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ABSTRACT

Making use of the empirical potential functions for peptide NH .. O
bonds, developed in this laboratory, the relative stabilities of the right-
and left-handed «-helical structures of poly-L-alanine have been investi-
gated, by calculating their conformational energies (V). The value of Vi,
of the right-handed helix (e,) is about — 10-4 kcal/mole, and that of
the left-handed helix (a,) is about — 9-6 kcal/mole, showing that the
former is lower in energy by 0-8 kcal/mole. The helical parameters of
the stable conformation of a,are n~ 3-6andh~ 15 A. The hydrogen
bond of length 2-85 A and nonlinearity of about 10° adds about 4-0 kcal/
mole to the stabilising energy of the helix in the minimum enregy region.
The energy minimum is not sharply defined, but occurs over a long valley,
suggesting that a distribution of conformations (¢, /) of nearly the same
energy may occur for the individual residues in a helix. The experimental
data of a-helical fibres of poly-L-alanine are in good agreement with the
theoretical results for a,. In the case of proteins, the mean values of (¢, ¥)
for different helices are distributed, but they invariably occur within the
contour for V=V, + 2 kcal/mole for a,.

INTRODUCTION

THE a-helix, first proposed by Pauling and Corey! in 1951, is considered
to be one of the stablest conformations of the polypeptide chain. Although
this particular stability of the «-helix was at first attributed to the regular
hydrogen bonds which occur in this helix, it has later been estabilished that
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its stability is also due to other interactions such as the van der Waals forces
between atoms in neighbouring peptide units adjacent to one another in
neighbouring turns of the helix.* Calculations of the van der Waals, elec-
trostatic and other interactions between the various atoms in the polypeptide
chain, excluding, however, the hydrogen bond interactions, do show a
deep minimum in the region actually observed in the (¢, ¢)-map for the
hydrogen-bonded conformations of the o-helical type. It was therefore
considered worthwhile to work out in detail the variation of the energy of
the helix for different values of ¢ and ¢, taking into consideration also the
hydrogen bond energy.

A good potential function for the NH ... O bonds has been proposed
recently by the authors.® However, the type of hydrogen bond considered
therein was of an average type—that is, one in which both NH and CO
groups may be either charged, or uncharged, i.e., those of the type N*H ...
0C, NtH...O0C, NH...GC and NH ... OC. For our example of
the backbone hydrogen bonds in a polypeptide chain, we have to consider
the particular case of the hydrogen bond between peptide units, which cor-
responds to the last of the four types mentioned above. This type of hydrogen
bond need not necessarily have the same minimum energy and the same
variation with hydrogen bond length and angle as an average bond. There-
fore, as a preliminary to the investigation of the minimum energy confor-
mation of the «-helix, a study was made of the distribution of observed
hydrogen bonds in peptides, and a potential function was derived for the
peptide hydrogen bond, following the procedure of Ref. 5. A brief account
of this study forms the previous part of this series.’

Using this particular potential function, the variation of the total energy
of the a-helical structulre of poly-L-alanine with ¢ and i was studied and
the results are presented here. It is interesting that the actual values of
the helical parameters » and A of the minimum energy conformation agree
remarkably well with the experimental values.” However, the energy mini-
mum occurs over a long valley, in which ¢ and ¢ vary over a range of about
three degrees, the variation being in a co-ordinated way (with ¢ increasing
the same amount as ¢ decreases so that the valley is at about 135° to the
¢-axis, see Fig. 1).

