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Smnmary--The conformations of the A-ring and the 17-acetyl groups of progesterone were 
examined within liposomes, which were prepared from L-~-phosphatidylcholine in the 
presence or absence of  cholesterol in the buffer, using qualitative nuclear magnetic resonance 
and circular dichroism of the progesterone spectra in the wavelength regions of 260-360 rim. 
The preferred conformational assignments, in the rotational conformations of the 17-acetyl 
group and invertible conformations of the cyclohexenone of progesterone were discussed on 
the basis of  the elliptical strength of the Cotton effect and an energy estimation of the preferred 
conformers. Energetically unstable conformers of the acetyl group and ~,fl-unsaturated 
cyclohexenone of progesterone remarkably increased with an increase in the concentration of  
the liposomes. The liposomes containing 10% cholesterol were similar to the effect of the 
liposomes lacking cholesterol on the 17-acetyl group and the ct,fl-unsaturated cyclohexenone 
but those containing 50% cholesterol showed an increase in the number of energetically stable 
conformers of the g,fl-unsaturated cyclohexenone. The nuclear magnetic resonance signal 
from liposomes together with the progesterone indicated the existence of the progesterone 
adjacent to a double bond or ester moiety in the lipid molecule. Therefore, it was apparent 
that the liposomes and the cholesterol within the liposomes regulated the conformational 
populations of both the cyclohexone and acetyl groups of the progesterone molecule. 

INTRODUCTION 

The two-step model of steroid hormone action 
described initially by Jensen et al. [I], in which 
steroids diffuse freely across cell membranes 
and carry out their action at the level of the 
cell nucleus, where they interact with receptors 
which then bind DNA, is not sufficient to 
account for all the known effects of steroids. 
Baulieu et al. [2] have demonstrated that the 
PROG and other steroid molecules are able 
to promote the maturation of Xenopus laevis 
oocytes through interaction with the cell 
membrane. The PROG also strongly inhibits 
hemolysis of human erythrocytes due to osmotic 
shock within several minutes of exposure to the 
agent [3]. Liver glycogen phosphorylase is early 
activated by several steroid hormones [4-7], this 
prompt glycogenolytic effect is independent of 
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activation of protein synthesis by these steroids. 
Moreover, studies on androgens [8] have led to 
the conclusion that the activity of these hor- 
mones involves interaction with cell membranes. 
It thus appears that, in addition to the receptor- 
mediated mechanism, steroids may also operate 
through other mechanisms and, in particular, 
through an effect on the plasma membrane. 

Studies with spin-labelled steroids in lecithin 
model membranes [9] and biomembranes from 
Leydig cell tumours[lO] have indicated that 
steroids interact with biomembranes mainly 
through phospholipids. Moreover, the different 
steroids act at different levels of the fatty acyl 
chains in the lipid bilayer [11] and therefore this 
interaction would be highly Specific [12-14]. 

NMR spectroscopy is one of the most 
powerful methods for studying the interaction 

"between membrane and steroids. NMR is the 
nonperturbing spectroscopic technique most 
used to obtain static and dynamic structural 
information on membranes. For example, recent 
investigations using :H-, 13C- and IH-NMR have 
been carried out to study the steroid-membrane 
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interaction[15-17]. However, although CD 
appears to be more suitable for monitoring 
the conformational alteration of optically 
active compounds, it has not been used for 
investigation of interaction between steroids 
and membranes except for measurements of 
steroid-lipid [18] and steroid-protein [19, 20] 
interactions in organic solvents. 

The aim of this study was to obtain more 
detailed molecular information of interaction 
of the PROG within the phospholipid bilayer 
of the model membrane. We used small uni- 
lameUar vesicles because the phenomena of 
differential light scattering and absorption 
flattening are not significant in them [21]. 

N M R  measurement 

Vesicles dispersion was prepared by dissolv- 
ing weighed amounts of PC or mixtures of PC 
with the cortisol or the PROG in methanol 
and then removing the solvent under N2 and 
in vacuum ~H20 was added and sonicated for 
30min in an ice/water bath. 1H-NMR exper- 
iments were carried out on a Varian XL-200 
(200MHz) spectrometer, ~H-NMR chemical 
shifts were referenced to an internal standard 
of 3-(trimethysilyl)-propane sulphonate. All 
NMR experiments were performed at room 
temperature. 

