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Abstract—A novel series of isoindoledione based compounds were identified as potent antagonists of the androgen receptor (AR).
Co-crystallization of members of this family of inhibitors was successfully accomplished with the T877A AR LBD. A working
model of how this class of compounds functions to antagonize the AR was created. Based on this model, it was proposed that
expanding the bicyclic portion of the molecule should result in analogs which function as effective antagonists against a variety
of AR isoforms. In contrast to what was predicted by the model, SAR around this new series was dictated by the aniline portion
rather than the bicyclic portion of the molecule.
� 2004 Elsevier Ltd. All rights reserved.
Carcinoma of the prostate (CaP) is the second leading
cause of cancer related death in men with an estimated
182,000 new cases diagnosed and 40,000 deaths each
year in the United States.1 For the past 50 years, andro-
gen ablation via castration has been the most effective
therapy for the treatment of advanced CaP in the clinic.
A more recent treatment alternative, complete androgen
blockade (CAB) is accomplished by treatment with an
androgen receptor antagonist in combination with
chemical castration via a luteinizing hormone releasing
hormone agonist.2 Although this approach initially
shows a 80–90% response rate,3 when treatment is con-
tinued for 1–2 years, approximately 50% of patients pro-
gress to fatal androgen independent disease.4 Clearly,
there is an unmet medical need for the treatment of ad-
vanced CaP. For this reason, we are interested in identi-
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fying novel small-molecule antagonists of the AR that
are more effective than the current therapies.

As previously described, we have discovered a novel ser-
ies of bicyclic 1H-isoindole-1,3(2H)-diones that function
as potent AR antagonists.5 Preliminary structure–acti-
vity data, comprising AR binding and functional
response in whole cell assays, indicated that both
intrinsic receptor affinity and agonist/antagonist profiles
could be modulated. Our earlier empirical methods gen-
erated clear SAR for the wild type AR, but failed to
show a correlation across a series of AR isoforms.
Therefore, we attempted to identify clear SAR trends
for this series by capitalizing on AR structural informa-
tion that was experimentally derived in our laborato-
ries.6 This report describes our structure-based
approach to the design of potent, broad spectrum AR
antagonists, and provides a retrospective analysis of
our findings.

As shown in Table 1, screening revealed that certain
members of this series (3) gave an in vitro profile similar
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Table 1. Initial AR antagonist leads

Compd no MDA-453 Ki, nM
a MDA-453 IC50, nM

b LNCaP Ki, nM
a LNCaP IC50, nM

b PCa2b IC50, nM
c

1 64 173 35 400 725

2 43 26 2 Agd Agd

3 158 307 6 41 180

4 5 12 2 Ag Ag

a Binding determined through direct displacement with [3H]-DHT in the MDA-453 cell line (Ki) or in the LNCaP cell line.
8

b Functional antagonist activity determined through a transiently transfected reporter assay system utilizing a secreted alkaline phosphatase (SEAP)

reporter construct and a PSA AR promoter domain.8

c Inhibition of cell proliferation determined by [3H]-thymidine incorporation over a 72h growth period.8

d Ag: Compounds were run through the assays described in footnotes �b� and �c� in the presence or absence of the AR agonist ligand DHT. In the

absence of DHT, these compounds were able to activate the AR in the transcription assays or promote the growth of the PCa2b cell line, thus

behaving as agonists (Ag) ligands for the AR. In the presence of DHT these compounds showed minimal to no measurable antagonist activity.
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to the clinical antiandrogen bicalutamide3 (1), having an
antagonist profile (IC50) toward the mutant T877A AR
in the LNCaP7 cell line and inhibiting the androgen
dependent growth of the human prostate cancer cell line
MDA-MB-PCa2b, which contains an AR with muta-
tions at both L701H and T877A.5,8 In contrast, other
members of the series (4) gave a profile similar to the ac-
tive metabolite of the clinical antiandrogen flutamide3

(2), having an agonist profile toward the LNCaP and
MDA-MB-PCa2b cell lines. The goal of our initial
SAR studies was to optimize the antagonist profile of
this series across an array of AR isoforms by probing
the effects of substituents around the aniline and bicyclic
portion of the molecule through parallel synthesis ap-
proaches. Initial studies suggested that the aniline por-
tion of the molecule dictated binding and functional
activity, leaving the role of the bicyclic portion of the
molecule unclear. As modifying the bicyclic portion of
the molecule in a parallel synthesis approach proved
to be challenging, we set out to utilize approaches of ra-
tional drug design to approach the question of how to
impart an antagonist profile across a series of AR
isoforms.

