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Abstract

Type 1 17B-hydroxysteroid dehydrogenase (17B-HSD1) is a key steroidogenic enzyme that catalyses the reduction of steroid estrone into the
most potent endogenous estrogen estradiol using the cofactor NAD(P)H. Bisubstrate inhibition is a good way to enhance the potency of inhib-
itors of cofactor-assisted enzymes. The design of a bisubstrate inhibitor of 173-HSDI1, the estradiol/adenosine hybrid EM-1745, is reviewed and

strategies for future designs of inhibitors are proposed.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Breast cancer is the most frequently diagnosed cancer in
women, representing about one-third of all cases, according
to both the American Cancer Society and the National Cancer
Institute of Canada. In 50—75% of these cancers, the estrogen
receptor (ER) is present and estrogens play a key role in tu-
mour growth. Thus in addition to surgery, radiotherapy and
classical chemotherapy, hormone therapy has been used with
success in the treatment of ER™ breast cancer, using either
an antagonist of the estrogen receptor [1] or an inhibitor of ar-
omatase [2], one of the enzymes involved in the biosynthesis
of estrogens (Fig. 1) [3—5].

Other key enzymes involved in steroidogenesis are 173-hy-
droxysteroid dehydrogenases (178-HSDs). This enzyme fam-
ily controls the formation and inactivation of the most potent
endogenous estrogen estradiol (E;) and androgen testosterone.
Thus this family, of which 12 members are known to date [6],
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constitutes an interesting therapeutic target in the treatment of
estrogen- and androgen-sensitive diseases, including breast
and prostate cancers [7,8]. Although these enzymes have
shown both oxidative and reductive activities in cell homoge-
nates, it has been demonstrated that each isoform has an al-
most exclusively unidirectional activity in intact cells [9].
This selectivity is thought to originate in the preferred binding
of the enzyme to either NADPH (nicotinamide adenine dinu-
cleotide phosphate, reduced form) or NAD " (nicotinamide ad-
enine dinucleotide, oxidized form) cofactor (Fig. 2).

Thus it is observed that enzymes binding preferably to
NADPH are reductive, and those which prefer NAD™ are oxida-
tive [9]. Human 17B-HSD types 1, 3, 5, 7 and 12 are reductive
enzymes, whereas types 2, 4, 8, 10 and 11 are oxidative. The
conversion of estrone (E;) to E, is the most important activity
observed for types 1, 7 and 12 17B-HSDs. Even though type 1
is not observed in all breast tumours, its presence seems to be
correlated with poor prognosis [10], as it is the most active of
all three known estrogenic types [11]. 17B3-HSD1 remains there-
fore an interesting target in breast cancer hormonal therapy.

Because of the therapeutic interest in its inhibition and of
the fact that it has been known for a long time, the work on
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Fig. 1. Summary of the biosynthesis (steroidogenesis) of estrogens estradiol (E,) and androst-5-ene-38,178-diol (A-diol) from cholesterol. For an overview of
steroidogenic enzymes, see Ref. [3]; DHEA: dehydroepiandrosterone; androst-4-ene-3,17-dione (A*-dione); E;: estrone; 178-HSD1: 17B-hydroxysteroid dehydro-

genase type 1; 3B-HSD: 3B-hydroxysteroid dehydrogenase; ER: estrogen receptor.

17B-HSD1 inhibitors is the most extensive in the 178-HSD
family [7]. Among these early efforts, our laboratory contrib-
uted both alkylating-agent type irreversible inhibitors (com-
pounds 1 and 2) [12] and C6pB-substituted reversible
inhibitors (compounds 3, 4 and 5, Fig. 3) [13,14]. However, in-
hibitors of low-nanomolar potency are more recent, earlier
compounds rarely reaching sub-micromolar activity.

