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Introduction

Glucocorticoids exert profound and diverse physiological ef-
fects on a wide range of cell types. They participate in numer-
ous processes such as glucose homeostasis, the metabolism of
proteins, lipids and carbohydrates, as well as development and
neurobiology.[1, 2] In addition, glucocorticoids are potent cell-
type-specific immunosuppressive and anti-inflammatory
agents that work largely through the interruption of cytokine-
mediated pathways. These effects are also complemented by
the ability of glucocorticoids to regulate the programmed cell
death of many cells. Thus, glucocorticoids induce apoptosis in
most nucleated cells of the vascular system such as thymo-
cytes, myeloma cells, and blood monocytes. In contrast, they
play an anti-apoptotic role in cells, tissues, and organs in
which inflammation takes place, such as mammary gland, hep-
atocytes, and fibroblasts.[3] As a class of pharmacological drugs,
glucocorticoids are among the most widely prescribed in the
world for the treatment of immune and inflammatory diseases
including asthma, rheumatoid arthritis, ulcerative colitis, and al-
lergic rhinitis.[2] They are also a component of many chemo-
therapeutic treatments for leukemias, lymphomas, and myelo-
mas because of their role in the induction of apoptosis.[4, 5]

However, long-term use of glucocorticoids has been limited by
adverse side effects ranging from suppression of the hypo-
thalamic–pituitary axis and growth retardation, to osteoporo-
sis, in addition to the development of glucocorticoid resist-
ance.[5]

Glucocorticoids exert their effects by binding to the gluco-
corticoid receptor (GR), a transcription factor capable of regu-
lating several genes in a positive or negative way.[2, 6] The GR is
a member of the family of steroid receptors (SR), which belong
to the superfamily of nuclear receptors (NR).[7, 8] Like most of
the NR, the GR is a modular protein that is organized into

three major domains: an N-terminal activation function-1 (AF-
1) domain containing a ligand-independent transcriptional acti-
vation function; a central DNA binding domain (DBD) that rec-
ognizes specific sequences termed glucocorticoid response el-
ements (GREs) in target gene promoters; a dimerization region
and a C-terminal ligand binding domain (LBD), which, in addi-
tion to the ligand binding pocket (LBP), contains two funda-
mental regions: a second dimerization interface and an activa-
tion domain (AF-2) involved in the recognition of co-repressors
and co-activators.[9, 10]

In the absence of hormone, the GR resides in the cytoplasm
as a multiprotein complex composed of chaperones and im-
munophilins. After binding of the ligand to the GR, a confor-
mational change results in dissociation of the complex and
translocation to the nucleus. Once in the nucleus, the GR mod-
ulates gene expression through two main modes of action:
transactivation and transrepression.[1, 2] The transactivation
mode involves the binding of GR homodimers to GREs located
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in the promoter region of target genes and the subsequent
binding of specific co-activators to the AF-2 domain of the GR,
one of the key events in initiating transcriptome assembly and
gene transcription. On the other hand, the transrepression
mode involves modulation of the transcriptional activity of
other transcription factors such as NF-kB, AP-1, and STATs. The
GR-mediated mechanism of NF-kB and AP-1 repression has yet
to be fully defined; however, it is known that the GR monomer
may physically interact with these factors, inhibiting their tran-
scriptional activity.[11]

Currently, the main goal in the drug design field of the NR,
and particularly the GR, is to chemically alter the ligand prop-
erties in order to appropriately modulate receptor activities. Li-
gands that display differential tissue effects, such as the selec-
tive estrogen receptor modulator tamoxifen, have been com-
monly referred to as selective NR modulators (SNuRMs).[7, 8]

Converging evidence has demonstrated that the mixed ago-
nist/antagonist properties of SNuRMs are associated with the
differential recruitment of tissue-specific cofactors to the re-
ceptors.[12] In the case of glucocorticoids, recent advances in
the study of the molecular mechanisms of GR action, together
with the determination of the tertiary structure of the GR LBD,
have promoted increasing interest in the development of
novel tissue-selective ligands or selective glucocorticoid recep-
tor modulators (SGRMs) that can modulate certain GR activities
to treat specific diseases.