To gain insight into the binding of our lead series to the
AR at the molecular level, we set out to generate a co-
crystal structure of our lead series with the AR ligand
binding domain (LBD). Based on our previous success
in obtaining co-crystals of the WT and T877A AR
LBD bound to the natural agonist ligand DHT6 and
the knowledge that several of our ligands behaved as
agonists toward the MT AR isoforms, we decided to
pursue co-crystallization with the T877A AR LBD as
our primary strategy. Figure 1A shows a rendering of
the co-crystal of the T877A AR LBD with compound
5 (Table 2) resolved to 1.8 Å.9 Several key structural fea-
tures became evident when comparing this structure to
the available structure of DHT bound to the T877A
AR LBD shown in Figure 1B. Although the backbone
structure of the proteins bound with either DHT or
compound 5 generate a superimposable agonist conform-
ation, the two ligands clearly bound in a different fash-
ion. It is important to note that this structure is the
first clear evidence that small molecule antiandrogens,
which demonstrate an agonist profile in the LNCaP cell
line, generate an agonist conformation with the A877
AR LBD. The 4-nitro group on the naphthyl system ap-
pears to take the place of the C-3 carbonyl of DHT,
making similar contacts with both arginine 752 (R752)
and glutamine 711 (Q711). In the case of DHT, a water
molecule is also bridged from the C-3 carbonyl group to
R752 and Q711. No such water molecule is found when
5 binds into the ligand binding pocket. As can be seen,
phenylalanine 764 (F764) forms an edge face interaction
with the first aromatic ring of the naphthyl system of 5,
in a fashion similar to that seen with the A ring of DHT.
Unlike DHT, the second aromatic ring of the naphthyl
system of 5 occupies a hydrophobic pocket not occupied
when DHT is bound. With DHT, the D-ring region parti-
cipates in a bifurcated H-bond from the C-17 hydroxyl
to asparagine 705 (N705), and in the case of the WT
AR, threonine 877 (T877). The lipophilic bicyclic por-
tion of 5 occupies the same position in the ligand bind-
ing pocket of AR as the C and D rings of DHT, but
offers no substituents to form hydrogen bonds with
available sites in this region of the protein.

The most interesting piece of information gleaned from
the structure of the T877A AR LBD was the fact
that the imide portion of the molecule generates no



Table 2. SAR of bicyclo[3.2.2]nonane analogs

Compd no MDA-453 Ki, nM
a MDA-453 IC50, nM

b LNCaP Ki, nM
a LNCaP IC50, nM

b PCa2b IC50, nM
a

5 19 224 0.5 Agd Agd

6 100 196 19 66 0.4

7 9 49 9 Agd Agd

8 2810 658 20 23 179

9 3 786 NTe Agd Agd

10 3200 1700 9 30 148

a–d See footnotes of Table 1.
e NT: Not tested.

Figure 1. (A) Crystal structure of the T877A AR LBD and compound 5 at 1.8Å. View of T877A AR LBD binding site with a portion of the

backbone ribbon (red) removed for clarity. Key side chains are displayed and colored by atom type (C white, N blue, O red). Compound 5 is shown

in stick colored by atom type (C green, N blue, O red). (B) Crystal structure of the T877A AR LBD and DHT at 1.8Å. View of T877A AR LBD

binding site with a portion of the backbone ribbon (red) removed for clarity. Key side chains are displayed in purple. Alanine 877 is show in space

filling in pink. DHT is shown in stick colored by atom type (C green, N blue, O red). (C) Molecular overlay of WT AR LDB co-crystallized with