One known way to increase the potency of an inhibitor is
the so-called ‘“hybrid” or ‘“bisubstrate” inhibitor concept
[15—17], in which a cofactor (or cofactor mimic) is covalently
linked to a substrate (or substrate mimic). The resulting com-
pound, when optimized, has the potential to have a binding
free energy equal to the sum of the binding energies of the
substrate and cofactor. The resulting affinity would therefore
be equal to the product of the substrate and cofactor binding
affinities. Moreover, this compound would have the required
high specificity afforded by its substrate-binding moiety, and
to some extent, by its specific linker conformation and length.
Although the concept has been mainly used in structural
probes of enzymatic mechanisms [18—20], it has led to
some very potent therapeutic compounds, such as Mupirocin
[21], a femtomolar-range inhibitor of bacterial isoleucyl-
tRNA synthetase that is used as a topical antibiotic. With
this in mind, one such compound, EM-1745 (compound 6,
Fig. 3), was designed as inhibitor of 178-HSD1 [22—24]. In
addition to report all data we previously published, this review

article also reports unpublished data thus giving a final over-
view for this first E;-adenosine hybrid compound inhibiting
17B8-HSDI.

2. The design of EM-1745

Since the complexity of the NADPH cofactor (Fig. 2) is
quite forbidding for chemical synthesis, an effort was made,
via preliminary binding studies, to find out which part of the
cofactor is essential in binding to 173-HSD1. It was observed
that adenosine diphosphate (ADP) and NADPH had similar
binding affinities to 173-HSD1. ADP constitutes a subpart of
NADH without the nicotinamide ring and the second ribose
molecule. Furthermore, in the 17B-HSD1/E,/NADP" complex
structure [25], the nicotinamide ring has a weaker electron
density than the rest of the cofactor, which can be ascribed
to a lack of direct interactions with the active site. It was
thus assumed that the adenosine moiety was in itself sufficient
to mimic the cofactor, since no other important interactions
were visibly taking place elsewhere within the cofactor bind-
ing site, and that 178-HSD1 can accommodate both NADPH
and NADH, although it shows higher affinity for NADPH [26].

Having established the structure of the new cofactor moi-
ety, and knowing that E, is a good steroidal substrate of
17B-HSDI1, 3D structures of the 173-HSD1/E, complex [27]
and of the apoenzyme [28] obtained from X-ray diffraction
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Fig. 2. The key role of cofactors NADPH and NAD™ in the interconversion of 17-ketosteroids into 17B-hydroxysteroids.

of protein crystals were used in the design of the hybrid inhib-
itor. The adenosine moiety of the NADH cofactor and sub-
strate E, were linked with an alkyl carbonyl linker attached
to the C16B-position of the steroid and to the 5'-carbon of
the adenosyl ribose. Inhibitors with linker chain lengths of
5,6,7, 8,9 and 12 methylene groups were thus generated, sub-
mitted to an energy minimization procedure, and their energies
examined. It was found that the lowest minimum energy was
for the linker length of 7 methylenes, although the differences
between 7, 8 and 9 were minimal. When the ability of the can-
didate molecules to fit into the active site was examined for the
degree of fit into the active site using molecular surfaces, 8 and
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Fig. 3. Some 17B-HSD1 inhibitors.

9 methylenes seemed to afford the best fit. Modeling thus pre-
dicted that the ideal linker length for the E,-adenosine hybrid
inhibitor would be 8 or 9 methylenes. In parallel with the mod-
eling study, chemical synthesis was made, focusing on linker
chain lengths between 6 and 11 methylenes. Enzymatic assay
in cell homogenates using NADH as cofactor showed that
a linker chain length of 8 methylenes gave the best 1703-
HSD1 inhibition, with an ICs, of 52 nM (Fig. 4) for the trans-
formation of E; to E, [24].

Kinetic studies of the oxidative reaction using the purified
enzyme with NADP" as cofactor showed that the inhibitor
has a competitive behaviour towards E,;, as expected, with
an apparent K; of 3 nM for the transformation of E, into E;
(Fig. 5) [22].

