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Introduction

Abderhalden and Gohdes observed the
specific rotations (aJp for a series of poly-
T e This work was rnported at the meeting for general dis-

cussion of protein structure held on May 20, 1951, in Osaka,
. under the auspices of the Chemical Society of Japan.

peptides of [-alanine.” Levene and Yang
also observed them for a series of d-alanine,
and obtained almost equal data concerning
their absolute values.®

1) E. Abderhalden and W. Gohdes, Ber., 64, 2070 (1931).

2) P. A. Levene and P. S, Yang, J. Biol. Chem., 99, 405
(1932).
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As was pointed out by Kauzmann and Eyr-
ing, the molecular rotation per one alanine
residue (M]p/% (n is the number of residues)
increases remarkably as the polypeptide
chain becomes longer. This fact indicates
that the neighbouring alanine residues are
not optically independent and there will be
some interactions. Kauzmann and Eyring
gave an interesting suggestion for this point
based on their consideration for the optical
rotations of sugar.® Firstly, they noticed
that the molecular rotations of ring com-
pounds such as arabinose, xylose, mannose,
galactose, glucose, etc. are relatively great
(30°~260°) compared with those of corre-
sponding alcohols (less than 10°). They in-
terpreted these differences between ring and
chain compounds by considering the statistical

On the Molecular- Rotations of Polypeptides of Alanine

247

free rotation (restricted rotation) around a
single bond. That is, in case of open chain
compounds, the above-mentioned statistical
free rotation is allowed, and the first order
effect of optical rotation is almost entirely
diminished. On the other hand, in the case
of ring compounds, the rotation around the
single bond is prevented on account of their
rigid structures and the first-order effect of
optical rotation can contribute considerably.
Taking these facts into account, they sug-
gested that the molecules of polypeptides of
alanine may also form a ring involving
hydrogen bond or some other type of bond.
Based on this suggestion, we try to explain
theoretically the observed rotations in Table
I by assuming the probable model for the
configuration of polypeptide.

TABLE I
OBSERVED VALUES OF SPECIFIC AND MOLECULAR ROTATION

@)p in 2N HCI (MJp MIp/n
Polypeptides o —— n is the number
Abderhalden Levene Levene of residues

alanine + 14.5° — 14.5° - 13° —13°
alanyl-alanine — 37.6° + 36.5° + 58° +29°
di-alanyl-alanine — 77.3° + 77.5° +179° +60°
tri-alanyl-alanine —115° +115° +347° +87°
tetra-alanyl-alanine —133° +132. 5° +494° +99°

I. MOLECULAR MODEL

Ring Strncture of Polypeptide Chain In
order to calculate the molecular rotation theoret-
ically, it is necessary that the detailed structure
of the molecule is known. Conversely, if the
calculated results for a probable model agree well
with experimental results, the assumed model
becomes more reliable.

The configurations of the polypeptide chain in
protein have been studied extensively, and the
numerous probable models for them have been
presented by many authors.t™® These models

are mostly based on the experimental data for’

crystal, fiber or film of highly polymerized large
polypeptide molecules whether they be natural or
synthetic. - - : )

At present, however, we are researching the
configurations of small polypeptide molecules in
dilute water solution, so the situations are con-
siderably different from the above-described ones.
Moreover, our model must be rigid enough and

3) W. Kauzmann and H. Eyring, J. Chem, Phys., 9. 41
11941).

4) M. L. Huggins, Chem. Rev., 32, 195 (1943).

5) T. Shimanouchi and S. Mizushima, Kagaeku, 17, 24, 52
{1947), Kagaku-no-Ryoiki (Tournal of Japanese Chemistry) 6,
311 (1952), S. Mizushi T. Shat hi, M. Tsuboi, T. Su-
gita and E. Kato. Nature, 164, 918 (1949).

6) E. J. Ambrose and A. Elliott, Proc. Roy. Soc., A 205,
47 (1951,

7) W. T. Astbury, Nafure, 164, 439 (1949).

8) L. Bragg, J. C. Kendrew and M. F. Perutz, Proc. Roy
Soc., A 203, 321 (1950).

