say that polyalanine is stable and under­
goes a similar helix-coil transition even if the 
hydrogen bonds are missing? Further, have 
we to modify the conventional theory of helix­
coil transition so as to take account of the 
nonbonded energy as well? To answer these 

questions, the mere presence of the energy 
minimum is not sufficient. In the present paper 
we shall discuss the stability of poly(L-alanine), 
as a simplest example, with the intention to 
apply our line of thought to real protein mole­
cules. Improvements of energy calculation, 
especially that of electrostatic and hydrogen­
bonding energies are attempted, and we obtain 
results slightly different from but essentially 
similar to that of Ooi, et al. 4 In addition, we 
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Table I. Conformational energy of an aa-helix 
of poly(L-alanine) 

Energy, kcal/mol-res 

Ooi, et al. Ours 

Rotational 0.49 0.58 
Non bonded -5.99 -7.15 
Electrostatic -1.10 2.60 
Hydrogen bond -1.74 -1.02 

Total -8.34 -5.00 
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find that the nonbonded energy exists almost 
exclusively between nearest neighbor peptide 
units, but it is cancelled to a large extent by 
the positive electrostatic energy, and that the 
hydrogen bonding fastens the polypeptide chain. 
Our conclusion is that the hydrogen bond plays 
an important post in the stability, even though 
its contribution to the total energy is smaller 
than that of nonbonded energy. 

METHOD OF CALCULATION 

Geometrical Description of Polypeptides 
The conformation of a molecule with N atoms 

has (3N-3) degrees of freedom. We consider 
here a poly(L-alanine) molecule composed of 
ten peptides units, and each peptide unit has 
twelve atoms. To decrease the degrees of 
freedom and to simplify the description of the 
three dimensional structure of poly(amino 
acid)s it is assumed that bond lengths and bond 
angles are kept constant and the peptide bonds 
are in the trans planar conformation. For 
convenience we take a peptide unit instead 
of amino residue as an element of the poly(L­
alanine) chain; thus the chemical composition 
of the poly(L-alanine) is slightly different from 
the real molecule. The C terminal of the 
molecule we considered is not the carboxy group 

0 
II 

but -C-NH, and the N terminal is not NH2 

but C1 a atom. The difference of interaction 
energy coming from this simplification is not 
large. Under these conditions it is possible to 
describe the three-dimensional structure of the 
poly(amino acid) chain in terms of a set of 
dihedral angles <pi and ¢i along the N-C/ bond 
and the C; a -C' bond of i-th Ca carbon re-

spectively, and internal rotation angles Xii of 
its side chain in accordance with the nomen­
clature proposed by Edsall, et al. 5 Table II 
shows the fixed values of bond lengths and 
bond angles, and these are the same as the 
ones adopted by Ooi, et al., 4 except the bond 
angle r(N-Ca -C') which is taken as 112.5°, 
in place of 109.5°, since the average value of 
this angle in real protein was found to be 
112.5° from the data of X-ray analysis of myo­
globin and lysozyme. 6 

The position of all the atoms of a poly(L­
alanine) can be determined in terms of the 
given set of (<p;, ¢i, and X;j), by the method 
of iteration of coordinate transformations from 
the C terminal peptide unit to N terminal 
peptide unit, which was developed by Ooi, 
et al. ,4 and used for protein conformation by 
Nishikawa, et al. 7 

Energy Functions 
The electrostatic, nonbonded, rotational and 

hydrogen-bonding interactions are taken into 
account to calculate the intramolecular energy. 
The hydrophobic interaction is not considered 
here. 

The nonbonded interactions are calculated 
between all the pairs of atoms by means of 
modified Lennard-Jones 6-12 potential functions 
which are cut off for the distance greater than 
7 A and are used in ref 4. The energy between 
these pairs whose distances are kept constant 
with the variation of <pi, ¢i and Xii is not 
calculated. 

The rotational energies around the ca -C' and 
N-C"' bonds of the backbone chain and the 
ca -Cfi bonds of the side chains are calculated 
by the same three-fold potential functions as 
those of Ooi, et al. 4 

Table II. Bond lengths and bond angles 

Bond Lengths, A Bond angle 

C"'-C' 1.53 -r(N, Ca, C') 
C'-0 1.24 -r(N, Ca, 0) 
C'-N 1.32 ,(N, Ca, H'.'.) 
N-C"' 1.47 ,(H"', Ca, C') 
C"-0 1.54 r(Ha, Ca, 0) 
Ca-H 1.00 r(C 8 , ca, C') 
0-H 1.00 
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Value 

112.5° 
109. 5° 
112.5° 
106.3° 
107.9° 
107.9° 

Bond angle 

,(Ca, C', NJ 
-r(C«, C', 0) 
-r(O, C', N) 
r(C', N, H) 
r(C', N, C«) 
,(H, N, Ca) 

Value 

114.0° 
121.0° 
125.0° 
123.0° 
125.0° 
114.0° 
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Table III. Partial charges on each atom 

Charge, in units Charge, in units 
Atom of e, the Atom of e, the 

electronic charge electronic charge 

ca +0.046 H +0.204 
C' +0.318 0 -0.110 
0 -0.422 HR +0.040 
N -0.202 Ha +0.046 

The electrostatic interactions are calculated 
with the monopole approximation. The partial 
charges on each atom were taken from the 
results of Poland, et al., 8 and they are shown 
in Table III. These partial charges are slightly 
different from those of Ooi, et al. ,4 but they 
were obtained in a systematic way for all amino 
acids and thus are useful for proteins as well. 
We take 4 as the dielectric constant. 