The structure—activity relationship (SAR) study of a series
of EM-1745 analogues also clearly established the key role of
both substrate and adenosine parts to generate potent inhibi-
tion [24]. It has shown that when adenosine was replaced
with another group while keeping the E, moiety, inhibiting po-
tency against 17B-HSD1 dropped considerably. Similar results
were obtained when assaying a steroid-less molecule consist-
ing the esterified adenosine attached to the linker alkyl chain.
Finally, the hypothetic interactions of the substrate and cofac-
tor parts with the enzyme were confirmed with an X-ray crys-
tallographic structure of the complex (Fig. 6) [22].

3. The simplified hybrid inhibitors
Despite its high inhibitory activity on purified 178-HSD1

and in cell homogenates, we identified two major drawbacks
when using EM-1745 in intact cells or in vivo models. The
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inhibitor might not penetrate the cellular membrane, and the
inhibitor might be somehow metabolized, most probably at
the ester bond site. To overcome this problem, a new, simpli-
fied hybrid inhibitor was then designed and synthesized [30].
This compound contains a meta-substituted aniline as a mimic
of the adenosine moiety of EM-1745 and the ester bond was
replaced with a carbon—carbon bond, much more resistant
to metabolism (Fig. 7). The hope was for an aniline cofactor
mimic to conserve interactions with the side chains of
Asp65 and Serll which are present in the 178-HSD1/EM-
1745 complex. Longer linker chain lengths of 13—15 methy-
lenes were used in this design, making up for the loss of the
ester bond and ribose unit. Substituents included methyl ester,
carboxylic acid, alcohol and bromomethyl groups (compounds
7). To verify the relevance of both substituents, derivatives
lacking the amino group substituent on the phenyl ring, and
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Fig. 5. Double reciprocal Lineweaver—Burk plot of the oxidative reaction
(transformation of E, to E;) showing competitivity of EM-1745 against E,
in the presence of NADP™ [22].

a simple unsubstituted aniline, were also synthesized. Enzy-
matic assay using a transfected human embryonic kidney
(HEK)-293 cell homogenate showed a significantly lower po-
tency of compounds 7—9 in inhibiting 173-HSD1 when com-
pared to EM-1745 (6) [31]. The optimal linker chain length
was thus found to be 13 methylenes and the best substituent
was the carboxylic acid group. Surprisingly, far from being
beneficial, the presence of the amino group on the cofactor
mimic (compound 8) was detrimental to inhibition. In fact,
compounds 8 and 9 at a concentration of 0.1 uM inhibited
27 and 49%, respectively, the transformation of E; (100 nM)
into E, by 17B-HSD1 [31]. To better understand these phe-
nomena, a structural study of the simplified hybrid inhibitors
in the enzyme active site was necessary.

4. Crystallization of the compound 8/173-HSD1 complex

Crystallization of a compound 8/178-HSD1 complex was
attempted using the standard soaking method developed in
Dr. Lin’s laboratory [22] for steroidal ligands in 178-HSDI.
In short, a previously formed apoenzyme crystal is soaked in
a concentrated buffered aqueous solution of the chosen ligand.
This was attempted on several occasions, with the highest safe
concentrations of ligand possible without endangering the
crystal. When diffracted, no crystal showed any visible ligand
electronic density. This could be due to low ligand affinity for
the enzyme, or to an excessive static or dynamic mobility of
ligand atoms (B-factor) caused by its high flexibility. As an al-
ternative structural study method, it was decided to perform
a molecular dynamics simulation of the complex.