DHT and mutant AR T877A with compound 5 displayed in space-filling colored by atom type (C green, N blue, O red). T877 of WT AR LBD is

displayed in space filling (colored C white, N blue, O red). (D) Molecular overlay of the T877 AR LDB co-crystallized with compound 5 in which

compound 5 is replaced by compound 7 displayed in space-filling colored by atom type (C green, N blue, O red). A877 of MT AR LBD is displayed

in space filling (colored C white, N blue, O red, H gray).
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significant interactions with any residues in the LBD.
Since most of the known small molecule AR antagonists
contain an aryl amide functionality isosteric with the
imide portion of 5 (see Table 1, compounds 1 and 2),



274 M. E. Salvati et al. / Bioorg. Med. Chem. Lett. 15 (2005) 271–276
we assumed that the carbonyl or the amide nitrogen
made some critical H-bond interaction within the LBD
that contributed to the binding affinity. No residues
capable of forming a hydrogen bond or Van der Waals
interactions could be found within 5Å of either the car-
bonyls or the nitrogen atom of the imide system. At this
point it is our assumption that the imide portion of the
molecule serves only to constrain the bicyclic and aniline
portions of the molecule into a geometry that optimizes
binding. For 5, with the exception of interactions at the
aniline portion of the molecule, tight binding to the AR
ligand binding pocket is driven by aromatic and hydro-
phobic interactions with residues of the AR ligand bind-
ing pocket.

With the structure of 5 bound in the T877A AR LBD in
hand, we next sought to understand why a simple trans-
formation from a threonine to an alanine at position 877
of the AR LBD resulted in the reversal of 5 from a func-
tional antagonist toward the WT AR to a functional
agonist toward the MT AR. To this end, we superim-
posed the co-crystal structure of the WT AR LBD with
DHT bound over the co-crystal structure of the T877A
AR LBD with 5 bound (Fig. 1C).10 No significant differ-
ences were noted in the backbone structure of the two
proteins despite the single point mutation and the dra-
matically different ligands bound to the active sites.
Space filling rendering of 5 and the threonine residue
at position 877 clearly illustrates that the bicyclic por-
tion (green) of 5 will clash with the polar threonine
(white) residue in the WT AR LBD. This situation does
not occur in the T877A AR LBD due to the smaller size
and lipophilic nature of the alanine residue. We believe
that the clash between the bicyclic system and the threo-
nine residue leads to movement in helix-3 and/or helix-
10/11, which ultimately leads to displacement of helix-
12 and the generation of an antagonist-like conforma-
tion with the WT AR. The above hypothesis seems to
give a plausible explanation for why compounds which
demonstrate antagonist activity in the WT AR, can be-
have as agonists with the MT AR found in the LNCap
and PCa2b cell lines, since the mutations found in each
receptor creates additional space in the binding pocket
around the portion which accommodates the D-ring of
DHT. This hypothesis, however, does not explain the
previously described SAR for this series, which demon-
strates that the aniline portion of the molecule, which
makes no direct interactions with the mutations found
in either receptor, dominates the functional activity of
this series of antagonists. The discrepancy between the
structural information and the observed SAR may re-
flect the fact that our interpretations are based on struc-
tural information on the AR LBD in an agonist rather
than an antagonist conformation.

In order to validate the above proposed model for
antagonism of the AR, we set out to design a new series
of agents that would inhibit both the WT as well as MT
AR isoforms. Based on the model shown in Figure 1C,
we theorized that expanding the size of the bicyclic
system should result in a similar steric clash with the
alanine residue in the T877A AR, resulting in com-
pounds which will retain an antagonist profile against
either the WT or MT AR isoforms. Figure 1D shows
a docking model of the bicyclo[3.2.2]nonane analog 7
(Table 2) bound to the T877A AR LBD. Space filling
rendering of 7 (green) and the alanine residue (white)
at position 877 suggests that the bicyclic portion of 7 will
clash with the alanine residue in a fashion similar to that
seen in Figure 1B, possibly leading to an antagonist
conformation.

