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Communication to the Editor

Conformational Energy Map of a Dipeptide Unit in Relation to
Infrared and Nuclear Magnetic Resonance Data

The variation of energy of the conformation of a dipeptide unit with the dihedral angles
¢ and ¢ is a fundamental aspect, which is of great importance to the study of protein
structure. Good reviews are available!'~* dealing with the energy changes associated
with the variation of different parameters such as bond lengths, bond angles, dihedral
angles ete.  More recently, attempts have been made to obtain satifactory expressions
for hydrogen bond energy as a funetion of the parameters relating to it.>=%  Although
various results of interest in relation to the conformation of polypeptides and proteins
have been worked out from such theory, the theoretical results have not been directly
tested in many cases in relation to available data from physicochemical studies on a
dipeptide unit, or fragments of simple compounds which sufficiently approximate to it.
The purpose of this preliminary note is to point out the possibility of making such tests
and to indicate some results which show reasonable agreement with data obtained from
infrared and NMR studies. Possible further experiments are also indicated. The full
details will be published elsewhere.

The distribution of states in the (¢, )-plane can be readily worked out by using the
Boltzmann relation:

Plog) « o= V@w AT (1)

where P(,¢¥) is the probability of oceurrence of the state (¢,¢) with total energy V(e,¢)
per mole. By using this it 1s possible to obtain, for instance, two quantities which can
be tested against infrared and NMR data.

Since a hydrogen bond between N,H, and C,0; can occur in the backbone sequence
314-C10,-N 1 H—Cy%(H, R }-C,0-NH.—Cy® (1)* for certain regions of (¢,¢), the fraction
nu of hydrogen-bonded molecules can be obtained from the formula

ny = ff P(s,¢) do dxb/ff Pg,¢) dop dy (2)
H-bonded Total

in which the integration may be replaced by a summation over a grid of points, if neces-
sary for computational purposes.

Similarly, by using the partition functions (as given by the formulae of Flory?) for the
hydrogen-bonded and the non-hydrogen-bonded states, the values of AH and AS be-
tween the two can be calculated.

By integrating eq (1), the relative probability distribution P(¢) can be obtained. This
is of interest in relation to the coupling constant Jxu—_cu between NH and C*H protons,
since J is a function of 8, the dihedral angle between the NH and C*H bonds. With
the definition that 8 = 0 when the two are cis to each other, and by using the standard

definition of ¢ according to Fdsall et al.,”® we have the relation [8] = [240° — &|. In
fact, on writing 6 for 16}, the expression for J has the well-known form
J =a+bcosd 4 ccos20 (0 <9 =< 180°) (3)

which may also be written in the form
J = Acos?60 + Becos8 + Csin?é (4)

* We use the same subscript for atoms in a peptide unit.
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Thus, the value of the coupling constant for a distribution of states as mentioned above
will be given by

J = A {cos?8) + B {cos 8) + C {sin?6) (5)

where the averaging is illustrated by the formula

360° 360°
(cos?) = f cos? (|240 — ¢|) P(s) do / f P(¢) ds (6)
0

1]

Some results computed by use of potential functions based on parameters as given by
Ramachandran and Sasisekharan® and hydrogen-bond potential functions® modified for
the case of peptide NH - - -O=C bonds are given below, in relation to available infrared
and NMR data.

Infrared Data on Hydrogen Bonding

Hydrogen bonds can occur near about the values (100°, 240°) and (260°, 120°) for
(¢,¢). Of these, the former is found to have a much higher probability. (Pullman and
co-workers!! have calculated from a priori quantum mechanical theory that the depths
of the energy minima of the two types of hydrogen bonds are nearly the same—the
latter in fact slightly lower—but we do not find this to be so, in agreement with a recent

TABLE 1
Data in Relation to Internal Hydrogen Bonding in a Dipeptide Unit Compared
with Results from IR Data

Hydrogen
bonded
Nature of nu, AH, AS,
residue® % keal/mole e.u.
Gly 62 —2.2 6.2 Theory
Ala 47 -1.9 6.6 Theory
170 —-3.1 9.8 Portnova et al.®*
[20 -0.7 5.2 Theory
N-Me-Ala {70 — — Portnova et al.1?
|- —1.70 5.4b Mizushima et al.1

» This refers to the group of atoms —-N,H; (or Me)-C,*(H,R)-C,05—.
b The data of Mizushima et al.!? actually refer to N-methylnorleucyl residue, but the
values are not expected to differ much from those for N-Me-Ala.

report by Crippen and Scheraga.!?) By using the eriterion that a hydrogen bond exists
when the N---O distance is between 2.6 and 3.2 A and the angle NHAN - -0 is less
than 35°, the values of ny, AH, and AS calculated for different cases are given in Table 1.
It will be seen that, while the theoretical results have the same trend as experimental data,
the agreement between the two is poor. In fact, for N-Me-Ala, attempts at varying the
theoretical parameters over a wide range did not yield a value of nu appreciably larger
than 209.