To understand how a specific ligand modulates the confor-
mation and dynamic behavior of its receptor, it is necessary to
analyze the ligand–receptor interaction at the molecular level.
Recently, to investigate the molecular basis of the passive an-
tagonism exhibited by 21-hydroxy-6,19-epoxyprogesterone
(21OH-6,19OP),[13] we performed molecular dynamics (MD) sim-
ulations on three different binding states of the GR LBD: an ag-
onist system (GR LBD–dexamethasone [dex]), an antagonist
system (GR LBD–21OH-6,19OP), and an unbound system (see
Figure 1 for ligand structures).[14] Our results showed that the
state of the LBP of the GR LBD determines receptor behavior
during the simulation, with significant differences between the

interaction hydrogen bond patterns of GR LBD–21OH-6,19OP
and GR LBD–dex. These differences would explain the different
evolution of fundamental regions of the receptor observed in
the GR LBD–21OH-6,19OP complex. In particular, we observed
that the H1–H3 loop of the GR LBD–21OH-6,19OP complex
adopts an average position located significantly further away
from the rest of the protein, resulting in a major conformation-
al change in the dimerization interface relative to the GR LBD–
dex complex. Taking into account that the GR–21OH-6,19OP
complex is unable to induce the transactivation activity of
mouse mammary tumor virus (MMTV) promoters, our findings
support the hypothesis that the passive antagonism mode of
action of 21OH-6,19OP involves the inability of the complex to
homodimerize.

The hemisuccinate derivative of 21OH-6,19OP (21HS-6,19OP,
Figure 1) was prepared among others to improve the solubility
of the parent compound in biological media. However, prelimi-
nary activity testing showed a dramatic change in the activity
profile that turned 21HS-6,19OP into a potential SGRM. Herein
we report our investigations of the activity of 21HS-6,19OP by
a combination of experimental and computer simulation tools.

Results

Transactivation activity of 21HS-6,19OP

We started the evaluation of the biological activity of 21HS-
6,19OP by testing its direct transactivation ability in Cos-1 cells,
which lack endogenous steroid receptors. Cos-1 cells were co-
transfected with a plasmid coding for the human glucocorti-
coid receptor (hGR) and the MMTV–luciferase (Luc) reporter, in
which luciferase expression is driven by a promoter that con-
tains glucocorticoid-specific response elements capable of
binding to GR-activated homodimers.[15] The potent agonist
dex was used as control of glucocorticoid activity. Unexpected-
ly, the results showed that in contrast to the parent compound
21OH-6,19OP, 21HS-6,19OP exhibits significant dose-dependent
glucocorticoid activity per se, with no inhibitory effects toward
dex action (i.e. , no antiglucocorticoid activity) (Figure 2 a).

To further characterize the transactivation activity of 21HS-
6,19OP, we used the same MMTV–Luc reporter method, but in
L929 cells, a cell line derived from mouse fibroblast that ex-
presses endogenous GR. As in Cos-1 cells, the hemisuccinate
derivative had glucocorticoid activity but no antiglucocorticoid
activity (Figure 2 b). The lower fold induction observed in the
L929 assay relative to the Cos-1 assay may be attributed to
less efficient plasmid transfection in the former cells and/or to
the greater number of GR when the receptor is overexpressed
by transient transfection. We have therefore shown that 21HS-
6,19OP is able to bind both recombinant hGR and endogenous
mouse GR, thus activating the translocation and dimerization
of the receptor and inducing the transcription of the MMTV–
Luc reporter.

To test its specificity, 21HS-6,19OP was also assayed in Cos-1
cells expressing the human progesterone receptor (PR). As is
the case with 21OH-6,19OP, the hemisuccinate derivative failed
to antagonize the agonist effect of R5020 or to act as an ago-Figure 1. Structures of GR ligands.
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nist per se at all concentrations tested (Figure 2 c). These re-
sults indicate that GR/PR selectivity is conserved when the
hemisuccinate group is added to the 21-position of 21OH-
6,19OP.

Apoptotic activity of 21HS-6,19OP in L929 cells

The protective role of glucocorticoid agonists in the TNF-a-
mediated cytotoxic effect on mouse fibroblast L929 cells is a
well-characterized model to evaluate the apoptotic/anti-apop-
totic activity of novel ligands.[16] We used this model to further
determine the glucocorticoid/antiglucocorticoid activity of the
novel ligand 21HS-6,19OP. Figure 3 shows that after treatment
with TNF-a at 1 ng mL�1 for 24 h, the cell viability decreased to
54 %. Cell survival increased to 88 % when cells were co-treated
with dex at 10�5

m, indicating the protective role of dex in
TNF-a-induced apoptosis. Both 21HS-6,19OP and 21OH-6,19OP
exhibited significant glucocorticoid activity, with 83 and 73 %
cell survival, respectively. When cells were treated with dex
plus 21HS-6,19OP or 21OH-6,19OP, cell survival was 90 and

94 %, respectively, indicating that both rigid analogues do not
have antiglucocorticoid action.