5. Molecular dynamics study of the simplified hybrid
inhibitors

Because molecular dynamics simulation is a quite compu-
tationally expensive procedure, the compounds submitted have
to be chosen carefully. In our case, the compounds most likely
to yield valuable information were those which had the best
linker chain length and substituent group for inhibition and,
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Fig. 6. A: Stereo representation of crystal structure of 173-HSD1 complexed with EM-1745 generated using the PYMOL software [29]. B: Schematic diagram of
the most important interactions between EM-1745 and the two binding sites: substrate (left side) and cofactor (right side). For a more detailed description of in-

teractions see Fig. 7 of Ref. [22].

since we wanted to understand why the amino group was det-
rimental to inhibition, we had to compare inhibitor 9 (with the
carboxylic acid only) with the one containing the amino group
(compound 8, Fig. 7). We also had to include one reference
system, and the best choice for us was EM-1745 itself. Since
automated docking of the simplified hybrid inhibitors is diffi-
cult due to the high number of torsions in the long alkyl chain,
the molecules, compounds 8 and 9, were built into the enzyme
structure starting from the available 178-HSD1/EM-1745
structure (PDB ID 1I5R) [22]. Topologies for the ligands
were built using the server-based software PRODRG [32].
The carboxylic acid moiety was considered as ionized (car-
boxylate), since it would probably be mostly in that form in
physiological conditions, given the pK, of similar acids. Using

the open-source molecular dynamics package GROMACS
[33], these structures were solvated in a truncated octahedral
box of single point charge (SPC) water molecules with walls
0.85 nm away from the protein. Sodium counterions were gen-
erated using the GROMACS program genion when needed to
neutralize the negative charge. Using periodic boundary condi-
tions (PBC) and the particle mesh Ewald (PME) method for
long-distance electrostatic energy calculations, the systems
were submitted to the steepest descents minimization method
until convergence at Fp,,, < 1500 kJ mol ' nm~'. The mini-
mized structures were then submitted to a “‘soaking” proce-
dure in which the molecular dynamics is run for 20—100 ps
using a time step of 2 fs with a harmonic restraint on the pro-
tein. This allows to relieve bad contacts between the solvent
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(or inhibitor) and protein without undue deformation of the
protein. The systems were then ready for the full, unrestrained
1 ns molecular dynamics simulation using constant tempera-
ture, pressure and molecule number (canonical or NPT ensem-
ble) conditions at 300 K and 1 atm with Berendsen-type
temperature and pressure coupling schemes and a time step
of 2 fs.

The simulation results were analyzed using analysis tools
available in GROMACS or with the visualization software
VMD [34]. Our main interest was in the protein-inhibitor in-
teractions, mainly in the formation and breaking of hydrogen
bonds, as compared with what is observed in the reference in-
hibitor EM-1745 and also in the 178-HSD1/E,/NADP* com-
plex [25]. Analysis of the compound 8 system trajectory
showed that at no moment in the 1 ns simulation the amino
group of the cofactor mimic was forming an H-bond with
Aspb65, or with any other residue. However, the carboxylic
acid group formed a hydrogen bond with Serl1 after 800 ps,
which is also an interaction present in the 17B8-HSD1/EM-
1745 complex [22]. In the case of compound 9, the carboxylic
acid group formed a stronger electrostatic interaction with
Arg67/Arg37. This salt bridge corresponds to the one observed
for the 3’-phosphate in the 178-HSDI1/E,/NADP" complex,
which confirmed that the carboxylate group could in that
case be a bioisostere of the phosphate group.

Visual inspection of the 3D structure of compound 8 com-
plexed with 178-HSD1 showed the reason for the lack of in-
teraction with the amino group. When the carboxylate group
is in a proper position to interact with Serll or Arg67/
Arg37, the amino group on the same aromatic ring, i.e., on
the same plane, is simply not in the appropriate range or ori-
entation for a hydrogen bond. To improve the hybrid inhibitor
design, an alternate structure represented by compound 10
(Fig. 7), was generated and submitted to the same procedure
as described previously. This inhibitor takes into account
that in the substituted aniline design, interaction of the amino
group with Asp65 cannot take place simultaneously with the
one between the carboxylic acid group and Serl1. Indeed, in
the adenosine of EM-1745, the two equivalent interacting

groups are not situated in the same plane. To correct this prob-
lem, two different aromatic cycles are used in the hypothetic
compound 10.

