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The torsional potential functions V(¢) and V4(y) around single bonds N-C*
and C*—C, which can be used in conformational studies of oligopeptides, poly-
peptides and proteins, have been derived, using crystal structure data of 22
globular proteins, fitting the observed distribution in the (¢, V)-plane with the
value of Vigl®, ¥), using the Boltzmann distribution. The averaged torsional
potential functions, obtained from various amino acid residues in L-configuration,
are Vi(¢) =—1.0 cos (¢ + 60°); Vi) =—0.5 cos (Y + 60°) — 1.0 cos (2¥ +
30°) — 0.5 cos (3y + 30°).

The dipeptide energy maps Vo[ ¢, V) obtained using these functions, instead
of the normally accepted torsional functions, were found to explain various
observations, such as the absence of the left-handed alpha helix and the C,
conformation, and the relatively high density of points near the line Y = 0°.
These functions, derived from observational data on protein structures, will, it is
hoped, explain various previously unexplained facts in polypeptide conformation.

Key words: torsional potential function from protein data; protein data analysis; PHI and

PSI potentials in peptides.

A primary goal of theoretical, as well as experi-
mental, studies on the conformation of bio-
polymers in general, and polypeptides in
particular, is to make an accurate theoretical
prediction of the tertiary structure of proteins,
knowing only the primary structure and mol-
ecular environment. This problem of protein
folding has been the subject of study by a
number of groups in recent years (Pititsyn &
Finkelstein, 1970; Wu & Kabat, 1973 ; Anfinsen
& Scheraga, 1975; Levitt & Warshel, 1975;
Kuntz et al., 1976; Robson & Pain, 1976). The
problem of protein folding also involves several
other complex problems, the major one being

the calculation of conformational energy of a
protein as a function of its internal coordinates.
At the outset, accurate potential energy
functions are necessary to calculate correctly-
the total potential energy of the molecule.

At present, there is no unique set of potential
functions which can predict correctly the
observed conformations even at a dipeptide
level. In fact, none of the dipeptide energy
maps obtained using either semiempirical
quantum chemical methods, such as CNDO/2,
EHT, or PCILO (Pullman & Pullman, 1974). or
empirical potential energy functions, as those
mentioned in the review by Ramachandran &
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Sasisekharan (1968), could explain the occur-
rence of the large number of conformations
near the line ¢ = 0° or the absence of the seven-
membered hydrogen-bonded conformation at
¢ =—90°, y =+ 60°, either in globular pro-
teins, or in oligopeptide crystal structures. This
suggests a need for a new set of potential
functions which can be used in conformational
studies on polypeptides and proteins with some
degree of confidence. An attempt has been
made to obtain such a set of potential functions,
essentially by modifying the existing torsional
potential functions (Kolaskar ez al., 1975 a, b).

In order to obtain better torsional potential
functions which can be used directly in pre-
dicting conformations of polypeptide chains,
the crystal structure data of globular proteins
were analyzed. In part [ (Kolaskar & Prashanth,
1977), the results of our studies mainly for Ala
residue are discussed very briefly. In this
communication, we present the method which
we have developed to obtain the torsional
potential functions V(¢) and V(¥), using the
crystal structure data of 22 globular proteins,
and the results obtained for various amino acid
residues, such as Val, Leu, lle, Phe and Ser. As
indicated in part [, the averaged potential
functions, V,(¢) and V(¢), obtained from this
study have a different form from those normally
used in the literature (see calculations of these
functions below).