Apoptotic activity of 21HS-6,19OP in mouse thymocytes

Apoptosis of thymocytes has been repeatedly used as a repre-
sentative parameter of glucocorticoid-mediated immunosup-
pression.[17, 18] In these cells, glucocorticoid agonists such as
dex have pro-apoptotic or immunosuppressive effects. Thus,
immunosuppressive and anti-immunosuppressive activities of
21HS-6,19OP were evaluated by the ability of this compound
to induce apoptosis in thymocyte primary culture or to block
this dexamethasone-mediated effect. Apoptosis was deter-
mined by using the annexin method described previously.[19]

Figure 4 shows that dex (at 10�8
m) increased apoptosis two-

fold, while 21HS-6,19OP increased apoptosis ~1.4-fold at all
concentrations assayed.

In contrast, the parent compound 21OH-6,19OP did not
present an immunosuppressive effect per se. Remarkably,
when we evaluated the capacity of 21HS-6,19OP as an antiglu-
cocorticoid, we found that it efficiently blocked the apoptotic

Figure 2. Transactivation activity of 21HS-6,19OP. a) Cos-1 cells were co-
transfected with pRSV–hGR vector (1 mg), pMMTV–Luc reporter vector (3 mg),
and pCMV–LacZ vector (1 mg). b) L929 cells were co-transfected with
pMMTV–Luc reporter vector (3 mg) and pCMV–LacZ vector (1 mg). c) Cos-1
cells were co-transfected with pRSV–hPR vector (1 mg), pMMTV–Luc reporter
vector (3 mg), and pCMV–LacZ vector (1 mg). In all assays, cells were incubat-
ed for 24 h as indicated, and luciferase activity was measured. After correct-
ing for b-galactosidase activity, the values are expressed as fold induction
relative to control (untreated cells). Data represent the mean �SE from
three independent experiments.

Figure 3. Apoptotic activity of 21HS-6,19OP in L929 cells. L929 cells were
stimulated with TNF-a (1 ng mL�1) in the presence or absence of the various
steroids as indicated for 24 h. Cell viability was then assessed by crystal
violet staining assays. Percentage of survival is shown relative to control (un-
treated cells). Data represent the mean �SE from three independent experi-
ments.

Figure 4. Apoptotic activity of 21HS-6,19OP in mouse thymocytes. Thymo-
cytes were incubated as indicated for 4 h. A fluorescein isothiocyanate (FITC)
conjugate of annexin V was used to detect apoptosis by flow cytometry.
Positive annexin V cells were analyzed as described previously. Results are
expressed as the mean fold induction relative to control (untreated cells).
Data represent the mean �SE from three independent experiments;
*p<0.05 vs. control, **p<0.01 vs. dex, ***p<0.05 vs. dex. Induction of
apoptosis by dex (10�8

m) + 21HS-6,19OP (10�8
m) did not differ significantly

from dex alone (10�8
m ; data not shown).
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dexamethasone-mediated effect at all concentrations assayed.
The anti-immunosuppressive effect of 21HS-6,19OP was so
strong that even the untreated cells (control) had a higher
apoptotic level than the cells treated with dex plus 21HS-
6,19OP. As reported previously,[20] 21OH-6,19OP also inhibits
the dex effect, although to much lesser extent than 21HS-
6,19OP.

Molecular dynamics simulation

To better understand the differential activity profile of the two
rigid analogues, and to investigate the molecular basis of
action of 21HS-6,19OP, we performed a 6-ns molecular dynam-
ics simulation of the GR LBD–21HS-6,19OP complex. Compari-
son of the resulting trajectory with that previously obtained
with GR LBD–dex and GR LBD–21OH-6,19OP complexes[14]

showed important differences both in the ligand binding
mode and in the behavior of fundamental regions of the GR
LBD.

Ligand binding mode

Based on ligand binding mode analysis, we previously showed
that the overall position of the steroid skeleton of 21OH-
6,19OP and dex are similar.[14] Moreover, the C3 carbonyl group
of 21OH-6,19OP is involved in a hydrogen bonding network
similar to that observed in the dex simulation. At the other
end of the molecule, and in contrast with the dex system, the
21-hydroxy group of 21OH-6,19OP does not present an alter-
nate behavior. A hydrogen bond interaction with Asp564 is
formed at the beginning of the simulation, and this interaction
remains stable during the timescale of the simulation. We pro-
posed that this differential pattern of hydrogen bonding of
Asn564 (located within helix 3) influences the differential evo-
lution of the H1–H3 loop observed in the GR LBD–dex and
GR LBD–21OH-6,19OP complexes.