The analysis of the trajectory showed the expected interac-
tions between Asp65 and the amino group of 10 and between
Arg67 and the carboxylate group of 10. The graph of the dis-
tances between the interacting groups versus time (Fig. 8)
shows that the amino group and the carboxylate group are si-
multaneously within hydrogen-bonding distances (applying
a cut-off of 3.5A) with their intended target side chains
from 400 ps until the end of the simulation.

A supplementary interaction between the keto group link-
ing the two aromatic rings and the backbone of Serll was
also observed in the compound 10/178-HSD1 complex
(Fig. 9). Qualitative analysis of the molecular dynamics trajec-
tories of the simplified hybrid inhibitor complexes of com-
pounds 8 and 9 with 178-HSD1 allowed us to conclude that
the proposed cofactor mimics could not conserve all the inter-
actions of the adenosine moiety of EM-1745 in the enzyme,
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Fig. 8. Graph of distance versus time for the key elements of compound 10
interacting with 17B-HSD1. The upper curve represents the distance between
the amino group and Asp65 whereas the lower curve is for the carboxylate
group and Arg67.
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Fig. 9. A: Stereo representation of the 178-HSD1/compound 10 complex. The structure was obtained from the last frame in the 1 ns molecular dynamics simulation
and generated using PyMOL [29]. B: Schematic diagram of the most important interactions between 173-HSD1 and compound 10.

thus explaining the lower potency of 8 and 9 when compared
to EM-1745 (compound 6) [31]. The alternate inhibitor design
(compound 10) seems to be a better cofactor mimic but bind-
ing free energy calculations would be needed to estimate its
potency as an inhibitor of 173-HSD1 when compared with
adenosine.

6. Inhibitory potency of EM-1745 in intact and
homogenated cells

For a compound to be used therapeutically against a cyto-
solic enzyme such as 178-HSD1, it must be able to cross
the cellular membrane to reach its target. Also, for our pur-
pose, which is hormone therapy, the product must not be cyto-
toxic. The use of intact cells in the inhibition assay is thus
a good way to insure that a compound has a good potential
to be used as a drug. Even when assayed in intact HEK-293

transfected cells, for which no exogenous cofactor is neces-
sary, EM-1745 still retains some inhibiting power, albeit con-
siderably lower (Fig. 10A). This means that it, or one of its
metabolites which has a lower inhibiting potency, can pene-
trate the cellular membrane.

The preference of 173-HSD1 for NADPH over NADH be-
ing known [9], we thought it would be interesting to compare
the inhibitory activity of EM-1745 with NADPH versus
NADH as exogenous cofactor in a cell homogenate assay.
As expected, inhibitory potency of EM-1745 is lower when
NADPH rather than NADH is used as cofactor (Fig. 10B).
From these data, we estimated an ICsy of ~8 uM for EM-
1745 when tested for the transformation of E; into E, in pres-
ence of NADPH. Furthermore, the results obtained in cell
homogenates using NADPH are comparable to those observed
in the intact cell assay. Considering how the different cofactors
are distributed in intact cells [9], it is very probable that the
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Fig. 10. A: Inhibition potency of various inhibitors (compounds 1, 3, 6 and E)
in intact HEK-293 cells overexpressing 178-HSDI1 at three concentrations
(0.1, 1 and 10 pM). The transformation of ['*C]-E; (60 nM) into [*C]-E,
was determined and the inhibition percentage calculated as previously reported
in literature [14]. B: Inhibition potency of EM-1745 (6) versus NADH or
NADPH in homogenated HEK-293 cells overexpressing 173-HSD1. The
transformation of [**CJ-E; (100 nM) into [**C]-E, was determined and the in-
hibition percentage calculated as previously reported in literature [35].

enzyme will have to use NADPH for the reduction of E; in this
system, and that itself could explain the lower potency of the
hybrid inhibitor 6 when compared to the results obtained in
cell homogenates.