METHODS

The total potential energy of a dipeptide unit

(CH;—CO—NH—CHR—CO-NH—CH,) for a
particular conformation can be written as

Viot(d, ¥) = Vi(ry) + Va(9, ¥) (1)

where 75, the interatomic distance between a
pair of nonbonded atoms i and j, will depend
on values of dihedral angles ¢ and . Thus, the
value of the distance dependent term V; will
depend on the disposition of pairs of interacting
atoms while the value of the term V, will
depend only on the values of the dihedral
angles ¢ and . Explicitly, the terms V; and V,
are

Vl(rij) = an(¢: ‘P) + Ves(¢7 \b) (23)

and

V2 (¢5 ll/) = Vtor((p, d/) = Vt(¢) + Vt(\b)
(2b)

where, Vo, Ves, Vi(¢) and Vi(¥) are non-
bonded, electrostatic, and torsional potentials
around the single bonds N—C* and C*-C
respectively. Other terms, such as hydrogen
bond energy and solute-solvent intéraction
energy, are ignored in the present study,
assuming that the (¢, ¥)-data from the crystal
structures of globular proteins is random, so
that the Boltzmann statistics developed by
Flory (1969) for polypeptide chains in solution
can be used. Some reasons for the validity of
assumptions made in this study are discussed in
the succeeding parts of this paper. Therefore,

P9, ¥) = Py (i) Prox(®, ¥)  (3a)

Since the variables ¢ and Y are independent,
and the influence of one on the other is
negligible, we can write

Peot(®, W) = P1(rij) x Py(@) x Pe(¥) (3b)

The term Py (¢, ¥) has been calculated using
the crystal structure data of globular proteins,
while the term P, (rj;) has been obtained from
semiempirical potential energy calculations on
Vi(ry) of dipeptide units having different side
chains. The procedure used to calculate these
terms is discussed below.

Calculation of Pioi($, ¥) OF Pexp(®, V)
The values of (¢, ¥) for each type of amino

acid residue such as Ala, Val, Leu, Ile, Phe and
Ser were collected from the crystal structure
data of globular proteins. The names of the
proteins, along with the number of amino acid
residues which were considered in our analysis,
are given in Table 1. Only those amino acid
residues which were found to lie outside the
o-helical regions were considered for this
analysis. In this way, we have ignored, to a
certain extent, the longrange cooperative
effects, which might be specific for each
globular protein. We have not ignored the
residues in p-structures, mainly because our
conformational calculations on dipeptides using
only nonbonded interaction energy and an
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TABLE 2

The value of x* and x* used to fix the side chains in different amino acid residues as obtained from the
analysis of proteins and oligopeptide crystal structure data

Residue x! around x* around
name c*-C P or P07

Val —60°, +60°, +180° -

Ile —60°, +60°, +180° —60°, +60°, +180°

Leu —60°, +60°, +180° —60°, +60°, +180°

Ser —60°, +60°, + 180° —120°, 0°, +120°

Phe ~—60°,+60°,+180° —120°, 0°, +120°

analysis of protein data (Ananthanarayanan &
Bandekar, 1976) have indicated that the
extended chains are stabilized mainly because
of short-range interactions, and the additional
stability because of hydrogen bonds is only of a
secondary nature,

It can be seen from Table 1 that we have
considered globular proteins with very different
types of primary, secondary and tertiary struc-
tures. Therefore, the data collected from such a
set are expected to be random. In fact, for a
particular type of amino acid residue, having
nearly the same conformation, the environment
was found to be quite variable in the data used.
For example, Ala residues having nearly the
same values of (¢, ) were found to have differ-
ent amino acid residues before and after them
in most cases. So the distributions of confor-
mations obtained in the (¢, ¥)-plane from such
a set of data will be expected to be the same as
that obtained from a random polypeptide chain
in solution. This became more evident when we
found that the (¢, y)-distribution remained
practically unchanged when more data from

“proteins were added to the initial set of data
from 15 proteins, indicating that the effect due
to longrange or medium-range forces which
may be present due to primary structure in a
particular protein are completely masked in the
data under analysis. Therefore, we feel that we
are justified in applying the Boltzmann stat-
istics, initially developed for only random poly-
peptide chains in solution, in this study.