To perform the MD simulation of the GR LBD–21HS-6,19OP
complex, 21HS-6,19OP was introduced superimposing the
carbon atoms of the C ring with the corresponding carbon
atoms of dex. 21HS-6,19OP has the same carbon skeleton as
21OH-6,19OP, but instead of the hydroxy group at position 21,
it has the bulky polar side chain of the hemisuccinate substitu-
ent. The hemisuccinate moiety is located within the open
cavity of the receptor formed by helices H3, H11, and H7 in a
manner that minimizes steric hindrance. Visual inspection of
the trajectory of the GR LBD–21HS-6,19OP complex shows that
both the overall position and conformation of the steroid skel-
eton are very similar to those adopted by 21OH-6,19OP in the
GR LBD–21OH-6,19OP complex. The hydrogen bonding net-
work observed around the A rings of dex and 21OH-6,19OP is
also present in this system. As in the 21OH-6,19OP system,
there is no interaction between the oxygen atom of the intra-
molecular 6,19 bridge of 21HS-6,19OP and the polar residues
of the LBP. The main difference between the two rigid steroids
(21OH-6,19OP and 21HS-6,19OP) is the behavior of the side
chain. In the case of 21HS-6,19OP, the hemisuccinate group re-
mains around its initial position during the timescale of the

simulation (Figure 5 a). Interestingly, we found that the termi-
nal carboxylate group of the hemisuccinate moiety forms a
strong and stable interaction with the phenolic hydroxy group
of Tyr735, a residue located within helix 11 that does not form
part of the LBP. Analysis of the time evolution of the distances
between the oxygen atoms of this carboxylate group and the
oxygen atom of the Tyr735 OH group revealed that at least
one hydrogen bond persists (Figure 5 b). This additional stable
ligand–receptor interaction might play a fundamental role in
the conformational changes of the receptor, as described
below.

Dimer interface

We previously proposed that the passive antagonism of 21OH-
6,19OP on the transactivation activity of GR could reside in the
inability of the GR–21OH-6,19OP complex to dimerize as a
result of the allosteric change caused by the ligand in the H1–
H3 loop conformation.[14] Thus, while the presence of the ago-
nist dex leads to an average conformation of the receptor in
which the N-terminal region of the H1–H3 loop is close to the
protein body, the presence of 21OH-6,19OP in the LBP signifi-
cantly alters the dynamic behavior of this dimerization region
of the receptor. Besides the receptor adopting an average con-
formation in which the H1–H3 loop is located significantly fur-
ther away from the rest of the protein, the fluctuation of this
loop during the simulations is small relative to the dex system.
Following these considerations, the dynamic behavior of the

Figure 5. Ligand binding mode analysis. a) Average structure of 21HS-
6,19OP within the LBP. Residues Gln570, Arg611, and Tyr735 that form hy-
drogen bond interactions with 21HS-6,19OP are shown. b) Time evolution of
the distance (d) between the hydroxy oxygen atom of residue Tyr735 and
ligand O1 (light gray) and O2 (dark gray) oxygen atoms. Distances <3.5 � in-
dicate that strong and stable H bonds are formed.
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H1–H3 loop of the GR LBD–21HS-6,19OP complex was evaluat-
ed both in its average position and fluctuation. Figure 6 a
shows that, as in the 21OH-6,19OP system, the H1–H3 loop of
the GR LBD–21HS-6,19OP complex has a smaller fluctuation
than the H1–H3 loop of the dex system. However, in contrast
to the 21OH-6,19OP system, the average conformation of the
loop is very similar to the conformation adopted by the H1–H3
loop in the GR LBD–dex complex (Figure 6 b). Visual inspection
of the GR LBD–-21HS-6,19OP trajectory reveals that upon an in-
itial period in which the H1–H3 loop has a high fluctuation,
caused by the presence of the bulky hemisuccinate group, the
loop looses mobility and adopts a position close to the protein
body, very similar to the position adopted by the loop in the
dex system and significantly different from the H1–H3 loop po-
sition of the 21OH-6,19OP system.

AF-2 domain

The AF-2 conformation of GR LBD is mainly determined by the
position of the dynamic helix 12. We have shown previously
that the average conformation of H12 is slightly altered by the
presence of 21OH-6,19OP in the LBP, resulting in a decrease in
the dimension of the AF-2 domain of the GR LBD–21OH-
6,19OP complex relative to the GR LBD–dex complex.[14] In ad-
dition to this subtle change, a major change was observed in
the behavior of residues 762–767. These residues, originally lo-
cated in a loop region contiguous to H12, adopt a more struc-
tured conformation, making H12 longer by five residues in the
21OH-6,19OP system with respect to the original system.