RESULTS 

MATERIALS AND METHODS 

Reagents 

PC (egg yolk, type V-E), hydrocortisone-21- 
hemisuccinate and PROG were purchased from 
Sigma. The CHO was obtained from Nakarai 
Chemicals Ltd. All chemicals were used without 
further purification. 

CD measurements 

Vesicle dispersions were prepared by dissolv- 
ing weighed amounts of PC, or mixtures of PC 
with CHO, in chloroform and then removing 
the solvent under an N2 atmosphere and in 
vacuum. The appropriate buffer (Tris-HC1, 
pH 7.5, 5 mM) was added to give the desired 
concentration and the sample was quickly vor- 
texed, then sonicated to clearness in a ice/water 
bath. The hormones were prepared daily with 
the buffer and added to the vesicles 30 min 
before the spectra were recorded. Ethanol was 
first added to solubilize the PROG powder but 
its final concentration was always 0.5%. 

The CD measurements were performed at 
room temperature with a Jonbin-Yvon Mark 
III dichrograph calibrated with (+)-D-cam- 
phorsulphonic acid and equipped with a com- 
puterized data processing system. For the 
experiments, the spectra of the PROG were 
made in a quartz cell with a 10 mm path length, 
using a full scale deflection of 0.02 and a spectral 
bandwidth of 2 nm. The spectra in each figure 
have been recorded within the same day on the 
same chart. Results were expressed as molar 
ellipticity, 0 (degrees/cm2/dmol), calculated with 
reference to the PROG concentration. The 
background due to the dichroic scattering of 
the vesicles in all the spectra of CD has been 
subtracted. 

The CD spectrum of PROG (50#M) in 
Tris-HC1 5 mM at pH 7.5 is shown in Fig. 1. 
The CD curve showed a positive Cotton effect 
at 275 nm due to n-n* transition of the satu- 
rated ketone and a negative one at 315 nm due 
to n - n *  transition of ~,/3-unsaturated ketone. 
These results were in accord with previous 
works [18, 22], although using different solvents. 
The CD spectra of PROG in the presence of 
two concentrations of PC liposomes are shown 
in the same figure. The shapes of the spectra are 
similar to the spectrum of PROG above but the 
positive ellipticity corresponding to the acetyl 
group decreases with the increase of PC con- 
centration in the liposomes for all bands. 
There is a remarkable decrease of the positive 
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Fig. 1. CD spectra for 50/~M of PROG in the presence of 
various concentrations of PC liposomes. 0 mg/ml ( ), 
0.5mg/ml ( . . . .  ), lmg/ml (-----), 2mg/ml ( . . . .  ). 
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band in liposomes containing 2 mg/ml of PC. 
The interactions between PROG and the lipo- 
somes produced a shift in the PROG spectra 
towards higher wavelengths, which increased 
with the concentration of the PC. The negative 
bands corresponding to ~,fl-unsaturated cyclo- 
hexenone became wider in the presence of 0.5 
and 1 mg/ml PC, but there was no change in the 
elliptical strength. However, the negative band 
markedly increased in strength when the PC 
concentration in the liposomes was 2 mg/ml. 

Since cellular membranes contain the CHO, 
which has a similar structure to the steroid 
hormones, we examined the interaction between 
the PROG and PC liposomes containing CHO. 
Figure 2 shows the CD spectra of PROG in 
the presence of two different concentrations of 
the CHO in the liposomes. The positive band 
was shifted to higher wavelengths in the 
presence of CHO. Thus, the positive bands of 
PROG are scarcely influenced by the addition 
of CHO. However, the ellipticity of the spec- 
trum of a,fl-unsaturated cyclohexenone was 
modified when CHO was added to preformed 
liposomes. The negative band corresponding to 
~,fl-unsaturated cyclohexenone of PROG was 
shifted to higher wavelengths when the CHO 
concentration of the PC liposomes was 10% and 
turned to a positive one in the presence of PC 
liposomes containing of CHO at 50%, as shown 
in Fig. 2. It was quite different in comparison 
with the curve obtained in the absence of CHO. 

