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Molecular orbital calculations have been performed on models representing the D ring and C-17 substituents
of progesterone, corticosterone, and cortisol. The preferred conformations of these C-17 side chains have been

deduced from the total energy minima derived from the calculations.

The two-carbon side chain at C-17 was

found to prefer a conformation in all three models in which the 20-ox0 group projects toward the 8 face of the
molecnle and the C-20,/C-21 bond eclipses the C-17/17aH bond. In the cortisol molecule the intergroup distance
between the 20-oxo and the 118-hydroxyl group was calculated to closely approximate the internitrogen distance

previously calenlated for histamine.

The cortisol intergroup distance between the 3-oxo and 118-hydroxyl

group was also found to approximate the internitrogen distance previously caleilated for serotonin. A receptor
complimentary pattern for cortisol is presented, based on the calenlations, and its role as a possible antagonist in

the inflammatory response is illustrated.

From a structural standpoint, nearly all of the posi-
tions and substituents of the pregnane hormones, such
as progesterone and the adrenocorticoids, are easily
defined because of the fused nature of the four rings.
The only exception is the two-carbon keto side chain
at C-17 which, in a conventional sense, is '‘free” to ro-
tate to some extent. In the adrenocorticoids, the C-21
hydroxyl group destroys the symmetry of the methyl
group of progesterone and thereby complicates pre-
diction of the conformation of this ketol side chain.
The biological activity of these steroids is markedly in-
fluenced not only by the C-21 hydroxyl group but also
by a hydroxy! group in the C-17« position. Any realis-
tie approach to the mapping of a possible receptor for
these steroid hormones must ultimately come to grips
with the problem of assigning a preferred conformation
to the side chain, whether it be an acetyl, a-ketol, or
dihydroxyacetone grouping at C-17.

have the

investigators
problem of the side-chain conformation by consider-
ing the chemical reactivities of various derivatives of
these steroids.!=* These efforts have centered mainly
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around the reduction products of the 20-oxo group. It
is certainly debatable whether the rates of reaction and
relative yields of reduction products can be used to de-
duce the preferred conformation of the ground state of a
molecule, since a perturbation in this conformation is
necessarily introduced in passing through the transition
states and reaction intermediates of the reaction, This
particular perturbation would probably be signifi-
cantly greater than the perturbations of a molecule ex-
perienced in the vicinity of its biological receptor.
Physical measurements have been used to deduce the
20-oxo group conformation. Djerassi has employed
the “‘axial halo keto rule,” with 17 a-halo-2-oxo deriva-
tives, to assign a conformation to the acetyl side chain,’
Allinger has proposed a conformation of the side chain
based on dipole-moment measurements.®
In recent years a method for the calculation of the
preferred conformation of molecules using a theoret-
ical approach based on quantum mechanics has been
proposed by Hoffmann, and a fundamental justification
of the conformational predictions has been presented.”8
We have applied this theory to prediet preferred con-
formations of phenylsydnone, acetylcholine, musca-
rine, muscarone, nicotine, histamine, ephedrine,
pseudoephedrine, and serotonin.?=—** In every case,
the preferred conformations determined by ecalcula-
tions of the total energy of the molecules have shown
agreement with the conformations predicted from
physical measurements (where available). This has
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Calenlared energy es. rotation of C-17/C-20 hond
in model 11a,

Flgnre 1.

encouraged us to consider that the energetically pre-
ferred conformatious of these agonists may be phar-
macologieally significant and, if 2o, a guide to topology
of the appropriate speecific receptors. It iz evident
that such an approach to the steroids under diseussion
could possibly provide miformation leading to a better
nnderstanding of their hypothetical receptors.

Method

The extended Hiickel theory (EHT) was used in
the calenlations with parameters previously employed.”
Sinee thie program used for the computations permittesd
the treatment of only a limited number of atoms, it
was necessary to simplify the model of the molecules
under consideration by ignoring the perhydrophen-
anthrene portions of the steroids (rings A, B, and C).»
We therefore considered only the cyclopentane D
ring of the three wmolecules studied with three varia-
tions at C-17, namely, as in Lo for progesterone, in 11b
for eorticosterone, and i IIe for cortisol. These
shmplifications are justifiable fromn the basic nature of
conformational preference.’® " The theoretical basis for
the validity of our negleet. of distant atoms is found
m  the appendix. Because of the mean distance
between the C-17 side chain and the atoms omitted
(rings A-C) (for example, the C-20 to C-11 and the
(=20 to C-8 distauce is more than 20 au), it seerns
reasonable to assume that the contribution of these
distant atoms to the energy difference between auy
of the possible conformations of the side chain is
quite small.

FFor these calculations (ax in previous studies), we
have selected bond-rotation angles at intervals of 60°.
It is, of course, possible to refine the calenlations by
reducing these intervals; however, 110 real increase in
acenracy would result in caleulating the interatomic
distances becanse of the error introduced by the
assumption of standard bond lengths and angles in the
enleulation.  Where an angle cloger than 60° is
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Figure 2. -Calendated energy es. volation of C-20/0-21 hond
in model 1Th.

desired, we have performed sueh a caleulation.  The
conformation of the D ring was assuied to be the €
envelope with the (=14 below the plane of the other
D-ring atoms.