METHOD OF CALCULATION

The procedure adopted for calculating the energy of a helical structure
was fairly straightforward. The helix consisting of twelve peptide units
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with 1-Ala side-chains was generated corresponding to various assumed
values of ¢, ¥, w and 7, using the standard frans planar peptide unit®. The
methyl hydrogens were fixed in the staggered conformation (i.e., x = 60°).
The angle #(=N — C* — C") was kept at the standard value of 110° in
the initial stage of the calculations. The helical parameters » and /1 were

determined from the elements of the transformation matrix which generates
. the helix.®

The energy of a conformation was evaluated as the sum of contribu-
tions from non-bonded, electrostatic and hydrogen bond interactions and
potential energy changes in bond angle (=) and dihedral angles (¢, ¢, w and
x). The non-bonded energy was computed using the “6-exp” Buckingham
potential with the set of constants in Table XI of Ref. 8. The “6-12”
Lennard-Jones potential was also used in the initial calculations. This yie’ led
results not significantly different from the “6-exp” function. In view of
this, only the results derived using the Buckingham potential are presented
here. The electrostatic interactions were estimated® taking the monopole
charges on the four atoms C’, O, N and H of the peptide unit to be 4 0-4,
—0-4, — 0-3 and + 0-3 (electron unit) respectively and an effectively dielec-
tric constant of 4-0. The formulae for the variation of energy with changes
in bond angle and dihedral angles were also taken into account following
the procedure of Ramachandran and Sasisekharan,?® except that K, was
taken to be 80 kcal/mole, instead of 40 kcal/mole, in the formula V, =K,
- (A 7)? following Bixon and Lifson® and Ramachandran and coworkers.®
The hydrogen bond function used was that given in Eqn. (1) of Ref. 6.

The calculations were carried out over a wide range of the conformational
parameters of the right as well as the left-handed a-helical forms of poly-
L-alanine (denoted by the symbols ap and ay, following Ref. 8). Unless-
otherwise specified, the peptide unit was taken to be planar (v = 180°) and
the angle = was chosen to be 110°. We follow the latest nomenclature!!
for the description of the polypeptide chain. The dihedral angles ¢ and
s were varied at a coarse interval of 2° initially to determine the distribution
of energy. In the later stages, this search was continued at closer intervals
of 1°, and then of 0-5° in the regions around the local minima, as required.

RESULTS FOR THE RIGHT-HANDED o-HELIX

It is of interest to mention first what happened when the average NH..O
hydrogen bond potential function given in Ref. 5 was used in the present
calculation. The minimum energy conformation disagreed with the experi-
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mental observation in two respects, namely, () the helical parameters »
and & were in the ranges of 3-65 to 3:70 and 1-42 to 148 A respectively,
these values being significantly higher and lower, respectively, than the
corresponding experimental values’-'* (namely, 3-615 and 1-495 A), and
(b) the conformational angles ¢ and ¢ were both about 6° away from the
observed values of (— 58°, — 48%).

On a careful examination of the results, it became clear that these dis-
crepancies arose essentially because of the fact that the hydrogen bond of
the lowest energy in the potential function used corresponded to a length
of 2-8 A. It was also observed that if the hydrogen bond function has its
minimum at a larger value, then the agreement between theory and obser-
vation would be expected to improve. Therefore, the peptide hydrogen
bond function mentioned above, which is also theoretically expected to be
the correct one for the o-helix, was employed and the results are described
below.

MINIMUM(=10+41)
X-Ray’

~80 ] | L
-72 —64 —56 ~48

b ——
Fic. 1. Variation of energy in the (¢, ¢)-plane for = 110° and « = 180°, of the right-handed

a-helical structure of poly-L-alanine, The innermost contour corresponds to — 10-4 kcal/mole
and the outermost contour corresponds to a valie 20 keal/mole above this minimum energy.
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The variation of the energy per residue of the a-helix with the para.
meters ¢ and i is shown in Fig. 1. It will be seen that there is a deep mini-
mum, which is however in the form of a long valley over which there is
negligible variation of energy for small variations in ¢ and 4. The minimum
energy has a value of — 10-41 kcal/mole, of which the hydrogen bond contri-
bution is about — 4-0 kcal/mole. Contours are drawn in Fig. | corres-
ponding to changes in energy from — 10-4 kcal/mole to — 8-4 kcal/mole
(nearly 2 kcal/mole above the minimum). In an actual o-helical structure
which is not completely regular, it can be expected that the local conforma-
tion may correspond to a range of (¢, ¥) having V up to this valuec above
the minimum. Therefore, the contour line for — 8-4 kcal/mole is shown
by a thick line in this figure. Table I shows the variation of n and /i with
¢ and ¢ for values of ¢ and ¢ occurring within the narrow valley covering
a region up to 0-2 kcal/mole above the minimum energy at intervals of one
degree for ¢ and . It will be seen that both n and /1 are very nearly the
same over this range and that their values are close to the observed values? 2
of n =3-615 and h =1-495 A, particularly for the lowest cnergy valucs
between — 10-41 and — 10-30 kcal/mole. In fact, it is well known® that
the map showing the variation of n and 4 in the (¢, ¥)-plane has contour
lines of both n and /& almost parallel to each other in this range and that
both of them remain constant in a line making an angle of approximately
135° to the ¢-axis. Hence, it is that the n and /i values are very nearly the
same for almost all the conformations within the narrow valley in Fig. 1.

