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Abstract—A number of progesterone derivatives were assayed in terms of their affinity for recombinant human membrane
progesterone receptor alpha (mPRα) in comparison with nuclear progesterone receptor (nPR). The 16α,17α-cycloalkane
group diminished an affinity of steroids for mPRα without significant influence on affinity for nPR, thus rendering a prominent selectivity of ligands for nPR. On the contrary, substitution of methyl at C10 for ethyl or methoxy group moderately
increased the affinity for mPRα and significantly lowered the affinity for nPR. A similar but even more prominent effect was
observed upon substitution of the 3-oxo group for the 3-O-methoxyimino group. A significant preference towards mPRα
was also rendered by the 17α-hydroxy group and additional C6–C7-double bond. The data suggest that the modes of ligand interaction with mPRα and nPR in the C3 region of the steroid molecule are different. One can speculate that combination of the above substitutions at C17, C10, C6, and C3 may give ligand(s) with high specificity towards mPRα over nPR.
DOI: 10.1134/S0006297913030048
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After initial findings on prolonged accumulation of
[3H]estradiol in reproductive organs [1], the main
research efforts were directed to genomic effects of
steroid hormones mediated by a group of nuclear receptors. It is well recognized, however, that steroid hormones
can also elicit rapid, non-genomic effects (reviewed in [24]). Progestin induction of oocyte maturation in fishes
and amphibians (reviewed in [5]) stimulated investigations on identification of receptors that mediate surfaceinitiated actions of progestins. These studies culminated
in cloning of three membrane progesterone receptors
(mPRs), α, β, and γ, that belong to the recently defined
Abbreviations: Bmax, concentration of binding sites; CBG, corticosteroid-binding globulin; Kd, equilibrium dissociation constant; mPR, membrane progesterone receptor; nPR, nuclear
progesterone receptor; RBA, relative binding affinity; YNB,
yeast nitrogen bases.
* To whom correspondence should be addressed.

progestin and adiponectin Q receptor family (PAQR),
both in fish and humans [6, 7]. Expression of mPRs has
been documented in many mammalian tissues, including
reproductive organs, brain, immune cells, bone, etc.
(reviewed in [8]). However, with the possible exclusion of
stimulation of spermatozoa maturation and motility,
physiological functions of mPRs in mammals remain to
be elucidated. The main barrier is the absence of selective
agonists and antagonists for mPRs. A major step toward
creation of such tools was made by Kelder et al. [9] who
found that substitution of angular methyl groups of the
progesterone molecule for ethyl or ethenyl groups gives
rise to increase in affinity for mPRα and decrease in
affinity for nuclear progesterone receptor (nPR). The
object of the present study was to reveal additional determinants of steroid ligands that render preferential binding
to membrane progesterone receptor α. Given that the 3oxo group of progesterone plays a crucial role in forming
a hydrogen bond network with nPR [10], we decided to
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check whether this group is also necessary for interaction
with mPRα. In addition, we assayed the influence of
other modifications of a steroid molecule on the affinity
for mPRα in comparison with nPR. Human mPRs have
been found to be functional in yeast [11]. Hence, here we
used yeast transformed with human mPRα for direct
measurements of ligand competition for [3H]progesterone binding.