The (¢, y)-values for each type of amino
acid residues were plotted in a (20° x 20°) grid
of the (¢, ¥)-plane;

Piot(d, 9) = Pexp(¥) = Tn(o, VYN (4a)

and

Piot(d, ¥) = Pesp($) = Z0(0, YN (4b)
were calculated, where n (¢, ¥) is the number
of amino acid residues occurring in a particular
grid, and N is the total number of amino acid
residues of each type in (¢, ¥)-plane.

Calculation of Py(ri;)

The potential energy V(r;) was calculated for
each dipeptide unit with different side chains in
the L-configuration, using the method described
in the review by Ramachandran & Sasisekharan
(1968). The constants for nonbonded inter-
actions were adopted from Chandrasekaran &
Balasubramanian (1969), except for those inter-
actions which involve hydrogen atoms. The van
der Waals radius for hydrogen atoms was
reduced by 0.1 A (Ramachandran, 1975; Hagler
& Lapiccirella, 1976) and the constants were
recalculated. For each dipeptide, the side-chain
torsional angles X! and x> were fixed at values
observed in crystal structure data of oligo-
peptides and proteins. The values used to fix
the side chain-atoms are given in Table 2. A
suitable torsional potential function was used
to calculate the contributions from torsional
energy for side chains. Thus,

Vilri) = Vi(é, ¥, %)
= V(05 4,50 + Ves(d, ¥, %)
+ Vio(X') + Vior(X?) 5
Pi(ry) = Zexp [~V1(9, ¥, )/RTIM  (6)

M is the total number of conformations for
which V,;(r;) has been calculated by using
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FIGURE 1

(a) The variation of values of Pexp(¥) (— — ) and PL(y) (

) versus /, for Ala residue. Note the disagree-

ment between P, (y)-and Paxp(¥)-values, particularly in the region of Y = 0° and ¢ = 150°. Similar disagreement
was obtained for other types of amino acid residues. (b) The variations of V() versus ¢ for Ala residues are
represented here. — — — curve obtained by using the relation Vi(¢)=0.6 In Cexp(W)/Pp(P). ... .. curve

drawn using the first three terms of the series in the Fourier analysis of the above curve.

curve obtained

using the torsional function Vi(¥) for Ala residue, as given in Table 3(b).

different values of x' and ¥2, as given in Table
2. It should be mentioned here that in the
present study the average over a parameter was
always calculated for probability values assumn-
ing RT = 0.6 kcal/mol rather than for energy
values.,

The bond angle 7 at C* atom was found to
vary over a range of values from 105° to 115°
in globular proteins. Therefore, calculations on
each dipeptide unit were repeated by varying
7 from equilibrium value of 7= 110° by * 5°,
Hence the P, (r;;)-values mentioned above were
further averaged over 7-values and final P,y (ry)-
values were obtained that were used to calcu-
late the P, () and P,(¢) at an interval of 20°.
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Thus,

P(¥) = %Pl(rii)/%%PI(rii) (72)

similarly,

Pa(¢) (7b)

= %Pl (rij)/%\zp‘lpl (’ij)

Caleulations of torsional potential functions
Vi(®) and Vi(Y)

The values of P, (), obtained for each amino
acid residue from the crystal structure data of
proteins, and P,(y), obtained through calcu-
lations on dipeptides, were used to obtain the
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values of P.(¢) at intervals of 20°, using the
relation

Pt(\b) = Pexp(w)/Pn(\p) (8)

Vi(¥) = —0.60 In Pe(¥) ©)

For the first cycle of calculation of Vi(¥), we
have assumed V(¢)=0. The curve for Vi(¢)
(Fig. 1), was analyzed by the method of Fourier
analysis and the first three dominant terms
were taken. The function V(y), thus obtained
. was of the form:

Vi) = V\pl cos (Y —84)
+ Vy, cos (2¢ —83)
+ Vys cos 3y —83) (10)