It should be deduced from this that, while the values of the helical para-
meters n and h may be very nearly the same, it is not cssential that the values
of ¢ and ¢ themselves should be the same for every residuc of a stable
helical structure. Moreover, from considerations of the type mentioned
earlier, namely, that in a complicated structure like a protein, in which the
environments of the residues in a helical segment are not identical for every
residue, the values of ¢ and J may vary somewhat from those corresponding
to the minimum energy conformation. In fact, the observed values of (4, ¢)
in the crystal structures of myoglobin and lysozyme are plotted in Fig. 2
along with the contour for V=V ..+ 2-0 kcal/mole. It will be seen
that the observed local conformations (¢, ¥) occur in a much wider region
than that enclosed by the contour. This may be due to several reasons:

(a) The angles ¢ and ¢ as calculated from the cyrstal structure data
are expected to be accurate only to 10° or 15°.

(b) The helices are not completely regular and in some cases they are
appreciably distorted.
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However, if the average values of (¢, ) for each individual helical segment
are calculated, these are found to occur mostly within the 2-0 kcal/mole
contour for a large number of proteins (Fig. 25). The most conspicuous
exception is L6 at (— 61°, — 30°) in lysozyme. This contains some hydro-
gen bonds corresponding to the 3,-helix, whose allowed region occurs well

TABLE 1

Low energy conformations of the right-handed o-helical structure of poly-L-
alanine having V less than 0-2 kcal[mole atove the minimum energy (— 10-41
keallmole)* (v = 110°, w = 180)°

Dihedral angles Helical parumeters Hydrogen bond Tilt

of Energy

Lengtt peptide \Y
gth uni

$(°) #O) ” & (A) R (A) %Fog)le 8{101)1: kcal/mole
- 61 —45 3-62 1448 2-87 16 10 —~10+40
- 60 - 46 3.62 1-48 2-86 15 9 —10-41
- 69 —47 363 1-48 2-86 14 8 ~10-40
- 62 —44 3-61 1-48 288 18 11 -10-38
- 59 ~ 46 3:60 1-50 2:91 16 9 —10-36
-~ B8 ~48 3:63 1-48 284 13 8 ~10-38
- 87 - 47 300 1-50 2:90 14 8 —10-37
-07 ~ 49 3-63 1-48 2-83 i1 7 -~ 10-36
~87 —~48 3-61 1-50 2-89 13 7 -10-37
- 56 ~49 361 1-50 2:89 12 6 —10-36
- 04 -42 3-€0 1+48 2-91 20 12 —10-30
~63 —43 3-61 1-48 2:90 19 11 —10+35
-6l -44 3-59 1-80 2.93 18 10 —10-31
-~ 60 ~45 3.60 1-50 2.92 17 9 -10-34
-6 -~ 50 364 1448 2-83 10 6 —-10-34
-~ B0 ~ B0 3-62 1-50 2-88 11 6 —10-33
- B0 - Bl 3-64 1.48 2862 9 5 —10-30
~ b4 ~B1 3-62 1-60 2-88 10 5 —10-30
-~ 65 - 42 3:63 1-48 2487 20 13 —10-27
- 04 ~43 3-03 1-46 2485 19 12 —10-29
-~ 03 —44 3-83 1-46 2-84 17 11 -10-29
- 02 —46 304 1-46 2-82 16 10 —~10-28
~62 ~48 3-59 1-50 2:92 19 11 ~10-26
-~ 61 -~ 46 3-64 1.46 2.81 16 10 —10-27
-~ 04 - 52 3.6 1-48 2-82 8 5 —10-27
- 53 -52 3-63 1.50 288 9 4 -~10-28
L] — 41 362 147 288 21 i3 -10-23
- 85 - 41 3-60 1-48 2-93 21 13 —10-24
- 80 - 47 3-65 1+46 2-80 14 9 -10-25
~59 - 48 3:65 1-46 2:79 12 8 -10-22
- B3 - 53 366 1448 2.82 7 4 -10-22
-52 ~53 3-63 1-50 2.88 8 3 -10-21