MATERIALS AND METHODS
Chemicals. All reagents were of analytical grade.
[1,2,6,7-3H]Progesterone with specific radioactivity of
86 Ci/mmol was purchased from Isotope (Russia).
Progesterone, 17α-hydroxyprogesterone, 5α- and 5βdihydroprogesterone, 11-deoxycorticosterone, corticosterone, testosterone, phenylmethylsulfonyl fluoride
(PMSF), EDTA, dithiothreitol (DTT), propylene glycol,
glycerol, and Trizma base were from Sigma (USA); activated charcoal from Serva (Germany); dextran 70 from
Fluka (Switzerland); BSA from Dia-M (Russia).
16α,17α-Cycloalkane derivatives of progesterone were
synthesized as described previously [12-15]. The following components of media for bacteria and yeast were
used: bacto-tryptone and bacto-peptone from Pronadisa
(Spain); yeast extract, casamino acids, and yeast nitrogen
bases YNB from Difco (USA); bacto-agar from Becton
Dickinson (USA); glucose and galactose from Panreac
(Spain) and ChimMed (Russia); amino acids and adenine from Sigma (USA), Serva (Germany), and
Calbiochem (USA); PEG 3350, DMSO, and LiAc from
Sigma; salts and agarose from Merck (USA) and Serva
(Germany). Solutions were prepared using MilliQ deionized water.
Plasmid design and cell transformation. DNA manipulations (restriction, ligation, and electrophoresis) were
performed using standard methods [16] with enzymes
from Fermentas (Lithuania) and Promega (USA).
Oligonucleotide primers were synthesized by Syntol
(Russia). Plasmids and DNA fragments for cloning were
purified using kits from Qiagen (Germany). Genomic
human DNA was isolated from peripheral blood leucocytes using a Wizard Genomic DNA purification kit
(Promega). The PAQR7 (mPRα) gene was amplified
using specific primers containing an Eco321 site at the 5′end (PARQ7-F 5′-GATATCATGGCCATGGCCCAGAAACTCA-3′) and an XhoI site at the 3′-end (PARQ7R 5′-CTCGAGCCCTTCACTTGGTCTTCTGATCA3′) and high fidelity PCR Enzyme Mix from Fermentas.
PCR was conducted using following regimen: denaturation for 2 min at 95°C, then 35 cycles (denaturation 95°C,
20 sec; primer annealing 60°C, 30 sec; elongation 72°C,
1 min), and final extension 72°C, 4 min. Fragments thus
obtained were ligated with pGEM-T Easy vector
(Promega) and cloned in E. coli JM109 strain. The
BIOCHEMISTRY (Moscow) Vol. 78 No. 3 2013
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sequence of the insertion was confirmed by sequencing in
the Genome Interinstitutional Collective Use Center of
the Engelhardt Institute of Molecular Biology of the
Russian Academy of Sciences. The PAQR7 gene was
inserted under control by the GAL1 promoter into yeast
2 µm DNA based pPDX2 vector kindly provided by Dr.
D. S. Karpov (Engelhardt Institute of Molecular Biology,
Moscow). After restriction analysis, transformation of
Saccharomyces cerevisiae strain 334t wt (MATα pep4-3
pvb1-1122 uva 3-52 leu2-3,112 veg1-501 gal1) was performed as described [17]. Transformants were selected
using PCR, and the correct insert length was confirmed
by electrophoresis in 2% agarose gel.
Yeast cultivation. An individual colony of transformants from fresh agar plate was inoculated into 4 ml of
selective medium containing 0.67% (w/v) YNB, 2%
(w/v) glucose, amino acid mix, adenine, and 0.5%
casamino acids, without uracil. Cells were grown in 15 ml
vials at 30°C for 8 h and agitation at 200 rpm until optical
density measured at 600 nm reached 1.5-2.5. Then the
content was transferred into 170 ml of the same medium
in 1000 ml vessel, and cultivation was continued
overnight under the same conditions until optical density
reached 1.5-2.5. In some experiments, glucose was substituted for galactose partially or completely. Then, cells
were harvested by centrifugation, frozen in liquid nitrogen, and kept at –20°C until RNA or membrane fraction