7. Considerations on the mechanism of action of EM-1745

From the structural data of the 178-HSD1/EM-1745 com-
plex [22], it appears that the formation of a tertiary complex
involving the enzyme/bisubstrate inhibitor/substrate or en-
zyme/bisubstrate inhibitor/cofactor is not possible since both
cofactor and substrate-binding sites are occupied by the bound
bisubstrate inhibitor EM-1745 in a closed active site (Fig. 6).
However, the adenosine moiety of EM-1745 does not bind the
cofactor binding site of 17B-HSD1 as strongly as the phosph-
ated adenosine moiety of NADPH, and thus the bisubstrate in-
hibitor EM-1745 (without a phosphate group) cannot compete
efficiently enough against the cofactor NADPH (with a phos-
phate group) as illustrated in Fig. 10B. The kinetic mechanism
of human 173-HSD1 was reported to be of random type [36],
which means that either the cofactor or the substrate can ran-
domly bind first to the enzyme. However, this result seems to

be an exception since many of the HSDs which belong to the
short-chain dehydrogenases/reductases (SDR) and aldo-keto
reductases protein families appear to have an ordered mecha-
nism [37]. Furthermore, the recent crystallographic and kinetic
studies of Drosophila alcohol dehydrogenase suggest an or-
dered binding mechanism for this SDR enzyme [38]. Because
the exact kinetic mechanism of human 178-HSD1 remains
controversial, we considered both kinetic mechanisms in our
next discussion using the theory of bisubstrate inhibition,
which has recently been described in detail as a diagnostic
tool for mechanisms [39]. When deriving the kinetic equations
of a random bi—bi mechanism for a bisubstrate inhibitor such
as EM-1745 (no tertiary complex possible), it is clear that pure
competitive behaviour would be observed not only for the sub-
strate, but also for the cofactor. In the case of an ordered bi—bi
reaction mechanism in which the cofactor binds first, the
inhibitor still competes against the cofactor. Whatever the en-
zymatic mechanism, random or ordered, the affinity of the
EM-1745 cofactor-mimic moiety is a key factor in the overall
potency of a bisubstrate inhibitor targeting 17p8-HSD1.

8. Perspectives for the design of 173-HSD1 inhibitors

It cannot be concluded that EM-1745 is metabolized or in-
capable of crossing the cellular membrane, but it is clear that it
is much less efficient against NADPH, the natural 173-HSD1
cofactor most likely to be present in physiological conditions,
than against NADH. For this reason, all future 173-HSDI1 in-
hibitors should be screened against exogenous NADPH in cell
homogenates or pure enzyme. Indeed, in intact cells, it has
been shown that endogenous NADPH is the prevalent cofactor
for 178-HSD1 [9]. In the case of EM-1745, the ICsq value of
52 nM was obtained against NADH, and does not necessarily
reflect the reality of the natural environment of the enzyme.
From the data presented here, we can infer that an increase
of the EM-1745 hybrid inhibitor’s potency against 17f3-
HSD1 could be achieved through an improvement of the affin-
ity of its cofactor moiety. One way to do this would be to add
a phosphate group on the 3’-carbon of the adenosine moiety, as
present in NADPH. Although not easy, the chemical synthesis
of a steroidal derivative of adenosine phosphate was recently
reported in literature [40]. Another way would be to use
a more efficient cofactor mimic such as the one in the com-
pound 10 design (Fig. 7), in which the bothersome phosphate
group is adequately replaced with a more chemically manage-
able carboxylic acid group. Other reported Rossman-fold-tar-
geting compounds, such as gossypol derivatives, have also
been tested for 178-HSDI1 inhibition [41]. They have been
shown to be competitive against the oxidative cofactor
NAD" with a K, value as low as 2.2 uM [41], as compared
to 250 uM for the adenosine esterified with the alkyl side
chain spacer of EM-1745 [22]. The size and complexity of
EM-1745 do not make it a very drug-like compound, but big-
ger compounds of higher complexity have been used in the
past as drugs. However, in order to design smaller drug-like in-
hibitors, another strategy in the design of 173-HSD1 inhibitors
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could be to look for synergy with the cofactor rather than to
compete against it.