9) L. Pauling and R. B. Corey, Proc. Nat. Acad. Sci.,
37, 205, 241 (1951).

correspond to the ring structure which was de-
manded by Kauzmann and Eyring. Therefore, it
is required that not only the known bond lengths
and bond angles are satisfied approximately, but
also many hydrogen bonds are formed to con-
struct the rings. Further, it can be expected
that the rigidity of the ring becomes greater as
the ring becomes smaller, so long as the geomet-
rical conditions for the stability of hydrogen bonds
and internal rotations are satisfied.

Considering these conditions, we picked out (27
a) the model of Huggins and (27 b) the model of
Shimanouchi and Mizushima as the most probable
ones. In these models, sevenmembered rings are
formed by hydrogen bonds, and concerning in-
ternal rotation, the stable configurations of the
polypeptide chain are kept. At the present stage,
however, the application of these models should
be limited to the configurations of the relatively
short polypeptide chain in solution. For the con-
figurations of highly polymerized polypeptide chain
in protein, some other factors should be taken
into account, and their complete determination is
a task for future study.

Equilibrium between Isomers Since the
above-mentioned models have been presented
for the folded «-type keratin, we denote the
models (2; a) and (2; b) as a(;» and ais re-
spectively. The only difference between ax,,
and 2 is the relative internal orientation be-
tween the side chain and the main chain,
that is, in the case of ), its orientation
exists in G (Gaush) form, and in the case of
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oy, exists in T (Trans) form. Other situa-
tions are equal exactly, so a4y and & can
be said to be rotational isomers. If the
energy difference between these isomers is
small enough, it becomes necessary to con-
sider the equilibrium between them in solu-
tion. According to previous experiences, T
form is slightly stabler than G form except
in special cases. This relation predicts that
the equilibrium is shifted towards dis).

In the case of the polypeptide chain, how-
ever, we must take into account not only the
above-mentioned interaction between the side
chain and the main chain, but also the inter-
action between the side chain and the C=0
group. In «q the relative orientation be-
tween the side chain and the C=0 group
comes half way between G and T forms, and
in @, it exists in C (Cis) form. That is,
C=0 group takes C form with hydrogen
atom on a-carbon atom in the case of aqp,
and with side chain (methyl group) in the
case of a¢). Consequently, the repulsive
energy due to steric hindrance becomes
greater in a» than in «¢), and e« is un-
stabilized by this amount. Thus this repul-
sive energy tends to cancel the stabilization
energy due to T-type configuration between
the side chain and the main chain in as).
Though one cannot give any conclusion as
to whether this cancellation is complete or
not, one can expect that the energy difference
between aqy and ) is small enough.

In the following calculations, we assume
as the idealized limiting case that ay,» and
azy have the same stability and exist in
solution with equal statistical weight. By
this assumption, any unknown quantity con-
cerning the equilibrium constant is excluded.
Moreover, the main chain of polypeptide
comes to have an effective plane of symmetry
in the statistical meaning. Consequently,
the calculations are exceedingly simplified.
Later, some conclusion will be given for a
case where the equilibrium is shifted towards
Q¢ by the analysis of the results of
calculation.

Next, we should consider the equilibrium be-
tween folded a-type configuration and that of the
extended B-type or intermediate ones. In the
case of water solution, the stability of the intra-
molecular hydrogen bond is diminished by some
amount, and one can expect and larger contribu-
tion of extended or intermediate forms compared
with the case in which a non-polar solvent is
used. As can be easily seen, the latter ones (8-
and intermediate types) have a larger degree of
freedom compared with the former one (e-type),
and corresponed to the state of larger entropy.
Therefore the contribution of latter -ones may
increase rapidly with the elevation of temperature.
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Concerning this point, Kauzmann and Eyring
suggested that the investigation of the effect of
temperature on the molecular rotations of these
polypeptidies would be of interest here.