isolation.
Real-time polymerase chain reaction. Total RNA was
extracted with TRIzol Reagent (Invitrogen, USA), treated
with DNase I (Promega) for disruption of plasmid DNA,
and used for cDNA synthesis. The synthesis of cDNA
was performed using 1 µg of total RNA and a Promega
ImProm_ІITM Reverse Transcription System kit
(Promega). The expression of human mPRα was evaluated by quantitative real-time polymerase chain reaction
(qRT-PCR) on a Rotor-Gene 3000 amplifier (Corbett
Research, Australia) with a kit of reagents including the
intercalating dye SYBR Green І (Syntol) as recommended by the manufacturer. For amplification of a fragment of
the PAQR7 gene, the following primers were used: forward
5′-TGCCTTCTTCTCTACCTTCATGCC-3′; reverse 5′GCCTCATAGTCCAGTGCCACAG-3′. The data were
normalized by expression of S. cerevisiae housekeeping
gene TAF10 whose fragment was amplified using primers:
forward 5′-ATATTCCAGGATCAGGTCTTCCGTAGC3′; reverse 5′-GTAGTCTTCTCATTCTGTTGATGTTGTTGTTG-3′.
Preparation of membrane fraction. Yeasts were
thawed, weighed, and mixed with homogenizing buffer
(50 mM Tris-HCl, pH 7.5, 10 mM KCl, 1 mM EDTA,
0.5 mM PMSF, 1 mM DTT, 10% (v/v) glycerol) and acidwashed glass beads 425-600 µm (Sigma) in proportion 1 :
1 : 2 (v/v). The mixture was subjected to eight cycles of
intensive agitation for 30 sec and cooling on ice for 30 sec
and then was centrifuged at 3000g for 5 min, 4°C. The
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supernatant was collected and diluted with homogenizing
buffer up to protein concentration 1-2 mg/ml.
Preparation of uterine cytosol. Mongrel albino adult
female rats (180-220 g) were administered intramuscularly with estradiol (10 µg) in propylene glycol (200 µl) for
3-4 consecutive days and sacrificed by decapitation a day
later. Uteri from 3-4 animals were placed on ice, minced,
and homogenized using a glass homogenizer in 10 mM
Tris-HCl buffer, pH 7.5, containing 10 mM KCl, 1.5 mM
EDTA, 30% (v/v) glycerol, 1 mM DTT, and 0.5 mM
PMSF at tissue/buffer ratio (w/v) 1 : 6. After centrifugation at 105,000g for 1 h, the supernatant (cytosol) with
protein concentration of 4-6 mg/ml was collected and
used immediately. All these and subsequent procedures
were performed at 0-4°C.
Measurement and analysis of [3H]progesterone binding. The procedure was essentially the same as used by us
previously for nPR [18]. Briefly, yeast membrane fraction
(100 µl) or uterine cytosol (100 µl) was incubated at 04°C for 3 or 20 h, respectively, with 100 µl of buffer containing [3H]progesterone (final concentration 4-6 nM)
and unlabeled competitor (final concentration 0-6.3 µM).
Then unbound ligand was removed by adding dextrancoated charcoal (100 µl of 2% suspension) for 5 min followed by sedimentation at 1500g for 5 min. Aliquots of
supernatant (200 µl) were used for measurements of
radioactivity. All measurements were performed in duplicate. The value of nonspecifically bound [3H]progesterone measured in presence of an excess of cold progesterone (6.3 µM) was subtracted from the value of total
[3H]progesterone binding for each experimental point.
Kd1 and Bmax values for progesterone as reference control
were obtained by fitting to experimental points in a “one
protein–one ligand” model. Then Kd2 value for a competitor under study was obtained by fitting to respective
experimental points according to a “one protein–two ligands” model [18]. Relative binding affinity (RBA) values
were calculated as the ratio Kd1/Kd2. The results were presented as mean ± standard deviation from 3-4 experiments. For comparisons of the impact of a substitution on
the affinity for nPR and mPRα, we used “discrimination
index” calculated as the ratio RBAmPRα/RBAnPR relative
to the corresponding reference compound.