Table 1 shows the chemical shifts of the 
~H-NMR of PC in the presence or absence 
of the PROG and cortisol hemisuccinate. The 
assignments of the PC protons followed mainly 
those of Hauser et al. [23] and Kuroda and 
Fujiwara[24]. The most prominent changes 
in the chemical shifts were for the signals 
due to ~-CH2 and - - C - - C H 2 - - ~  protons 
in the PC-cortisol system, and fl-CH2 and 
- - - C - - C H 2 ~  protons in the PC-PROG sys- 
tem. The differences of the chemical shifts of 
fl-CH2 and ---C--CH2--C-= in the presence or 
absence of PROG were 0.18 and 0.05, respect- 
ively, and those of ~-CH2 and = C - - C H 2 - - ~  
in the presence or absence of cortisol hemi- 
succinate were 0.04 and 0.07 ppm, respectively. 

DISCUSSION 

Advances in both CD instrumentation and 
the interpretation of e11ipticity have reached a 
stage at which circular dichroism has become 
very useful as a probe in the conformational 
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Fig. 2. CD spectra for 50 #M of PROG ( ) and in the 
presence of PC liposomes (1 mg/ml) containing CHO: 10% 

(----),  50% (-----). 

analysis of molecules as well as in the study 
of interaction between proteins and steroids 
[19, 20]. CD is also a convenient and efficient 
technique for preferred conformational analysis 
of the acetyl group [25-27] and a,fl-unsaturated 
cyclohexenone [28] of steroids. The asymmetric 
conformation around the chromophore of the 
acetyl group and cyclohexenone is changed by 
interaction, which theoretically can lead to 
differences in the Cotton effects of PROG, 
giving rise to negative and positive Cotton 
effects at 330 and 288 nm attributable to cycio- 
hexenone and the acetyl group, respectively. 
The rotational strength of these Cotton effects 
shows an increase or decrease depending on 
conformational changes. Changes in strength of 
the CD curve in the presence or absence of CHO 
in the liposomes make it possible to study the 
specific events taking place in the acetyl group 

Table 1. Assignment and chemical shifts of PC protons of PC 
(30 raM), Pc-cortisol (3:2) and Pc-progesterone (3:2) vesicles 

Assignment Chemical shifts (pprn) 

Proton of PC PC PC-cortisol PC-progesterone 
CH 3 0.88 0.89 0.89 
(CH 2)n 1.27 1.28 1.28 
#-CH 2 1.55 1.55 1.73 
CH 2 C----C 2.03 2.04 2.03 
~t-CH 2 2.37 2.41 2.37 
~ - - - -C- -CH2~  2.81 2.89 2.86 
N(CH3) a 3.24 3.25 3.25 
CH2 N÷ 3.70 3.70 3.70 
03 POCH 2 4.29 4.30 4.29 
CH2OCO 4.45 4.46 4.46 
H2HO 4.75 4.76 4.76 
CH~----CH 5.31 5.31 5.31 

DS ± 0.0! ppm. 
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and the ~t,fl-unsaturated cyclohexenone of the 
PROG. 

