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Abstract: Prostate cancer is treated with androgen receptor
(AR) antagonists but most patients experience disease pro-
gression after long-term treatment with these compounds.
Therefore, new AR antagonists are required for patient follow-
up treatment. In the course of screening for a new AR
antagonist, we isolated the novel compounds antarlides A–E
(1–5) from Streptomyces sp. BB47. Antarlides are mutually
isomeric with respect to the double bond and have a 22-
membered-ring macrocyclic structure. The full stereostructure
of 1 was established by chemical modifications, including
methanolysis, the Trost method, acetonide formation, and the
PGME method. 1–5 inhibited the binding of androgen to ARs
in vitro. In addition, 2 inhibited the transcriptional activity of
not only wild-type AR but also mutant ARs, which are seen in
patients with acquired resistance to clinically used AR
antagonists. Therefore, antarlides are a potent new generation
of AR antagonists that overcome resistance.

Prostate cancer is one of the most commonly diagnosed
cancers among men worldwide.[1] Androgen receptor (AR)
signaling plays a central role in the malignancy of prostate
cancers,[2] and androgen deprivation by medical or surgical
castration is the standard first-line treatment for men with
advanced prostate cancer. Over time, most men will progress
to a more aggressive form of the disease called castration-
resistant prostate cancer (CRPC). CRPC is commonly
associated with sustained activity of AR signaling through
AR gene overexpression/amplification.[3] The continued reli-
ance on AR signaling in CRPC has led to the development of
AR antagonists that compete with androgens, such as testos-
terone and dihydrotestosterone (DHT), for binding to the
AR. First-generation AR antagonists, such as flutamide and
bicalutamide, have a low affinity for the AR and, as a result,
insufficiently block AR signaling.[4] Moreover, long-term
treatment with these AR antagonists can lead to AR point
mutations which are linked to the development of resist-
ance.[5] A second-generation AR antagonist, enzalutamide,

has evolved from the need for more effective and long-term
AR inhibition and has been recently approved by the U.S.
Food and Drug Administration.[6] However, despite the initial
response to enzalutamide, resistance also develops in most
patients with metastatic CRPC. These observations, com-
bined with the limited impact of existing AR antagonists,
motivated us to develop novel AR antagonists. We therefore
screened microbial extracts to find new AR antagonists that
could inhibit the binding of [3H]-labeled DHT to the AR in an
in vitro binding assay.[7] From this screen, we isolated five
novel compounds named antarlides A–E (1–5) from the
fermentation extract of Streptomyces sp. BB47.[8] In this
Communication, the isolation, structure elucidation, and
biological activities of 1–5 are reported.

Streptomyces sp. BB47 was cultured in A3MP producing
medium at 30 88C for 6 days, and the whole culture broth was
extracted with EtOAc. This extract was partitioned between
10% aqueous MeOH and n-hexane, and the aqueous MeOH
layer was further separated between EtOAc and H2O
(pH 10). The EtOAc-soluble fraction was fractionated by
centrifugal liquid–liquid partition chromatography and
reverse-phase column chromatography, followed by HPLC
purification on a C30 column, to yield antarlides A–E (1–5).
All isolation steps were carried out in the dark because
antarlides are unstable under ambient light.

Antarlide A (1) was obtained as a pale yellow powder and
the molecular formula was found to be C33H44O6 by high-
resolution ESITOF mass spectrometry ([M¢H]¢ m/z =

535.3055). The IR spectrum of 1 displayed absorption bands
at 3362 and 1670 cm¢1, indicating the presence of hydroxy and
carbonyl groups. The UV/Vis absorption bands at l = 337 nm
suggested the presence of a polyene moiety. 1H and 13C NMR
data, in combination with the HSQC analysis, revealed the
presence of 33 carbons attributable to one carbonyl, eighteen
sp2 carbon atoms (fourteen are proton-bearing, one is oxy-
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genated), four sp3 methylene moieties, six sp3 methine centers
(four are oxygenated), and four methyl groups. One carbonyl
and eighteen sp2 carbon atoms require the presence of two
rings from the unsaturation degrees of the formula of 1.

The full planar structure of 1 was assigned through
interpretation of 1D and 2D NMR spectroscopic data
recorded in [D6]acetone (see Table S1 in the Supporting
Information). A detailed analysis of the 1H–1H COSY
spectrum revealed five partial proton–proton connectivities
(see Figure 1 for atom labelling): a) from H3 to H11, b) from
H13 to H15, c) from H16 to H21 and methyl group proton
H16a, d) from H22 to H23 and methyl group proton H22a,
and e) from H27 to H29.