To investigate the influences of 21HS-6,19OP in the confor-
mation of H12, the average conformation was obtained and
superimposed with that previously obtained for the GR LBD–
dex and GR LBD–21OH-6,19OP complexes. As with the 21OH-
6,19OP system, the 21HS-6,19OP system also induced residues
762–767 to acquire a helix motif (Figure 7 a). However, the

presence of the bulky hemisuccinate group induced a signifi-
cant displacement of the average position of H12 in the
GR LBD–21HS-6,19OP complex with respect to the H12 posi-
tion in both GR LBD–dex and GR LBD–21OH-6,19OP complexes.
This modification of the H12 conformation produced changes
in the overall conformation of the AF-2 domain of the GR LBD–
21HS-6,19OP complex relative to the dex system, possibly al-
tering the cofactor binding ability.

Figure 6. Dimer interface analysis. a) Comparison of B-factors of the H1–H3
loop of the three systems over the last 4 ns of MD simulation (GR LBD–dex
in red; GR LBD–21OH-6,19OP in blue, and GR LBD–21HS-6,19OP in green).
The secondary structure of GR LBD is schematized along the x-axis : H1 is
formed by residues 533–539, and H3 is formed by residues 556–579.
b) Average structure of the H1–H3 loop in the three systems (GR LBD–dex in
red; GR LBD–21OH-6,19OP in blue, and GR LBD–21HS-6,19OP in green)
taken over the last 4 ns of MD simulation. The ligand shown is dexametha-
sone in the GR LBD–dex complex.

Figure 7. H12 conformation analysis. H12 average structure of a) GR LBD–
dex (dark gray) and GR LBD–21HS-6,19OP (light gray), and b) GR LBD–21HS-
6,19OP (light gray) and GR LBD–21OH-6,19OP (dark gray) taken over the last
4 ns of MD simulation (data for GR LBD–dex and GR LBD–21OH-619OP com-
plexes taken from ref. [14]).
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Discussion

One point for initial consideration is the stability of the hemi-
succinate moiety in biological media. Two pieces of evidence
support the integrity of 21HS-6,19OP throughout the experi-
ments. First, the significant differences observed after 24 h in
Cos-1 cells between 21HS-6,19OP and 21OH-6,19OP indicate
that no ester hydrolysis had occurred. Second, other esters
(acetate, propionate, oleate) were inactive in the thymocyte
apoptosis assay, indicating that ester hydrolysis did not occur
under the experimental conditions used (data not shown).
21HS-6,19OP was also stable when incubated at 10�3

m in
RPMI 1640 (half-life: 72 h).

Transactivation activity

The opposite results observed between 21OH-6,19OP and
21HS-6,19OP in the direct transactivation assay (Figure 2) re-
vealed that the hemisuccinate group plays a key role in the
ligand–receptor interaction, stabilizing the GR–21HS-6,19OP
complex in an active conformation that is able to induce the
transcription of the MMTV–Luc reporter. To investigate this fact
at the molecular level, we used MD simulations, a computa-
tional technique that takes protein flexibility into consideration
in the ligand–receptor interaction. This is necessary for investi-
gating how the ligands modulate the receptor structure. Our
MD simulation showed that within the GR LBD there is a cavity
formed by H11, H7, and H3 in which the hemisuccinate group
of 21HS-6,19OP may be accommodated without steric hin-
drance. Moreover, ligand binding mode analysis revealed the
presence of a strong interaction between the terminal carbox-
ylate group of 21HS-6,19OP and Tyr735 (Figure 5). Somehow,
the presence of the hemisuccinate group in this cavity, togeth-
er with this stable ligand–receptor interaction, causes the aver-
age conformation of the H1–H3 loop of the GR LBD–21HS-
6,19OP complex to mimic that found in the GR LBD–dex com-
plex and to differ from that in the GR LBD–21OH-6,19OP com-
plex (Figure 6). As this loop is a fundamental part of the dime-
rization interface, and the transactivation activity of glucocorti-
coids requires the binding of GR homodimers to the GRE, the
simulation results suggest that the switch of antagonism to ag-
onism observed upon the attachment of a hemisuccinate
group at position 21 of 21OH-6,19OP could be explained by
considering that this group stabilizes a H1–H3 loop conforma-
tion that facilitates homodimerization. In this way, although
both rigid analogues bind to GR and induce the translocation
of the complex, the GR–21OH-6,19OP complex would be
unable to homodimerize, while the GR–21HS-6,19OP complex
may indeed homodimerize and thus activate gene transcrip-
tion. Recent X-ray crystallographic studies of the GR LBD–de-
acylcortivazol complex demonstrated that the GR can expand
the LBP to accommodate large groups protruding from the
A ring in a cavity involving H3, H4, and H5 without significant
distortions to its overall conformation.[21] According to the MD
results, this could be another striking example of GR adaptabil-
ity in which the LBP would extend to the cavity formed by
H11, H7, and H3.

