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Abstract. The mixed association of testosterone-sulfate and estradiol-sulfate with several 
derivatives of nueleobases in D20 has been investigated by means of nuclear magnetic reso- 
nance spectroscopy. :From the differences among the chemical shifts of the hormone-protons 
it is concluded, that the nueleobases in the complexes are located above the center of the 
steroid molecule. The fl-side of the steroid which is characterized by the axial methyl-groups is 
directed towards the bases. The enthalpies of mixed association of the hormones with a certain 
nucleobase are of the same order of magnitude as the enthalpy of selfassociation of this 
nucleobase (Schimmack et al., to be published). I t  is suggested that the complexes are stabilized 
by van-der-Waals forces. This stacking-like interaction is not specific for the male or female 
sex hormones: no qualitative or quantitative differences have been observed among the 
complexes of the two hormone-sulfates with the nucleobases. 
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Introduction 

The  molecular  ac t ion  of  the  sexual  hormones  is stil l  unknown.  There  is a lo t  of  
expe r imen ta l  evidence t h a t  the  sex hormones  s t imula t e  the  b iosynthes is  of  
r ibonucle ic  ac id  (I~NA) and  pro te ins  in t he  nucleus (O'Mal ley  and  Means, 1974). I t  
seems to be well es tab l i shed  tha t ,  in  v i t ro ,  t he  sex hormones  b ind  revers ib ly  to  
nucleic acids, especia l ly  to  s ingle-s t randed pa r t s  of  the  deoxyr ibonucle ic  ac id  
(DIqA) (Ts'o and  Lu,  t964) and  to  aminoacy l a t e d  tl:~NAs (Chin and  Kidson,  1971). 
Since cova len t  and  e lec t ros ta t ic  b ind ing  can be excluded,  the  associa t ion m u s t  be 
due  to  weak  noncova len t  in te rac t ions  l ike hydrogen  bonding,  charge- t ransfer ,  and  
van -de r -Waa l s  in te rac t ion .  

R e c e n t l y  we have  shown t h a t  the  sexual  hormones  form hydrogen  bonds  to  
nucleobases  in chloroform (Schimmack,  1975 ; Sch immack  and  Lohmann ,  1973). I n  
the  p resen t  s t u d y  nuclear  magne t i c  resonance  (I~1V[1~-) exper iments  have  been 
conduc ted  in  order  to  de te rmine  the  in te rac t ion  be tween  water -so luble  de r iva t ives  
of  sex hormones  and  nucleobases  in D20. I n  order  to e luc ida te  t he  mechan i sm of  
ac t ion  the  t y p e  and  loci of  th is  in te rac t ion  as well  as t he  differences be tween  the  
sexual  hormones  or t he  nucleobases  have  been inves t iga ted .  

These inves t iga t ions  m a y  con t r ibu te  to  the  discussion of  the  models  p roposed  
for t he  molecular  in te rac t ion  be tween  sexual  hormones  and  nucleic acids. 1Vfore- 
over,  t he  resul ts  m a y  be useful  for a be t t e r  unde r s t and ing  of  the  associa t ion  of 
sexual  hormones  wi th  proteins .  
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Materials and Methods 

In this study, two water-soluble hormone-derivatives have been used: 
estradiol-3-sulfate (ES) and testosterone-i7-sulfate (TS) (s. Fig. 1). 

Estradiol-3-sulfate (ES) 

N a O 3 S _ O ~  H 

T e s t o s t e r o n e -  17-sulfate (TS) 

is O-SO3Na 
19 rAJ~7 

4 

Fig. I. The water-soluble hormone derivatives 

ES has been synthesized as follows: The p~idine-salt of estrone-sulfate was 
prepared by using the estrone and pyridine/SO3-eomplex. Then, this compound 
was transferred into the Na-salt with sodium-methylate. Addition of NaBH 4 
resulted in the Na-salt of estradiol-3-sulfate which was purified and recristallized 
several times. 

TS has been purchased from 1V[erek-Sehuchardt, Darmstadt, Germany, and used 
without further purification. 