RESULTS
In control experiments with empty vector, neither
mPRα mRNA nor specific [3H]progesterone binding was
found in cells. In preliminary experiments, when a mixture of glucose and galactose was used in the growth
medium, the best induction of mPRα mRNA (2.5-fold
compared with glucose only) was obtained at
galactose/glucose ratio 1 : 9. Higher proportions of galactose/glucose did not provide benefits in mPRα mRNA
contents, while it inhibited cell growth.

Specifically bound
[3H]progesterone, nM
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Fig. 1. Competition between [3H]progesterone and the studied
compounds for mPRα in yeast membranes. Numbers near curves
correspond to the numbers of the compounds in the table.

Characteristic competition curves for [3H]progesterone displacement from its complexes with mPRα by
cold progesterone and steroid ligands under study are
depicted in Fig. 1. Combined results from 3-4 similar
experiments for each steroid ligand are presented in the
table. It should be noted that RBA values for nPR and
several progesterone derivatives as measured in this study
are in reasonable correspondence with previously reported values (compound VI: 3.4 and 4.0% [21]; compound
VII: 44.0 and 79.0% [22]; compound VIII: 1.7 and 0.3%
[23]; compound IX: 0.7 and 0.2% [23]; compound XV:
26.5 and 32.0% [21]; compound XVI: 13.1 and 7.0%
[21]).
As shown in the table, an additional 16α,17α-carbocycle (compounds II-V) significantly reduced the affinity
of steroids for mPRα with little if any influence on their
affinity for nPR, thus resulting in discrimination index
mPRα/nPR below 0.1. The data confirm previously
revealed [24] unfavorable influence of α-substituent in
steroid D-ring on affinity for mPRα. The 17α-hydroxy
group in compound VI also decreased affinity for mPRα.
However, this effect was much less prominent than the
drastic drop in affinity for nPR. As a result, the 17αhydroxy group provides discrimination index mPRα/
nPR of 18.8. While the 21-hydroxy group in compound
VII only weakly affected the binding to nPR, this substituent significantly lowered affinity for mPRα, resulting
in discrimination index mPRα/nPR of 0.3. The additional 11β-hydroxy group in compound IX induced further
reduction in affinity for mPRα.
The 6α-methyl group in compound X produced
moderate, approximately proportional decrease in affinity for nPR and mPRα resulting in discrimination index
mPRα/nPR slightly higher than 1.0. The ∆6-bond in
compounds XI and XII seems to be more promising, since
it did not affect significantly the affinity for mPRα while
it reduced affinity for nPR, resulting in discrimination
index mPRα/nPR between 1.9 and 4.3.
BIOCHEMISTRY (Moscow) Vol. 78 No. 3 2013
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Saturation of the ∆4-bond in compounds XIII-XVI
moderately decreased affinity for mPRα, cis-coupling of
the A and B rings (5βH) being less favorable for binding
compared with trans-coupling (5αΗ). The magnitude of
the negative effect on binding to nPR depended very significantly on the presence of an additional D′-cycloalkane ring: in its presence (compounds XIII-XIV), the affinity dropped to values more than two orders lower than
that of reference compound, while in the absence of a D′ring (compounds XV-XVI) the effect was much less
prominent. These facts are reflected in respective values
of mPRα/nPR discrimination indexes.
All three tested modifications at C19 (compounds
XVII-XIX) significantly diminished affinity for nPR. An
additional methylene group (compound XVIII) also
moderately reduced affinity for mPRα, while methyl
(compound XVII) and hydroxy (compound XIX) groups
gave moderate increase in affinity values. As a result,
mPRα/nPR discrimination indexes for these two compounds reached values of 80-90. Two differences between
our data and those reported in [9] should be noted. First,
unlike Kelder’s study [9], in our experiments a 19-methylene group moderately decreased affinity for mPRα.
Second, the 19-hydroxyl group showed opposite influences on affinity for mPRα in two studies. These discrepancies might be attributed to differences in steroid backbones used, as noted above for the case of 5H-steroids.
Replacement of the 3-oxo group by a 3-hydroxyimino group (compound XX) and particularly by a 3-Omethoxyimino group (compound XXI) gave the highest
values of mPRα/nPR discrimination indexes (more than
500 for compound XXI) due to decrease in affinity for
nPR and rise in affinity for mPRα (compare curves for
compounds XX, XXI, and IV in Fig. 1). The data indicate
that the modes of involvement of C3-substituents in ligand–receptor interaction for nPR and mPRα are quite
different. The 3-O-methoxyimino group supports halfchair geometry of the A-ring, which is characteristic for
steroids containing a ∆4-3-ketone. However, it cannot
form the respective hydrogen bond network with amino
acids in the nPR ligand-binding pocket that drives conformation switch in the protein structure [10]. Obviously,
such hydrogen bonds do not play a role in interactions of
∆4-3-ketosteroids with mPRα. Since the 3-hydroxyimino
and 3-O-methoxyimino derivatives have similar affinities
for mPRα, one can suggest the presence of a cavity in the
protein neighboring the C3 of the ligand. Taking into
account the inhibitory effect of enlargement of the C3substituent on affinity for nPR [15], this cavity in mPRα
could serve as an additional reserve for further improvement of ligand selectivity towards mPRα.
The simultaneous presence of two substituents in a
steroid molecule often leads to additive effects on the
affinity for the receptor. However, as demonstrated here
in the case of 5H-derivatives of progesterone and its
16α,17α-cycloalkane derivative, this is not a general rule.
BIOCHEMISTRY (Moscow) Vol. 78 No. 3 2013
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(Me or OH)

Fig. 2. Modifications that significantly increase discrimination
index (shown as ×fold values) and moderately increase or only
slightly decrease binding affinity of ligands for mPRα.