Hydrogen-bonding interaction between the NH 
and CO groups of the backbone chain is re­
presented by the potential function of Lippincott 
and Schroeder,9 modified by Ooi, et al. 4 The 
final equation is 

UHB=Ae-bR_( +A)( iY exp (-bRo) 

-D*{[l +(6/12 cos 01]
2 

1+(6/12 

[ 1+(6/12 cos02] 2}exp[-n*Rtn] ( 1) 
+ 1 +(6)112 2(R-r) 

where R and RoH are N-0 and 0-H distances 
respectively, and 81 and 82 are the angles made 
between HO and the two directions of lone 
pair orbitals of the O atom, and their geo­
metrical relation is shown in Figure 1. Ooi, 
et al.,4 dealt with Ron as constant, but we 
considered Ron as variable. The values of 
parameters are as follows: A=4;941 X 106, b':"' 
4.8, D*=82.4, n*=13.15, r=l.01 A, R 0 =2.85 A. 
They are obtained from ref 4. If the geo­
metrical arrangement of the CO and NH groups 
is unfavorable for forming a hydrogen bond, 

Figure 1. Geometrical relation of hydrogen-bond­
ing atoms. 
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the nonbonded and electrostatic interactions 
between the O atom in the CO group and N 
and H atoms in the NH group should be taken 
into consideration instead of the function (1) 
mentioned above. On the other hand if the 
arrangement is favorable, we have to use eq 1 
and the nonbonded and electrostatic interactions 
should be deleted, since these interactions are 
taken into account in eq 1. The criteria for 
the favorable arrangement are described in ref 4. 

The calculation of the interaction energies 
was simplified by the regularity condition, i.e., 
the set of <p, ¢, and x is the same in every 
residue. 

The total energy of a conformation of poly(L­
alanine), as well as its structure of interactions 
was calculated on a computer. By the structure 
of interaction we mean the way in which the 
energies are distributed into the pairs of peptide 
units. This structure of interaction is essential 
to our discussion. 

RESULTS AND DISCUSSION 

Results obtained are summarized in Table I 
and in Figures 2-5. The minimum of energy 
lies at <p=l24.5°, ¢=128.1°, and x=l80.8°. 
In Table I the contributions of each type of 
interaction to the total energy at the crR-helix 
are given. Figures 2 and 3 show the energy 
contour diagrams of poly(L-alanine) with and 
without hydrogen-bonding energy respectively 
in the region near the crR-helix by assuming 
that x is always kept to the value 180.8°. 
One sees that without hydrogen bonding the 
energy is still minimum near the crwconforma­
tion, but it becomes shallower. These results 
are essentially same as those of Ooi, et al.,4 
but the slight difference comes from the dif­
ferences of the angle ,(N-C" -C'), of the 
potential function of the hydrogen bonding and 
of the treatment of electrostatic interaction when 
the hydrogen bond is formed. Figures 4 and 5 
show the structures of interaction in the cases 
of crwconformation and the conformation 
slightly deformed (Ll<p= -2.5°, Ll<j;= -2.4°) 
from ll'R respectively. The characteristic feature 
of Figure 4 is the presence of an intensive 
interaction between the 1st and 4th units (1-4 
interaction) which arises mainly from the hy-
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Figure 2. Energy contour diagram in the region 
near the aa-helix. 
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Figure 3. Energy contour diagram without the 
hydrogen-bonding interaction in the region near 
the aa-helix. 
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Figure 4. The structure of interaction energy of 
the ar, -helix. 
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Figure 5. The structure of interaction energy of 
the conformation slightly deformed from the 

drogen bonding. In Figure 5, on the contrary, 
this hydrogen bonding and thus 1-4 interaction 
disappear, while the other kinds of energies 
remain unchanged. The 1-4 interaction is 
active only in a small region around the a­

helical conformation. This fact manifests itself 
in the smallness of parameters a in Zimm-Bragg 
theory2 and v in Lifson-Roig theory. 3 The 
spatially specific hydrogen bonding fastens the 
peptide chain through the 1-4 interaction. 

In addition, the electrostatic interaction be­
tween nearest neighbor units is found to be 
positive and large by virtue of the nearly 
head-to-head arrangement of dipoles and cancels 
the nonbonded interaction. Therefore the 
nearest neighbor interaction is not necessarily 
favorable for the a-helix. Thus one sees that 
for the nucleation of a helix an unfavorable 
conformation of small entropy and energy is 
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required, but once this conformation is achieved, 
the helical conformation becomes stable. This 
is in analogy with a one-dimensional lattice gas 
undergoing diffuse phase transition with re­
pulsive interaction between nearest neighbors 
and attractive interaction between second neigh­
bors.10 Thus we can understand the reason that 
the Zimm-Bragg or Lifson-Roig theory, which 
takes only the hydrogen-bonding interaction, can 
yield the relations which can be adequately 
reproduced within the experiments. The sta­
bility of the tertiary structure of proteins can 
be treated similarly through the structures of 
interaction energy. This will be discussed in a 
separate paper. 
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