In the actual calculations, the contribution of
the latter ones are neglected. So it must be
noticed that the calculated results correspond to
the experimental results which are observed at
sufficientry low temperature. Even if the cont-
ribution of latter ones could not be neglected,
we might expect that the observed change of
molecular rotations in a series of polypeptides
would correspond well to the calculated results
so long as the equilibrium constant was approxi-
mately constant regardless of the length of chains
and the molecular rotations of the latter ones
were sufficiently small as were inferred by Kauz-
mann and Eyring.

To simplify the calculations, it is assumed
that the interatomic distances in C—C and
C—N bonds are all 1.54 A, and that in C=0
and C—H bond is 1.26 A and 1.1 A respec-
tively. Further, it is assumed that the:
valence angles of C and N atoms are tetra-
hedral angle (109°28'), and C—N bonds (C
are not «-carbons) are perpendicular to a
dyad axis of symmetry. In the present
model, repeat distance is about 5.03 A. In
the actual molecule, true valence angles will
make the molecule flatter than the assumed
model and the repeat distance slightly larger.

II. MOLECULUR ROTATION

Division of Rotatory Parameter Accordiﬁg:
to the electromagnetic theory, molecular rotation
[M] is given as follows,

EM]=_28832N '?E?+2_

3 B (1y
where N is Avogadro’s number, A the wavelength
of incident polarized light, and n the refractive
index of the solution. Taking into account the
variation of vector potential over the molecule,.
Rosenfeld developed a quantum-mechanical theory
of dispersion, and gave the following expression
for a rotatory parameter 8:

oo _sIm{@(E|b) G lmla}
=

n Vpal— 2

—

Here, (o IT:J b) and (b | m|a) are the matrix
components of electric and magnetic moments
connecting state a and b; wve the frequency of
the transition between state ¢ and b, v the fre-
quency of the incident plane polarized light, ¢ the
velocity of light, and k Planck’s constant. Then,.
the theoretical problem of optical activity is.
merely to calculate Eq. (2) for the actual molecule.
In order to proceed with the calculation, Kirkwood
introduced a simplifying assumption, that is,
electrons were localized in the respective con-
stituent group not only in normal state but also
in excited states. By this assumption, one can
break up the total electric and magnetic moments.
into sums over the groups as follows,
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ZZ‘;« (3)
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where p; is the electric moment of group i, p™

is the electric momentum of group k, and ;:x is
the magnetic moment referred to the center of
gravity of group k situated at a point Eg from
the center of gravity of the molecule as a whole.
Substituting these relations in Eq. (2), Kirkwood
obtained the following results.

B:g(l‘l) +B(IJ +Z ,6(") (5)
®
B =— 1 5 ¥pa
3h <xT vea—ve

— —_ —
xRe{Ri(a | | b)xb | p® | )]} (6)
g = Lblm{(“’ WO b)(b m® a)} )

_uku Vhal— ¥2

®= € Im {(a #(_"') b) (b e a)}

p 3nh %: Yoa?—y2 )

B8 js the term which was taken up and studied
by Kirkwood and he considered that it was origi-
nated from the dynamical coupling between two
electrons in the different groups ¢ and k.10D
Not being studied in detail, the term of 8¢ has
usually been neglected expecting it probably to
be small, g is the term which was studied by
Condon, Eyring, Kauzmann, Walter, et al., and
they considered that it resulted from the motion
of one electron in a dissymmetrical field of each
group_lz,ls,u)

‘As is obvious from the above discussion,
we should consider both terms of B and
3% at least, in the calculations of molecular
rotations. Accordingly, we will calculate
both terms of B and #, and give our con-
clusion considering both contributions from
one-electron theory and dynamical coupling
theory.

One-Electron Effect

a) Partial Rotation of N— E Type Transi-
tion When molecular rotation (] is observed
in the visible region, the contribution from partial
rotation becomes greater as the frequency of the
absorption band (electronic transition), which is
responsible for this partial rotation, exists nearer
to the frequency of the observed light. If one
remembers the factor 1/(vpe?—»2) in equation of
dispersion, this situation is evident. Consequently,
when the special absorption band exists in the

10) 1. G. Kirkwood, J. Chem. Phys., 5, 479 (1937).