Nevertheless, one can expect that double or even triple
derivatization will give a benefit in the context of selectivity improvement as compared with the effect of a single
substituent. Figure 2 summarizes modifications of the
progesterone molecule favorable for selective binding to
mPRα with potential impact of each substituent. Only
those modifications, which increase or at least do not
diminish significantly the affinity for mPRα were included. Ideally (in the case of full additivity), a ligand bearing
all four modifications might have a preference toward
mPRα over nPR equal (500 × 80 × 19 × 3) = 2,280,000.

DISCUSSION
The nPR naturally expressed in mammalian cells
and mPRα expressed in heterologous yeast cells were
used for revealing structural determinants of steroid ligands that have an effect on interactions with nuclear and
membrane progesterone receptors. Such comparison
between two progesterone receptors needs special comment. The nature of nPR (soluble protein) and mPR
(integral membrane protein) is quite different. The folding, processing, and intracellular transfer will be needed
in specific sets of proteins. It is not clear whether such
yeast proteins can substitute completely for their mammalian orthologs. Thus, when human mineralocorticoid
receptor was expressed in yeast, it partially lost its ligand
specificity in signal transduction on a reporter gene [25].
Similarly, mPRs expressed in yeast did not require Gproteins for progesterone-dependent signaling [11],
while, in mammalian cells, mPRs are apparently coupled
with G-proteins [24]. Therefore, heterologous expression
of both progesterone receptors in the same type of cells
does not guarantee the absence of possible anomalies in
its characteristics.
The functionality of mPRs in yeast has been shown
using the FET3-lacZ reporter [11]. In this system, human
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Relative binding affinities (RBA) of steroid ligands for nuclear and membrane progesterone receptors and impact of
substituents on mPRα/nPR preference compared with respective reference compounds (discrimination index)
Compound

nPR RBA,
%*

mPRα RBA,
%*

Reference
compound

Substitution

Discrimination
index
mPRα/nPR

1

2

3

4

5

6

100
(Kd = 7.0 ±
2.3 nM (13))

100
(Kd = 143 ±
43 nM (9))

Progesterone (I)

1.0

D-ring modifications
16α,17α-Cyclopropanopregn4-en-3,20-dione (II)

93.0 [19]

6.7 ± 1.8 (4)

(I)

16α,17α-cyclopropano

0.07

16α,17α-Cyclopentanopregn4-en-3,20-dione (III)

69.0 [19]

2.5 ± 0.8 (4)

(I)

16α,17α-cyclopentano

0.04

16α,17α-Cyclohexanopregn4-en-3,20-dione (IV)

95.2 [15]

4.5 ± 0.5 (4)

(I)

16α,17α-cyclohexano

0.05

16α,17α-Cyclohex-3-enopregn4-en-3,20-dione (V)

40.0 [19]

3.2 ± 0.8 (4)

(I)

16α,17α-cyclohex-3-eno

0.08

3.4 ± 1.2 (3)

63.9 ± 13.1 (5)

(I)

17α-hydroxy

18.8

17α-Hydroxyprogesterone (VI)

Side chain modifications
11-Deoxycorticosterone (VII)
Testosterone (VIII)

44.0 ± 17.0 (3)

13.1 (2)

(I)

21-hydroxy

0.30

1.7 ± 0.5 (3)

1.2 ± 0.5 (4)

(I)

17βAc → 17β-hydroxy

0.7

(VII)

11β-hydroxy

0.3

C-ring modification
Corticosterone (IX)

0.7 ± 0.2 (3)

0.2 ± 0.06 (4)
B-ring modifications

6α-Methyl-16α,17α-cyclohexanopregn-4-en-3,20-dione (X)

25.0 [19]