*The conformations are collected in three groups (@) V < — 10-4, (b).— 10-{, <V < —10-3
and (¢) =10-3 < V < =102, butin each group they are listed accotdirg to increasing values

of (4, ¢) at imervals of 1°
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above that of the a-helix.

G. N. RAMACHANDRAN AND OTHERS

The helix M7 with seven residues in myoglobin

with a mean value of (— 57°, — 38°%), which is also somewhat outside the
contour marked in Fig. 2 b is described as a distorted helix by the original
-author.!®

pu—

| l

A MyoGLOBN
O LYSOIYME —

"
..50L——-
70
A A a
(o]
—80 | l | A? al
- 80 -T70 - 60 - 50 4O 30
¢ ——r———

F1G. 2 a. Distribution of (¢, ¥) for the various amino-acid residues of myoglobin and lysozyme

occurring in the o-helical region. The contour for Vmin - 2+0 keal/mole is also shown. (A =
myoglobin, O = lysozyme.)

- STRUCTURAL FEATURES OF THE a-HELIX

‘ The right-handed a-helical structure with n ~3-6 and 7 ~1-5 A con-
sists of_‘ regu}ar NH - --O bonds formed between every carbonyl oxygen and
an amino nifrogen three units ahead of it. In the minimum energy region
(~ — 10-4 kcal/mole) the hydrogen bond length varies from 2:85 to 2:90 &

fmd the bond is invariably not straight. The non-linearity of the bond is
in the range of 10° to 20°. . o

,,A.not'her il_lteresting feature of the low energy conformations is related
to tl}e orientation of the peptide unit with respect to the helical axis. The
peptide unit is somewhat inclined to the axis of the helix in such a manner
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that the NH group is pointed towards the interior and the carbonyl oxygen
is directed away from the centre of the helix.  The tilt angle 8 is about 5° to
10, Both of the above features agree with observation?, which gives R ==
2:86 A, 0==10° &+ 6 as calculated by us from the datain Ref. 7. The
fact that the stability of the Pauling a-helix increases when the peptide units
arc tilted so that the NH groups point inwards was suggested by Rama-
chandran'® and by Sasisckharan' as carly as 1962. It is scen from Table I
that, as the non-linearity of the hydrogen bond increases, this angle also
increases.

~28 T ] I T ] T ] I
olf C ~ CARBOXYPEPTIDASE
T = CHYMOTRYPSIN
-~ H ~ HEMOGLOBIN .
L - LYSOIYME
M ~ MYOGLOBIN
~3 6} R - RIBONUCLEASE-S ™
o1y o7
44— cs Vet 2keal fmole 7]
oMi§
o)1 eH20
> o vm*;‘kmllmu
-
P
4
—68 ! | | | l | l !
-6 Py —60 - 52 —44

Fia. 2 b. Mean values of (¢, ¢) for the different helical segments in the protein crystal structures
Carboxypetpidase,” Chymotrypsin,® Hemoglobin,® Lysozyme®,? Myoglobin,®® and Ribo-
nuclease.® The symbols give the letter indicating the protein and the number of residues in the
helical segment (eg. R11 is a segment in ribonuclease S with 11 residues). Note that most of the
points lie within the contour for Vsn ~- 20 keal/mole.