11) W, W. Woad, W. Fickett and J. G. Kirkwood, J. Chem.
Phys., 20, 581 (1952).

12) E. U. Condon, Rev. Mod. Phys., 9, 432 (1937).

13) E. U. Condon, W, Altar and H, Eying, J. Chem. Phys.,
5, 753 (1937).

14) E. Gorin, ]J. Walter and H. Eyring, J. Chem. Phys.
6, 824 (1938).
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longer wavelength region far apart from the other
absorptions in the ultraviolet region, most of the
observed molecular rotation is determined by the
partial rotation which is associated with this
special transition.

In polypeptides, we are now investigating, N—E
type transition in carbonyl group exists in the
longest wavelength region. The calculations of
the partial rotation associated with this transition
have been carried out by Eyring et al. for 3-
methylcyclopentanone!® and benzoin.'® Follow-
ing Mulliken’s usage, we define the coordinate of
C=0 group as follows. That is, we attribute the
direction of m-orbitals of C and O to z-axis, that
of non-bonding orbital of O to y-axis, and that
of C—O bond to z-axis. In the first approxima-
tion, Eyring et al. assumed that the electron was
localized in the oxygen atom throughout the pro-
cess of N—E type transition, and they attributed
it to the transition 2py—2p: According to the
study by McMurry, however, it should be at-
tributed to the transition Z2py—2p; in the same
approximation.!”> In this transition, the electric
moment is zero and the magnetic moment is re-
latively large. (Even if the contribution of =-
orbital of C atom is taken into account, this
transition is still impossible). Then in order to
obtain the non-zero value of B¢, the electric
moment must have z-component, that is, one must
consider the contribution of 3dy.-orbital at least
in the excited state. This requirement is satisfied
by using the following wave function.

Fa=¥2py 9)
Uy =Wapz + C Faayz -

Substituting these wave functions in Eq. (8), one
obtains

k)= ¢ C .
o 3th  vpa®—y2
Im {(Wopy pz Fiaye)(Faps’ Mz | Fapy)} (10)
where, C is given by first-order perturbation

theory as follows,
(Paps' | 22 Vi | Wsapz)
i -
Eops’ — Esayz

1
= HE— D MO MOY MUY I 11
E'gmu —'E’dyz E F v z i ( )

C=

Us =J-wzp’sza(Z” @ —3X12wH Z @y ')de

Here, Vi is the electrostatic perturbing potential
from the atom i except the carbonyl group. (In
practice, it is sufficient to consider the contribution
from the atoms by which the center or plane of
symmetry is lost). In the case of neutral atoms,
these potentials originate from the incomplete
screening of the nuclear charge on account of the
extension of electron clouds, and fall off exponen-
tially with the increase of distances from nuclei.
Non-diagonal elements U; of perturbing potentials

. 15) W. J. Kauzmann, J. E. Walter and H. Eyring, Chem.
Rev., 26, 339 (1340).

15) T. C. Kwoh and H. Eyring, J. Chem. Phys., 18, 1186
{1850).

17) H. L. McMurry, J. Chem. Phys., 9, 231 (1941).
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Vi are correlated to Ds by the following relation

32 ap
5 e Us

Dy
where the values of D; are given by Eyring et al.
as the function of distance for the cases of
hydrogen and carbon atoms, and we use them in the
present calculation. (In Eyring’s calculation, Uj is

approximated by I ¥op' Vi ¥3a Z'%ydr.  Quantita-

tively, this approximation gives probably too great
values). The evaluation of two center integral
(¥2p2" | Vi | says) Trequires a rotation of the coor-
dinate system in which the new Z-axis coincides
with the line joining the center of the perturbing
atom and the carbonyl oxygen atom. The terms
Tz Ty and 7T: in Eq. (11) are the direction cosines
of the above-mentioned line in the old-coordinate
system. The values of 7, Ty and 7: are calculated
using the molecular model which is discribed in
Part I.