It appears that careful experiments must be performed with model systems even
simpler than those studied by Portnova et al.13 and Mizushima et al.,' e.g., compounds
of the following general type are worthy of study: N-acetyl-(Gly, Ala, - - - )-N-methyl-
amide (IT); N-(Ac,Me)-(Gly, Ala- - -,)-N-methylamide (III). Since these compounds
will contain just the group of atoms listed in (I), the theoretical calculations can be
made exact for comparison with experiment in these cases.
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NMR Data on Coupling Constants

The calculations were made in the cases of both Gly and Ala Cy* atoms, in each case
assuming that there is a hydrogen bond and that the internal hydrogen bond is absent.
The theoretical results are summarized in Table 1I.  An observed value of 7-7.5 ¢ps is
reported by Bystrov et al.’® for Ala, both in CDCl; and (CH;)80. Although these
authors have interpreted their results in terms of a hydrogen-bonded state with ¢ ~
240°, it appears that the data are perfectly consistent with the results of conformational
theory based on conventional formulae obtained by us. Our potential energy map in the
(¢,¥) plane is not appreciably different from that of Crippen and Scheraga.'? In fact,
J values for Ala, caleulated with three different types of interatomic potential functions,
analogous to the so-called F, S, and K2 functions of Venkatachalam and Ramachandran'®
gave J values differing by not more than 0.15-0.3 ¢ps from those listed in Table 1T,

TABLE I
Coupling Constants for Different Residues, with and without
Hydrogen Bonding, Caleulated from Theory

J, e¢ps
Residue Nature Set 12 Set, 2b-¢
I.-Ala H-bonded 7.3 6.6
Non-H-bonded 7.7 7.0
ily H-bonded 6.7 6.4
Non-H-bonded 6.2 5.8
a Set 1 corresponds to values of A = 9, B = —0.5, C = 1.0, which are close to those

given by Bystrov et al.®»®  Although we have some doubts about the interpretations
of Bystrov et al.’® of their NMR data in relation to the formation and type of H-bonds,
values of 4, B, and C close to those proposed by them appear to be valid. Later NMR
studies on cyclic systems, making use of measured coupling constants (e.g., on the K-
complex of valinomyein!?) bear out the essential correctness of the numerical formula
for J(9).

b Set 2 is calculated by using 4 = 9.0, B = 0.0, and C = 0.0.

° Kopple has used A = 8.9, B —0.2, and C = 0.5 in his recent NMR study of
evolidine.’®

i

The function P(¢) for Ala with and without hydrogen bonds is shown in Table III for
different values of ¢. Although the distribution is somewhat different, the caleulated
coupling constants come out to be very nearly the same. We shall therefore not com-
ment definitely on the question whether the DMSO solutions studied by Bystrov et al.1s
have an internal hydrogen bond.*

Bystrov et al.’ report also that J(Phe) in DMSO is about 1 eps larger than J(Ala),
and this is borne out by our preliminary calculations for this side chain. On the other
hand, the theoretical results in Table II show that J(Gly) 1s epxected to be about 2 ¢ps
fower than J(Ala) in the non-hydrogen-bonded state. We learn from Dr. K. D. Kopple®®
that J(Gly) in DMSO and water solutions is of the order of 3-6 ¢ps, while J (Leu) and
J(Phe, Tyr) are of the order of 8-8.5 ¢ps, in small peptides containing these residues.
Both these are in agreement with the theoretical trend. A detailed comparizon of
theory with more data with a variety of residues is being made.

It should be mentioned that the values of 4, B, and C used in Table II are highly tenta-
tive. Mlore precise values are being obtained by making measurements on model com-
pounds (of either known or theoretically calculable geometry) in collaboration with Dr.