Acknowledgments

We want to thank the Canadian Institutes of Health Re-
search (CIHR) for an operating grant. The National Science
and Engineering Research Council (NSERC) is also acknowl-
edged for supporting the preliminary work on hybrid inhibitor
EM-1745. We are grateful to Yannick Laplante and Marie Bér-
ubé for their collaboration in the preparation of Fig. 10A and
B, respectively. Careful reading of the manuscript by Sylvie
Méthot is also greatly appreciated.

References

[1] E.A. Ariazi, J. Ariazi, F. Cordera, V.C. Jordan, Curr. Top. Med. Chem. 6
(2006) 181—202.
[2] The ATAC (Arimidex, Tamoxifen Alone or in Combination) Trialists’
Group, Cancer 98 (2003) 1802—1810.
[3] F. Labrie, V. Luu-The, C. Labrie, A. Belanger, J. Simard, S.-X. Lin,
G. Pelletier, Endocr. Rev. 24 (2003) 152—182.
[4] A.H. Payne, D.B. Hales, Endocr. Rev. 25 (2004) 947—970.
[5] H.J. Smith, PJ. Nicholls, C. Simons, R. Le Lain, Expert Opin. Ther. Pat.
11 (2001) 789—824.
[6] G. Moeller, J. Adamski, Mol. Cell. Endocrinol. 248 (2006) 47—55.
[7] D. Poirier, Curr. Med. Chem. 10 (2003) 453—477 (an update of this
review was recently submitted).
[8] D. Poirier, R. Maltais, Mini-Rev. Med. Chem. 6 (2006) 37—52.
[9] V. Luu-The, J. Steroid Biochem. Mol. Biol. 76 (2001) 143—151.
[10] C. Gunnarsson, E. Hellgvist, O. Stal, Br. J. Cancer 92 (2005) 547—552.
[11] V.Luu-The, P. Tremblay, F. Labrie, Mol. Endocrinol. 20 (2006) 437—443.
[12] M.R. Tremblay, D. Poirier, J. Steroid Biochem. Mol. Biol. 66 (1998) 179—191.
[13] M.R. Tremblay, R.P. Boivin, V. Luu-The, D. Poirier, J. Enzyme Inhib.
Med. Chem. 20 (2005) 153—163.
[14] C. Cadot, Y. Laplante, F. Kamal, V. Luu-The, D. Poirier, Bioorg. Med.
Chem. 15 (2007) 714—726.
[15] S.-X. Lin, M. Baltzinger, P. Remy, Biochemistry 22 (1983) 681—689.
[16] H.G. Bull, M. Garcia-Calvo, S. Andersson, W.F. Baginsky, H.K. Chan,
D.E. Ellsworth, R.R. Miller, R.A. Stearns, R.K. Bakshi, G.H. Rasmusson,
R.L. Tolman, R.W. Myers, J.W. Kozarich, G.S. Harris, J. Am. Chem. Soc.
118 (1996) 2359—2365.
[17] K. Parang, J.H. Till, A.J. Ablooglu, R.A. Kohanski, S.R. Hubbard,
S.R. Cole, Nat. Struct. Biol. 8 (2001) 37—41.

[18] A. Haouz, V. Vanheusden, H. Munier-Lehmann, M. Froeyen,
P. Herdewijn, S. Van Calenbergh, M. Delarue, J. Biol. Chem. 278
(2003) 4963—4971.

[19] L. Jin, B. Stec, W.L. Lipscomb, E.R. Kantrovitz, Proteins 37 (1999)
729—742.

[20] A.C. Hines, K. Parang, R.A. Kohanski, S.R. Hubbard, P.A. Cole, Bioorg.
Chem. 33 (2005) 285—297.