The purine- and pyrimidine-derivatives used in this study are abbreviated 
as "nueleobases" or, simply, as "bases".  Ng-ethyl-adenine (egAde), N~,Ng-dimethyl - 
adenine (m6mgAde), N6-dimethyl-Ng-ethyl-adenino (m~egAde), and Ntethyl-hypo- 
xanthine (egI-Iyp) have been purchased from Cycle Chemical, Los Angeles, USA, 
N6-dimethyl-adenine (m~Ade) and N6-dimethyl-adenosine (m~Ado) from Merck- 
Sehuehardt, Darmstadt, Germany, and Coffein, tetramethyl-urie acid (TUA), 
Nl-methyl-eytosino (mlCyt), and N1,NS-dimethyl-uraeil (mlm3Ura) from Fluka, 
Buchs, Switzerland. Coffein was recristallized from H30 , the other nucleobases 
were used without further purification. D20, tertiary butanol (tB), and 2,2,3,3- 
tetradeutero-3-(trimethylsilyl)-propionic acid Na-salt (TPA) have been obtained 
from Merek-Schuehardt. 

All NME-speetra have been recorded on a Varian-HA-100 spectrometer 
equipped with a variable temperature system. The temparetures were calculated 
according to a calibration proposed by Van Geet (1968 and i970). All chemical 
shifts were measured relative to TPA (zero point of the 6-scale) measured in a 
separate probe. 

The thermodynamic qnantities of selfassoeiation were calculated according to 
the isodesmie NMR-model described elsewhere (Sehimmaek et al., ~L975). This 
model was extended in order to calculate the thermodynamic quantities of mixed 
association. The models of Antonovsky et al. (1973) and of Dimieoli and H~16ne 
(t973) are special cases of this model as has been discussed in the ease of self- 
association (Schimmack et al., ~975). 

The method for calculating the apparent equilibrium constants of mixed 
25 C association Kc (at 25 ~ C: K c ) is described in the appendix. The temperature 

dependence of these Kc-values was used for calculating the enthalpies A H  as 
well as A S  of the mixed associations according to the Van't Heft equation. 
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Fig. 2. Mixed association of testosterone-sulfate (TS) with nueleobases in :D20: upfield shifts 
of the i8-methyl group of TS. [TS] = 0.02 M. Temperature: ca. 4 ~ C 

For the investigation of the mixed associations two sets of experiments have 
been performed for each hormone. In  both cases, the concentration of the bases 
has been varied (compound A) while the concentration of the hormone has been 
kept  constant (compound B) : 0.02 M in the first series and 0.003 M in the second 
one, in which the methyl-groups of the hormones could be observed only. 

The complex shifts A B appeared to be temperature  dependent. The values ~c 
listed in the table are values averaged over the temperature-interval  used. 

The errors of the thermodynamic quantities, which have been averaged over 
all possible combinations of the protons of A and B, are less than  _+ 15 % f o r / I H  
and __ 20% for Kc and ~IS, resp. 

Results 

In  solutions of estradiol-sulfate (ES) and testosterone-sulfate (TS) with 
nucleobases the resonances of all protons of the hormones as well as of the bases are 
shifted upfield to a varying degree. As an example, the upfield shifts of the CH 3-18- 
group of TS are shown in Fig. 2 as a function of the concentration of the nucleo- 
bases (egAde resembles the behaviour of the 4 other adenine-derivatives used). 

There are three "characteristic" resonances in the spectra of the hormones 
which are suitable both for qualitative considerations and quanti tat ive calcula- 
tions as well: the resonances of the protons H-4, CI=[3-18 , and CHs-i9 of TS and 
H-4, CH3-t8, and I L l  of ES (s. Fig. 1). Comparing the upfield shifts of these 
resonances in the m/xed associates of the hormones with the nucleobases, e.g. 
egAde (s. Fig. 3), it is obvious tha t  the shifts of both hormones are of the same 
order of magnitude and tha t  the protons 4 and 18 are less influenced than  the 
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Fig. 3. Mixed association of testosterone-sulfate (TS) and estradiol-sulfate (with egAde in D~O: 
upfield shifts of the "characteristic" resonances. [TS] = [ES] = 0.02 M. Temperature: ca. 40 ~ C 

protons i and 19, respectively. At zero concentration of eSAde, the shifts of the 
ES-protons are not zero due to a slight selfassociation of ES (s. below). 

The upfield shifts of the hormone-resonances are caused by the magnetic 
anisotropy of the nucleobases. The resonances of the base-protons are shifted 
npfield due to the selfassociation of the bases which is a special case of the stacking- 
interaction (Ts'o, 1970; PSrschke and Eggers, t972). In  the vertical stacks, the 
base-protons are shielded due to the ring-current effects of the bases (Ts'o, 1970). 
When a hormone is added to a base or to an aggregate of bases in a stacking-like 
way, the protons of the hormone are shielded, too. 