1.9 ± 0.9 (4)

(IV)

6α-methyl

1.6

6-Methyl-16α,17α-cyclohexanopregn-4,6-diene-3,20-dione (XI)

7.6 [19]

1.7 ± 0.3 (3)

(X)

∆6

1.9

16α,17α-Cyclohexanopregn-4,6diene-3,20-dione (XII)

31.6 ± 10.2 (3)

6.4 ± 2.7 (4)

(IV)

∆6

4.3

5-Reduction
5α-Dihydro-16α,17α-cyclohexanopregn-4-en-3,20-dione (XIII)

0.30 [20]

2.0 ± 0.7 (3)

(IV)

4-H, 5α-H

139

5β-Dihydro-16α,17α-cyclohexanopregn-4-en-3,20-dione (XIV)

0.12 [20]

1.4 ± 0.5 (3)

(IV)

4-H, 5β-H

311

5α-Dihydroprogesterone (XV)

26.5 ± 11.2 (3)

63.1 ± 9.6 (5)

(I)

4-H, 5α-H

2.4

5β-Dihydroprogesterone (XVI)

13.1 ± 3.7 (3)

26.5 ± 9.9 (5)

(I)

4-H, 5β-H

2.0

(IV)

19-methyl

83.7

C19 modifications
19-Methyl-16α,17α-cyclohexanopregn-4-en-3,20-dione (XVII)

2.7 [15]

10.7 ± 4.7 (3)
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Table (Contd.)

1

2

3

4

5

6

19-Methylene-16α,17α-cyclohexanopregn-4-en-3,20-dione
(XVIII)

2.0 [15]

1.5 ± 0.7 (4)

(IV)

19-methylene

15.7

19-Hydroxy-16α,17α-cyclohexanopregn-4-en-3,20-dione
(XIX)

1.4 [15]

6.2 ± 2.9 (4)

(IV)

19-hydroxy

93.7

C3 modifications
3(E)-3-Hydroxyimino-16α,17αcyclohexanopregn-4-en-20-one
(XX)

7.3 [15]

11.2 ± 2.4 (3)

(IV)

3-oxo → 3-hydroxyimino

32.4

3(E)-3-O-Methoxyimino16α,17α-cyclohexanopregn-4en-20-one (XXI)

0.37 [15]

9.8 ± 3.7 (4)

(IV)

3-oxo → 3-O-methoxyimino

519

* Mean ± standard deviation and n values are shown.

mPRs rendered an ability of cells to respond to physiological concentrations of progesterone similarly to the
effect of adiponectin via its receptors, AdipoR1 and
AdipoR2, expressed in these cells. It is not yet clear which
messengers are involved in progesterone signal transduction on expression of the FET3 gene. However, another
member of the PARQ family, Izh2p, which is endogenous
for yeast, produces sphingoid bases that probably function as the second messenger responsible for the effect of
Izh2p on FET3 [26]. In yeast, the topology of heterologically expressed mPRs may be opposite to that in mammalian cells as well as involvement or no G-protein coupling in signaling (compare [11] and [24]). For the aims
of the present study, these issues do not have great significance since in the used conditions progesterone can
equally easily reach its binding sites located on extracellular, cytoplasmic, or intravesicular surfaces of yeast
membranes.
In our hands, under very similar although not identical experimental conditions (see “Materials and
Methods”), Kd values for progesterone interactions with
nPR and mPRα were 7.0 and 143 nM, respectively (see
table), i.e. nPR binds progesterone with 20-fold higher
affinity compared to mPRα. Similarly, 10-fold difference
between nPR and mPRα in their affinities for progesterone was reported in the study of Kelder at al. [9], where
mPRα was expressed in mammalian MDA-MB-231
cells. In that study [9], unbound ligand was removed by
filtration for mPR and by charcoal adsorption for nPR.
Also, similarly to our data, ovine mPRα expressed in
CHO cells demonstrated Kd for [3H]progesterone of
122 nM and IC50 for unlabeled progesterone competition of 174 nM when measured using charcoal adsorption
[27]. To the best of our knowledge, direct measurements
BIOCHEMISTRY (Moscow) Vol. 78 No. 3 2013