[21] M.J.B. Brown, L.M. Mensah, M.L. Doyle, N.J.P. Broom, N. Osborne,
A.K. Forrest, C.M. Richardson, P.J. O’Hanlon, A.J. Pope, Biochemistry
39 (2000) 6003—6011.

[22] W. Qiu, R. Campbell, A. Gangloff, P. Dupuis, R.P. Boivin,
M.R. Tremblay, D. Poirier, S.-X. Lin, FASEB J. 16 (2002) 1829—
1831.

[23] D. Poirier, R.P. Boivin, M. Bérubé, S.-X. Lin, Synth. Commun. 33 (2003)
3183—-3192.

[24] D. Poirier, R.P. Boivin, M.R. Tremblay, M. Bérubé, W. Qiu, S.-X. Lin,
J. Med. Chem. 48 (2005) 8134—8147.

[25] R. Breton, D. Housset, C. Mazza, J.C. Fontecilla-Camps, Structure 4
(1996) 905—915.

[26] Y.-W. Huang, L. Pineau, H.-J. Chang, A. Azzi, V. Bellemare, S. Laberge,
S.-X. Lin, Mol. Endocrinol. 15 (2001) 2010—2020.

[27] A. Azzi, P.H. Rehse, D.W. Zhu, R.L. Campbell, F. Labrie, S.-X. Lin, Nat.
Struct. Biol. 3 (1996) 665—668.

[28] D. Ghosh, V.Z. Pletnev, D.W. Zhu, Z. Wawrzak, W.L. Duax,
W. Pangborn, F. Labrie, S.-X. Lin, Structure 3 (1995) 503—513.

[29] W.L. DeLano, The PyMOL Molecular Graphics System 2002 on world
wide web. http://www.pymol.org

[30] M. Bérubé, D. Poirier, Org. Lett. 6 (2004) 3127—3130.

[31] M. Bérubé, Ph.D. Thesis, Université Laval, Québec City, Canada, 2005,
pp. 118—176 (Chapter 3).

[32] A.W. Schuettelkopf, D.M.F. van Aalten, Acta Crystallogr. D60 (2004)
1355—1363.

[33] D. Van Der Spoel, E. Lindahl, B. Hess, G. Groenhof, A.E. Mark,
H.J.C. Berendsen, J. Comput. Chem. 26 (2005) 1701—1718.

[34] W. Humphrey, A. Dalke, K. Schulten, J. Mol. Graph. 14 (1996)
33-38.

[35] M.R. Tremblay, S.X. Lin, D. Poirier, Steroids 66 (2001) 821—831.

[36] G. Betz, J. Biol. Chem. 246 (1971) 2063—2068.

[37] T.M. Penning, Endocr. Rev. 18 (1997) 281—305.

[38] J. Benach, S. Atrian, R. Gonzalez-Duarte, R. Ladenstein, J. Mol. Biol.
289 (1999) 335—355.

[39] M. Yu, M.L.B. Magalhaes, P.F. Cook, J.S. Blanchard, Biochemistry 45
(2006) 14788—14794.

[40] M. Bérubé, D. Poirier, J. Enzyme Inhib. Med. Chem. 22 (2007)
201—-211.

[41] W.M. Brown, L.E. Metzger, J.P. Barlow, L.A. Hunsaker, L.M. Deck,
R.E. Royer, D.L. Vander Jagt, Chem. Biol. Interact. 143—144 (2003)
481—491.


http://www.pymol.org/

	Design and synthesis of bisubstrate inhibitors of type 1 17beta-hydroxysteroid dehydrogenase: Overview and perspectives
	Introduction
	The design of EM-1745
	The simplified hybrid inhibitors
	Crystallization of the compound 8/17beta-HSD1 complex
	Molecular dynamics study of the simplified hybrid inhibitors
	Inhibitory potency of EM-1745 in intact and homogenated cells
	Considerations on the mechanism of action of EM-1745
	Perspectives for the design of 17beta-HSD1 inhibitors
	Acknowledgments
	References


