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OESTRONE-AZO-HAPTEN STRUCTURE

M. FrRANEK* and K. HRUSKA
Veterinary Research Institute, 621 32 Brno, Czechoslovakia

(Received 20 July 1984)

Summary—Comparison of the cross-reactions between 14 related steroids with eight antibodies showed
that each antibody had its individual molecular specificity. During the 183-day period covering eight
immunizations, cross-reaction between oestrone and 1-methyloestrone showed only very little change with
five antibodies, while the great differences in cross-reactivity values for the individual antibodies
were retained. With the same five antibodies, the course of cross-reaction between oestrone and
3-sulphooestrone as well as 6-oxooestrone was also fairly constant, the differences in cross-reactivity in
relation to the individual antibodies being considerably large. The blood plasma antibody concentrations
measured at the same intervals showed considerable fluctuation, whereas the affinity constants of the
respective antibodies, except one of them, showed a moderate upward trend. The suggested molecular
parameters of binding sites of the antibodies to the oestrone-4-azo-hapten structure were in surprisingly
good agreement with those reported in the literature for mouse myeloma immunoglobulin A proteins
possessing dinitrophenyl-binding activity. The individual antibodies exhibited highly sensitive radio-
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immunoassay curves for both oestrone and 3-sulphooestrone.

INTRODUCTION

Recognition and binding of a steroid ligand by
membrane receptors of lymphocytes or target tissue
cells are the primary impulses leading to the intra-
cellular signal and subsequent synthesis of specific
protein. High-affinity contact of the steroid ligand
with the receptor requires a high degree of structural
complementarity. Molecular details of the binding
interaction of the steroid and its receptor un-
doubtedly have a direct bearing on receptor affinity
and will directly or indirectly influence the triggering
of the respective type of biological response [1].

It has been generally accepted that in immu-
nological systems the membrane receptor and the
secreted antibody have the same binding properties
with respect to a given antigen [2]. According to this
concept the structural relations between antigen and
antibody reflect with high reliability the details of
contact interactions of the antigen and the receptor
binding site [3]. The aforementioned specific inter-
actions can be studied remarkably well in com-
plementary steroid-protein systems by means of
radiosaturation methods which have been intensively
used particularly in endocrinology.

A generalization from the results of cross-reactions
in oestrogen-azo-hapten systems in our previous
studies prompted us to formulate the molecular
nature of the antigenic determinant of these steroid
haptens and of the corresponding antibody com-
bining sites [4,5]. The present study extends our pre-
vious observations by dealing in more detail with
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some phenomena of the immune response to
oestrone-azo-thyreoglobulin immunogen and com-
paring them in their dynamic development. Particular
attention is given to (a) changes in the average
antibody affinity constant in the course of long-term
immunization, (b) absence of change in the specificity
of antibodies in the course of long-term immu-
nization and (c) definition of the specific areas in-
volved in the response to the oestrone-4-azo-hapten
structure.

EXPERIMENTAL

The solution, chemicals, unlabelled steroids and
their systematic nomenclature and instruments were
the same as those described in previous work [4].
1-methyloestrone (l-methyl-E,) and 3-sulpho-E,
were obtained through the courtesy of the Medical
Research Council, London, England.

The immunization of Californian white rabbits and
the preparation of immunogen were as previously
described [4]. In each group of 5 immunized rabbits
the first three animals were males and the remaining
two were females (Table 1). For emulsification of the
immunogen, Al-Span-Oil Adjuvant (Sevac, Prague,
Czechoslovakia) and Freund’s complete adjuvant
were employed. Al-Span-Oil Adjuvant is a two-
component system. Component I is an aqueous sus-
pension of aluminium hydroxide, component II con-
tains paraffin oil of high purity and a detergent of a
suitable hydrophil-lipophil equilibrium value. The
emulsion with Freund’s complete adjuvant was pre-
pared from 7.5 g of heat-killed Mycobacterium tuber-
culosis organisms, 7.5 ml paraffin oil and 4.5 ml lan-
olin. To assess the effect of antibody production and
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Table 1. Modes of immunogen treatment before immunization*

Rabbit nos. 1-5 6-10 1115 16-20 21-25
[mmunogen 80 320 80 80
dose (1g)
Adjuvant Al-Span-Oil  Al(OH), Al(OH), Buffer Freund's
stimulation (controls) complete
adjuvant

*Rabbits Nos [-5 and 21-25 were injected with the immunogens after emulsification
in the complete adjuvant. Rabbits Nos 6-15 received the immunogens merely
adsorbed into a suspension of aluminium hydroxide.

specificity of each of the two Al-Span-Oil Adjuvant
components, rabbits were injected with the immu-
nogen either emulsified in the complete adjuvant or
merely adsorbed onto component 1 (omitting the oil
component).