As the value of electric moment, we assume
(F2py | pz | Psayz)=0.22 e. This value is obtained
by using the experimental absolute intensity (f~
0.03) of Rydberg series in ethylene.’® (For car-
bonyl group, there is no quantitative data con-
cerning intensity). Strictly speaking, asthe value
of electric moment one should take the smaller
value because the above-mentioned intensity cor-
responds to the total intensity of a few lines in
Rydberg series. For magnetic moment, we assume
tentatively

h
(Fops' | Mz | Wapy) = -a;:%éi--(ﬁm' [ 1] #ap)
eh

dwmei 09!

If one considers the contribution of m-orbital of
carbon atom in the excited state, this value may
probably become smaller. Using these values and
np=1.33, »=0.509%1015 sec™! (D line of Na), one
can describe the molecular rotation as follows,

18) J. R. Platt, H. B. Klevens and W. C. Price, J. Chem.
Prys. 17, 466 (1949).
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s o 0259
{MIH=415.8T % 10%, Yna? 3 10-30— 0,259

. .
T (0 7,00 1,0 Dy

Eupe'—Bsaye 770 00T
where vpa and E.ps’ are dependent on the nature
of the atom which combines with carbonyl carbon,
and use the following values:
Vpa x 10719 sec™!

(12)

Ez):z'—'Eedgs (e\’)

H,N
>C=0 1.68 —0.58
c
HO.
1.44 ~1.58

C)C:o

Of course, these values are not conclusive and
may probably become to require some revision in

‘the future study.

(3]
CH;
H

C

/
HN

b) Method of Calculation We assume
the molecular -model which is described in
Part I. In this model, the rotational isomers
oy and ag have the same stability, and
exist in solution with equal statistical
weight. Then, the main chain of polypeptide
comes to have effective plane of symmetry
in the statistical meaning. This situation
makes the calculations exceedingly simple,
and in order to obtain the partial rotation
associated with N—FE type transition, it is
sufficient for it by considering the perturba-
tions from the side chain (methyl group) and
the hydrogen atom which is attached to «-
carbon together with the side chain. (In the
following, we say that the term of methyl
group is including this hydrogen atom). ‘As
a subsidiary assumption, we consider that
end group COOH contributes to the forma-
tion of seven-membered ring, and another

CH;,
end group —-CH< exists in the effective
NH

3
plane of symmetry on account of their sta-

tistical free rotation around the single bond.
Consequently, in case of tetra-alanyl-alanine,
the molecular model becomes as follows:

(1
®» o
0 CH 0
NS S NS
o
HN C HO
/N
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Asis shown in the foregoing figure, we number
carbonyl oxygens as (1), (2), (3), (4), (56), and
methyl groups as (1], (2], (3], (4]). Then,
we can divide the perturbations (or partial
rotations due to these perturbations) into
three classes according to the relative posi-
tions between carbonyl oxygen and methyl
group, that is:

A: {1} {223} {(3) (31} {(4) (41}
B: {211} {(3) 21} {(4) (31} {(5) (42}
C: {311} {(49) 21} {(® 31}
As described previously, interaction function
D; decreases very rapidly with the increase
of », and we neglect the interactions at in-
tervals of more than 5 A (for example {(2) (3]}
{(5) (2]} etc.).

In each class of A, B and C, the relative
orientations of the carbonyl group and the
methyl group are different with the situa-
tions whether the configuration of the poly-
peptide chain exists in aqp or in ace. To
indicate this distinction, we use the super-
scripts (1) and (2). In the following, we con-
sider that the above-defined notation, for
example A, corresponds to the partial rota-
tion due to the perturbation from the methyl
group to the carbonyl oxygen which exists
in the relative position of class A and con-
figuration of ag. So long as we assume
that a¢» and s are equally probable sta-
tistically, the mean value, for example,

A=(AW® +A®2) (13)
corresponds to the observed value. In the
present case, the frequency of N—FE type
transition, consequently, the magnitude of
the partial rotation depends on the atom,
whether it is oxygen or nitrogen, which com-
bines with carbonyl carbon. To distinguish
these two cases, we use the subscripts O and
N. Then the molecular rotations of a series
of polypeptides are given as follows:

alanyl-alanine Ao+BN
di-alanyl-alanine Ao+ AnN+2BN+CN (14)
tri-alanyl-alanine = Ao+2AN+3BN+2CN
tetra-alanyl-alanine Ao+3AN+4BN+3CN
The calculated values of Ao, An, Bn and Cn are
given in Table II. Perturbations from one

