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SUMMARY

For each of the polar functions of the twenty known crystalline structures of corticosteroids, we deter-
mine the position of the atoms forming an intermolecular hydrogen bond with the oxygen of the
function, so that we can find the preferential positions—relative to the steroid—of the atoms that
take part in such bonds. That leads us to an estimate of the distance between the atoms capable
of fixing the steroid by O; and O, or O,; on the receptor. The determined value is 16.5 A, We

apply the same reasoning to explain the role of the inhibitors.

INTRODUCTION

The crystal structure data of twenty corticoids have
been published [1-20], their names are given in Table
1. These accurate X-ray determinations of the molecu-
lar structures of steroids provide a basis upon which
it is possible to build a quantitative analysis of the
conformational patterns.

Work published since 1950 on the biological acti-
vity of many synthetic or natural molecules has made
it possible to bring out a systematic relation between
the substituents and the biological activity [21]. The
determination of the crystalline structures of the corti-

* This paper was presented at the Round Table:
Réunion annuelle de PAssociation Francaise de Cristallo-
graphie—Liége Mai 1975,

costeroids indicates variations of conformation of the
steroid generated by the different substitutions.
Attempts at explanations of the correlations between
molecular structure and function have been made
with the help of these results [22-23]. Starting from
these crystalline structures, we can also determine the
positions occupied by the atoms forming intermolecu-
lar hydrogen bonds with the polar functions of the
corticosteroids. This question is of capital importance,
for some of these are essential to any biological
activity.

METHODOLOGY

We have examined the results of X-ray analysis of
20 corticosteroids (Table 1). For each function C=0

Table 1. Corticosteroids used in this publication®

9a-Fluorocortisol
9a-Chlorocortisol
9a-Bromocortisol

Cortisol {pyridine solvate (1:1))
Cortisol {.methanol solvate (1:1))
Cortisone

11-Deoxycortisol

Corticosterone

Progesterone (. Resorcinol complex (1:1))
17a-Hydroxyprogesterone
4-Chlorocortisone
12a-Bromo-118-Hydroxyprogesterone
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21B-acetoxy-17-hydroxy-d-pregnene-3,11,20-trione (Cortisone acetate)

9a-Fluoro-11p,21-dihydroxy-16x-methyl-1,4-pregnadiene-3,20-dione (17-Desoxymethasone)
118, 160, 17, 21-Tetrahydroxy-1,4-pregnadiene-3,20-dione (16a-Hydroxyprednisolone)

16a. 9a-Fluoro-6x-methyl-118,17, 21-trihydroxy-14-pregnadiene-3,20-dione. A.
{9x-Fluoro-6a-methyl prednisolone)
16b. 9a-Fluoro-6a-methyl-118,17, 21-trihydroxy-1,4-pregnadiene-3,20-dione B.
17.  6a-Methyl-118,17,21-trihydroxy-1,4-pregnadiene-3,20-dione (6a-Methyl prednisolone}
18.  6a-Fluorocortisol
19.  20(S)-Hydroxy-4-pregnene-3-one
20, 21-Acetoxy-9a-fluoro-16a-methyl-118,17-dihydroxy-1,4-pregnadiene-3,20-dione (Dexamethasone Acetate)

* In this table, the number corresponds to the numbering of the compound in Fig. (1-5) and of the references.
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Fig. 1. Projection along C;—O,. The frame of reference
is defined by X along C;—O;, Y in the plane (C,, O,,
C,) and Z perpendicular to X and Y.

and C—O—H, we define a frame of reference (Fig.
1-5) and in this we place the donor or acceptor atom
of the neighbouring molecules (called S atom). We
have selected the atoms involved in a H bond whose
length is less than 3 A. In the figures, the number
(1-20) corresponds simultaneously to the numbering
of the compound in Table 1 and references. If the
same polar function binds two S atoms, the second
number is prime. In every case, we calculate d, mean
distance O...S and Q mean angle C—O...S. These
two results allow us to describe a circle on which
the S atom lies in a preferential way. Figure 6 shows
a specific example for C; = O,. Along this circle
some positions are not allowed, the contact between
S and the steroid atoms, measured by A, being too
short. So we define 3 regions: A < 3 A “forbidden”
region (double line =), 3 A < A < 34 A “tolerated”
region (broken line, ———) and A > 3.4 A “allowed”
region (continuous line, ——). On the other hand,
we can observe areas with high concentrations of ex-

Fig. 2. Projection along C,,—O,,. The frame of reference
is defined by X along C;;—O0,,, Y in the plane (C,,, O,,,
C,4) and Z perpendicular to X and Y.
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Fig. 3. Projection along C,,—O,,. The frame of reference
1s defined by X along C,,—O;,, Y in the plane (C,4, O,
Cy0) and Z perpendicular to X and Y.

perimental points; so it is possible to define the pre-
ferential positions of the donor or acceptor sites,
called Si, with i = 3 for O, i = 11 for Q,y, ... and
j =1, n. (n = number of sites for this polar function,
cf. Fig. 1-5).

RESULTS

In Table 2, we have recorded the mean O...S and
C—O0...S values.