Determination of affinity constants

Affinity constants (equilibrium constants) were de-
termined by Scatchard plots using radiosaturation
analysis. Antibody dilution was made so that
40-60 pg of [2,4,6,7-"H] E, would saturate the anti-
body sites of 0.5 ml antisera solution. The resultant
binding data were analysed by a computer employing
the following equation:

B/F = K(q)— K(B)

where (B) is the concentration of E; in mol/l bound
at equilibrium, F is the concentration of free E, at
equilibrium, (g) is the concentration of antibody sites
in mol/l at equilibrium and K is the affinity constant
(1/mol). The linearity of this relation was defined by

Immunization

correlation coeflicients whose values for n = 6 ex-
ceeded 0.96 in all cases. In calculating the antibody
concentration it was assumed that 2 mol steroid are
bound per mol antibody.

The other methods used in this study were de-
scribed elsewhere [4].

RESULTS

The immune response to oestrone-4-azo-
thyreoglobulin (E,-4-azo-TG) was studied in 25 rab-
bits (Table 1). Absorption spectrum of E,-azo-TG in
phosphate buffer, pH 7.4, showed a less symmetrical
peak in the visible area (4,,, =430nm) than that
observed with the albumin immunogen used in our
previous study [4]. This was caused by low absorption
of the carrier TG at about 416 nm. The degree of
substitution was determined spectrophotometrically
using € =21.7x 10*1-mol~'em~! (buffer pH 7.0,
A =430nm). The E,-4-azo-TG used for immu-
nization contained 20.2 mol steroid/mol immunogen.

immunization
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Fig. 1. Effect of adjuvant factors on antibody titres. The antibody titre is defined as the highest antibody
dilution at which approx 509, of the radioligand is bound to this antibody under the given conditions
of the immunological reaction.
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Each of the differently pretreated immunogens was
administered to a group of 5 rabbits. The effects of
the different adjuvant stimulators on antibody prod-
uction is shown in Fig. 1. It can be seen that the
highest antibody titres were produced in the group of
rabbits injected with the immunogen emulsified in
complete Al-Span-Oil Adjuvant. Rabbits that were
immunized omitting the oil component of Al-Span-
Oil Adjuvant, showed a lower antibody production,
whether the dose was 80 ug immunogen per animal
or 4-fold higher. A similar pattern of results was
obtained in rabbits injected with the immunogen
emulsified in Freund’s complete adjuvant. Control
rabbits injected with the immunogen dissolved in
phosphate buffer developed a weak antibody re-
sponse only after the 7th immunization.

Cross-reactions of the homologous E, with struc-
turally related ligand were determined according to
Abraham [6]. The ligands differed from E, by various
chemical changes in the A, B and D rings. The
positions of these changes are shown in Fig. 2. It can
be seen that the modification of the skeleton or
functional groups covered areas variously distant
from C-4 position, i.e. from the bridge. The large
number of changes in the A and B rings permitted a
large-scale investigation of the inhibitory properties
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Fig. 2. Sites of chemical modification in the E, ligand.

of a variety of structures in the [*H]E,-antibody
system.

The cross-reactivity values for 8 antibodies that
were produced in response to the differently pre-
treated immunogens (see Table 1) are presented in
Table 2. The chemical modifications of the E, struc-
ture are indicated by thickened symbols. All test
antibodies were collected on the 183rd day after
primary immunization. A wide variety of cross reac-
tions (1.0-79.6%;) were exhibited by the antibodies
with 1-methyl-E,. The presence of the nitro group or
hydroxy group at C-2 position led to decreased
cross-reactivity in four antibodies. On the other hand,

Table 2. Cross-reactions of E; and its derivatives with eight antibodies against E -4-azo-TG*