Based on the binding models and structures described
above, we set forth making a new series of AR antago-
nists having an expanded ring size beyond the bicyclo-
[2.2.1]heptane and bicyclo[2.2.2]octane systems previ-
ously explored. Modeling suggested that expanding the
ring size by just one carbon unit, to generate a bicy-
clo[3.2.2]nonane system, would be sufficient to result in
a steric clash with A877 of the MT AR while not being
too large to fit into the WT AR binding pocket. To this
end, we explored the SAR around a series of bicy-
clo[3.2.2]nonane and cyclopropyl-bicyclo[2.2.2]octane
analogs. Table 2 gives a brief overview of the SAR ob-
tained around this series of analogs, the synthesis of
which has been described in detail previously.5,11 A clear
trend that was noted from this series was that functional
activity against the MT AR isoforms found in the
LNCaP and PCa2b cell lines was dictated by the aniline
portion of the molecule, not by the bicyclic portion.
As can be seen, when the 4-nitronaphthyl group is
employed, an agonist profile is seen for the bicyclo-
[2.2.2]octane analog 5 and the larger bicyclo[3.2.2]non-
ane analogs 7 and 9. In contrast, when the 3-trifluoro-
methylaniline is used, a full antagonist profile is seen
for all analogs (compare 6, 8 and 10) with little change
in binding to the T877A AR or functional activity with
either MT AR cellular assays. The effect of increasing
the size of the bicyclic ring was much more dramatic
with the WT AR. When the 4-nitronaphthyl group
was employed, as the ring size increased, the binding,
and to some extent the functional activity, increased.
In sharp contrast, when 3-trifluoromethylaniline is used,
a significant loss of both binding and functional activity
is seen as the ring size increases. Both of these examples
suggest that it is the aniline portion, which dictates both
the binding and functional activity within this series of
compounds. This trend is not consistent with the model
we set out to validate but is consistent with earlier SAR
seen for this series of AR antagonists.

In addition to the simple bicyclo[3.2.2]nonane analogs
described in Table 2, a diverse array of bicyclo[2.2.2]-
octane analogs, with substitution around the bicyclic
ring, was prepared (Table 3).12 These and other related
compounds5 were developed in an effort to validate
our proposed model for antagonism of the AR. In gen-
eral, we could not establish any clear trends for substitu-
tion around the bicyclic system and the production of an
antagonist profile across a series of AR isoforms. In
fact, varying the substitution around the bicyclic system
caused a more diverse pattern of activity, with com-
pounds now demonstrating different profiles in the dif-
ferent MT isoforms (see compound 12). For the WT
AR found in the MDA-453 cell line, increasing the bulk
around the bicyclic ring in general lead to a decrease in



Table 3. SAR of bicyclo[3.2.2]nonane analogs

Compd no MDA-453 Ki, nM
a MDA-453 IC50, nM

b LNCaP Ki, nM
a LNCaP IC50, nM

b PCa2b IC50, nM
c

11 171 68 0.01 Agd Agd

12 432 5240 33 59 Agd

13 83 150 28 Agd Agd

14 >5000 4030 115 631 8460

a –dSee footnotes of Table 1.
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binding and functional activity (see compounds 12 and
14). Some modifications were noted that lead to an in-
crease in binding to the WT AR, however, this often
did not translate into an increase in functional activity
(compare compounds 11 and 13).

In summary, we have developed and characterized a
novel series of bicyclic-1H-isoindole-1,3(2H)-dione based
androgen receptor antagonists. These compounds dem-
onstrate potent binding to and functional antagonist
activity against the WT AR. In addition, members of
this family demonstrate potent binding and functional
antagonist activity toward the T877A AR found in the
LNCaP human prostate cancer cell line, as well as po-
tent growth inhibitory activity against the MDA-MB-
PCa2b human prostate cancer cell line, which contains
a doubly mutated L701H and T877A AR. Co-crystalliz-
ation of members of this family of inhibitors was suc-
cessfully accomplished with the T877A AR LBD. This
structural information was utilized to build a working
model of how compounds in this class function to anta-
gonize the AR. Based on this model it was predicted that
a new series of analogs in which the bicyclic portion of
the molecule was expanded should function as antago-
nists to the WT as well as MT AR isoforms. In contrast
to what was predicted by the model, SAR suggests that
the aniline portion of this family of inhibitors dictates
both the binding and functional activity across all iso-
forms of the AR that were explored. While we were
not able to completely reconcile our limited experimen-
tal results with the structural based hypothesis pro-
posed, this account represents our first efforts toward
building a model for understanding, at a molecular level,
the attributes that lead to an effective AR antagonist.
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