The fact that the peptide unit is tilted such that the NH group is poin.ted
inwards is significant in relation to the stability of the o-helix in solution
A4
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in a polar solvent. Even if the solvent contains an acceptor atom for hydrogen
bonds (say an oxygen atomin C==0), since this oxygen cannot approach
closer than 2+6 A from the acceptor oxygen in the helix itself, the angle ¢
for the disturbing solvent acceptor atom cannot in general be less than
about 40° which greatly reduces the perturbing influence of the polar solvent
in disturbing the o-helix. This fact, together with the common occurrence
of hydrophobic side groups in the cxposed regions of a helix, is responsible
for the large stability of the a-helices occurring in proteins in biological
systems. :

Effect of Varying =, w and x on Vo, of the agp-helix

The results mentioned above were obtained from the first phase of the
calculations in which only two parameters (namely, ¢ and ) were varied,
while the other three prarameters =, w and x were kept constant at their
standard values. To study the influence of these latter parameters on the
conformation of this helical structure, the region of low cnergy conforma-
tions was explored in greater detail in the sccond phase of the calculations.
This was actually done in two stages:

(@) The parameter y alone was varied in the range 50° to 70° at inter-
vals of 5°, using, however, the standard values of = = 110" and
w = 180°, and

(b) the parameters = and o were varied in the range ~=110° | 2°
(1°9 and 0 =180° £3° (1°), keeping y at 60°. The salicnt
features arising from the results of these calculations may be
summarised as follows.

The effect of the change in y is shown in Table II for all examples with
Viin < —10-2 keal/mole. It will be seen from this that the cnergy is a
minimum for some value of x between 55° and 60° (for ¢ == — 56“‘, o
—350°% the actual values are — 10-36 kcal/mole for 55° and — 10-34 kcal/
mole for 60°, although they appear as — 10-4 kcal/mole and ~ 10-3 kml}
mole for these two values, because of rounding off errors, in Table 1I). In
view of this, it was not considered worthwhile to make detailed calcula-
tions for x other than the standard value of 60°. | o

Thf: .variation of V with = and o was investigated in detail for X == 60°.
The minimum energy values alone are summarised in Table I in which
for each combination of = and o, the data for (4, ) are given for whicr;
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Vouin varies by less than 0-01 kcal/mole from the minimum. It will be
seen from this table that the minimum energy conformation for each r is
close to ¢ = -~ 58° o v - 48°) which are the experimentally determined
values for the fibre structurco  fpoly-L-alanine. Since the variations in the
values of the minimum cnergy for = varying from 110° to 112° are less than
0-1 keal/mole and since we have not included the effect of neighbouring
helices in the erystal structure in making these calculations, it is not possible
to state which is the absolute minimum energy conformation according to
theory, except to indicate that = and » are not significantly different from
the standard values of 110° and 180° respectively, again as found by Arnott
and Dover” from their refinement of X-ray data.

TABLE II

Low energy conformations of the right-handed a-helical structure of
poly-L-alanine showing the effect of rotating the methyl hydrogens*
(7 == 110° and w = 180)°

V in kcal/mole for values of ¥ equal to

$C v | HA) | RAA) | 0O | §°)
50° 559 60° 65° 70°

~62| ~d4 | 3-6L | 148 | 288 18 | 11 | =102 | —10-4 | —10-4 | —10-3 | —10-0
~00 | —46| 362 | 148 | 2-46| 16 | 9 | —10-2 | —10-4 | —10-4 | —10-3 | —10-0
~68 | —48 | 363 | 1-48 | 284 13 | 8 | —10:3 | —10-4 | =10-4 | —10-2 | — 99
~56| —60 | 364 | 1-48 | 283 | 10 | 6 | —10-2 | —10-4 | —10-3 | =102 | — 9-8
~Gh | —42| 360 | 1-48 | 2:91 | 20 | 12 | —=10-1 | =10-3 | ~10-3 | —10-2 | — 9-9
~B4 | ~52| 365 | 1-48 | 2-82| 8 | 5 | —10-2 | -10:3 | —10-3 | —10-1 | ~ 9:7