Steroid  Ab,1 Ab,3 Ab,4 Ab,5 Ab,7 Ab,12 Ab,22 Ab,23
CHy
1,1 79,6 21,4 68,7 1,0 55,2 16,2 2,3
HO" o
"°l]@:5jﬁ l.e5 5,35 13,4 5.8 2,8 17,9 29,9 5,9
HO"
“‘;@é\ﬁ 4,4 11,6 1,2 3,2 2,7 4,8 5,95 15,6
,@(?% 4,4 15,8 24,8 26,3 57,5 820 48,1 97,9
(=1
a’@?& 31,1 63,7 35,0 74,5 84,3 59,7 54,0 54,9
CHy
,@5:& 97,0 43,4 12,2 45,45 86,9 49,1 48,5 100,0
$O;
,@5\}% 60,8 46,1 27,7 69,0 79,7 78,0 57.2 61,5
NONOI
32,8 21,4 22,8 11,55 6,0 17,1 35,1 8,2
HO"
NH,
95,2 2,9 121,0 5,1 127,1 21,1 10,0 100,0
HO'
i
1 80,9 21,3 26,8 18,0 84,3 20,0 59,6 7.1
no
i
@ 2,65 1,4 5,9 0,7 0,89 2,45 3.2 2,5
wee
) 28,5 4,6 37,2 2,5 16,8 6.3 7.1 0,8
ot
2,9 0,7 2.6 0,5 2,0 1,2 1.4 0.2

[a]
b3
)
9&

*Antibody Nos. correspond to rabbit Nos. in the individual groups given in Table 1. The antisera
were obtained on the 183rd day after the immunization was started.
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these antibodies, with the exception of antibody No.
1, failed to recognize even such a great change as is
the A-ring de-aromatization with a concurrent
change of 3-OH— 3 = 0. This is in keeping with our
previous observations [4, 5]. Approximately an equal
range of cross-reaction values were found for
3-methoxy, 3-sulpho and 4-nitro-E,, whereas the
4-amino-derivative showed, on average, less in-
hibition. As with l-methyl-E,, vast differences in
individual cross-reaction values were found for
6-oxo-E, where the range was 2.9-127.19,. All the
antibodies discriminated between positions of the
adjacent double bands in the B ring. Unsaturated
6-en derivative showed much more capacity to inhibit
the [°H]E, binding to the antibody than did 7-en E,.
Aromatization of the B ring did not produce any
marked reduction of cross-reactivity in three anti-
bodies (Nos 1, 4 and 7). A decrease in cross-reaction
with this ligand was observed only after the methoxy
group was introduced at C-3 position.

In addition to the ligands listed in Table 2, an
assessment was made of cross-reactions with ligands
modified within the D-ring: in most cases the cross-
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Fig. 3. Upper: Development of the blood plasma antibody

concentration in rabbits during long-term immunization.

Lower: Development of the affinity constants during long-

term immunization of the same animals. The figures with

which the individual curves are marked denote the rabbits

(see Table 1 or 2) from which the respective antisera were
obtained.
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Fig. 4. Development of the cross-reaction with 1-methyl-E,
during long-term immunization. The figures with which the
individual curves are marked denote the rabbits (see Table
1 or 2) from which the respective antisera were obtained.

reaction values for 16a-hydroxy-E, and 178- or
172-oestradiol did not exceed 1%.

In 5 rabbits we studied the dynamics of the anti-
body levels and their affinity constants over a 183-day
period covering eight immunizations. Blood plasma
samples were obtained at 10-15 days after each
immunization. It can be seen from Fig. 3 that the
blood plasma concentrations of these antibodies
fluctuated within the range of 0.2-27.0-10"%mol/l
and peaked invariably on the 153rd day after the first
immunization. In keeping with the theory of antibody
maturation during the course of long-term immu-
nization there was a moderate upward trend in the
affinity constant values (Fig. 3). The affinity constant
of the antibody of rabbit No. 23 showed a marked
difference from those of the other antibodies
presented in Fig. 3; its peak on the 153rd day after
the first immunization reached a value as high as
2.1-10" I/mol.