The selfassociation of the nncleobases has been discussed in detail elsewhere 
(Schimmack et al., to be published). From the two hormone-sulfates used, ES only 
exhibited a small selfassociation: K2sSc= (2.9 + t.4) M - i  and - AH = (1.4 _+ 0.7) 
kcal/mol (values averaged over protons I-I-I and CH348 ). Due to this selfassocia- 
tion and to the magnetic anisotropy of the phenolic A-ring of ES, which is more 
pronounced than  the magnetic anisotropy of the acrolein-like group in the A-ring 
of TS, the isodesmic NMR-model can be better  applied to testosterone-sulfate. 

Since the selfassociation of TUA, miCyt, and mimaUra has not been evaluated 
quantitat ively (Schimmack et al., to be published), the thermodynamic quantities 
of mixed association of the hormones with these bases could not be calculated. The 
thermodynamic quantities of the complexes of TS with the other nucleobases 
investigated are summarized in Table i for both series of experiments. 

The enthalpies AH and the entropies 3 S  of mixed association agree very well 
within the two experiments. The discrepancy in the apparent  equilibrium con- 
stants Kc may  be explained by  the presence of complexes JB1A n.B 1 in solutions 
with higher TS-concentrations. Then, the K~-valnes of the two binding sites (see 
above) should be in the same order of magnitude as the Kc-values of the experi- 
mental  series with [TS] = 0.003 M. 

According to the K~ 5 C-values, the binding tendency decreases as follows: 

m~egAde > m~Ado > m6mgAde ___ m~Ade > egKyp > egAde > Coffein. 

The sequence of the enthalpies, which are approximately the binding energies, 
differs only slightly from tha t  one obtained for the K~ ~ U-values: 

m~Ade > m~e9Ade > m6m9Ade > m~Ado > e9Ade > eDHyp > Coffein. 
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Table 1. Mixed association of testosterone-sulfate (TS) with some nucleobases in D20: 
proton-averaged thermodynamic quantities 

Base [TS] 
0.02 M 0.003 M 
pD K~ ~sc -xIH -X]S TD K~ 25c - ~ H  - A S  

egAde 7.7 5.9 4.0 9.8 
m6mgAde 7.7 11.0 4.3 9.5 
m2SeaAde 7.8 21.2 4.5 9.0 

m ~ d e  7.7 10.8 5.8 14.7 
m2~do 7.6 15.4 4.1 8.2 
e~Hyp 7.3 6.9 3.0 6.1 

Co~in  7.7 4.5 2.4 5.t 

7.8 14.2 4.4 9.3 
7.6 8.0 5.5 t4.4 

7.8 2.5 2.8 7.4 

units: K~ 2so [M -1] AH [kcal �9 tool -1] AS [cal �9 tool -1.  degree -1] 

Table 2. Mixed association of testosterone-sulfate (TS) with some nucleobases in D~O: 
complex shifts ~[I-Iz]  of the "characteristic" protons of TS. Experimental series with 

ITS] = 0.02 M 

Base TS 
Protons 

H-4 CHa-18 CHa-19 

egAde 97 137 166 
m6mgAde 9i 113 132 
m~%gAde 79 108 129 

m~GAde t21 141 183 
m2SAdo 75 95 123 
egHyp 49 44 53 

Coffein 80 82 81 

As can be seen, m~Ade as the  except ion,  exhib i t s  the  la rges t  ]x IH] -va lue ,  
while i t s  K~ s C-value is r a the r  low. 

The  complex  shifts  d-c a re  summar ized  in Table  2. W i t h i n  t he  adenine-  
de r iva t ives  i t  is 

~e  (Ctt~-~9) > Xc (CH~-i8) > Xc ( t I-4) .  

The  complexes  fo rmed  be tween es t radio l -su l fa te  (ES) and  the  nuclcobases  
could no t  be  eva lua t ed  to  t he  same ex t en t  as in the  case of  TS due to the  magne t i c  
an i so t ropy  and  the  selfassoeiat ion of  ES  (see above).  Therefore,  on ly  t he  com- 
plexes  of ES  wi th  t he  aden ine-der iva t ives  in  the  expe r imen ta l  series using [ES] = 
0.003 IV[ have  been t r e a t e d  according to  t he  isodesmic model  (s. Table  3). A t  th is  
low concen t ra t ion  of  ES  the  selfassociat ion of  ES  is negligible,  b u t  i ts  magne t ic  
an i so t ropy  enhances  the  errors to a considerable  degree. Never theless ,  i t  is ev iden t  
t h a t  the  s t r eng th  of  f~he complexes  of  ES  is a b o u t  the  same as t h a t  One ob t a ined  
for the  complexes  of  TS. Moreover,  the  complexes  of  the  two hormone-su l fa tes  
behave  qua l i t a t ive ly  al ike in regard  to  t he  upfield shifts  of  the  different  pro tons ,  
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Table 3. Mixed association of estradiol-sulfate (ES) with adenine-derivatives in 
thermodynamic quantities of the 18-methyl-group of ES. [ES] = 0.003 M (pD 7.8) 