TaBLe II
Ao =110.0° Ao =-22 4° Ap=43.8°
AN =211.5° AN® =-43.1° An=84.2°
BN = 89.4° BN® =-45.5" Bn=21.9°
CNMD = 44.7° CN® = 36.7° Cn=40.7°

carbon atom and three hydrogen atoms in
methyl group and one hydrogen atom at-
tached to a-carbon together with methyl
group are all taken into account. Using Eq.
(14) and the values in Table II, wo can easily
calculate the molecular rotations of a series
of polypeptides. These calculated values are
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shown in Table III together with the observed

TAeLE III
CALCULATED MOLECULAR ROTATIONS [ .4Jp
DUE TO ONE-ELECTRON EFFECT

Polypeptides Calculated Observed

values* values*
alanine 0° 0°
alanyl-alanine 66° 71°
di-alanyl-alanine 213° 192°
tri-alanyl-alanine 359° 360°
tetra-alanyl-alanine 506° 507°

* In the calculated values, [M])p of alanine
is taken as the origin, and corresponding to
this situation, observed values are corrected by
amount of [M]p of alanine (13°).

values. As is seen in Table III, the calculated.
values agree well with experimental ones. It
is interesting to see that each of A4, An;
Bx and Cy has the same sign, and this is
the main reason which enables us to obtain.
the above-described agreement. If they had
different signs, they might cancel with each
other in Eq. (14) and give us much smaller
molecular rotations. .

We must emphasize, however, that the
above-obtained quantitative agreement is.
only an apparent one. Firstly, as is described
in the last section, the values of matrix ele-
ments Uy, (Yrzpy | Pz:'q"sdvz) and ("P‘sm’i msﬂ!’mr)
belong to rather upper limits. Secondary, we
can expect the appearance of the firist mem-
ber of Rydberg series (2p—3d) in the slightly
shorter wavelength region than the position:
of N—FE type transition. And the theoretical.
consideration predicts that the partial rota-
tion associated with fthis Rydberg transition.
has the opposite sign to that of N—E type:
transition, and tends to cancel it. Consider-
ing this fact, the calculated values become:
smaller than 20% of the observed wvalues..
(Even if we consider the contribution of 4d,.
5d,...... functions, analogous situations are
probable). The above situation is rather in-
ferable, if one remembers that the wavelength
of N—FE type transition is shifted consider-
ably towards the shorter side in case of
polypeptide. In the present treatment, the
partial rotation associated with the transition
of the non-bonding electron in the hydroxyl
group or nitrogen atoms in the main chain
is not considered. The positions of these
transitions, however, exist in the shorter side
than that of N—FE type transition, and the
degree of cancellation due to the opposite
partial rotation associated with Rydberg
series may become greater.

At any rate, it is interesting that the
theoretical and observed results agree well
at least in qualitative tendency, and the
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quantitative comparison will be discussed in
the next section considering the dynamical
coupling effect.

Dynamical Coupling Effect

a) Theoretical Foamula.—Assuming a dy-
namical coupling between two electrons in groups
i and k (that is, a van der Waals type interaction
between groups i and k), Kirkwood applied the
first order perturbation calculation to Egq. (6).
After some algebraic simplification, he obtained
the simple expression for g® as follows®1D*;

1 X . - = =
ﬂ(ﬂ)z_s_‘z aim8idr G R (bixbr) (15)
~k
—p -+ = =
L [ERa B GL R
Gix Redt bibx—3 Rix? ]

- = =

Ro-=Ryx—E:
where «; is the mean polarizability of group 1,
5¢ is anisotropic factor of e; and b; is a unit vector
defining the optical axis of symmetry of group 4.
Application of Eq. (15) is limited in the case that
each group has a optical axis of symmetry, and
3¢ is defined as follows:

By =(an @ —az ®)/ay (16)
where a;;® and ax(P are the components of
a; parallel and perpendicular to F: The above
result obtained by Kirkwood can be considered
as a quantum mechanical expression for the
classical coupled-oscillator theory of Born and
Kuhn. The disappearance of Planck’s constant
h in Eq. (15) indicates the classical character of it.

b) Method of Calculation.—The molecular
model is the same as before. Since the main
chain has an effective plane of symmetry in
a statistical meaning, the most important
factor is the term due to the interaction
between methyl group and carbonyl group.
In the case of dynamical coupling effect, the
transition in methyl group can also contri-
bute to the molecular rotation, and the inter-
action between the main chain and the side
chain should also be taken into account. In
the present calculation, however, we neglect
this term, and the appropriateness for this
.omission is discussed in the last part of this
paper.

Van der Waals type of interaction decreases
more gradually than the interaction which
is assumed in one-electron theory, so we take
into account the classes of D and E together
with those of A, B and C.

D: {(1)r23} {(2)(33} {(3) (41}

E: {9017} {G)21}
In the present case, there may be no neces-
sity to distinguish between Ao and An, and
‘the molecular rotations of a series of poly-
‘peptides are given as follows:

% The error of signs in reference (10) is corrected in re-
ference (11).
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alanyl-alanine A+B

di-alanyl-alanine = 2A+2B+C+D+

tri-alanyl-alanine 3A+3B+2C+2D+FE } an

tetra-alanyl-alanine 44+4B+3C+3D+2E
In order to calculate the values of A, B, C,
D and E using Eq. (15), it is necessary to
know the values of a8 of carbonyl group
and methyl group. As the value of a8,
Kirkwood used that of respective group as
a whole, however, we used that of respective
bond, which was obtained by Wang as a
result of careful analysis of Stuart’s experi-
mental value.'” The wvalues obtained by
Wang are shown in Table IV (Carbonyl group

TABLE IV

LONGITUDINAL AND TRANSVERSAL
POLARIZABILITIES OF BONDS (1025 cc)

Bonds @y gz @S = —
C—H 7.2 6.2 1.0
c—C 18.2 0.2 18.0
C=0 19.4 8.0 11. 4

is assumed to have an optical axis of sym-
metry in the first approximation). As is seen
in Table IV, a8 of C—H bond is much smaller
than those of C—C and C=0 bonds, so the
contribution of it to molecular rotation can
be neglected. Consequently, we consider
only interactions between C=O0O bond and
C—C bonds which combine methyl groups

—
with the main chain, and Ry is considered
as a vector which combines the center of
gravity of respective bond. The results
of calculation are shown in Table V. It is
rather surprising that each of A, B, C, D
and E has the same sign in Table V. The
calculated molecular rotations obtained by

TABLE V
A =177.2° A® = —0.1° A=88.6°
B =160. 2° B@ = —0.02° B=80.1°
C = 49,95° C@® = 4,53° C=27.2°
D = 0,024° D@ = 30.69° D=15.4°
EM = 17.16° E® = 17.23° E=17.2°
TABLE VI

CALCULATED MOLECULAR ROTATIONS [M]p
DUE TO DYNAMICAL COUPLING EFFECT

‘ Calew-  SBICY Ob-
Polypeptides lated values served
values 'y 5g; values®

alanine 0° 0° 0°
alanyl-alanine 169° 100° 71°
di-alanyl-alanine 380° 225° 192°
tri-alanyl-alanine 609° 360° 360°
tetra-alanyl-alanine 837° 495° 507°

# The observed values are corrected by the
same way as in Table III.

19) Sheng-Nien Wang, J. Chem. Phys., 7, 1012 (1939).
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using Eq. (17) and the values in Table V are
given in Table VI together with the observed
values. The calculated values are too great
compared with the observed values. But the
calculated values multiplied by 0.591 agree re-
latively well with experimental ones. That
is, the calculated results agree with experi-
mental results, at least in qualitative tendency.