Interpretation of the HMBC NMR data allowed the 1H–
1H COSY-defined fragments of 1 to be connected, as shown
in Figure 1. The linkage of the partial structures between (a)
and (c) was established by HMBC correlations from proton
H2a to carbons C1, C2, and C3, and from H21 to C1.
Furthermore, the partial structure (c) and the correlations
from proton H12a to carbons C11, C12, and C13 and from
H16a to C15, C16, and C17 carbon centers constructed
a macrocyclic structure of a 22-membered ring. This macro-
cyclic ring was connected to the partial structure (d) on the
basis of HMBC correlations from H22a to C21. The remain-
ing partial structure (e) was connected to a three-carbon unit
(C24, C25, C26) on the basis of HMBC correlations from H28
to C24 and C26, from H27 to C25, and from H29 to C25.
These data established a benzene ring possessing an oxygen-
bearing C26 carbon atom (d = 157.2 ppm). This benzene ring
was expanded to the partial structure (d) based on HMBC
correlations from H25 to C23 and from H29 to C23. The
molecular formula of 1 indicated four protons left to be
assigned but these protons could be assigned to the hydroxy
protons at C11 (d = 77.2 ppm), C19 (68.8 ppm), C23
(75.5 ppm), and C26 centers (157.2 ppm).

The double bond geometries of 1 were assigned by
analysis of NOESY correlations as shown in Figure 1. C2¢C3,
C4¢C5, C6¢C7, C8¢C9, C12¢C13, and C14¢C15 double
bonds were assigned as E, E, E, E, E, and E on the basis of
NOESY correlations for H2a¢H4, H3¢H5, H5¢H7, H7¢H9,
H8¢H10, H12a¢H14, and H14¢H16a.

The instability of antarlides is likely due to the ring strain
of the all-trans polyolefinic macrocyclic structure. To release
the strain to avoid the double-bond isomerization, the lactone
linkage of 1 was cleaved by methanolysis with NaOMe in
MeOH to yield the methyl ester 6 (Scheme 1).[9]

The stereochemistry at the C11 and C19 carbon centers of
6 were determined by application of the Trost ester NMR
method.[10] Treatment of 6 with (R)-methoxyphenylacetic acid
(R-MPA) and (S)-methoxyphenylacetic acid (S-MPA),
yielded the (R)-Trost ester 7a and (S)-Trost ester 7 b,
respectively. Analysis of the chemical shift differences
(DdR–S) between 7a and 7 b revealed that the C11 and
C19 positions have R and S absolute configurations
(Figure 2). The configuration of the C21 and C23 positions
in 6 could not be assigned.

Treatment of 6 with 2,2-dimethoxypropane and pyridi-
nium p-toluenesulfonate (PPTS) in acetone yielded the
monoacetone ketal 8, resulting from ketal formation at the
C19 and C21 hydroxy groups (Figure 3). 13C NMR chemical
shifts of the acetonide methyl groups were detected at d =

19.2 and 29.8 ppm (HSQC spectral data), indicating that the
six-membered 1,3-dioxane ring was in a chair conforma-
tion.[11] The configuration of the hydroxy groups at the C19
and C21 carbon atoms was therefore assigned as syn and thus
the C21 atom has an S absolute configuration.

Although the absolute configurations at the C22 and
C23 positions of 1 were not assignable, the relative config-
uration from C21 to C23 of 1 could be determined by NOESY
and J-based configuration analysis. To elucidate the relative
configuration of 1 by the J-based NMR method, 3JH,H and
2JC,H values were obtained from 1H NMR and J-resolved
HMBC spectra. As for the C21–C22 axis, the small coupling
constants 3JH21,H22 = 4.5 Hz and 2JC21,H22 = 2.2 Hz inferred
a gauche relationship for the oxygen substituent at C21 and

Figure 1. Planar structure of 1 determined by 2D NMR analysis. Bold
lines indicate COSY-determined correlations; arrows indicate selected
HMBC correlations; dashed arrows show selected NOESY correlations.

Scheme 1. Methanolysis of 1 to yield ester 6.

Figure 2. DdR–S values for the Trost esters 7a/7b of 6.

Figure 3. The chemical structure of acetonide 8 showing the 13C NMR
chemical shifts of acetonide methyl carbon atoms.
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the C22a methyl group (Figure 4). Therefore, an R absolute
configuration for the C22 center was established. Addition-
ally, the large coupling constants 3JH22,H23 = 9.0 Hz and
2JC23,H22 = 6.4 Hz inferred an anti relationship for the C22a
methyl and C23-OH groups with respect to the C22–C23 axis.
The C23 center was thus determined to have an R absolute
configuration.

To determine the absolute configuration of the remaining
C16 methyl center, compound 9, a peracetylated derivative of
6, was subjected to oxidative cleavage employing RuCl3 as
a catalyst to provide carboxylic acid 10.[12] Compound 10 was
then converted into mono-(R)- and (S)-PGME amides (11 a
and 11b, respectively).[13] Analysis of chemical-shift differ-
ences (DdS–R) between 11a and 11 b revealed that the
C16 center has an R absolute configuration (Scheme 2).