In conformational analysis of the PROG 
interacting within the liposomes, it is necessary 
to consider three factors; inversions of the cyclo- 
hexenone ring, inversions of the B, C and D 
rings, and a rotation of the acetyl group. 
Throughout the following discussion of confor- 
mational analyses, however, the conformation 
of the alicyclic moiety, except for that of the 
A-ring of the compound is assumed to be 
unchangeable because of its rigid structure. 
Thus, only the conformations of cyclohexenone 
and the acetyl group were studied by CD. With 
regard to conformational analysis of the acetyl 
gloup, we must consider the problem of the 
bond joining of a carbonyl group to a tetra- 
hedral carbon in a molecule of the acetone type 
in the rotational barrier. As can be seen in 
Fig. 3, the energy curve of the rotational acetyl 
group was estimated by using the energy 
function given for calculation of the energy of 
interactions for a-acetylcyclohexanols [18, 29] 
and pregnan 20-one [30], where 0 corresponds to 
a dihedral angle[31] of the Newman projec- 
tion [32]. The sign of the Cotton effect shown 
was predicted according to the octant rule [33] 
by examination of the model[31] for each 
conformer. Conformers with dihedral angles of 
0--60 ~ and 240-360 '~ should exhibit a negative 
Cotton effect, while those angles of 60-240 ° 
should display a positive one. Judging from 
the energy of interactions, the conformers with 
dihedral angles of approx. 120-240 ° may be 
relatively preferred for the acetyl group of the 
compound (Fig. 3). Needless to say, other fac- 
tors, such as temperature and solvents, should 
also affect the preference of rotational confor- 
mation of the acetyl group. The CD curves 
caused by the absorption of the acetyl group of 
PROG showed only a positive Cotton effect, 
suggesting that the predominant conformers 
were 0 = 120-240 ° in the buffer although the 
elliptical strength of the curves was evidently 
dependent on the liposomes' concentration as 
shown in Fig. I. The directionality of decreases 
in the band was distinctly regulated by the 
liposomes. The interactions between the acetyl 
group and the liposomes of 0.5 and 1 mg/ml 
induced a remarkable decrease in the ellipticity 
and evenly dominated the conformation of the 
acetyl group. However, the highest concen- 
tration of the liposomes strongly influenced 
the increase in populations of the energetically 
unstable conformers with dihedral angles of 

0-60 ° and 240-360 ° than 120-240 ° which pre- 
dicted the positive Cotton effect (Fig. 3). It 
was concluded that the liposomes induced the 
energetic unstable conformers of the acetyl 
group of the PROG. The CHO in the liposomes 
contributes a little to conformational change in 
the acetyl group of the PROG. That is to say, 
the energetically unstable conformers with the 
dihedral angles of 0-60 ° and 240-360 °, with a 
negative Cotton effect, became predominant as 
a result of interaction between the acetyl group 
and the liposomes regardless of the CHO. 

On the other hand, three conformers and 
predictable signs of the Cotton effect of the 
~,/Lunsaturated ketone moiety of PROG are 
shown in Fig. 4. The conformer Ba predicts 
a negative sign while the conformers Bb and 
Bc predict a positive one according to the 
ct,fl-unsaturated octant rule [28] by examination 
of the Dreiding model[31]. Therefore, the 
negative Cotton effect of PROG observed at 
the wavelength of 315 nm should be assignable 
to absorption of the conformer Ba. The ~,B- 
unsaturated A-ring absorption of the PROG 
was not affected by 0.5 and 1 mg/ml of the PC 
liposomes (Fig. 1) and by 10% of CHO in the 

( 

Fig. 3. Energy curve of interactions calculated for the 
rotational conformations of the acetyl group of PROG as 
a function of 0 which indicates the dihedral angle as viewed 
from C~7 to C20. The predicted signs of the Cotton effect 
presented by the Newman projection are shown on the outer 
circle, and the inner and middle circles represent 5 and 

10 kcal/mol lines, respectively. 
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Fig. 4. Possible preferred conformations of  the ~t,fl-unsaturated eyclohexenone ring of  P R O G  and 
predicted signs of  the Cot ton effect as viewed from the oxygen of  the earboxyl group to carbon C3. 

liposomes (Fig. 2). This negative absorption, 
however, sharply increased with the increase in 
the concentration (2 mg/ml) of PC liposomes in 
the buffer and decreased in the presence of 50% 
of CHO in the liposomes (Fig. 2). The decrease 
in the negative elliptical strength was caused by 
the CHO, which stabilized the architectures of 
the liposomes or caused fluidization of the 
bilayer in the liposomes. Since the introduced 
CHO within the liposomes is familiar to the 
hydrocarbon moiety in the lipids because of 
hydrophobic property, it might be forced to 
move a part of PROG in the moiety toward the 
ester bonds in the lipids. This movement of 
PROG serves to induce special conformations 
due to electrostatic interactions between the 
ester and the ~,fl-unsaturated ketone. The con- 
former Ba in Fig. 4, with five carbons of C2, C3, 
C4, C5 and C~0 on the same plane, probably 
shifts to an equilibrium containing Bb and/or Bc 
as a result of the interaction of pi electrons 
localized on the double bonds in the cyclo- 
hexenone of the A-ring with those on the car- 
bonyl group contained in the ester moiety. 
Furthermore, the appearance of the positive 
rotational strength of PROG in the presence of 
CHO might be due to the increase in the 
population of the stable conformer Bb, but not 
to the conformer Bc. The Bc form may be 
slightly more unstable than the half-chair con- 
former Bb which neglects the interaction of 
JgMe and C-------O as can be predicted in the case 
of the Bc form with carbons of CI, C2, C4 and 
C5 on the same plane. In addition, the half-chair 
conformer Bb is about 1.6 kcal/mol [34] more 
energetically stable than the boat conformer Bc. 
The chemical shifts differences of 0.18 ppm in 
[3-CH: and of 0.05 ppm in - - - - C - - C H 2 - - C - 7 -  