At the same point of time we assessed the dynamics
of the changes in cross-reaction with the ligands in
which chemical modification was made at C-1, C-3
and C-6 positions. During the 183-day period cov-
ering eight immunizations very little change was
observed in the cross-reactions between E, and I-
methyl-E, with all the antibodies (Fig. 4) while the
great differences in cross-reactivity values between
the individual antibodies were retained. Thus anti-
body No. 3, e.g. showed a cross-reactivity range of
71.0-100%, whereas the cross-reactivity for anti-
bodies Nos 1 and 23 during the same period did not
exceed 3°%,. Similar results were obtained for
3-sulpho-E, as well as 6-oxo-E,. Thus antibody No.
3, e.g. exhibited extremely low cross-reactivity with
6-0x0-E, (less than 39), whereas the cross-reactivity
shown by the remaining antibodies ranged from 42
to 155% (Fig. 5). A remarkable rise in cross-reaction
was found with 3-sulpho-E, in antibody No. 23 (Fig.
6). This antibody was distinguished in addition by the
aforementioned marked increase of the affinity con-
stant with time. This trend was not observed with the
other antibodies.
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Fig. 5. Development of the cross-reaction with 6-0xo0-E,
during long-term immunization. The figures with which the
individual curves are marked denote the rabbits (see Tables
1 or 2) from which the respective antisera were obtained.

The antibodies listed in Table 2 bound, as ex-
pected, *H labelled 3-sulpho-E,, E,-2(4)-iodo- ['*]]
and E;-6-0-(CMO)- ['*]] iodohistamine. These radio-
ligands were displaced remarkably well by both E,
and 3-sulpho-E,. Radioimmunoassay curves repre-
sentative of the heterologous combination of
E,-6-0-(CMO)- ['*Iliodohistamine and anti-E,-4-azo
serum are presented in Fig. 7. The two curves fol-
lowed a similar pattern, showing a high degree of
sensitivity.

DISCUSSION

In previous years we synthetized oestrogen-azo-
protein conjugates and prepared antibodies against
these immunogens, the characteristics of which were
worthy of note both from the practical and the-
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Fig. 6. Development of the cross-reaction with 3-sulpho-E,
during long-term immunization. The figures with which the
individual curves are marked denote the rabbits (see Table
1 or 2) from which the respective antisera were obtained.
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Fig. 7. Radioimmunoassay curves representative of E, and
3-sulpho-E, using E,-6-0O-(CMO)-['**I] iodohistamine. Anti-
body against E,;-4-azo-TG bound 50%, of iodinated radio-
ligand at the final dilution of 1:6000. The smallest amount
of steroid standard that was significantly different from zero
at the 95% confidence limit was 0.63 pg (2.34 fmol) for E,
(H—M) and 044pg (1.20fmol) for 3-sulpho-E,
(O——0). Each point is the mean of two determinations.

oretical points of view. The cross-reaction results
were interpreted by us first with respect to formal
chemical aspects (tautomerization of hapten
groups) [7] and then in the light of the immunological
concept of antigenic determinants and antibody bind-
ing sites [4]. The present study provides extended
information on the E,-azo-hapten model particularly
in that it deals with the antibody response and
characteristics based on a larger number of animals
and specifies some details of the E;-antibody inter-
action, paying attention to the concurrent devel-
opment with time of the major parameters of the
antibody concentration, affinity and cross-reactivity.

In the previous experiments with the
E,-azo-protein immunogens we found moderately
higher antibody titres when the oil component of
Al-Span-Adjuvant was omitted [4]. However, the
present evidence shown in Fig. 1, is to the contrary:
the antibody titres obtained using complete Al-Span-
Oil Adjuvant were markedly higher than those ob-
tained after mere adsorption of the immunogen onto
the aluminium hydroxide suspension. In our view,
these contradictory results are due mainly to
differences in the genetic endowment of the individual
animals or whole litters. Therefore any general prog-
noses or interpretations concerning antibody prod-
uction would be made with caution and on the basis
of sufficiently large numbers of animals.

The data presented in Table 2 show fundamental
differences in cross-reaction between 13 structurally
related steroids and 8 antibodies. Comparison of the
cross-reactions in the individual columns of Table 2
shows that each of the eight antibodies had its
individual molecular specificity. In this connexion it
should be noted that the distribution of specificity in
these antibodies was unaffected by either the immu-
nogen pretreatment or dose (see Table 1).
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Fig. 8. Crystal structure of E, representative of three crystal
forms of very similar interatomic distances. The upper
drawing shows the skeleton in the plane of the paper viewed
from above. The lower drawing is the lateral view in a plane
approximately perpendicular to the paper (courtesy of Duax
and Norton, 1975). The ranges of the interatomic distances
were added to the drawing by the present authors on the
basis of the data presented in the book cited above.