Although the lower transactivation potency of 21HS-6,19OP
relative to dex (Figure 2) can be explained assuming a lower
affinity of 21HS-6,19OP for binding to GR, another explanation
is possible based on the co-activator/co-repressor equilibrium
model for GR-mediated activation or repression of gene tran-
scription.[22, 23] It has been demonstrated that the transcriptional
potency of a steroid receptor ligand is sensitive not only to
ligand concentration, but to the concentration of receptor, co-
factors, and DNA. Upon binding to the SR, the co-activators re-
cruit histone acetyl transferases, which remodel the chromatin,
inducing gene transcription.[24] In contrast, co-repressors bind-
ing to the SR result in a recruitment of histone deacetylases,
leading to transcription repression.[25] Like the rest of SRs, both
activating and repressing cofactors of GR use a similar or over-
lapping binding groove on the LBD.[26] The model mentioned
above states that both agonist- and antagonist-bound GR can
interact with co-activators as well as co-repressors, and that
the ratio of the two populations dictates the transcriptional
level. According to the MD simulation, the presence of 21HS-
6,19OP within the LBP and, in particular, the presence of the
bulky hemisuccinate group within the cavity formed by H3,
H7, and H11 would affect the conformation of H12 (Figure 7).
Consequently, we may speculate that the AF-2 domain of
GR LBD–21HS-6,19OP would differ from the AF-2 domain of
the GR–dex complex. This subtle modification on the surface
at which the cofactors must be docked could cause an in-
crease in the equilibrium constant of the receptor–co-repressor
interaction, and/or a decrease in the equilibrium constant of
the receptor–co-activator interaction, leading to a decrease in
the number of active GR–21HS-6,19OP–co-activator complexes,
and hence of the transcriptional potency of 21HS-6,19OP.

Apoptotic activity

Given the relevant and diverse role of glucocorticoids in the
apoptotic process of several cell types, two opposite models
were chosen to evaluate the apoptotic properties of 21HS-
6,19OP. In the first (L929 fibroblast), glucocorticoids have an
anti-apoptotic effect, whereas in the second (thymocytes), they
induce apoptosis.

The protective role of dex on TNF-a-induced apoptosis in
L929 cells has been widely studied, although no conclusive in-
formation has been found for the molecular mechanism in-
volved in the action of the GR–dex complex. According to
Mendoza-Milla et al. , NF-kB activation is required for dex-de-
pendent protection.[16] However, it has also been demonstrated
that transrepression of NF-kB is not required for these dex ef-
fects,[27] indicating that the anti-apoptotic effects of glucocorti-
coids in L929 cells involve a more complex mechanism of
action than the classical NF-kB transrepression mode. The
apoptotic genes expressed in this response and how they are
regulated by the GR–dex complex remain unknown. In this
context, the molecular determinants of the action of the rigid
analogues cannot be fully understood. However, considering
the MD simulation results and because both rigid analogues
show glucocorticoid activity (Figure 3), a mechanism in which
the GR complexes act as monomers may be feasible. Interest-
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ingly, it has been shown that the ability of the GR to function
as co-activator in the positive regulation of genes controlled
by STAT5, for example, is not affected by the dimerization and
DNA binding properties of the receptor.[28] Thus, in L929 cells,
the anti-apoptotic activity of 21HS-6,19OP and 21OH-6,19OP
would be provided by the regulatory action of GR–21OH-
6,19OP or GR–21HS-6,19OP monomers on the expression of
apoptotic genes controlled by NF-kB. Importantly, while some
transactivation function of the GR may be deleted to prevent
GR homodimerization by a point mutation, there are clearly
some genes that are positively regulated by the GR that are
not affected by this mutation.[29]