D20: 

Base ES 

Kc 25c - 3 H - L I S  d-~ 

e9Ade 4.7 3.8 9.6 127 
m6mgAde 10.1 4.6 10.7 92 
m26e9Ade 14.6 4.7 10.5 1t0 

m26Ade 8.5 5.7 15.0 125 
m26Ado 7.6 4.1 9.6 111 

units: Kc 25c [M -1] AH [kcal. mo1-1] AS [cal. tool -1. degree -z] ~ [Hz] 

T 
-r- 

0.0 

i I 

CH3-18 

�9 CH3-19 

0.10 0.20 
m62e9Ade [M] 

Xeig. 4. Mixed association of testosterone-sulfate (TS) with m26e9Ade in D20 at 2 and t3 ~ C, 
resp.: half line width (HW) of the resonances of the methyl-groups of TS. [TS] = 0.02 M 

especially of the "characteristic" ones, as has been verified in the experimental 
series using [ES] = 0.02 M. 

Discussion 
From the results obtained it may be concluded that  the association of the 

sexual hormones to the nucleobascs resembles the stacking-interaction exhibited 
by the nucleobases themselves. This applies to the conformation as well as to the 
thermodynamic quantities of the complexes. 

The conformation of the mixed associates is a vertical stack. From the complex 
shifts of the three "characteristic" signals of TS (s. Table 2) it is evident that  in the 
complexes formed between TS and the adenine-derivatives, the bases are located 
above the center of the steroid molecule. In  the case of the other nueleobases 
investigated they are located adjacent to the A-ring. Moreover, from the increase 
observed in the linewidth of the methyl-groups of TS (e.g. in the complexes 
formed with me~egAde, s. Fig. 4) it may be concluded, that  the E-side of the steroid, 
characterized by the two axial methyl-groups, is directed towards the bases. 

The assumption of a stacking-like interaction between sexual hormones and 
nucleobases is supported further by the close relationship between the enthalpies 
of mixed association, z]HM, of the hormones (e.g. TS) with the bases and the 
enthalpies of selfassociation, LIHz, of the nucleobases (s. Fig. 5): within the 
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Fig. 5. 1%elationship between the enthalpies AHM of mixed association of testosterone-sulfate 
with some nucleobases and the enthalpies AH8 of selfassociation os the nueleobases in D20. 

The values of AH8 were taken from Schimmaek et al. (to be published) 

experimental errors, AHM is proportional to AHs.  The proportionality constant is 
0.66 __ 0.08. The a t tachment  of a steroid (mixed association), instead of a base 
(selfassociation), to a base reduces the binding energy and tendency, but  the inter- 
action is still remarkably strong. Antonovsky et al. (1973) have measured (by 
means of NMR-spectroscopy) K~ 5 ~ = 6.0 1V[ - i  and - A H  = 4.5 kcal/mol for the 
stacking association of mSmSAde with mimSUra. Obviously, these values agree 
very well with those ones obtained for the complexes formed between the hormone- 
sulfates and mSmgAde. 

The question arises whether the mixed association of the hormones with the 
nucleobases as well as the selfassociation of the nucleobases are due to the same 
molecular interaction, e.g. stacking interaction. According to the current hypo- 
theses of this interaction (Ts'o, i970; P6rschke and Eggers, i972 ; Lawaczeck and 
Wagner, 1974), the dipole-induced dipole- and the dispersion-forces stabilize the 
stacldng complex, while the solvent water is the "driving force" of the association. 
Lawaczeck and Wagner (t974) suggest tha t  the polarizability of the z-electron 
system and the partial bond moments  are more important  than  the totel polariza- 
bility and the total  ,dipole moment.  

In  regard to the nucleobases, the g-polarizability seems to be essential for the 
selfassociation of the bases (Lawaezeck and Wagner, 1974; Schimmaek et al., to be 
published) as well as for the mixed association with the hormones (proportionality 
of the enthalpies). The mixed association seems to be weaker than  the self- 
association of the nueleobases, since the hormones (like the pyrimidine-derivatives) 
possess in their A-ring only two and three s-electrons, respectively. 