¢) Discussion on the Results.—In the
case of dynamical coupling effect, the calcu-
lated values are twice as large as the ob-
served ones. As the main causes of this
situation, we can consider the following
three factors:

(1) The values of parameters, such as a3,

are too large.

(2) The assumption concerning the equi-
librium between two rotational isomers
¢y and ey is not appropriate. In the
actual calculation, it is assumed that
oy and @iy are equally probable, how-
ever, one can consider the case in which
the equilibrium is shifted towards one
side.

(3) In the present calculation, only a-type
configurations are taken intc account,
however, one can also expect the cases
in which the contribution of B-and in-
termediate-type configurations are not
negligible.

Whether the factor (1) is real or not can
be determined by the systematic study for
many simple molecules, and at the present
stage, it is difficult to give the decided
conclusion.

Factor (2) may probably be the most im-
portant one, and we will give rather detailed
consideration. Observing Tables 2 and 5, one
finds that the values of A, B and C are ex-
ceedingly larger in e,y than in aq.. More-
over, the sign of these quantities are definite
in @, on the contrary, plus and minus
signs are mixed in aks, and tend to cancel
each other. The main cause of this situa-
tion may probably exist in the fact that the
side chains (methyl groups) are approximately
perpendicular to the plane of main chain in
the case of ay), on the other hand, side chains
are approximately lying in that plane in the
case of ai»y. If this statement is correct, molec-
ular rotation as a whole considering not only
the interaction between side chain and
carbonyl group but also all the other in-
teractions in .the molecule may be sufficiently
smaller in the case of «a¢; compared with
the case of aq. Then, the shift of equi-
librium towards ez, makes the molecular
rotation of polypeptides smaller. That is,
too large theoretical values suggest that the
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equilibrium is shifted towards a:; under
the observed conditions. This suggestion
accords with the expectation from the in-
ternal rotation. It is difficult, however, to
explain the observed rotations if one neglects
the contribution of a,y completely.

Factor (3) should also be considered, and
to know the degree of contribution of this
factor, it is very desirable to observe the
temperature effect on the molecular rotation.

Factors (2) and (3) diminish not only the
molecular rotation due to dynamical coupling
effect but also due to one-electron effect as

well. Since both effects predict the same"
sign of molecular rotations (See Table
III and VI), that situation has special
importance.

Lastly, we consider the degree of approxi-
mation of the present calculation. As is de-
scribed in the .last section, only the interac-
tion between the side chain and the carbonyl
group is taken into account, and the other
interactions, for example, between the main
chain and the side chain, are neglected. In
order to allow this approximation, it is required
that C—C bond and C—N bond (N atom has
non-bonding electrons!) have the same ad.
As far as we know, there are no experi-
mental results which are sufficient to verify
the above-requirement. We can infer, how-
ever, that there will be no large difference
between a8 of C—C and C—N bonds con-
sidering the almost equal nature of both
bonds. Even if the above-requirement is
satisfied, it remains the contribution from
the interaction between the side chain and
the main chain in the case of di-alanyl-alanine
and tetra-alanyl-alanine. We can expect,
however, that this contribution may be small
if we remember the relatively small values
of D and E.

In every case, the

\NH,
speaking, these omissions may not be re-
asonable. If we take out the differences of
molecular rotations between successive poly-
peptide molecules, however, the influence due
to the end group may mostly be subtracted.
We can expect an analogous tendency for
the part due to interaction between the side
chain and the main chain.

influence of the end

group —CH is neglected. Strictly

Summary

Molecular rotations of a series of poly-
peptides of alanine have been calculated
theoretically. We have assumed the molec-
ular model which is constructed by seven-
membered rings due to intra-molecular hy-
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drogen bonds (a-type configuration). Calcu-
lations are carried out for the both effects
of one-electron theory and dynamical coupl-
ing theory, and the results correspond rela-
tively well to experimental results. This
fact probably indicates the appropriateness
of the assumed model. In order to obtain a
decisive conclusion, however, it is necessary
to proceed with the calculations for other
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models and compare the results quantita-
tively. This is a task for future study.
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