Results

Pregnan-20-oxo Model.- The results of the caleula-
tions ou this model, TIa, exemplifying progesterone,
are displayed in LFigure 1. A plot of the caleulated
fotal energy #s. rotation angle of the C-17,C-20 bond
reveals that the minimum encrgy ix associated with
an angle of 240°. At this angle, the carbouyl group
projects toward the g face of the steroid molecule and
the C-20-C-21 hond eclipses the C-17a liydrogen bond,
The earbonyl oxygen is equidistant between the C-16
and C-13 atoms. There iz a secondary preferenee fov
the 120° angle, but in this conformation the total
cnergy of the molecule is about 0.2 ¢V higler than the
energy of the 240° conformer.  The second confornia-
tion with the C-17 °C-20 bond at 120° places the C-20
(=21 bond in o position eelipsing the C-16°C-17 hond.

CH
? S CH

To

20-Ox0-21-hydroxy Model.—-The results of the
caleulations on this model, IIb, with the o-ketol side
chain, are shown in Figures 2 and 3. The relationship
of the hydroxyl group to the oxo group iz shown in
Figure 2. The minimum energy is found for the con-
formation in which the C-OH bond eclipses the ear-
bonyl oxygen bond. The energy minimum is found by
rotating the (:-17,/C-20 bond to the 240° angle, which
i the same as was obtained from the previons caleula-
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tion when there was a C-17 acetyl side chain. The
preferred side-chain conformation is thus a planar

system, as shown in III,

CH, OH

20-0x0-172,21-dihydroxy Model.—The results of the
caleulations on this model, ITe, are revealed in Table I

N CH, OH

CH, OH

TabLe I
VARIATIONS IN ENgRGY WITH DirrereNT CONFORMATIONS
or THE C-17 anp C-20 HyproxyrL GROUPS

Conformation Energy, eV Structure
O0—H
Type 1 ~ 1348538 <\/
1’
Type 2 —~134%.147 /\
' /0 H” 0
1
e : —1318.147 /\
T} pe 8 ° 0—H 0=—H
Type 4 —1348.008 <\0>
' |

and LIigure 4, In Table I, four relationships between
the oxvgen atoms arve calculated and the energies are
recorded. The conformation with the least energy has
the C-21 hydroxyl group in the same conformation as
was indicated by the previous caleulation (based on
the corticosterone model, IIb). It isinteresting to note
that the two possibilities of hydrogen bonding between
the two hydroxyl groups are not favored energetically,
although each of these conformations (types 2 and 3)
are of equal energy and preferred over the conforma-
tion designated as type 4 in Table I. The energy
difference between types 2 or 3 and type 4 then is a
rough estimate of the hydrogen bond energy of the
two possibilities and is calculated to be 1.15 keal, a
reasonable value. The preferred conformation (type 1)
involving the three oxygen atoms is shown in IV,
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Figure 3.—Calculated energy vs. rotation of C-17/C-20 bond
in model ITb.
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The calculations also reveal that the energy mini-
mum occurs at the same angle of rotation of the
C-17/C-20 bond, {.e., at 240° in Figure 4, as was found
in carrying out calculations based on models I1a and
IIb representing progesterone and corticosterone, re-
spectively.

Discussion

The calculatious based on the three models, 1la-c,
designed to simulate progesterone, corticosterone, and
cortisol, respectively, reveal the same relationship
between the 20-oxo group and the D ring in each
instance. A comparison of our calculated results
with those obtained from dipole moment experiments
on progesterone show a fair agreement.® According
to Allinger’s interpretation of his data, the preferred
conformation would correspond to an angle of about
270° in Figure 1. Our caleulations predict that the
most energetically stable and therefore preferred eon-
formation occurs when the bond angle is 240°,
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Fignre 4.—Caleulated energy rs. rotation of C-17C-20 hond
in model 1c.
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Fignre 5.-—Reflection of key atoms of progesterone (nodel Ia)
in caleulated preferred eonformation.

With the vesults of these caleulations in hand, we
cann now consider the three steroid molecules and the
key interatomic distances in their preferred com-
formations. These patterns are illustrated in Figure 5
for progesterone, and in Figure 6 for corticosterone
and cortisol.  The pattern presented by cortisol is of
interest due to the known antiinflammatory action of
this compound.!® 2

There are two key interatomic distances in the
cortisol molecule in its caleulated preferred conforma-
tion (I'igure 6). One distance is the approximately
4.8 A separating the C-20 oxygen atom from the C-11
hydroxy! group. The second distance is the approxi-
mately 6.0-A spacing between the C-30 oxvgen atom
and the C-17 hydroxyl group.