of progesterone affinity for nPR expressed in yeast have
not been performed. However, in a yeast reporter system
with human nPR, progesterone demonstrated EC50 of
7.38 nM [28], i.e. at least one order of magnitude lower
than the observed Kd for mPR and similar to values
reported for nPR expressed in mammalian cells.
These data suggest that the observed difference in
affinities for progesterone reflects differences in intrinsic
properties of two receptors and is not a consequence of
conditions of their expression in mammalian or yeast
cells or methods of measurements. Accordingly, a ligand
with discrimination index of 20 will equally bind to both
receptors. Thus, to be really selective for mPRα, a ligand
has to have a discrimination index of at least 2000.
At this point, it is impossible to predict which ones
from suggested progesterone derivatives will be agonists
or antagonists of mPRα. Moreover, it is still unclear how
such activities might be examined. Currently used transfection of mammalian cells with mPR vectors may give
rise to unnatural coupling of a receptor with downstream
effectors. On the other hand, it is difficult to find cells
that naturally express exceptionally a receptor of interest.
Apparently, the problem will be solved gradually using
both approaches. Thus, one can contemplate experiments with knockdown or knockout of a receptor of
interest and comparisons between the effects of suggested
progesterone derivatives before and after receptor inactivation.
Many other pitfalls on the path to creation of effective ligands for mPRs, both agonists and antagonists, are
expected. First, such ligands should be stable enough for
use in vivo. Second, they should not be effective competitors for other steroid-binding proteins such as various
nuclear receptors and transport proteins. For example,
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progesterone has rather high affinity for corticosteroidbinding globulin (CBG) [29]. As such, suggested progesterone derivatives even at pharmacological concentrations should not disturb the equilibrium between bound
and unbound corticosteroids in the bloodstream.
As shown in the table, corticosterone was a very
weak competitor for [3H]progesterone binding in our
assay with uterine cytosol. Therefore, the binding to
CBG from blood contamination can be responsive for a
negligible part if any of the observed [3H]progesterone
binding. We were unable to check the interaction of our
3-hydroxyimino and 3-O-methoxyimino derivatives with
CBG since these compounds bear also the additional D′
carbocycle that render high affinity for a yet unidentified
serum protein [30]. The data on crystal structure of CBG
suggests that the 3-oxo group of a ligand does not form
hydrogen bonds with the protein [31]. Thus, one can
expect that 3-hydroxyimino and 3-O-methoxyimino
derivatives of progesterone will have affinities for CBG
comparable with affinities of respective 3-oxo derivatives.
The expression of mPRs has been documented in
many cell types in both reproductive and non-reproductive mammalian tissues [8]. These data suggest that
mPRs participate in many functions in mammals.
However, there is some controversy surrounding whether
or not mPR is a true receptor for progesterone. The main
obstacle for resolving this issue is simultaneous presence
of several potential progesterone sensors in the same cell.
In addition to two isoforms of nPR and three (or five)
mPRs, progesterone receptor membrane component 1
(PGRMC1) [32], the α-subunit of Na/K-ATPase [33],
and presynaptic receptors and ion channels like σ-1
receptor, α(1) receptor, nicotine receptor, D1 receptor,
NMDA receptor, GABA(A) receptor, and L-type Ca2+
channels [34] have been implicated in progesterone
action. The design of selective progesterone analogs,
both agonists and antagonists, for each of these potential
progesterone sensors will be helpful for probing the biology of mPRs and other progesterone sensors and for
important practical applications such as immunosuppression [35], neuroprotection [36], or anticancer therapy [37]. Four modifications in the progesterone molecule
(substitution 3-oxo → 3-O-methoxyimino or 3-oxo → 3hydroxyimino; introduction of 19-methyl, 19-methylene, or 19-hydroxy group; introduction of 17α-hydroxy
group; and double bond C6–C7) were found here to be
favorable for preferential binding of progesterone to
mPRα over nPR. Previously, stimulatory effect for the
binding to mPRα has been shown for an 18-methyl or
18-methylene group, thought the effect of these modifications on the binding to nPR was not investigated [9].
Thus, a multitude of possible combinations of such modifications may give rise a broad spectrum of progesterone
derivatives with desired properties of selective agonists or
antagonists for mPRs.
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