88 | —46 | 258 | 1-52 | 2:96 | 10 § | —10-2| -10°2 | ~10-2' — 9:3 | - 9:5
95 | 14 7 | =10-2 | =103 | —=10:2 . — 9-9 | — 9-5

o

-B6 | —~48 | 3:560 | 1-52 .
1

~52 | —54 | 366 | 1-48 | 2:82| 6 3 | =10-1 | —10-2 -m-z! —10-0 | — 9+6

~G6 | —40 | 3-60 | 1-49 | 2:05 | 23 | 14 | — 99| -10:1| —10-2| —10-1 | — 9-8

*Only those conformations with Vmin less than — 10-2 kcal/mole are listed.

Left-handed a-helical form of poly-L-alaline.—In so far as the back-
bone conformation alone is concerned, the inverse local conformation of the

right-handed structure of given n and h generates the corresponding left
Ab
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Tapre I1I
Minimum energy conformations of the right-handed a-helical structure of

H ¥ i . ; y (! oy eyt ' 3
poly—L-alanine with = and w varied from the stundard v.w/uc._s a( I MHH‘{‘I m/s i
) Awt®) | $©) | #° ” \ A(A) i R(A) \ M) B 1 peatfmeode
109 -2 -€6 -~ 38 350 1-45 2 82 26 1t - (e85
-1 —67 —38 | 853 1-46 9.86 oG 16 . P72 i
0 - 64 —41 3-66 1-47 2-87 ?:t 12 . :J-gm ]
- 63 —42 3-56 1-47 285 91 12 S R :
+1 - 62 —44 3-60 1-47 2.85 19 11 - 1017
—61 —~45 3-61 1-47 284 17 10 ~10-17 :
—60 — 45 359 1-49 28D 18 9 quxfi %
—59 — 46 3+59 1.49 288 17 90 - 140 1¢ ]
-58 —47 3-60 149 2.87 16 8 - 1017 i
+2 ~59 —47 3-63 1-49 2-90 15 8 - 10-30
—~58 —48 3-63 1.49 2.80 14 7 ~10-30 i
—57 —49 | 3-64 1-49 2.88 12 7 - 1030 g
+3 ~ 58 —49 367 1-50 2-91 12 7 ~ 10+ 31 7
—~57 —50 3-68 1-50 2-91 11 ¢ ~10+31
110 -3 - 67 - 37 351 1+46 2-87 27 15 - 9-78
-2 —63 —41 3-54 1-47 9.87 22 12 - 10-00
-1 —62 —43 3-58 1-48 2-87 19 11 »»—w'gr;
~ 61 - 44 3-58 1-48 2-86 18 10 -~ 1020
0 ~ 60 —46 3-62 1-48 2-86 15 ) ~—10+40
+1 ~59 —48 3-66 1-48 9.87 12 8 -10+47
~58 —49 3-67 1-48 2-86 1 7 - 1047
+2 ~58 ~50 | 3-71 1-49 2.89 10 7 — 104
+3 —58 -51 3.75 1-49 2.93 9 ] ~10-31
~57 —52 375 1-49 2.03 7 0 - 1Ue31
11 -3 ~65 ~40 356 1-46 2.87 22 13 ~10-19 \
—64 | —41 | 3-57 | 1-46 | 2-85 21 12 o T L
-2 - 60 - 45 3-59 1+48 2-87 16 10 - J{)e 38 7
-1 ~ 59 - 47 3-64 1:49 2.88 13 8 - 1040
- 58 —48 3-64 1-48 2-817 12 8 ol LR 1t
0 - 58 —49 3-68 1-49 2.90 10 7 ~ 10 +0i)
-517 ~ 50 3-68 1-49 2:89 ] 7 - (e 51
+1 - 57 -5l 3-72 1-49 2-903 8 6 % LIFS:
+2 —59 -5l 3-78 1+48 2.03 0 7 - 1027
—-58 -52 379 1-48 2-92 8 6 ~10-27
+3 - b8 —B7 3-83 1+48 2.97 8 6 e JU ()4
112 -3 —59 | —46 | 3.6l | 1-49 | 2-89 14 9 -0+ 38
—58 ~47 3-61 1+.9 2-48 12 8 s lpeny
-2 -B7 —49 3-66 1-49 2:90 10 7 = 1G-10
-1 -57 —50 | 3-69 1-50 2-93 8 7 - 10+ 11
-56 -51 370 1-50 2.92 " 6 ~ Lyl
0 - 58 ~ 51 3-76 1-48 2-92 8 7 ~ 1)+ 30 ‘
~57 -52 | 3-76 1-48 2-91 7 6 ~10-80
+1 —58 —52 3-80 1-49 2:96 8 8 —~10-11 X
—57 —~53 3-80 1-49 2-96 7 6 ~10-11
+2 | —58 | —53 | 3:8¢ | 1.40 | 3-01 8 6 ~ 9-80
+3 - 59 —-54 | 3-01 1-47 303 11 6 — 047