It is known that the cis–trans geometric isomerism in
a polyene system is affected by light or heat. When methanol
solutions of 2–5 were exposed to room light in a capped clear

Eppendorf vial, these compounds isomerized to 1 within
2 hours (Figure S72). Based on this observation, as well as on
the fact that 1 is the main product in the culture, it is
conceivable that the strain produces 1 as a “natural product”,
which then isomerizes to other congeners during bacterial
cultivation and/or compound isolation. The asymmetric
centers in 2–5 are most likely to have the same absolute
configurations as those in 1.

Antarlides were tested for their AR-DHT binding inhib-
ition activities in vitro.[14] The compounds inhibited the bind-
ing of DHT to ARs in a dose-dependent manner. Their
IC50 values were circa 16 mm (Table 1). Furthermore, these
inhibitory activities were equal to that of hydroxyflutamide
(IC50 = 17.7 mm), which is clinically used for the treatment of
prostatic diseases. On the other hand, antarlides did not show
inhibitory activity against the binding of estradiol to estrogen
receptors (ER) at concentrations up to 100 mm (Table 1).
These data suggested that antarlides specifically block the
binding of androgen to the ligand-binding domain of AR
in vitro.

Among the congeners, antarlide B (2) is more stable,
therefore, AR antagonist activities against prostate cancer
cells were evaluated by using 2. Prostate-specific antigen
(PSA) is a 33 kDa serine protease, whose expression is
triggered by androgen-mediated action of the AR. As shown
in Figure 5, 2 inhibited DHT-induced expression of endoge-
nous PSA mRNA in LNCaP cells (androgen-sensitive human
prostrate adenocarcinoma cells) with an IC50 value of 0.18 mm.
Furthermore, 2 was found to inhibit DHT-induced cell growth
in LNCaP cells with an IC50 value of 0.31 mm. These AR
antagonist activities of 2 were superior to the respective
activities of hydroxyflutamide (IC50 values 1.3 and 1.2 mm,
respectively).

Emergence of a mutant AR has been shown to be linked
to resistance to first- and second-generation AR antagonists
(T877A for flutamide resistance,[15] W741C for bicalutamide
resistance,[16] and F876L for enzalutamide resistance[17]).
Therefore, we next evaluated whether antarlides are capable
of inhibiting the activity of these mutant ARs. As shown in
Figure 6, antarlide B (2) inhibited DHT-induced transcrip-
tional activity not only of the wild-type AR but also of all
mutant ARs that we tested, indicating that antarlides could
overcome resistance to AR antagonists.

Furthermore, the F876L mutation of AR has been
reported to confer an antagonist-to-agonist switch specific
for enzalutamide.[17] Indeed, as shown in Figure 7, the F876L
AR mutant was predominantly cytoplasmic, and treatment of
cells with enzalutamide induced nuclear translocation of the
mutant AR, indicating that enzalutamide acts as an agonist in

Figure 4. 1H–1H, 13C–1H coupling constants and relative configuration
determined for C21¢C23. Arrows show NOESY correlations.

Scheme 2. Preparation of compounds 11 a/11b. Reagents and condi-
tions: a) acetic anhydride, pyridine, room temperature; b) NaIO4,
RuCl3, MeCN/CCl4/H2O, 0 88C; c) (R,S)-PGME, PyBOP, HOBt, triethyl-
amine, dry DMF, room temperature. PyBOP= (1H-benzotriazol-1-
yloxy)tris(pyrrolidino)phosphonium hexafluorophosphate; HOBt =
1-hydroxybenzotriazole.

Table 1: IC50 values (mm) for the inhibition of binding of DHT to the AR or
estradiol to the ER by antarlides 1–5.

Compound 1 2 3 4 5 Hydroxy
flutamide

AR 20.0 14.7 13.8 13.6 17.9 17.7
ER >100 >100 >100 >100 >100 >100
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F876L mutant AR-expressing cells. On the other hand, 2 did
not induce nuclear translocation of the F876L mutant AR.
These results indicated that 2 does not act as an agonist in
enzalutamide-resistant cells.

In conclusion, we have discovered the novel compounds
antarlides A–E (1–5), isolated from Streptomyces sp. BB47,
which act as AR antagonists. Antarlides are structurally
distinct from all known AR antagonists. Antarlide B (2)
bound AR specifically, and showed AR antagonistic activity
towards prostate cancer cells. In addition, 2 inhibited the
transcriptional activity of wild-type and mutant AR, which
are seen in patients with acquired resistance to current
clinically used AR antagonists. Therefore, antarlides may
have the potential to provide the basis for third-generation
AR antagonists that overcome resistance to existing AR-
targeted therapies.
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