* DMSO is known to break hydrogen bonds of DNA, and is in fact used to obtain
single-stranded DNA.
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TABLE II1

Distribution Function P(¢) for Hydrogen-Bonded and
Non-Hydrogen-Bonded Alanyl Dipeptide Unit

P(e), %
¢ H-bonded Non-H-bonded
0° 0.5 0.9
10° 1.1 2.3
20° 1.8 3.7
30° 2.6 5.4
40° 3.6 7.4
50° 4.6 9.4
60° 5.5 11.2
70° 6.3 12.9
80° 8.7 14.3
90° 37.7 13.0
100° 22.3 8.7
110° 2.6 5.4
120° 1.4 2.9
130° 0.6 1.2
140° 0.1 0.3
a
a
230° 0.1 0.2
240° 0.1 0.3
a
a
350° 0.0 0.1

& The values of P(¢) for intermediate values are less than 0.19,.

Kopple, and these will be reported elsewhere.

constants Jyu_can.

We wish to thank Dr. K. D. Kopple for discussions on NMR coupling constants and
for providing some of the data which stimulated this study. This work was supported

by USPHS Grant AM-11493.

7

G
1

Pt

A
P
D
D

R

Biophys

8.

R

Biophys

9. P. J. Flory, in Conformation of Biopolymers, Vol. I, G. N. Ramachandran, Ed.,

. N. Ramachandran and V. Sasisekharan, Advan. Protein Chem., 23, 283 (1968).

References

. A. Scheraga, Advan. Phys. Org. Chem., 6, 103 (1968).
. M. Liquori, Quart. Rev. Biophys., 2, 65 (1969).

They should be useful in obtaining
accurately the value of ¢ in unknown systems from measurements of the coupling

. J. Flory, in Statistical Mechanics of Chain Molecules, Interscience, New York,

. Poland and H. A. Scheraga, Biochemisiry, 6, 3791 (1967).

. A. Brant, Macromolecules, 1, 291 (1968).
. Chidambaram, R. Balasubramanian, and G. N. Ramachandran, Biochim.

. Acta, 221, 182 (1970).

. Balasubramanian, R. Chidambaram, and G. N. Ramachandran, Biochim.

. Acta, 221, 196 (1970).



COMMUNICATION TO THIE EDITOR 939

10. J. T. Edsall, P. J. Flory, J. C. Kendrew, A. M. Liquori, G. Nemethy, (3. N.
Ramachandran, and H. A. Scheraga, Biopolymers, 4, 121 (1966).

11. B. Maigret, B. Puliman, and M. Dyvexfus, J. Theor. Biol., 26, 321 (1970).

12. (i AL Crippen and H. AL Scheraga, Proc. Nat. Acad. Sei. U.S., 64, 42 (1969).

13. 8. L. Portnova, V. I. Bystrov, V. L. Tsetlin, V. T. Ivanov, and Yu. A. Ovchinni-
kov, J. Gen. Chem. U.S.8.I0., 38, 424 (1968).

14. 8. Mizushima, T. Shimanouchi, M. Tsuboi, and T. Azakawa, J. Amer. Chem. Soc.,
79, 5357 (1957).

15. V. F. Bystrov, 3. L. Portnova, V. L. Tsetlin, V. T. Ivanov, and Yu. A. Ovchinnikov,
Tetrahedron, 25, 493 (1969).

16. V. F. Bystrov, 8. L. Portnova, T. A, Balashova, V. 1. Tsetlin, V. T. Ivanov, P. V.
Kostetsky, and Yu. A. Ovchinnikov, Telrahedron Letlers, 59, 5225 (1969).

17. V. T. Ivanov, I. A. Laine, N. D. Abdulaev, L. B. Senyavina, E. M. Popov, Yu. A.
Ovchinnikov, and M. M. Shemyakin, Biochem. Biophys. Res. Commun., 34, 803 (1969).

18. K. D). Kopple, private communication.

19. C. M. Venkatachalam and GG. N. Ramachandran, in Conformation of Biopolymers,
Vol. I, ;. N. Ramachandran, Ed., Academic Press, New York, 1967, p 83.

G. N. RAMACHANDRAN
R, CHANDRASEKARAN

Department of Biophysies
University of Chicago
Chicago, Illinois 60637

and

Molecular Biophysics Unit.
Indian Institute of Science
Bangalore 12, India

Received July 5, 1970