* A w is the deviation of w from the standard value of 180° f6r the trans peptido units.
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handed structure of the same energy with helical parameters —»n and A. In
the presence of the side group in the same asymmetric-L-configuration in
both structures, the energy values will not be the same for the two. In
order to compare the relative stabilities of the right- and left-handed
a-helical  structures of poly-L-alanine, the energy values were computed
for the left-handed structure for different values of ¢ and ¢, keeping
the other three parameters =, o and y equal to their respective standard
values.  The results are summarised below.

A N 1 | I

64

56

MINIMUM (-9. 60)

agf~
-
|
“o | 416 | ” 6

Fra. 3. Variation of cnergy of the left-handed a-helical structure of poly-L-alanine in the
(4. ¥)-plane for = = 110" and o - 180°. The innermost contour corresponds to — 9-6 kcal/mole
and the outermost contour is drawn for a value 2-0 kecal/mole above this minimum energy.

Similar to the findings for the ap-helix, the minimum energy confor-
mations for the ay-helix occur in a long valley with nearly co‘nst'ant values
for 1 and h, close to — 3-6 and 1-5 A respecti\fely.‘ The variation of the
energy of the helix in the (¢, )-plane is shown in Fig. 3 Th‘e low energy
conformations and their characteristic parameters are listed in Tabl_e IY.
The minimum energy in this region is abgut - 9-6 kcal/mole, which is
0-8 kcal/mole above that of the corresponding right-handed structure. We

A e A b~
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believe that this difference of nearly 1 kcal/mole is significant and makes
the ap-structure more stable than ay for poly-l-alanine. In the case of
Jonger side-chains, it may be expected that there may be a drastic reversal
in the difference between the right- and left-handed structures owing to
side-chain-back-bone interactions, so that the latter may be more favourable
in some cases.'®

TasLE 1V

Low energy conformatians of the left-handed a-helical stricture of poly-1.-
alanine having A\ V less than 0-3 keallmole above the mininumm energy
(— 96 kcallmole). (v = 110° and w == 180")

$(°) ¥(°) " AA) R(A) 8(°) 8(°) | V kcal/mole
50 54 —3.61 1-62 2:94 9 o —9-8
52 52 —3-60 1-52 2:94 10 4 —0-6
48 56 —3:62 1-53 2:08 8 1 -G
bd 50 —~360 1-52 2:94 12 5 —9-5
46 58 —~3-63 1-53 2:96 8 -1 -3
48 58 —8.87 1-49 2-84 3 0 —$e3
50 568 —38-67 149 2.82 4 2 —9-3
52 54 —3-66 148 2.82 6 3 -8
54 62 —-3:85 1-48 2.82 8 5 ~{)e3

. 56 50 —~8.64 1-48 2-83 10 0 —-93
58 48 —~3.58 1-52 2:96 16 8 —0+3

Calculations made with values of r different from the standard valuc
of 110° resulted always in a destabilisation of the left-handed structure. No

attempts were made to vary «» and to explore the minimum energy region
in detail in this case.
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