The present results show that in assessing the size
of the specific binding region of antigen, i.e. antigenic
determinant, consideration must be given to the
complexity of the respective spatial model. This can
be illustrated by the example of different cross-
reactions with 1-methyl-E, and the 2-nitro- or
2-hydroxy-derivatives, i.e. for the skeleton region
around C-1 and C-2. The surprisingly higher cross-
reaction values for 1-methyl-E, than for the 2-nitro-
and 2-hydroxy-derivatives can apparently be inter-
preted only in the light of stereochemical consid-
erations. In our previous study [4] the results of
cross-reactions were generalized to the effect that in
the E,-azo-hapten structure the antigenic determinant
area can be ascribed to the size not exceeding 2-3
steroid rings. A point of particular interest in this
connexion is the inhibition by 1-methyl-E, because its
relative strength, expressed in terms of percent cross-
reaction, may provide important information on the
degree of specificity around C-1. Our testing of
cross-reactions with 1-methyl-E, in the present study
showed that the high-specificity area included also
part of the A ring in some antibodies, but not in
others. The B-ring region can also be characterized as
one with marked differences in specificity. This was
documented here particularly for 6-0xo0-E, and by the
case where the double bond situated at the adjacent
position resulted in a marked change in cross-
reaction (Table 2). The ability of antibody to recog-
nize the position of the double bond, which was
demonstrated also in other laboratories [8, 9], can be
interpreted in two ways: either the discriminating
ability of the antibodies was so high that they recog-
nized even such a small change as is the presence of
2 hydrogen atoms in the B ring or the fit between the

unsaturated 6-en ligand and the antibody binding site
became tighter in consequence of conformational
flexibility which was demonstrated in unsaturated
steroids by analysis of X-ray crystallographic data
[10,11]. Although the evidence for the immu-
nodominant role of the D and C rings was obtained
only through the ligands modified at C-17 and C-16,
general immunological experience allows us to as-
sume that most of the total binding energy is due to
this immunodominant part of the skeleton that is
most distant from the bridge. More detailed mapping
of this region could not be carried out because of the
lack of suitable derivatives for cross-reactions.

Our inferences regarding the molecular size of the
binding site against the E,-azo-hapten structure are in
remarkably good numerical agreement with the mo-
lecular parameters suggested for the binding sites of
various mouse myeloma immunoglobulin A proteins
that possess dinitropheny! binding activity [12]. Hav-
ing compared the dimensions of the combining sites
of various myeloma proteins by means of spin-
labelled dinitrophenyl haptens, Willan er al[13]
found that the depths of the sites were 1.1-1.2 nm, the
minimal dimensions of the narrower part were
0.8 x 0.3 x 0.8 nm and that certain differences existed
in the lateral dimensions at the entrance to the sites.
This entrance is formed by an asymmetrical larger
space of minimally 0.8 x 0.75 x 0.3 nm. From our
comparison of the interatomic distances in the E,
ligand (Fig. 8) with the dimensions of the binding
sites possessing dinitrophenyl binding activity the
following interesting points emerged:

(1) The molecular length of the steroid hapten is
approximately equal to the depth of the binding site
for the dinitrophenyl ligand.

(2) The narrower part of the dinitrophenyl-binding
site corresponds to the size of 2-3 steroid rings which
we assume to have a high degree of structural com-
plementarity.

(3) The narrower part of the binding site having
0.3 nm in width is sufficient to accommodate the C
and D rings with the C-18-methyl group whose
binding axis is approximately perpendicular to the
steroid plane and is 0.156 nm long.

The fact that the antibodies prepared in our lab-
oratory showed a remarkable constancy of specificity
over the course of 183 days indicates antigenic stimu-
lation of one population of memory cells from which
plasma cells, secreting presumably the bulk of anti-
body, are differentiated. The slight departures from
the constant specificity level may have been caused by
technical shortcomings such as the fact that we were
not able to follow the inhibition reactions invariably
under conditions of exactly 509 ligand binding to the
antibody. Of particular interest are the properties of
antibody No. 23 which showed a marked rise in
affinity concurrently with an increase in the cross-
reactivity with 3-sulpho-E,. From this unique case it
appears that certain cross-reactions may serve as an
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important structural parameter for correlation
studies of affinity and immunological specificity.