The glucocorticoid role in thymocyte apoptosis is better un-
derstood. Glucocorticoids trigger thymocyte cell death mainly
by modulating the expression of some members of the Bcl-2
family of proteins.[30, 31] The current model implies that gluco-
corticoid-induced apoptosis of thymocytes requires the pres-
ence of a functional GR and, in particular, its transactivating
function.[32] Reichardt et al. have shown that a mutant known
as GRdim/dim, which fails to homodimerize, conserves the NF-kB
and AP-1 transrepression activities, but is unable to mediate
transcription from GREs.[33] Thus, in thymocytes expressing
GRdim/dim, the glucocorticoids loose their pro-apoptotic ef-
fects.[33] We have shown that 21OH-6,19OP acts as a pure an-
tagonist, blocking the apoptotic activity of dex and lacking ef-
fects per se (Figure 4). This experimental result correlates well
with the MD simulation results, as it suggests that the GR–
21OH-6,19OP monomer cannot correctly homodimerize and,
as a consequence, the complex is unable to regulate transcrip-
tion of the genes involved in apoptotic signaling.

The effects of 21HS-6,19OP in these assays are more com-
plex (Figure 4). On one hand, in the presence of 21HS-6,19OP
alone, it behaved as an agonist of GR, an expected result in
view of the transactivation activity shown in both Cos-1 and
L929 cells. On the other hand, 21HS-6,19OP in combination
with dex showed a very potent antagonistic effect on dex
action. Further experimental studies of the molecular mecha-
nism of action of dex and 21HS-6,19OP in thymocytes are re-
quired to explain this phenomenon at the molecular level.
However, a cofactor equilibrium model could help us under-
stand the molecular determinants of this potent antagonism.
Variation in affinity between GR–21HS-6,19OP and GR–dex
complexes toward limiting and specific thymocyte cofactors
could explain the results obtained. It is important to note that
perhaps other non-genomic mechanisms of action of GR are
involved in the global apoptotic effects of 21HS-6,19OP. Finally,
improved cell penetration due to the hemisuccinate moiety
cannot be ruled out, and this could explain the observed activ-
ities at lower concentrations relative to 21OH-6,19OP.

In summary, the introduction of a hemisuccinate group at
the 21-position of the antiglucocorticoid 21OH-6,19OP led to a
derivative with new and interesting properties. In the direct
transactivation assay, 21HS-6,19OP behaved as a pure agonist
of GR action. By studying the apoptotic effects of this ana-
logue, we found that while in the L929 cells 21HS-6,19OP is a
pure anti-apoptotic agonist, the apoptotic activity in thymo-
cytes depends strongly on the presence or absence of dex in

the medium. Further studies to investigate GR-dependent co-
factor recruitment using 21HS-6,19OP might help improve our
understanding of the tissue-specific fine-tuning of gene ex-
pression regulated by the GR. An understanding of the molec-
ular basis for this tissue specificity is critical for the develop-
ment of therapeutics with the desired agonist/antagonist pro-
file. Lastly, the MD simulation provided valuable information
that may help in understanding the complex molecular mecha-
nisms underlying ligand–GR interactions and their effects on
GR activity.

Experimental Section

Biological activity

Steroids. 21-Hydroxy-6,19-epoxyprogesterone and 21-succinoyl-
oxy-6,19-epoxyprogesterone were prepared as described previous-
ly.[34] Dexamethasone and R5020 were purchased from Sigma
(St. Louis, MO, USA).

Transactivation activity. Cos-1 and L929 cells were cultured at
37 8C under humidified atmosphere with 5 % CO2 in DMEM supple-
mented with 10 % fetal calf serum (FCS) containing penicillin
(100 IU mL�1), streptomycin (100 mg mL�1), and glutamine (2 mm)
in p100 plates. For transient transfections, 5 � 105 cells were plated
in 60-mm plates and transfected by the lipofectin method accord-
ing to the manufacturer’s protocol (Lipofectine Plus, Gibco, Inc.). In
Cos-1 cells, analyses of the GR activity were performed by trans-
fecting 3 mg of pMMTV–Luc plasmid, which expresses luciferase
under the control of the mouse mammary tumor virus (MMTV)
promoter containing several hormone-response elements, 1 mg
pRSV–GR expressing the human glucocorticoid receptor,[35] and
3 mg of pRSV–LacZ (Clontech Inc. , Palo Alto, CA, USA) as transfec-
tion control. In L929 cells, analyses of the GR activity were per-
formed by transfecting 3 mg of pMMTV–Luc and 3 mg of pRSV–
LacZ. In Cos-1 cells, analyses of the PR activity were performed by
transfecting 3 mg of pMMTV–Luc, 1 mg pRSV–PR expressing the
human progesterone receptor, and 3 mg of pRSV–LacZ. Eighteen
hours after transfection, the medium was replaced by fresh
medium containing 10 % charcoal-stripped FCS and antibiotics.
Cells were then incubated for 24 h with dexamethasone (for GR) or
R5020 (for PR) with or without 21HS-6,19OP at the concentrations
indicated. Steroids were applied from 1000 � stock solutions in
DMSO. Incubations were stopped by aspirating the medium and
washing the cells twice with phosphate-buffered saline (PBS). Cells
were then harvested in lysis buffer, and luciferase activity was mea-
sured according to the manufacturer’s protocol (Promega Inc.). Gal-
actosidase activity was measured as previously described.[20]