The significance of these proposed changes and dis-
tances i terms of 1 possible cortisol receptor vemaii to
be seen. It iz of interest, however, to note the simi-
larity of these charges and distances to our previous
caleulations of the preferred conformations of his-
amine!? and serotonin.!* It is possible to show how
cortisol might interfere with both serotonin and
histamine (Figure 7), which have been implicated,
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Fignre 7.--Relationship of key stoms of cortisol e calenfated
preferred conformarion ta histamine and sorotonin in their
preferred confornmlions. A sinmltancous engagement of 1he
cortisol with the receptors is nat intonded 10 bo imphied.

amiong  other  substances,  as  influnmatory  medi-
ators.*# =¥ Cortisol ix known to proteet against, and
to antagomize the results of, the intrusion of foreign
stthstances into tissues. ™ ~#

These caleulated relationships between the inter-
atomie distances in cortisol, @ potent antimAammeatory
drug. and histaunine and =erotonin do not necessarily
prove that receptors for the latter two componnds are
involved in the mflanunatory proeess. It does offer
an explanation as to how cortisol might funetion as an
antagonist if these amine receptors were iuvolved in
directing the tuflammatory response.  In any event, n
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pattern of atoms has been calculated for the cortisol
molecule which may reflect some features of the long
sought steroid receptor(s).

Acknowledgment.—The author wishes to acknowl-
edge helpful discussions with Dr, Michael Whitehouse.

Appendix

Proof Justifying Neglect of Distant Atoms.*—1It can
be shown readily that one can negleet atoms in the
molecule that are far away from the rotating group by
application of the integral Hellman-Feynman
theorem.?” Consider a molecule in two conformations,
denoted by x and y. The integral Hellman-Feynman
theorem states that, if ¥, and ¢, are exact wavefune-
tions for these conformations

= f‘)bx(Hx - Hy)‘)bydT
' f‘px‘pydT

where H, and H, are the Hamiltonians for the two
conformations. Let AH = H, — H,. AH contains
only nuclear-electron attraction and uuclear-nuclear
repulsion terms. Suppose that the molecule has n
nuclei and the nuelei 1 — m are involved in the internal
rotation aud nuelei m + 1 — n are fixed. Further,
if internal rotation takes place (as is assumed) with
fixed bond lengths, then the relative positions of
nuclei 1 — m do not change. Then we can write

1
Z VA — | —
Z liRif X Rw‘yj|

1 1
s Tzl L
k@l i=1 "{Trix Triy

electrons)

AE = E, — E

k3

AH = Y

i=1]7

where R, . is the distance between nuclei 7 and j
in conformation x and 7, is the distance between
electron k and nueleus ! in conformation x. AE now
becomes

m n 1 1
= Z1Z —_— = —
z';lj =m+1 ][R’U‘X Rii“yj|

ZZM[Z(I - lﬂmr

Trt.x Tki
Sy dr

The wave functions ¢, and ¢, can be written approxi-
mately as antisymmetrized products of localized
MO’s, &1 — ¢, Ab inddo calculations have shown
that the localized MO’s (which correspond closely to
bond orbitals) whose centroids of density are removed

(36) Written with Dr. Jaumes Hoyland, Battelle Memorial Institute.
37) R. G. Parr, J. Chem. Phys., 40, 3726 (1964).
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from the rotating group by more than about 5-6 au
do not change on rotation, (The centroid of density
for bonds that are not highly polar ean be taken to be
the midpoint between the two atoms between which
the orbital is localized.)

We partition the MO’s into groups. Let ¢ — ¢,
represent bonds far from the rotating group. We
then write ¢, and ¢, as the Slater determinants

' ‘d’ld;l- . -¢'r‘£r¢'7+1l- : -‘f’ll‘
Yy = |¢1d1. . o’ .1

where a bar indicates 8 spin and no bar indicates a spiu.
The orthogonality relationships are f¢p,dr = 6,
for all 4, j; JSopdr Jo0/'dr = 0 for all
0, J; Jo/¢,//dr = 8,;; and 8,; in general is not equal
to zero. Using these orthogonality relationships and
the usual quantum mechanical rules for the construc-
tion of matrix elements between Slater determinants,
we can write

szfu] (- - 1>]¢ydr

rkix rkl}

f‘»bX‘;bydT
—QZZ{%:IWO)(E*

1 1
. - E)j'd’jde

plus other terms involving only the orbitals ¢,” and
¢:’’.  Assuming that the centroids of density of the
¢; lie at the bond midpoints and using the fact that
these points are very far from the rotating nuclei, we
can replace the integration by a simple sum of inverse
distances from these points to the rotating nuclei

- 722 [f¢;<1)<

1
e -

1 1
K (bongfar 21: 1<Rki‘x Rkty)

from rotating
nuclei)

rix

where R,; is the distance from nucleus i to the mid-
point of bond k. Using the fact that 2R;,~! is, for
these large distances, very nearly equal to the sum of
the inverse distances from the two nueclei being bonded
to the rotating nuecleus 4, it is seen that, adding up all
contributions, the sum effectively cancels that part
of the nuclear-nuclear repulsion term involving those
centers far from the rotating part of the molecule.
Since these nuclear-nuclear terms are small to begin
with, and are then further reduced essentially to zero,
it is quite reasouable to drop them from consideration
in computing the rotational barriers.