Concerning the sexual hormones, the whole steroid molecule seems to be 
involved in the interaction which might be caused by  its total  polarizability 
and/or its polarizing partial bond moments (polar group in the A-ring and, 
perhaps, the methyl-groups). 

In  summary  it may  be concluded, tha t  the sexual hormones interact with 
nucleobases in water forming stacking-like complexes. The substances are driven 
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together  by  the solvent  water as has been suggested earlier by  Munck et  a l .  (1957). 
The complexes, then,  are stabilized, a t  least part ly,  by  special van-der-Waals  
forces. 

This stacking-like in te rac t ion  is no t  specific for the male or female sex hormone : 
the complexes of testosterone- and  estradiol-sulfate with nucleobases are very  
similar to each other  in  regard to both  qual i ta t ive  (upfield shifts of the  "charac- 
ter is t ic" resonances) and  quan t i t a t ive  (binding energy and  tendency)  aspects. 

Considering the  invest igat ions concerning hydrogen bonds formed between 
sexual hormones and  nucleobases in  chloroform (Schimmaek, i975;  Schimmack 
and  Lohmann ,  t973), i t  may  be suggested, t h a t  the molecular mechanism of 
act ion of the sexual hormones is based ra ther  on their  capabi l i ty  to form hydrogen 
bonds with nucleobases (and amino-acid residues of proteins) t h a n  to par t ic ipate  

in  stacking-like van-der-Waals  interact ions.  
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Appendix 
From the two reacting substances A and B, A only shall be able to selfassociation (equi- 

librium constant of selfassoeiation Ksa). The compound B should be magnetically inert and 
not be able to selfassociate; its concentration was kept constant within an experimental series 
in this study. When a monomer B 1 of B is attached to an associate A~ of A ("one-side"- 
attachment), the complex Cn is obtained; 

A ~  + B I  .~ C,~ C,~-~ A n B  1 

The equilibrium constant of this mixed association K~ is, then, 

K~= - -  n = 1 , 2 , 3 . . .  
[An]. [/31] 

[A,], [B1], [Cn]: concentrations of An, B 1, C,. 

With x ~ K, a.  [All, the initial concentrations [A0] of A and [B0] of B in a sample are (Anto- 
novsky et al.,  t973): 

I + Kc" [B1] 
[A~ = [All" (t - x) 2 

K, .  [All- [B1] 
[B0]  = [B1] + 

J - x  

x is calculated from the chemical shift A A = dA _ 6M A observed for a proton of A (6M A : 
monomer shift). According to the model described recently (Schimmack et al. ,  1975), the 
proton has two averaged complex shifts of selfassociation in all associates A, : the dimer shift 
A2a and the trimer shift AaA, both measured relative to 6M. Using normalized shifts a =_ Aa /Aza  
a n d  ;r ~ AaA/AzA one  o b t a i n s  

r162 

x =  t + VI - ( 2 - r ) . ~ "  0)  

The monomer concentration [B1] is obtained from the chemical shift A B = 6 B - 6 i  B 
observed for a proton of B (6M B : monomer shift). Assuming an averaged complex shift A ~B of 
that proton in all complexes C. and by using normalized shifts/3 ~ Az/A~ z, it follows 

[/31] = [B0]" (l - #) 
and 

# = / l  
F K~ A" 
k 
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o r  

1 

Kc = K~ A . - -  (3) 
t 

I f  the monomers B 1 are attached to both ends of A~ (C~' =- B1A~ B1), as has been discussed 
by Dimicoli and H61~nc (1973), the two binding sites shall be independent and equivalent, 
i.e. they shall have the same equilibrium constant K / a n d  the same complex shift 2 c B. Then, it 
follows Kc = 2 K / ,  if/~c is determined according to Eq. (3). 

The models of Antonovsky et al. (1973) and of Dimicoli and H@16ne (1973) represent the 
special cases of V = I and y = 2, respectively. 

Since the selfassociation of the nucleobases has been evaluated using the model of Dimicoli 
and H61~ne (y = 2) (Schimmack et al., to be published), in the present study the Kc-values 
have been calculated by using y = 2 but  a one-side at tachment only. The chemical shifts A ~ 
observed for B were fitted according to Eq. (2) by variation of A ~B. x has been calculated from 
Eq. (l). K~ has been determined from the minimum of the average deviation F B of the fit, i.e. 
the difference between the shifts observed and calculated for B according to: 

1 N 
F'(6MS, Ac',K~; (~MA, A2A, y,K,A): N [~,\-o, . . . . .  d calculated/ ] 

N: number of samples,, 
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