Using this function for the torsional
potential around C*—C single bond, the total
energy values Pyn(¥) for a dipeptide unit
were obtained. These values of Py,(Y) were
compared with the values of Peyp(y) and the
reliability index R, as is usually calculated in
crystallography, was determined. The calculated
values of R were found to be quite high. This
was mainly because the function obtained from
Fourier analysis was highly inaccurate in
regions where either P, (¥) or Py(y) was
nearly zero. Therefore, the technique of curve-
fitting was adopted and V() was refined by
finding the best fit between P;n(¥) and
Peyp(V), as judged by the value of the R-factor
(Fig. 1b)

Using this refined function Vy(), the values
of Py(¥) were obtained. The entire procedure

or

was repeated to get the best Vi(¢) function.
This completed one cycle of refinement. In a
similar way, a few more cycles of refinement
were carried out, first by summing over ¢ and
analyzing V¢(¥), and then by summing over ¢
and analyzing V,(¢) each time. At the end of
the third cycle of refinement, the variations in
the values of coefficients Vg and 64y (where
0=¢, ¢y and k=1, 2, 3), were found to be
practically zero. These are given in Tables 3 and
4 for different side chains attached to the
middle C% atom in dipeptide unit.

RESULTS AND DISCUSSION

The values of Vgy and 8¢ reported in Tables 3
and 4 for different amino acid residues such as
Ala, Val, Leu, lle, Ser and Phe are only mar-
ginally different from each other. These values
are for the best function obtained by varying
Vi at intervals of 0.25kcal/mol and &gy at
intervals of 30°. As mentioned in part I, the
accuracy of these parameters is only of the
order of 0.5 keal/mol for Vg and 30° for 8p5.
Thus it can be seen that the parameters for all
the different amino acid residues occur within
the range of the expected standard deviation.
This indicates that the side-chain effect on
torsional potential function is small and if the
nonbonded interactions are calculated properly,
as we have done in this study, the torsional
potential will be practically independent of side
chain. The small differences in the constants,
Vox and gy, may be partly because of the
inaccuracy of protein data and partly due to

TABLE 3
Torsional potential function V(¢ obtained from 22 protein structures for six different amino acid residues

V(@) = Vg, cos(@—8g,) + Vg, cos (20 —384,) + Vg, cos (@ —8ps)

Residue V¢1 quz V¢3 5¢1 5¢2 5¢,3 R%
Ala —1.0 —0.5 0.0 —60° —-30° — 28
Val —1.0 0.0 —0.25 —60° — —130° 27
Ile —1.0 —0.25 —0.25 —60° —30° —30° 11
Leu —1.0 0.0 0.0 —60° — — 20
Phe —1.0 0.0 0.0 —60° — — 27
Ser —-0.5 —0.5 —0.25 —60° —30° —30° 24
Average —1.0 0.0 0.0 —60° — — 27
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TABLE 4

Torsional potential V() obtained from crystal structure data of 22 proteins for
six different amino acid residues

Vt(xp)=V¢,, cos (Y —8y,)+ Vy, cos 2y —6y,) + Vy; cos (3y —b8y3)

Residue Vi Vy, Vs 8y 3y, IV R%
Ala —0.5 —1.0 —0.5 —60° —30° —30° 40
Val —0.5 —0.5 —0.5 —60° —30° —30° 40
Ile —0.5 —0.5 —0.5 —60° —30° —30° 40
Leu —0.75 —0.75 —0.5 —60° —30° —30° 26
Phe —0.75 —0.75 —0.5 —60° —30° —30° 37
Ser —0.5 —1.0 —0.5 —60° —30° —30° 36
Average —0.5 —1.0 —0.5 —60° —30° —30° 30

exclusion of terms such as hydrophobic inter-
action in our energy calculations. However, it is
clear that the average torsional potential
functions Vy(¢) and V() can be derived in a
similar fashion, using the data of all residues
put together, The values of Vg, and 84 thus
obtained are given in the last row of Tables 3
and 4. These averaged potential functions are
not very different from those obtained for indi-
vidual amino acid residues.