Acknowledgements—The authors wish to thank the Medical
Research Council, London, for the I-methyl-E, and
3-sulpho-E,, Mr J. Bursa and Mrs 1. Diblikova for the
programme for computation of the antiserum parameters
and for the help at sample collection, Dr F. Franék of the
Institute of Molecular Genetics of the Czechoslovak Acad-
emy Academy of Sciences, Prague, for helpful criticism of
the manuscript, and Dr R. Hampl of the Research Institute
of Endocrinology, Prague, and Dr J. Franz of the Veter-
inary Research Institute, Brno, for helpful suggestions.

REFERENCES

1. Duax W. L., Griffin J. F., Rohrer D. C., Swenson
D. C. and Weeks C. M.: Molecular details of receptor
binding and hormonal action of steroids derived from
X-ray crystallographic investigations. J. steroid Bio-
chem. 15 (1981) 41-47.

2. Siskind G. W. and Benacerraf B.: Cell selection by
antigen in the immune response. Adv. Immun. 10 (1969)
1-50.

3. Jarvis M. R. and Voss E. W.: Determination of dis-
sociation constants and ligand specificity of detergent
solubilized surface membrane immunoglobulin A from
MOPC-315. Molec. Immun. 20 (1983) 125-136.

4. Franek M. and Hruska K.: Characterization of anti-
bodies against oestrone-azo-protein conjugates using *H
and 'l radioligands. J. steroid Biochem. 19 (1983)
1363-1370.

5. Franek M., Bursa J. and Hruska K.: Characteristics of
antibodies against 17f-oestradiol in homologous and
heterologous systems of radioimmunoassay. J. steroid
Biochem. 19 (1983) 1371-1374.

6.

347

Abraham G. E.: Solid-phase radioimmunoassay of
estradiol-178. J. clin. Endocr. Metab. 29 (1969) 866-870.

7. Franek M. and Hruska K. J.: Specificity of antisera to

13.

oestrogen-azo-protein conjugates: The mfluence of tau-
tomerism and carrier proteins. J. steroid Biochem. 13
(1980) 675-679.

. Kuss E., Dirr W., Goebel R., Gloning K., Hétzinger H.,

Link M. and Thoma H.: Steroids as immunochemical
probes. Thermodynamical and kinetic data with special
regard to the “bridge problem™ in estrogen radio-
immunoassay. In Radioimmunoassay and Related Pro-
cedures in Medicine (Edited by IAEA Vienna). Vol. |
(1978) pp. 69-89.

. Rowe P. H., Cook I. F. and Dean P. D. G.: Oestrone

specific  antisera  raised  against  oestrone-6-(o-
carboxymethyl) oxime-bovine serum albumin. Steroids
Lipids Res. 4 (1973) 24-29.

. Duax W. L., Cody V., Griffin J. F., Rohrer D. C. and

Weeks Ch. M.: Molecular conformation and protein
binding affinity of progestins. J. Toxicol. envir. Hith 4
(1978) 205-227.

. Delettré J., Mornon J. P., Lepicard G., Ojasoo T. and

Raynaud J. P.. Steroid flexibility and receptor
specificity. J. steroid Biochem. 13 (1980) 45-59.

. Sutton B. J., Gettins P., Givol D., Marsh D., Wain-

Hobson S., Willan K. J. and Dwek R. A.: The gross
architecture of an antibody-combining site as deter-
mined by spin-label mapping. Biochem. J. 165 (1977)
177-197.

Willan K. J., Marsh D., Sunderland Ch. A., Sutton
B. J., Wain-Hobson S., Dwek R. A. and Givol D.:
Comparison of the dimensions of the combining sites
of the dinitrophenyl-binding immunoglobulin A in
myeloma proteins MOPC 315, MOPC 460 and XRPC
25 by spin-label mapping. Biochem. J. 165 (1977)
199-206.

. Duax W. L. and Norton D. A.: Adas of Steroid

Structure. Plenum Press, New York, Vol. 1 (1975).