The Sj sites being known, we can replace them in
a frame of reference relative to a mean corticosteroid
[24]. This gives Fig. 7 which is a stereoscopic view
of the “mean corticosteroid” molecule with S} pos-
itions.

Table 3 shows the value of the distances between
these sites.

DISCUSSION

(a) C3==0;:(Fig. 1). The points are distributed on
either side of the plane Z = 0 and form two clusters

Z
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Fig. 4. Projection along C,,—0,,. The frame of reference
is defined by X along C,,—O,,. Y in the plane (C,y, O,,,
C,,) and Z perpendicular to X and Y.



Hydrogen bonding in corticosteroids

Fig. 5. Projection along C,;—O,,. The frame of reference
is defined by X along C;;—05,. Y in the plane (C,;, O,
C,o) and Z perpendiccular to X and Y.
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Fig. 6. Représentation of geometrical parameters d and Q

Fig. 7. Stereo-view of the corticosteroid molecule and sites S, =83, S, = 83, S; = S}, S, =S},
S; = S, 56 = 21,5, = S31, 54 = S3.

whose centers lie approx. in that plane. So we can
define two sites S3, S? in this plane. Computation
of the distances between donor atoms and their neigh-
bours shows that the “allowed” region includes the
whole circumference. As one might expect, this func-
tion is accessible.

(b) C;,—O,,H:(Fig. 2). The “allowed” region is
more limited and the experimental points form one
group. The points [4’ 18'] localized in the “forbidden”
region are associated with the two other ones situated
in the “allowed” region. In both cases the C—O...S
angle is wide open (141° and 147°).

Table 2. Observed mean bond

lengths (A) and mean angles (°)

(arithmetic mean) n is the number
of values in the sample

d @A) Q0O n
0, 2845 1313 20
0O,, 2383 1193 13
0,, 2842 1109 14
O, 2845 135.5 5
0,, 2812 1199 15

(¢) C;-—O0,,H:(Fig. 3). The points are concen-
trated on one side of the “allowed” region. Though
this area is rather limited, it should be noted that
0O, is involved in many H bonds.

(d) C,==03¢:(Fig. 4). The function C,,=0,, takes
part in very few H bonds. The points in the plane
Z =0 are situated in a “tolerated” region, which
explains the weak capacity of O,, in forming H
bonds. This finding is important, because O, is often
considered as essential to any biological activity.

(e} C,;—0O, H:(Fig. 5). The “forbidden” region is
relatively limited. The points are found to gather in

Table 3. Some distances between the sites (A)

st sy sitosiTos®osptosptosy

s 426 1007 1395 1641 1473 16.70 15.65
S3 11.63 1313 1632 1537 1661 1643
sit 927 1787 525 865 7151
Si7 642 763 530 633
s20 310 204 498
sit 422 451
sit 387
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Fig. 8. Schematic representations for Progesterone and
Spironolactone.

3 zones. The lower left quadrant is unoccupied. This
may result from the fact that the H bonds we have
studied generally bind two steroids. Another explana-
tion would consist in considering the Y direction as
the most favourable to the orientation of O,;...S.
This being unfavourable from a steric point of view,
0,,... S would lie in a preferential way towards S3*
or S$?!'; in both cases the second lone pair is in the
direction of S2t.

Although they are means of a small sample, the
distances O....S of Table 2 show an evolution in the
interaction forces O,; > Oy, O3, O3 > Oy;.

For all these calculations, the molecules are sup-
posed to be undistorted by the crystalline field. We
shall assume that the same holds true in the solved
state.

Table 3 calls for some remarks: (a) the distances
§3—83° are about 16.4 A. Progesterone and 7a-ace-
tylthio-3-oxo-17a-4-pregnene-21, 178 carbolactone
(spironolactone) are inhibitors by competition with
the mineralocorticoids [25, Table 1]. We wanted to
compare these two molecules. The polar functions
capable of playing the same role in binding with the
receptor are C,==0, for both molecules, C,5=0,4
of progesterone and C,,=—0,s [26] for spironolac-
tone (Fig. 8). By taking the parameters of Table 2,
we can calculate the positions S? connected with the
spironolactone, as well as those forming a H bond
with O,;, (called $25). The calculation of the distances
S}—S?* shows that for a torsional angle
C21—C,3—0,5—S%* of 150° we obtain 16.4 A, the
orientation of both steroids being nearly the same.
This could perhaps explain the affinity of the spirono-
lactone for the mineralocorticoid receptor. We shall
also emphasize, that cortisone (inhibitor) and 9«
fluoro cortisol (very active) are isostructural (same
unit cell and same packing).

Biological tests [27, Table 23] have shown that the
activity is increased by the hydroxyl substitution in
C,;. This could be explained by the proximity of O,,

and S?° (d = 3.14 A), which would strengthen the
steroid receptor bond.

A more likely possibility would consist in having
a critical distance of about 16.50 A for the fixation
on the mineralocorticoid receptor. This has been rea-
lized by S3—S2° in the case of corticosteroid without
hydroxyl in 21 positions and by S?—S83' in the case
of corticosteroid with hydroxyl 21.
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