The (¢, Y)-total energy maps, using these
newly obtained torsional functions, are given in
Figs. 2 and 3, along with the similar maps
drawn using data from proteins. Fig. 3(b), in
particular, contains the recommended formulae
for Vi(¢) and V(). The theoretical dipeptide
energy maps of different types of amino acid
residues seem to agree well with the corre-
sponding protein data energy map, indicating
that the method of treating each parameter ¢
and  separately is an essentially reasonable
procedure. In fact, the values of constants Vi
and 8pj obtained after the first cycle of
refinement for Vi(¢) and V() were found to
vary only over a small range in the successive
cycles of refinement, further proof that the
assumption that ¢ and ¢ are independent
variables is quite valid.

The results presented in Figs. 2 and 3 clearly
show that the new torsional potential functions,
Vi(¢) and V(y), when used along with the
usual nonbonded and electrostatic interaction
energy terms, explain to a large extent some of
the unaccounted features in polypeptide chain
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conformations, the most important of which is
the absence of left-handed alpha helices. All the
previously used potential functions indicate
that the left-handed o-helix is energetically as
stable asright-handed a-helix, though in practice
one observes only the right-handed o-helix.
However, the energy maps in Fig. 3 clearly
show that the left-handed o-helical region is
much higher in energy than the right-handed
a-helical region, which explains why the left-
handed o-helix is never observed to occur in a
protein structure.

Secondly, there has been a lot of dispute
regarding the C, conformation of dipeptides in
sclution. Early literature on solution studies of
dipeptides, done usingi.r. and n.m.r, techniques,
shows the occurrence of the C; conformation
(Marraud & Neel, 1973), but this is very rarely
observed in crystals of oligopeptides or globular
proteins. Almost all previous (¢, ¥)-energy
maps have shown that the C,(—90°,+60°) .
conformation for a dipeptide is energetically
favorable. However, this C, conformation in
our new energy map is quite high in energy and
this explains the absence of this conformation
in polypeptides or proteins. Recent solution
studies, where the concentration of solute was
slightly increased, indicated that the Cj
conformation is absent even in such a solution
and the molecules generally take up extended
conformations (private communication from
J. Neel). Similarly, our preliminary calculations
on tripeptides of Ala residues indicate that they
will explain explicitly the formation of LL
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bends and helices in proteins. The theoretical
dipeptide energy maps shown in Figs. 2 and 3,
obtained using the newly developed potential
functions, have low energy near ¥ =0° and
high energy near ¥ =60°; this explains the
observed density of points in the former region,
which was not explained by any of the earlier
dipeptide maps.

The results presented above indicate that the
form of the functions V(¢) and V() is quite
different from those obtained from studies on
small molecules having only one single bond, in
which the environment of the single bond is
different in contrast to those considered here.
This indicates that the effect of environment on
single bond rotational functions in macromole-
cules is quite important, and to get similar
torsional potential functions one has to choose
the model system very carefully. Secondly,
because of the inherent approximations and
drawbacks of the method used here, these
torsional potential functions have absorbed into
them a solute-solvent interaction term to a
certain extent. Thus what are given here are not
strictly intrinsic torsional potential functions,
or the torsional potential functions one expects
to get from quantum mechanical calculations
on model compounds. However, these functions
are compatible with the experimental data,
when used with the other potential functions
mentioned in this paper, and therefore we
accept them as good torsional potentials and
suggest that they could be used in semiempirical
potential energy calculations, not only on
dipeptides but also on polypeptides and
proteins, These functions, as pointed out in
part I, are for L-amino acid residues, except
glycine. The treatment developed to obtain the
potential functions for glycine will be discussed
in a separate communication. For D-residues,
the functions will be the same, except . that 545
will have the opposite sign.

In this study we have developed a simple
technique to obtain the torsional functions
from observed protein data, rather than from
data from small molecules, and thus focused
the attention on the rapidly accumulating data
of macromolecules which can be fruitfully used
to derive empirical potential functions. These
functions can then be used to study macro-
molecules and small molecules.
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