between PC liposomes and PC liposomes- 

PROG were based on an anisotropic effect 
which was induced by electron circulations 
on the double bonds in ~,fl-unsaturated 
ketone. The shifts of the fl-CH2 and the 
~- - - - -C-- -CH:~ to a lower magnetic field by 
PROG showed that PROG was localized within 
the liposomes. Two groups of the ---CH2 and 
the - - - C - - C H 2 ~  were located in a plane 
which was formed by five carbons of C2, C3, C4, 
C5 and C~o. Therefore, PROG exists in a space 
of two hydrocarbon chains of one lipid mol- 
ecule. Specially, the observation of the chemical 
shift difference in the ~ - - - - - C - - C H 2 ~  showed 
the fact that the PROG exists in inner space 
because double bonds in the hydrocarbon 
moiety in the lipid are far from a polar part of 
the lipid. Except for two groups of the fl-CH2 
and the - - - C - - - C H : ~ ,  no chemical shift 
difference was observed in the spectra for the 
liposomes and the liposomes-PROG, as well as 
phosphorous moiety as shown in Table 1. It is 
clear from NMR and CD results that PROG 
is located in a relatively restrictive place in the 
lipid molecule and that there are some specific 
conformations in the acetyl group and the 
~t,fl-unsaturated ketone of the steroid. On the 
other hand, NMR spectra of the liposomes in 
the presence of cortisol hemisuccinate, which 
has different substitutions at the C and D rings 
from PROG, showed quite similar chemical 
shifts to liposomes-PROG except for the ct-CH 2 
and fl-CH 2 . The observation of the chemical 
shift difference of the ct-CH2 in the presence of 
the cortisol showed that cortisol hemisuccinate 
with bulky substitutions could not so closely 
approach the ~-CH2 moiety of lipid molecules in 
liposomes. 

The results obtained here present new insights 
into the effect of the liposome environment on 
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the conformations of both the rotational acetyl 
group and the inversional cyclohexenone of 
PROG. Specifically, the conformational modifi- 
cation is not only influenced by the liposomes, 
but also by the CHO contained in the lipo- 
somes. These factors also characteristically 
regulate the distribution of the preferred confor- 
mations of PROG towards stable or unstable 
positions. The increase of unstable conformers, 
both by the liposomes and by CHO, might be 
the first step of the action of the steroid because 
these energetic conformers should become the 
stable conformers to transfer the energy to 
materials in the membrane. A part of the bio- 
logical signals might reach final response 
through a transfer of the energy on the basis of 
the conformational changes. 

Biomembranes are composed of many kinds 
of lipids with great variations with respect to 
structure, components and quantity. Some of 
the moieties of the lipids of biomembranes are 
forced into a particular conformation by the 
acetyl group and the cyclohexenone ring of 
PROG. The particular conformations which 
may be predominant in a population, as well as 
the basal lipids which make up the membrane 
architecture, may affect specific interaction with 
other components, such as various enzymes 
with special conformation. Indeed, it has been 
suggested that the membrane enzymes or 
receptors are unable to function properly unless 
they are surrounded by an appropriate phos- 
pholipid for the requirement of pertinent con- 
formation [35-37]. Membrane enzymes which 
interact with PROG might undergo a confor- 
mational change accompanied by a modifi- 
cation in their function. This may cause 
functional modifications and may provide a 
reasonable explanation for the nongenomic 
effect of the steroid. 
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