Apoptosis of L929 cells. Cell viability of L929 cells was evaluated
by crystal violet staining.[36] L929 cells were plated at 3 � 105 cells
per well in 96-well microtiter plates, cultured for 24 h, and then
treated as indicated with TNF-a from Sigma (St. Louis, MO, USA)
with or without steroids. After 24 h the cells were fixed with
100 mL ice-cold glutaraldehyde (1.1 % in PBS) for 15 min at 0 8C.
The plates were washed three times by submersion in de-ionized
water, air-dried, and stained for 20 min with 100 mL of a 0.1 % solu-
tion of crystal violet (dissolved in 200 mm phosphoric acid buffer
at pH 6). After careful aspiration of the crystal violet, extensive
washing with de-ionized water removed excess dye. The plates
were air-dried prior to solubilization of the bound dye with 100 mL
of a solution of 10 % acetic acid and incubation for 30 min. The op-
tical density of dissolved crystal violet was measured at 590 nm
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with a multi-plate spectrophotometer (Benchmark, Bio-Rad, Her-
cules, CA, USA).

Apoptosis of thymocytes. Thymocytes were obtained from CF-1
21-day-old male mice and incubated (1 � 107 cells per well) in plas-
tic dishes in 1 mL of RPMI 1640 containing 10 % charcoal-stripped
FCS, concanavalin A (2 mg mL�1), and the various steroids at the in-
dicated concentrations. The corresponding volume of ethanol
(0.1 %) was added to control cells. Cells were incubated for 4 h at
37 8C in a water bath under a normal atmosphere. After incubation,
the apoptosis index was determined by an annexin V–FITC apopto-
sis detection kit from Clontech Inc. (Palo Alto, CA, USA). Fluores-
cence was detected according to the RAPID protocol recommend-
ed by the manufacturer. Briefly, after incubation, cells were centri-
fuged at 2000 rpm for 5 min, the media was removed, and cells
were resuspended in 200 mL binding buffer (~1 � 106 cells). Propidi-
um iodide (5 mL) and annexin V–FITC (10 mL) were added, and cells
were incubated for 15 min at room temperature in the dark. Sam-
ples were analyzed by flow cytometry in a Cytoron Absolute cy-
tometer (Ortho Diagnostic Systems). Data were analyzed with
Wimdi 2.7 software.

Computational methods

Quantum mechanics calculations. The geometry of 21-succinoyl-
oxy-6,19-epoxyprogesterone (21HS-6,19OP) was optimized using
the ab initio quantum chemistry program Gaussian 03[37] and the
HF/6–31G** basis set. Restraint electrostatic potential (RESP)
atomic charges were calculated.

Molecular dynamics. MD simulations were performed by using
the AMBER 9 software package as previously described.[38, 14] Briefly,
the starting structure for the simulation was taken from the crystal
structure of the GR–dexamethasone complex (chain A of PDB
code: 1M2Z).[39] The GR LBD–21HS-6,19OP complex was built in sili-
co, superimposing the carbon atoms of ring C of 21HS-6,19OP with
the corresponding atoms of the dex molecule in the GR–dexame-
thasone complex. The ligand parameters were assigned with the
general AMBER force field (GAFF), and the corresponding RESP
charges using the Antechamber module of AMBER. The Amber99
force field parameters were used for all residues.[40] The complex
was immersed in an octahedral box of TIP3P water molecules
using the Leap module, giving a final system of around 27 000
atoms. The system was initially optimized and then gradually
heated at 300 K. Starting from this equilibrated structure, MD pro-
duction runs of 6 ns were performed. All simulations were per-
formed at 1 atm and 300 K, maintained with the Berendsen baro-
stat and thermostat,[41] using periodic boundary conditions and the
particle mesh Ewald method (grid spacing of 1 �) for treating
long-range electrostatic interactions with a uniform neutralizing
plasma. The SHAKE algorithm was used to keep bonds involving
H atoms at their equilibrium length, allowing us to employ a 2-fs
time step for the integration of Newton’s equations.
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